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SummaryThe Stud Bump Bonding (SBB) �ip hip tehnology on Molded Interonnet Devies (MID)is a highly promising solution to the inreasing demand for reliable interonnetion tehnol-ogy at high temperatures, a miniaturized assembly and a redution of osts and parts.The reliability and potential failure mehanism of the �ip hip tehnology on organi boards,suh as FR4, invoking the solder bump tehnology is widely studied, whereas the failuremehanism and therefore the riteria to optimize a SBB �ip hip interonnetion on MIDwas still largely unknown.Carrying out thermal yling, this work shows for the �rst time that the SBB �ip hiptehnology used in ombination with Printed Wiring Boards based on the MID tehnologyis a highly reliable pakaging tehnology. Using requirements set by the automotive industry,suh as exposing the assembled �ip hip interonnetions to thermal yles between 150 °Cand -40 °C, no single eletrial failure is deteted; it was tested until 3000 thermal yles.In order to onsider a greater tehnology variety, two di�erent kinds of SBB �ip hip teh-nologies were studied: isotropi ondutive adhesive (ICA) in ombination with apillaryunder�ll (UF), as well as no-�ow under�ll suh as non-ondutive adhesive (NCA). More-over, for both tehnologies, two di�erent under�ll respetively NCA materials were used,whih further support the analysis. Additionally, two di�erent hip sizes and board thik-nesses were used. The in�uene of oxygen plasma treatment of the surfae of the LCP boardwas investigated, whih strongly in�uenes the wetting angle between substrate and under�ll.This work proves that in thermal yling of this kind of pakaging tehnology, two failuremehanisms are dominant. A systemati and detailed investigation of potential failure meh-anism by means of a omplete literature study followed by Finite Element (FE) Analysis ofthe interonnetion were performed. Two potential failure mehanisms were initially theo-retially proposed: bulk �llet raking and delamination between board and under�ll. Then,experimental reliability analysis of the SBB �ip hip tehnology on MID boards was arriedout and univoally veri�ed the theoretially proposed failure mehanisms, proving that thefailure mehanisms an our simultaneously. Failure originating from the bump area wasnot deteted.For investigating the delamination risk, a highly innovative enhanement, suitable for in-dustrial use, of the button-shear-test for measuring the interfaial toughness of an under-�ll/substrate interfae was developed. Sine adhesion depends strongly on the ratio betweenshearing and tension loading of the interfae, it is neessary to measure the toughness atdi�erent phase angles. With the enhaned button-shear-test, whih is based on orrelation ofFE analysis and experimental testing, the phase angle an be widely varied using a single testspeimen and di�erent shearing heights. The obtained dependene onforms with values fromI



the literature, whih are mostly obtained from umbersome testing on various test setups.The failure for the tested struture appeared in the upper layer of the thermoplasti boardmaterial LCP. Therefore, plasma treatment of the LCP did not show great improvement ofthe adhesion.The proposed failure mehanisms were used to reate a guideline to optimize SBB �ip hipinteronnetions. The general onlusion an be drawn that the two failure mehanisms werestrongly in�uened by loal parameters. Parameters whih in�uene the global behavior ofthe �ip hip interonnetion suh as the hip size and the thikness of the board shownegligible in�uenes on the failure mehanisms. A higher impat was observed via the CTEvalue and Young's modulus of the adhesive. The lower the CTE value and Young's modulus,the lower the risk of bulk �llet raking. An inrease of the adhesive CTE value by 25 %, aswell as the wetting angle between under�ll and substrate, inrease the risk of delaminationby almost 75 %.Comparing the impat of the used adhesives on the risk of �llet raking and delamination,the un�lled adhesive NCA1 shows the highest risk for both failure mehanisms. This is dueto the higher CTE value of NCA1 ompared to the other utilized adhesives. Even more, themeasured ritial stress intensity fator KI for that adhesive is muh lower. Sine the �lletformation is di�erent for every adhesive, and the formation shows a very high impat on�llet raking, the impat of the adhesive properties an not be experimentally veri�ed using�ip hip assemblies.Based on the results of the present work, optimization of SBB �ip hip interonnetions onMID boards is based on the present work already possible in the design phase. There areonly two failure mehanisms for this kind of interonnetion tehnology when exposed tothermal yling. Failure at the bump is not a failure mehanism for the studied pakagingtehnology. The proposed guidelines support the seletion of the appropriate under�ll, boardmaterial and geometry suh as thikness and hip size. Additionally, the results of this worklearly indiate the use of oxygen plasma treatment on the LCP board prior to �ip hipassembly.
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ZusammenfassungDie Stud Bump Bonding (SBB) Flip-Chip Tehnologie auf MID Substraten ist einevielversprehende Lösung für die wahsende Nahfrage nah zuverlässigen Aufbau- undVerbindungstehnologien bei gleihzeitiger Miniaturisierung und Reduktion von Kosten undKomponenten.Potentielle Fehlermehanismen und deren Ein�üsse auf die Zuverlässigkeit von gelötetenFlip-Chip Verbindungen auf organishen Substraten wurden bereits in zahlreihen Studienuntersuht. Hingegen waren im Vorfeld dieser Arbeit die Fehlermehanismen sowie die Ein-�ussfaktoren auf die Zuverlässigkeit von SBB Flip-Chip Verbindungen auf thermoplastishenMID Substraten weitgehenst noh unbekannt.Diese Arbeit zeigt, dass die SBB Flip-Chip Tehnologie in Kombination mit der MIDSubstrat-Tehnologie eine höhst zuverlässige Aufbau- und Verbindungstehnik (AVT)darstellt. Basierend auf Automotive Anforderungen konnte gezeigt werden, dass diese AVTTehnologie Temperaturwehsel-Lagerungen zwishen 150 °C und -40 °C ohne jeglihe elek-trishe Ausfälle widersteht. Die Untersuhungen wurden bis 3000 Zyklen durhgeführt.Es kamen zwei untershiedlihe SBB Tehnologien zum Einsatz. Zum einen wurde ein isotropleitfähiger Klebsto� (ICA) zusammen mit einem Under�ller (UF) verwendet um eine elek-trishe und mehanishe Verbindung zwishen Silizium-Chip und MID Substrat aufzubauen.Zum anderen wurde die SBB Flip-Chip Tehnologie mit einem niht elektrish leitfähigenKlebsto� (NCA) zum Verbindungsaufbau zwishen Chip und Substrat verwendet. Für beideTehnologien wurden jeweils zwei Under�ller bzw. zwei NCAs untersuht. Um experimentellnoh weitere Ein�ussparameter auf die Zuverlässigkeit beurteilen zu können, wurden zusät-zlih zwei untershiedlihe Chipgröÿen und Substratdiken zur Herstellung der SBB Flip-Chip Verbindungen eingesetzt. Darüber hinaus wurde der Ein�uss der Ober�ähenbehand-lung mit Sauersto�plasma untersuht welhe den Benetzungswinkel und Meniskusform starkbeein�usst.Eine systematishe und detaillierte Zusammenstellung von potentiellen Ausfallmehanismenfür SBB Flip-Chip Anwendungen basierend auf einer Literaturübersiht wurde durhgeführt.Es konnten zwei potentielle Fehlermehanismen identi�ziert werden. Eine Finite ElementeAnalyse der Spannungen und Dehnungen im Klebsto�-Meniskus unterstützt diese Zusam-menstellung weiter. Zum einen ist dies eine Rissentstehung im oberen Teil des Meniskus. Zumanderen wird eine Delamination-Entstehung zwishen dem Substrat und der Unterfüllungbzw. Klebsto� als Ausfall vorhergesagt.In den Zuverlässigkeitsuntersuhungen konnten die beiden theoretish vorhergesagten Aus-fallmehanismen bei SBB Verbindungen experimentell nahgewiesen werden. Es konntegezeigt werden, dass die beiden Mehanismen auh gleihzeitig auftreten können. Eine Aus-III



fallinitiierung bzw. Versagen in der Nähe der Stud Bumps wurde, wie theoretish ebenfallsvorhergesagt, niht detektiert.Der standardisierte Haftkegel-Test wird verwendet um einfah und kostengünstig die Haf-tung zwishen untershiedlihen Substraten zu bestimmen. In dieser Arbeit wurde dieser Testerweitert um das Delaminationsrisiko zwishen dem MID Substrat und den Klebsto�en zuharakterisieren. Die Adhäsion hängt stark von dem Verhältnis aus Sher- und Zugspannungim Bereih einer Delamination ab, dem so genannten Phasenwinkel. Daher ist es entshei-dend, die Haftfestigkeit bei untershiedlihen Phasenwinkeln zu bestimmen. Mit Hilfe desin dieser Arbeit erweiterten Haftkegeltests kann eine weite Variation des Phasenwinkels mitnur einem einzigen Testaufbau realisiert werden. Hierbei wird eine Korrelation zwishenFinite-Elemente Analyse und experimentellen Shertests bei untershiedlihen Sherhöhenverwendet. Die Abhängigkeit der Haftfestigkeit von dem Phasenwinkel ist im Einklang mitArbeiten aus aufwendigen Tests an untershiedlihsten Probengeometrien. Das Versagen beider Untersuhung der Haftfestigkeit trat in der obersten, äuÿerst dünnen Spritzgusshaut desLCPs ein. Daher konnte mit der untersuhten Ober�ähenbehandlung mit Sauersto�-Plasmakaum eine Haftfestigkeitssteigerung erreiht werden.Die theoretish vorhergesagten Ausfallmehanismen dienten als Basis um einen Auslegungs-Leitfaden für die Optimierung von SBB Flip-Chip Verbindungen auf MID Substraten zuerstellen. Grundsätzlih kann ausgesagt werden, dass die beiden Ausfallmehanismen sehrstark von lokalen Geometrien und Materialeigenshaften in der Umgebung der kritishenBereihe abhängen. Gröÿen, die das globale Verhalten der Verbindung beein�ussen, habeneinen zu vernahlässigen Ein�uss auf die Ausfallmehanismen. Dies sind die Chipgröÿe, dieSubstratdike sowie die Substrateigenshaften.Eine groÿe Auswirkung auf die betrahteten Vergleihsgröÿen haben der thermishe Aus-dehnungskoe�zient (CTE) und das E-Modul des Klebsto�s. Je niedriger der Ausdehnungsko-e�zient und das E-Modul, desto geringer ist das Risiko einer Rissentstehung im oberen Teildes Meniskus. Eine Erhöhung des CTE-Werts um 25% erhöht das Risiko eines Ausfalls umfast das Dreifahe. Ebenso kann das Delaminationsrisiko zwishen Klebsto� und Substratreduziert werden, wenn der Benetzungswinkel so klein wie möglih gehalten wird. Eine Er-höhung des Winkels um 25 % zieht eine Erhöhung des Delaminationsrisikos um mehr als75 % nah sih.Vergleiht man den Ein�uss der eingesetzten Klebsto�e auf das Risiko für eine Riss-Initiierung im Under�ll Meniskus und Delamination, zeigt NCA1 zeigt das höhste Risikohinsihtlih beider Ausfallmehanismen. Dies kann auf den höheren Ausdehnungskoe�zien-ten des NCA1 im Vergleih zu den anderen eingesetzten Klebsto�en zurükgeführt werden.Darüber hinaus zeigt NCA1 auh den niedrigsten kritishen Spannungsintensitätsfaktor KIder verwendeten Klebsto�e. Da jedoh die Meniskusausbildung sehr stark vom eingeset-IV



zten Klebsto� abhängt, und die Meniskusausbildung einen sehr groÿen Ein�uss auf die un-tersuhten Ausfallmehanismen besitzt, kann der Ein�uss der Material-Eigenshaften desKlebsto�es niht anhand der Ergebnisse der Zuverlässigkeitsuntersuhungen der Flip Chip-Verbindungen experimentell veri�ziert werden.Mit Hilfe der Ergebnisse der hier vorliegenden Arbeit kann eine Optimierung und daher Zu-verlässigkeitssteigerung einer SBB Flip-Chip Verbindung auf MID Substraten bereits in derAuslegungsphase durhgeführt werden. Der Leitfaden hilft bei der Auswahl der geeignetenKlebsto�e, Substratmaterialien und Geometriegröÿen wie Substratdike und Chipgröÿe. AlsErgebnis dieser Arbeit ist zudem festzuhalten, dass die Ober�ähenbehandlung mit Sauer-sto�plasma einen unabdingbaren Prozessshritt darstellt um die Zuverlässigkeit von SBBFlip-Chip Verbindungen auf MID Substraten zu erhöhen.
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Chapter 1
Introdution
The Moore�s law has been the proven ditum in semiondutor development for many yearsnow and this will ontinue to be for the foreseeable future. However, the progress in the semi-ondutor industry alone will not be able to meet the performane, funtionality, miniaturiza-tion and ost e�ieny requirements of today's miroeletroni systems [90℄. The pakagingtehnology plays a key role to meet the required miniaturization, inreased funtionality andreduing osts [89℄. In order to ahieve these goals, new tehnologies and materials have tobe developed. Reihl et al. adds that a rapid market introdution of suh new onepts is tobe ahieved by using state-of-the-art tehnologies and existing infrastruture, as well as theintegration of latest tehnologies [90℄.This is espeially true for the development of new pakaging onepts for automotive appli-ations, while a rapid introdution of new tehnologies is important in order to guaranteemarket leadership, the ombination of state-of-the-art tehnologies with the latest inventionredues the risk when introduing new onepts. One example of suh an automotive appli-ation is a rotational sensor, Fig. 1.1, whih ombines the widely-used �ip hip tehnologywith the latest substrate tehnology Molded Interonnet Devies (MID).MID is apable of realization of new funtions whih the planar Printed Ciruit Board (PCB)tehnology annot yet ful�ll [17℄. The MID tehnology allows the ombination of ondutorparts and the housing into a single piee. Thus, it is possible to use three-dimensional injetedmolded thermoplasti parts as ondutor paths, a sreening layer and an antenna funtion.Moreover, the MID parts an be utilized as a arrier for eletroni omponents, as well asfor the integration of mehanial elements.Besides the hallenges of the manufaturing and assembly proesses, the identi�ation of thefailure mehanisms and reliability a�eting parameters play a key role in the aeptane ofa new pakaging onept, partiulary for automotive appliations.2



(a) MID substrate (b) Flip hip assembledFig. 1.1: Example of a sensor for automotive appliation; using the MID tehnology as a three dimensionalPCB and the �ip hip tehnology to interonnet the hip with the PCB [8, 40℄The pakaging onept Stud Bump Bonding (SBB) �ip hip on MID is already used foronsumer produts suh as hearing aids [106, 129℄ and lens holders for ameras [39℄. Thereliability studies are limited to prove feasibility, rather than identi�ation of failure meh-anisms and understanding the impat of ertain parameters on reliability. Until now, thepakaging tehnology has not found an entry in automotive appliations, partiularly be-ause of the exposure ourring to these appliations suh as thermal yling and humiditystorage.Failure mehanisms an, among others, be distinguished in overstress and wearout failuremehanisms [114℄. Overstress failure mehanisms are de�ned as an exeeding of the strengthor apaity of a omponent or material within a single event. On the other hand, wearoutfailure mehanisms take plae, when a omponent is loaded at a muh lower level but ontin-uously. Failure mehanisms are fatigue damage, reep, wear, stress-driven voiding and inter-faial delamination, et. Fatigue mehanisms are either fully or partially responsible for 90 %of all strutural and eletrial failure [114℄. In order to ensure that eletroni omponents donot fail by these wearout mehanisms within their required lifetime, di�erent standardizedtest onditions are set up. For eletroni omponents and systems for Automotive appli-ations, the Automotive Eletronis Counsils (AEC) de�ned quali�ation tests whih areshown in Tab. 1.1. These quali�ation tests are similar to the MIL standards [1, 2, 3, 124℄.Flip hip interonnetions are widely studied under the testing onditions listed in Tab. 1.1.Among these onditions, the temperature yling and humidity biasing are onsidered to bethe tests whih are most hallenging. In this work, the fous lies on the thermal yling ofSBB �ip hip interonnetion on LCP substrates. Compared to standard PCB material, likeFR4, the substrate material LCP has a di�erent Young's modulus and Coe�ient of thermalexpansion. This leads primarily to a di�erent CTE mismathes between hip and substrateompared to �ip hip interonnetions with FR4. Therefore, the fous lies on the reliabilityperformane when exposed to thermal yling. Moreover, LCP shows a very low humidity3



Tab. 1.1: Stress test quali�ation aording to AEC Q100 in order to approve a prinipal suitability ofdevies; Eletrial, environmental, and mehanial tests similar to MIL STD750, MIL STD202,et. [1, 2, 3, 124℄Test Conditions Failure allowedTemperature Storage 1000 hours at Tmax 0 from 77 ... 120Temperature Humidity Bias 1000 hours 85 ◦C / 85 % RH
Vmax 0 from 120 ... 231Temperature Cyling 1000 yles -40 ◦C to Tmax 0 from 120Power Temperature Cyling -40 ◦C to 125 ◦C for 1000yles 0 from 231Vibration 4 minutes at 40 g and 20 Hzto 2000 Hz 0 from 231absorption in ontrast to FR4 or PCB made of �ex materials 1.The sope of the present work is in the identi�ation of the failure mehanisms of the SBB�ip hip interonnetion on MID boards. Two di�erent kinds of SBB �ip hip tehnologiesare used: the ICA (isotropi-ondutive adhesive, plus apillary under�ll) and NCA (non-ondutive adhesive) tehnology. The Laser-Diret-Struturing (LDS) is utilized as MIDtehnology. The assembled interonnetions are tested under automotive thermal ylingonditions (+150 °C/-40 °C). In order to extend the lifetime of the SBB �ip hip inter-onnetions on MID boards, the failure mehanisms are used to reate a design guideline.The guideline ontains the in�uene of the hip size, board thikness and surfae treatment,utilized SBB tehnology, as well as the �llet shape.

1FR4 has an absorption of humidity of about 0.9 % [77℄, where LCP shows an absorption between 0.005and 0.03% [110℄ 4



Chapter 2
Tehnologial Desription of SBBProess and MID
A Stud Bump Bonding (SBB) �ip hip interonnetion belongs to the lass of hip salepakages (CSP). A CSP is de�ned as an IC pakage whih oupies a footprint area of nomore than 50 % greater than the area of the hip it pakages [114℄. Several varieties of CSPdesigns are in use today. The main types of CSP are the wirebonding and the �ip hiptehnology, either on �exible or rigid PCB boards [43, 78, 81, 114℄. The two tehnologies aredisplayed in Fig. 2.1.In wirebonding, the hip is mounted fae up and it's rear surfae is diretly bonded tothe substrate. The interonnetion onsumes the hip area plus the area needed for thewirebonds. On the ontrary, the �ip hip assembly requires the lowest footprint area on thesubstrate and allows additional signi�ant redution in pakage height [81℄. The mehanialand eletrial onnetions between IC and substrates are established by bumps, mainly madeof metals. The �ip hip proess was �rst introdued for erami substrates by IBM in 1962as the so-alled C4 tehnology - Controlled Collapse Chip Connetion [114℄.The �ip hip tehnology an basially be ategorized into two di�erent kinds: �ip hip as-semblies using solder bump tehnology and �ip hip assemblies using adhesives, ondutiveor non-ondutive [80℄. For solder bumped �ip hip interonnetions, the bumps are de-posited on solder wettable metal terminals on the ative surfae of the IC. The pads onthe IC mathes wettable pads on the PCB [114℄. The solder bumps are aligned to the PCBand then re�owed at high temperatures to form simultaneously eletrial and mehanialonnetions. The advantages of the solder bump �ip hip tehnology de�nitely lies in thehigh ampaity and the parallel formation of the bumps and the inexpensive bump material.The high re�ow temperatures, espeially when it omes to leadfree solder materials, play alimiting fator onerning the use of polymer-based PCB material. Moreover, the neessity5
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The assembly of solder ball �ip hips onsists of dipping of the died hips with the solderballs in a �ux �lm to transfer �ux to the balls. The �ux is needed to lean the balls and padson the substrate from oxides and ontaminations. After plaing the hip on the substrate,the solder balls are again melted in the re�ow proess to produe a mehanial and eletrialontat between the hip and the substrate through the balls. These steps are performedsequentially for eah �ip hip and therefore quite similar to the SBB ICA assembly proess.The following under�ll proess is for both tehnologies, solder ball and SBB ICA �ip hiptehnology, the same, Fig. 2.4.The Stud Bump Bonding �ip hip tehnology obeying the NCA proess redues the numberof proess step signi�antly sine only the plaing of the hip and uring of the NCA isrequired, Fig. 2.3. The uring has to be performed diretly in the hip plaer, whih lowersthe throughput of the hip plaer ompared to the solder bump and SBB ICA tehnologywhere the melting or uring are performed in a re�ow or bath oven, respetively.
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The idea of reating eletri interonnetions based on thermoplasti materials, produedby injetion molding, goes bak to the 1960s [18℄. The MID tehnology has the advantagethrough ombining eletrial and mehanial funtionality. The biggest advantage of theMID tehnology lies in the realization of three dimensional ondutor paths whereas boardsbased on erami or �ber reinfored thermoset materials (e.g. FR4) are mainly limited to twodimensions. An overview of the di�erent MID-tehnologies an be found in [18, 20, 36, 41, 74℄.In the presented work, the MID substrates are fabriated using the Laser Diret Struturing(LDS) tehnology [50, 61, 62, 97℄. The proess steps are shown in Fig. 2.5.
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(2) (3)Fig. 2.5: Proess �ow of LPKF-Diret Laser Struturing (LDS) of a thermoplasti substrate [50, 61, 62℄;(1) injetion molding of a Liquid Crystal Polymer (LCP); it is modi�ed to be apable of laserativation; the gate is designed as a �lm gate; (2) LPKF laser struturing of the LCP by an IRlaser; (3) deposition of Cu,Ni,Au-layers by hemial deposition
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Part II
Theoretial Assessments, Models andAssemblies
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Chapter 3
Identi�ation of Potential FailureMehanism of SBB Flip ChipInteronnetions
The SBB proess is, in omparison to solder bumped �ip hip interonnetions, a rarelystudied tehnology. The published studies onentrate on the feasibility of the assemblyproess. No reports are available onerning reliability for SBB �ip hip interonnetions.As mentioned, the solder bumped �ip hip interonnetions are the fous of many studies.Therefore, the onepts and failure mehanism used to study the reliability of solder bumped�ip hip interonnetions with relevane for SBB assemblies are shown and disussed.Many mehanial and thermo-mehanial systems are desribed by simple analytial models.Many attempts to over the behavior of a �ip hip interonnetion by a simpli�ed system anbe found in literature. Flip hip interonnetions are simpli�ed by tri- or bi-material-layeredsystem where the �llet and the bumps are negleted: for two-layered systems in [93, 103, 128℄and for three-layered systems by [9, 104, 121℄.The thermo-mehanial behavior is desribed by di�erential equations based on the theoryof elastiity. The equations are solved by applying boundary ondition, as well as transitiononditions between the two or three layers [120℄. The solutions are the tensile σyy and peelstress τxy between the layers as funtion of the oordinate x. Additionally, the warpage δ(x)an be determined.The advantage of the analytial solutions lies in the simple representation of dependeniesof the stresses and warpage on the load and material properties [93, 103℄

σyy, τxy ∼ ∆α∆T,E (3.1)
δ ∼ ∆α∆T,

1

E
. (3.2)13



The warpage δ inreases with the distane x from the enter and reahes its maximum at
x = L. The shear stresses τxy between the layers are zero at x = L. This is due to the fatthat no lateral fores are present at that position [103℄. The peeling stress σyy deays rapidlywhen x approahes the enter of the omposite x→ 0.Fig. 3.1 reveals that an approximation of a �ip hip interonnetion by a tri-material layerdoes not orretly represent the stresses at x = L. Parameters and geometries whih mostlyat loally annot be represented by these solutions.
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() Peel stressesFig. 3.1: Comparison of tensile stresses in the interfae of a �ip hip interonnetion and a tri-material layer;(a) due to the �llet, the interfae hip/under�ll experienes a ontration for x→ L; (b) for a tri-material layer, due to the singularity at x = L, the tensile stresses are showing a peeling harater;analytial solutions are available [9, 104, 120, 121, 128℄; () it reveals that a tri-material layerapproximation of a �ip hip interonnetions is not apable of displaying the stresses orretlyTherefore, the analytial representation annot be used to study the reliability of a �iphip interonnetion. The Finite Element Analysis an overome that problem. Therefore,the interonnetion is studied using Finite Element Analysis beause it is apable of trulyrepresenting the geometry of the interonnetion, as well as aounting for omplex materialbehavior as viso-elastiity and plastiity.In order to study the reliability of the �ip hip interonnetion, it is essential to know themehanisms whih lead to failure. This approah is generally known as the physis-of-failureapproah and has been used for many years now. Physis of failure analysis is a term foridentifying and understanding the physial proesses and mehanisms of failure. It led to14



improvements onerning the reliability of systems, even as the omplexity of the systemsinreased. Due to more powerful omputers, numerial simulations of the failure mehanismswhih are mainly based on physial and hemial priniples are used more and more. Thefeasibility of omputer-based physis-of-failure analysis grew even more due to the availabilityof omplex material models. Using omputer-based physis-of-failure, it is even possible toombine di�erent failure mehanisms in the reliability study [115℄.The �ip hip tehnology is a widely-studied appliation in whih the physis-of-failure ap-proah is applied. Fig. 3.2 gives an overview of the reported failure loations and mehanisms.The failure mehanism are mainly deteted for solder bumped �ip hip interonnetions. Thereported mehanisms are now desribed and their appliability to stud bump bonding �iphip interonnetions disussed.
(b)

(a)

(d)

(c)
(d)

(e)

Fig. 3.2: Reported loation of failure of solder bumped �ip hip interonnetions: (a) solder fatigue followedby delamination of passivation and under�ll or visversa; (b) horizontal hip raking [116℄; ()vertial hip raking [30, 58, 59℄; (d) bulk and interfaial raking in the upper part of the�llet [6, 23, 63, 64℄; (e) interfaial raking between under�ll and substrate [5, 27, 46, 64, 70, 71,73, 108℄The lifetime of solder bumped �ip hip interonnetions is limited by the solder fatigue ofthe bumps when exposed to thermal yling storage. Cylial plasti deformation hange thestruture, weaken the solder and an lead to fatigue. A frequently relation to estimate thenumber of yles until fatigue frature ours is based on the Co�n-Manson relation
Nf = C ε−nreep, (3.3)with the reep strain per yle εreep [45, 77, 114, 125℄. C and n are material onstants. Animportant tehnology to dramatially inrease the fatigue lifetime is to under�ll the hip. The�lled epoxy enapsulant mathes the CTE of the bumps, minimizes the stresses on the solderjoints and inreases the fatigue life [82℄. It ould be shown that signi�ant improvements infatigue life an be ahieved [21℄. Depending on the size of the �ip hip and bump, theuse of under�lls yields an inrease of lifetime by 8 up to 80 times ompared to �ip hipinteronnetions without under�ll. However, restraining the movement of the hip relativeto the substrate an produe a signi�ant shear stress as well as tensile stress of the under�lllayer giving rise to a new failure mode: under�ll delamination and rupture. Espeially inpresene of �ux ontamination originating from the assembly proess, delamination betweenthe hip passivation and under�ll an our and again redue the lifetime [25, 45, 83, 84, 85,15



125℄. The delamination leads to muh higher reep strain εreep in the bump and therefore toa shorter lifetime, even with under�ll [32℄. To summarize, reep strain in the bump made ofsolder leads to failure in the bump region of solder bumped �ip hip interonnetions. Usingunder�ll, the reep strain an be signi�antly redued. Whereas ontamination from the �iphip proess may lead to delamination of the bump/under�ll respetively under�ll/hip andagain to higher reep strain in the bump.In the present work, the gold stud bump tehnology is used to form the bumps. Therefore,no plasti reep strain is expeted to our in the bump. Sine under�ll material is used, thestresses and strains in the bump an be dereased ompared to �ip hip assemblies withoutunder�ll [21, 83, 84℄. Nevertheless, the stress and strain level within the gold bump dependsalso on the hosen under�ll or NCA. The SBB proess does not require the use of �ux, there-fore, no ontamination around the bumps is expeted [66℄. This supports the assumption thatbump failure is not a potential failure mode for SBB �ip hip interonnetions. Nevertheless,sanning aousti mirosopy (SAM) and the measurement of the eletrial resistane areperformed during and after reliability testing to experimentally verify the assumption of norisk of bump failure.Another reported failure mehanism of �ip hip interonnetions is bulk raking of the siliondie. For integrated iruits dies, defets are aused by ething, sawing, devie proessingand handling. Hereby, two di�erent kinds of raking are reported: in Fig. 3.2b vertial dieraking on the top surfae of the hip due to srathes [116℄; and in Fig. 3.2 raking onthe vertial hip edge aused by �aws produed by diing proess [30, 58, 59℄.For brittle materials, the maximum tensile stress is not a unique material property, beauseit is dependent on the speimen preparation. A more de�nite riterion is available in fraturemehanis, where the ritial stress σc is given as a funtion of the initial defet [116℄. Forsurfae �aws with a size of 2a, the ritial tensile stress is a funtion of the ritial stressintensity fator KI
σ = m

KI√
πa

(3.4)where m represents a form fator of the defet whih equals m = 1.2 for a semi-elliptial shape [59, 116℄. The ritial stress intensity fator of silion lies between0.82 and 1.1 MPa√m [15, 58, 59, 101, 116℄.Vertial hip raking an be avoided by polishing the �ip hip surfae. Sine the baksideof the hips in the present work are polished, and the hip bending is expeted to be low 1,vertial die raking is not a onern but is experimentally monitored. Defet on the vertialedge of the die is mainly aused by the sawing proess. In some studies, the die raking1The hip warpage and therefore the vertial hip raking is strongly in�uened by the CTE-mismathand the ratio of the inertia of bending of the substrate and hip16



is investigated due to possible atastrophial failure already at ool down after under�llproess [59℄. Other publiations onentrate on die raking due to thermal yling [58℄. Forthe present work, the �aw size of the �ip hips after diing proess are in the range of 1 to2 µm, Fig. 3.3.
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lower part of the �llet is reported [5, 27, 46, 64, 70, 71, 73, 108℄. The delamination initiationis due to singular stresses in that region. This kind of failure an lead to bump failure onethe delamination has reahed the bump [70℄.It an be assumed that �llet raking - at vertial hip edge or between substrate and under�ll- is independent of the bumping tehnology used. Therefore, it is onsidered as a possiblefailure mehanism for SBB �ip hip interonnetions.Craking in bulk material is aused by fatigue of the material due to yli loading, e.g.thermal yling. Fatigue is desribed by the domain of miro mehanis or damage me-hanis [117, 123℄. One a miro rak extended to a maro rak, the method of fraturemehanis an be applied. Sine damage onepts are not well established respetively notvery pratial to apply on whole strutures, the numerial modeling for a more ompliatedstruture like a �ip hip interonnetion is not well established. Damage models are avail-able for test speimens and RVEs (representative volume element) [13, 29℄. However, nodamage models are ommerially available for interfaes. The onept of frature mehanisis well studied for bulk and interfaial raks. Due to the frature mehanis approah of therak tip �eld, the ritial values of test speimens an be ompared with more ompliatedstrutures. Widely-used test speimen for obtained ritial bulk properties are the CT-test(Mode-I) and CTS-probe (mixture of Mode-I,-II). Investigations in using smaller test spei-mens are performed [117℄. For interfaial raking, several di�erent types of test speimensare available. Therefore, the frature mehanis approah is used to study the SBB �ip hipinteronnetion.Crak propagation an be distinguished in subritial and ritial rak propagation. Fig. 3.4shows the rak propagation per yle as funtion of the stress intensity fator.The stress intensity fator K is a quantity used in frature mehanis and related to thestress at the rak. Cyli loading is assumed as well as pure tensile loading. The rakpropagation depends on the existing stress intensity fator. In region I, the applied load isbelow a threshold value Kth., where no rak propagation is deteted. Inreasing the load,the rak propagation speed is linear proportional to the applied load. Inreasing the loadfurther, the rak propagation is instable followed by a omplete failure. This value of thestress intensity fator is de�ned as the frature toughness K of the material. For mostengineering problems, rak propagation ours in region II. This also applies for the studied�ip hip interonnetions, where thermal yling leads to failure after a ertain number ofyles.Charaterization of bulk material in region II is time-onsuming and involves extensive test-ing. Moreover, only few publiations exist in whih the onstant rak propagation due tothermal loading is studied. The fous of the present work lies in developing a method, whihallows a quik design of and material hoie for SBB �ip hip interonnetions. Therefore,18
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Chapter 4
Theory of Bulk and Interfaial FratureMehanis
4.1 Linear Elasti Frature Mehanis (LEFM)The frature mehanis approah is used to desribe the proposed failure mehanism - bulkraking in the �llet as well as interfaial raking between the substrate and the under�ll.Cyli loading auses fatigue raking in bulk material. Fatigue is desribed by methods likemiro or damage mehanis [117, 123℄. Fatigue damage onepts are widely studied. Themost studies are performed on yli fatigue of metals [10, 11, 49, 57℄, while only few studiesare foused on damage of polymers. The mehanisms are strongly in�uened by the matrixand �ller partiles [13, 117, 123℄. These damage onepts have not yet reahed a level wherethey are veri�ed. Moreover these onepts are time- and ost-e�etive. Another reason whydamage onepts are beyond the fous of the present work lies in the lak of damage oneptsfor interfaes.The frature mehanis approah is formulated for bulk and interfaial raks. Due to thenature of the approah using a rak tip �eld method, the ritial values of test speimensan be ompared with more omplex strutures. Widely-used test speimens for ritial bulkproperties are the CT-test (Mode-I) and CTS-probe (mixture of Mode-I,II). For interfa-ial raking, several di�erent types of test speimens are available. Therefore, the fraturemehanis approah is used to study the SBB �ip hip interonnetion.For the desription of a rak, it is assumed that the zone, where mirosopi a�ets arethe dominating regime, is limited to a ertain area P , whih is de�ned in Fig. 4.1. Aroundthat area, the behavior of the raked body an be desribed by the linear elasti �eld. This�eld is divided into the near �eld K and far �eld E. In the near �eld, the singular stress20



4.1. LINEAR ELASTIC FRACTURE MECHANICS (LEFM)
P

K

E

r

P    failure due to inelastic         
      deformation (on a micro scale)

K   near crack tip field

E   linear elastic far crack tip field     Fig. 4.1: Proess zone of linear elasti frature mehanis (LEFM); the plasti zone P desribes the areawhere miroraking takes plae whih are mostly inelasti; the raking ours in the matrix orfor �lled materials between the �ller partiles and the surrounding matrix material; around thatlies the near rak tip �eld K in whih the stress intensity fator onept is valid: it is assumedthat the stresses are a linear funtion of the stress intensity fator K, Eq.(4.6); around the K-�eld,the linear dependene of the stresses and stress intensity fator are no longer valid anymore).�eld dominates and higher order terms an be negleted. The singularity leads to an in�niteinrease of the stresses for r → 0. The type of singularity at the rak tip depends on theboundary onditions at the rak �anks. For linear-elasti materials, the singularity is of thetype r−1/2, whereas for perfet linear-plasti materials, the singularity shows a r−1 shape [24℄.Moreover, the singularity of an interfaial rak is even more omplex. The singularity showsan osillating behavior very lose to the rak tip.The size of the di�erent zones is strongly dependent on the plasti deformation of the bodybefore new rak surfae is built. Crak propagation in brittle material is rarely aompaniedby plasti deformation. Epoxy resins show for temperatures below glass transition a brittlebehavior [48, 122℄. Therefore, the theory of linear-elasti frature mehanis (LEFM) issu�ient to desribe raks within epoxy based polymers.Craks in two-dimensional load ases an be divided into di�erent kinds of rak modesdepending on the stress distribution σyy, σxy. Mode-I assoiates to a symmetri openingreferring to the x-axis, Fig. 4.2. The antisymmetri displaement of the rak �anks in x-diretion symbolizes the shearing mode (Mode-II).Di�erent onepts are available for LEFM and desribed in detail in [24℄. In the presentedwork, the onept of the energy release rate (ERR) is used to desribe the load on an existingrak. This method is apable of quantifying raks in homogeneous materials, as well asraks lying in the interfae of a material ombination [102℄. Moreover, the method hasthe advantage that a regular Finite Element mesh is su�ient for numerial alulation ofERR [37, 38, 94℄. Therefore, the method stands out in omparison to onepts whih requirea mesh with ollapsed elements. These kinds of elements are required for obtaining aurateresults in ase of K-onept and J-integral [38, 102℄.For LEFM, the energy release rate is related to the K-onept. It desribes the singularstress �eld around a rak. The understanding of the onept is an essential requirement for21



4.2. STRESS FIELD AT CRACK TIP
mode I mode II+ mode II-

y

xFig. 4.2: Depending on the external load and geometry, raks an be divided in di�erent modes; Mode-I isopening mode (∆y > 0) where no sliding of the �anks is present ; Mode-II represents the slidingof the �anks along the x-axis; hereby, two di�erent ases an be distinguished: Mode-II+: shearingmode (∆x > 0) and Mode-II-: shearing mode with (∆x < 0); in the most ases, both modes oursimultaneously;the appliation of ERR to interfaial LEFM. Spei�ally, the de�nition of the singularity ofan interfaial rak is a prerequisite.4.2 Stress Field at Crak Tip4.2.1 Bulk CrakThe stress and displaement �eld in an elasti, homogeneous body an be desribed byusing omplex stress funtions [24℄. For plane stress and strain onditions, the stress �eldis ompletely desribed by two omplex funtions Ψ(z),Φ(z) with the omplex variable
z = riφ, with its respetive onjugated variable z̄ = r−iφ. This approah originates fromMuskhelishvili [60℄. The solution for the stress and displaement �eld in terms of the omplexfuntions are the formulas by Kolosov

σx + σy = 2
[

Φ′(z) + Φ′(z)
] (4.1)

σy − σx + 2iτxy = 2 [zΦ′′(z) + Ψ′(z)] (4.2)
2G(u+ iv) = κΦ(z) − zΦ′(z) − Ψ(z) (4.3)with κ = 3 − 4ν for plane strain.To desribe the rak tip �eld, it is assumed that the omplex funtions are of the form of

Φ(z) = Azλ Ψ(z) = B zλ (4.4)where λ is restrited to be real and positive. A and B are onstants whih are determined fromboundary onditions. Using Eq.(4.4), a linear system of equations is obtained. Assuming thatthe rak �anks are tration free � zero tensile and shear stress at the rak faes (ψ = π) �22



4.2. STRESS FIELD AT CRACK TIPthe equation of the eigenvalues of the linear system of equations is obtained. For r → 0 (Kregion in Fig. 4.1), the eigenvalue λ = 1/2 dominates and higher order eigenvalues an benegleted
λ = 1/2 for r → 0. (4.5)It is onvenient to split the solution into symmetri and asymmetri parts with respet tothe x-axis. The symmetri stress and displaement �elds are de�ned as the rak Mode-I
σij =

[

1√
2πr

]

KI f1,ij(ϕ) (4.6)
u, v =

[
√

r

2π

]

KI√
2G

fu,v(ϕ) (4.7)with the funtions f, whih depend only on the angle ϕ [24, 48, 123℄. Crak Mode-II isrepresented by the asymmetri part of the solution. The expressions for Mode-II stress anddisplaement �eld an be found in [24, 48℄. KI and KII are stress intensity fators and are aquantity to desribe strength of the rak tip �eld.The ratio of shear to tensile stress in a rak tip is de�ned as mode-mix, often also referredto as mode-mixity. For a rak in a homogeneous body, KI aounts independently from thedistane r to the rak tip for the tensile stress. So does KII for the shear stress. Therefore,the mode-mixity an be expressed as
ψ = arctan

(

τxy(r, 0)

σyy(r, 0)

)

= arctan

(

KII
KI )

6= f(r) (4.8)with ψ as the phase angle.Realling Eq.(4.6), the stress �eld shows a r−1/2 singularity. This is harateristi for a rakin a linear elasti material with tration-free rak �anks. The displaement �eld shows a
r1/2 singularity, Eq.(4.7). Therefore, the displaement of the rak surfaes ϕ = ±π has aparaboli shape, Fig. 4.3,

∆v = v+ − v− =
KI√
2G

(κ + 1)

[
√

r

2π

]

. (4.9)
x

y

r
ϕFig. 4.3: Used oordinate system of rak tip �eld; due to the eigenvalue λ = 1/2, the displaement �eld atthe rak tip shows a paraboli shape, Eq.(4.9)23



4.2. STRESS FIELD AT CRACK TIPThe type of the singularity hanges depending on the geometry of the rak tip (i.e. a v-noth), linear-elasti plasti rak tips, as well as other boundary onditions other thantration-free rak �anks (e.g. ontat of the rak �anks).
Ki is obtained by alulating the stresses or displaements for r → 0 from Eq. (4.6). Forfrequently-used geometries and loads (i.e. ompat tension (CT) test), analytial solutionsof the stress �elds are listed in [24, 48℄. For a CT speimen, K as funtion of the fore P ,the geometry parameters B,W and the rak length a are given by

K =
P

B
√
W

f(t) with f =
2 + t

(1 − t)3/2

4
∑i=0

Ci ti (4.10)with t = a/W and the onstants Ci. For more omplex geometries and loads, the stress �eldhas to be solved numerially. Finite Element pakages mostly utilize the displaements atthe rak �anks to alulate the stress intensity fators, ompare Eq.(4.9) [4℄.4.2.2 Interfaial CrakThe stress �eld of an interfaial rak an also be desribed by the equations of KolosovEq.(4.3). Beause the rak lies between materials with di�erent elasti properties, Fig. 4.4,the omplex funtions Eq.(4.4) are applied to eah layer separately
Φ1(z) = A1 z

λ Ψ1(z) = B1 z
λ Φ2(z) = A2 z

λ Ψ2(z) = B2 z
λ (4.11)where the subsript 1 and 2 denote the layer 1 and 2, respetively [14, 24℄.

y

x

r

ϕ

Material I
E1,ν1

Material II
E2,ν2

Fig. 4.4: A rak between two dissimilar materialsApplying the boundary onditions, (1) stress free rak surfaes at ϕ = ±π and (2) transitiononditions between the two materials at ϕ = 0, lead to a system of linear equations1. The1 For di�erent boundary onditions other than tration-free rak �anks, the eigenvalue and therefore thekind of singularity hanges. The eigenvalue of �anks whih are in ontat leads to a solely real eigenvaluewhih is dependent on the oe�ient of frition [14, 102℄.24



4.2. STRESS FIELD AT CRACK TIPsolution of the system (higher order terms are negleted) is an eigenvalue whih is similar tothe one for the homogeneous ase Eq.(4.5)
λ = 1/2 + i ε. (4.12)

ε is the bimaterial onstant and desribes the in�uene of the ratio of the two materials. Inplane strain ondition, ε is obtained by
ε =

1

2π
ln(

µ2 κ1 + µ1

µ1 κ2 + µ2

)

=
1

2π
ln(

1 + β

1 − β

) (4.13)with κi = 3 − 4νi and µi as the bulk shear modulus for materials 1 and 2.A more frequently used interpretation of the mismath of the elasti properties are theDundurs' parameters α and β [29℄. They separate the in�uenes of the plane tensile andshear modulus aross the interfae. α gives a relation of the Young's modulus of the bothmaterials. Whereas β reveals the mismath due to the di�erene of the in-plane bulk modulus.For plane strain with E∗ = E
1−ν2 , they are given as

α =
E∗

1 − E∗

2

E∗

1 + E∗

2

β =
1

2

µ1 (1 − 2ν2) − µ2 (1 − 2ν1)

µ1 (1 − ν2) + µ2 (1 − ν1)
. (4.14)For the homogeneous ase E1 = E2 and ν1 = ν2 where the material mismath vanishes, theDundurs' parameters α, β, as well as the bimaterial onstant ε, are zero.The solution of the stress �eld σ(r, ϕ) is obtained applying the eigenvalue to Eq.(4.11). Thesolution an be found in [14, 29℄. The stress �eld in the ligament between the two materials,

ϕ = 0, is given by
σyy(r, ϕ = 0) + iσxy(r, ϕ = 0) =

[

riε√
2πr

]

K. (4.15)
K represents the omplex interfae stress intensity fator

K = K1 + iK2 = |K| riε. (4.16)Beause of the asymmetry of the material properties, K1 and K2 do not represent the rakopening mode (Mode-I) and shearing mode (Mode-II), respetively [24℄.
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4.2. STRESS FIELD AT CRACK TIPThe asymmetry of the stress �eld due to the di�erene in material properties an be seen inFig. 4.5. A ompat tension (CT) speimen is symmetrially loaded by a fore F , Fig. 4.5a.The symmetri test on�guration for a rak in a bulk material (E, ν) leads to a symmetristress �eld, shown in Fig. 4.5b. Therefore, Mode-II equals KII = 0. For a bimaterial speimenwith a pre-rak lying between two di�erent materials ((E1, ν1), (E2, ν2)), the stress �eld isasymmetri, Fig. 4.5, whih leads to KII 6= 0.
crack

F

fixation(a) FE analysis of CT speimen with �xationand symmetri loading by fore F
E,ν(b) Bulk: KII = 0

E1,ν1

E2,ν2() Interfae: KII 6= 0Fig. 4.5: Comparison stress �eld (σyy) for a bulk and interfaial rak at symmetri loading; (b) symmetristress �eld hene homogeneous material; () asymmetri stress �eld hene bimaterial rakIn order to alulate the stress intensity fators whih represent the real Mode-I and Mode-IIof the interfae, Huthinson suggests using the formula ψ [29℄
ψ = arctan

[

∆u

c∆v

]

+ arctan(2ε) + ε ln(r/L) (4.17)with
c =

√

2(µ1 + µ2)

µ1
1−2ν2

1−ν2

+ µ2
1−2ν1

1−ν1

, (4.18)where L as a harateristi length is introdued.The �rst term in Eq.(4.17) gives the ratio of sliding and opening of the rak �anks, modi�edby the fator c whih ounts for the di�erene in elasti properties of both layers. In the aseof a rak in a homogenous material, c beomes zero - so do the other two terms - and thephase angle is solely alulated by the relative displaements of the �anks. The seond andthird term are due to the di�erene of the elasti properties.
26



4.3. ENERGY RELEASE RATEThe in�uene of the harateristi length an also be understood as a rotation around theangle onsisting of the �rst and seond term in Eq.(4.17). The rotation depends on theseletion of the harateristi length L as well as on the bimaterial onstant ε. This is shownin Fig. 4.6.
KII

KI

+∆ψ

−∆ψ
KL

ψL

∆ψ = ε ln(r/L)

Fig. 4.6: KI,KII-spae; omplex stress intensity fator KL at r = L; rotation of K by ∆ψ = ε ln(r/L)aused by osillating singularity; |∆ψ| ≤ 4◦ for epoxy/LCP interfae (εepoxy/LCP ≈ 0.03)The tension and shear stresses in the ligament are obtained at r = L. In the presented work,the element size of the Finite Element mesh L is used as the harateristi length. A elementsize of about 0.5 µm is hosen. This leads to a simpli�ation of Eq.(4.17)
ψ = arctan

[

∆u

c∆v

]

+ arctan(2ε). (4.19)The in�uene of the third term an be estimated when r = ∆r+L is hosen, with ∆r = 0.1L.The rotation ontributed by the third is around 0.16◦, whih an therefore be negleted.With εepoxy/LCP ≈ 0.03, the rotation due to the osillating singularity is |∆ψmax| = 4◦.4.3 Energy Release Rate4.3.1 ConeptThe energy release rate (ERR) is based on the theorem of energy onservation. One a rakpropagates from a to a+ ∆a, the internal energy of the body degrades. This energy an berelated to the energy needed to produe new rak surfae. This leads to the de�nition ofthe energy release rate whih simpli�es for plane strain to
G = −dΠda . (4.20)27



4.3. ENERGY RELEASE RATE
G is of the unit [force/length]. A more �gurative de�nition of the ERR is the ontentionby Irwin [31℄. It is proposed that if the rak extends by a small amount ∆a, the energyabsorbed in the proess is equal to the work required to lose the rak to its original length.Applying this statement, the ERR an also be used to haraterize the rak Mode-I, -II by

GI = lim
∆a→0

∫ ∆a

0

σyy(∆a− r, 0) ∆v(∆a− r,±π) dr (4.21)
GII = lim

∆a→0

∫ ∆a

0

τxy(∆a− r, 0) ∆u(∆a− r,±π) dr (4.22)with the stresses at the near rak tip σyy(r, ϕ), and τxy(r, ϕ), ∆v(r, ϕ) the rak openingdisplaement and ∆u(r, ϕ) the sliding of the rak �anks [38, 76, 94, 123℄. Moreover, theomponents GI and GII are linearly added to the omplete energy release rate2
G = GI + GII. (4.23)This interpretation of the ERR is utilized by the Virtual Crak Closure Tehnique (VCCT)whih is used to numerially obtain G. VCCT was �rst introdued by Rybiki and Kan-ninen [94℄. A detailed adaption to Finite Element formulation an be found in [38℄. Thisimplementation into FE analysis utilizes the displaements u, v and the fores X, Y at thenodes to alulate G. The fores represent the ohesion of the orresponding nodes againstseparation. Therefore, the Eqs.(4.21),(4.22) are translated for a plane strain to

GI = − 1

2∆a
[Yi (uul − ull) + Yj (uum − ulm)] (4.24)

GII = − 1

2∆a
[Xi (vul − vll) +Xj (vum − vlm)] (4.25)where the notation for the displaements and fores are shown in Fig. 4.7.A requirement for adapting VCCT to Finite Element analysis is the aessibility to the fores

X, Y at the nodes i, j. For the used Finite Element pakage ABAQUS, these fores are notdiretly available. Therefore, the fores are obtained by a work-around, by adding onnetorelements in the rak tip [86℄.For a rak in a homogeneous body, ERR an be expressed in terms of the stress intensityfators [24℄. Beause ERR desribes the energy hange aused by rak propagation in anelasti body, it refers to both rak modes
G =

1

E∗
(K2I +K2II) (4.26)with E∗ = E

1−ν2 for plane strain. Invoking Eqs.(4.21),(4.22), the stress intensity fatorsbelonging to the single modes an be alulated by [94℄
KI =

√

E∗GI KII =
√

E∗GII. (4.27)2Where the stress intensity fator K symbolizes a vetorized value, ERR is salar and an be added asperformed in Eq.(4.23) 28



4.3. ENERGY RELEASE RATE
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Fig. 4.7: Virtual Crak Closure Tehnique (VCCT) for implementation of ERR into Finite Element analysis;using displaements and fores at nodes; adaption into FE pakage ABAQUS by using onnetorelements [86℄4.3.2 ERR for Interfaial Frature MehanisThe ERR aounts for the energy set free during tensile as well as shear loading of a rakEq.(4.27). This relation is also valid for an interfaial rak and modi�es to
G =

1

E osh2(πε)
(K2

1 + K2
2 ) =

1

E osh2(πε)
|K|, (4.28)beause of the hange of the elasti properties of the material ombination, with E

1

E
=

1

2

(

1

E1
+

1

E2

)

. (4.29)The overall energy release rate for an interfaial rak, gathered from VCCTEqs.(4.21),(4.22), is an adaption of Eq.(4.23)
G = G1 + G2. (4.30)

G1 and G2 do not represent the Mode-I and -II of the interfaial rak. In order to performmode separation, the mode-mixity angle ψ from Eq.(4.17) and the total ERR G are used.In the present work, the mode-mixity ψ and the total ERR G are used to desribe the rakload of an interfaial rak.
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Chapter 5
Material Charaterization
5.1 Relevant Material PropertiesTo desribe the thermo-mehanial behavior of a �ip hip interonnetion whih is exposedto thermal yling, the Young`s modulus E, Poisson`s ratio ν and the Coe�ient of ther-mal expansion α are the relevant material properties. These fators determine the warpage,stresses and strain aused by temperature hange.The under�lls and the non-ondutive adhesives (NCA) are epoxy-based polymers. Three ofthe four studied materials are �lled with SiO2 partiles. Cure shrinkage of the under�lls andNCAs already leads at uring temperature to residual stresses. Therefore, the volume hangeaused by uring is measured. The uring is also aompanied by a hange of the Young'smodulus. The Young's modulus, depending of the rate on onversion, is not determined dueto lak of reliable measurement methods. Epoxy-based polymers show viso-elasti behaviorin the ured state. Therefore, the time- as well as temperature-dependent Young's modulusis obtained.Liquid Crystal Polymer (LCP) is used as board material. The plates for the MID boards aremanufatured using injetion molding. This proess leads to orthotropi thermo-mehanialmaterial properties depending to the �ow diretion of the LCP in the molding tool. Thetime- and temperature-dependent material properties are also studied for LCP.In addition to the under�ll and board material, gold stud bumps, as well as a silion die, aremodeled for studying the performane of the �ip hip interonnetion. These materials areassumed to have a linear-elasti time and temperature independent material behavior. Thevalues are taken from literature.At the beginning of this setion, the struture and spei� properties of the epoxy-basedunder�lls and NCAs are disussed, followed by detailed desription of LCP. The determina-30



5.2. USED MATERIALStion of the thermo-mehanial properties suh as Young's modulus and oe�ient of thermalexpansion (CTE), are displayed for the under�lls, NCAs and LCP together. Tab. 5.1 givesa preliminary overview of the material models for the materials used.Tab. 5.1: Table of materials used and applied material modelsMaterial Behavior ConstitutiveLaw Domain Componentepoxyresin viso-elasti time-temperature-shift isotropi UF, NCALCP elasti,temperature-dependent linear orthotropi,thikness-dependent MID boardgold elasti linear isotropi stud bumpsilion elasti linear isotropi hip
5.2 Used Materials5.2.1 Under�lls and NCAsThe under�lls and the NCAs are un�lled and �lled epoxy-based polymers. The materialsdi�er in matrix, hardener type, and �ller grade, as well as in size and distribution of partilesof the �ller. Additionally, speial ingredients are used to optimize �ow, ure and adhesionproperties of the under�lls and NCAs [19, 32, 43, 44, 45, 77, 119, 126℄.Two di�erent under�lls are used � UF1 and UF2. Both have a bisphenol matrix and ananhydride hardener. The under�lls are �lled with SiO2 partiles. Tab. 5.2 shows the ureshrinkage and the �ller of the under�lls used. The measurement of the ure shrinkage isdetermined by volume dilatometry. The non-ondutive adhesives used are also epoxy-basedpolymers. The NCA ensures steady eletrial and mehanial ontat between the stud bumpand the metallization of the board. NCAs are usually less �lled whih results in di�erentmaterial properties in omparison to apillary under�lls. The hardeners for ommeriallyavailable NCAs are quite di�erent. Fast-uring NCAs use amine as a hardener, whereas forslow-uring NCAs anhydride hardener is used. In the present work, two di�erent kinds ofNCAs are used: NCA1, a non-�lled epoxy with an amine hardener and NCA2, a �lled epoxywith an anhydride hardener, refer to Tab. 5.3.31



5.2. USED MATERIALSTab. 5.2: Cure shrinkage and �ller ontent of under�lls UF1 and UF2; partile size standardized to averagepartile size of UF1 UF1 UF2ure shrinkage [%℄ 1.8 0.4�ller SiO2 SiO2�ller ontent [Vol-%℄ 14 23partile size standardized, [average minmax] 1 0.6
1.7 2.2 0.5

5Tab. 5.3: NCAs used � NCA1 and NCA2 � �ller ontent and ure shrinkage; partile size standardized toaverage partile size of UF1 NCA1 NCA2ure shrinkage [%℄ 1.8 0.3�ller - SiO2�ller ontent [Vol-%℄ 0 23partile size standardized, [average minmax] n.a. 1 0.6
1.65.2.2 Liquid Crystal Polymer (LCP)Liquid Crystal Polymer (LCP) builds a struture, whih is between an isotropi liquid and asolid rystal state [34, 95℄. It is de�ned as a fourth state of aggregation. Already in the liquidstate the moleules of LCP build a rystal-like orientation. This is due the fat that themoleules have a high hain rigidity. Additionally, the ratio of length and diameter is veryhigh. Therefore, the highest pakage density is ahieved for parallelly orientated moleules.The moleules onsist of rigid anisotropi units, whih are alled mesogens [34℄. These unitsare able to form either rodlike moleules, main hain LCPs, or branhes, the so-alled sidehain LCPs. Chemials used to build mesogenti groups are 4-hydroxybenzoi aid (HBA),hydroquinone (HQ), terephthali aid (TA) and 2-hydroxy-6-naphthoi aid (HNA) [34℄.LCP shows di�erent spaious strutures: holesteri, smeti and nemati [95℄, the two latterare shematially skethed in Fig. 5.1. The moleules are orientated parallel without buildingentanglement, like other thermoplast materials.The liquid rystalline struture explains the anisotropy of the material properties in a maro-sopi perspetive. The dependeny on diretion of the orientation results in the magneti,optial, eletrial, thermal, as well as the mehanial material properties. Espeially thethermo-mehanial properties are strongly in�uened by the orientation. The liquid rys-talline struture leads to low temperature dependeny of the LCP in omparison to other32



5.2. USED MATERIALS

(a) Smeti (b) NematiFig. 5.1: Types of phases of Liquid Crystal Polymer [95℄; parallel organization of polmyer moleules leadsto anisotropi maro behavior even without any �ller, e.g. thermo-mehanial propertiesthermoplastis [96℄.Injetion molding is used to manufature the substrates for the MIDs. Caused by the rys-talline struture and the �ow during injetion molding, LCP plates show distint skin andore morphology [68℄. The molten polymer injeted into the molding avity reahes the �owfront and experienes an advaning �ow. This leads to a strong orientation of the moleulesat the wall. The portions at the enter are injeted late and are related to shear �ow [67℄.Fig. 5.2 shows the layered struture of a neat LCP depending on the �ow diretion. Four
so

b

c

flow direction

si

Fig. 5.2: Layer struture of neat LCP orresponding to �ow diretion; outer skin so ≈ 2 %, inner skin
si ≈ 11 %, boundary layer b ≈ 8 %, ore layer c ≈ 58 %; outer and inner skin layer so, si areompletely aligned in �ow diretion; boundary b layer shows quenhed rystalline appearane(hanging orientation from si to c); ore layer c is perpendiular-orientated to �ow diretion [95℄di�erent layers an be distinguished: outer skin layer so, inner skin layer si, a boundary layer

b as well as ore layer c [95℄.
33



5.3. MODELING OF VISCO-ELASTIC MATERIAL BEHAVIORThe hange in orientation along the thikness of an injetion molded LCP an be learlyseen in Fig. 5.3.
core

boundary layer

skin layersFig. 5.3: SEM piture of ross setion of a LCP plate [109℄Some studies point out that the outer and inner skin layer are not learly distinguished [96℄.Nevertheless, the skin layer respetively skin layers are highly orientated and show thereforestrong di�erenes in material properties in omparison to the ore. The thikness of the skinlayers are almost independent from the overall plate [96℄. Therefore, the thiker the plate,the higher the portion of the ore and less dominant the highly orientated skin. Nevertheless,the marosopi material properties are built in an integral way over both layers, whih leadsto thikness-dependent material properties.The in�uene of layer thikness and �ow diretion on the material properties like Young'smodulus and CTE are disussed in the orresponding setions.5.3 Modeling of Viso-Elasti Material BehaviorEpoxy-based polymers show a time-dependent material behavior. The theory of linear viso-elastiity desribes the deformation behavior of polymers restrited to small strains [98℄. Thetime dependent stress-strain relation is de�ned as [22, 98, 123, 125℄
σ(t) =

∫ t

−∞

E(t− ξ)dε(ξ) =

∫ t

−∞

E(t− ξ)dε̇(ξ)dξ. (5.1)The solution of the integral Eq.(5.1) an be found by solving a di�erential equation basedon generalized Maxwell elements. The solution of the di�erential equation is Eq.(5.2)
σ(t)

ε(t)
= E(t) =

N
∑

i=1

Ei e
−

Ei
ηi

(t−t0)
+ E∞. (5.2)The viso-elasti material behavior of polymers an be measured by Dynami MehanialAnalysis (DMA), among others. The speimen is exposed to a fored sinusoidal osillation34



5.3. MODELING OF VISCO-ELASTIC MATERIAL BEHAVIORin tension. Beause of viso-elastiity, the strain is phase-shifted to the stress by angle δ.Therefore, a omplex approah must be used to onnet strain and stress
ε∗ = ε0 e

(iωt) and σ∗ = σ0 e
i(ωt+δ) (5.3)with ε0 and σ0 as the magnitude of the omplex strain and stress, respetively. The omplexdynami module is then de�ned as

E∗(ω) = E
′

(ω) + iE
′′

(ω) =
σ∗

ε∗
(5.4)where E ′ represents the storage modulus and E

′′ the lost modulus. Both E
′ and E

′′ areobtained from DMA measurements for di�erent frequenies and temperatures. The spei-mens made of the adhesives for the DMA measurements have a size of 50 × 10 × 1 mm3.The uring temperature of the speimens are the same as for assembly of the �ip hip inter-onnetions. The storage and lost modulus are determined for temperature from -50 °C to220 °C and for frequenies from 0.5 Hz to 63 Hz. Fig. 5.4 shows the storage modulus fromDMA measurements for UF1.
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Fig. 5.4: Storage modulus for UF1 gathered from DMA measurements for di�erent frequenies and temper-atures; it reveals the frequeny respetively time dependenies of the storage modulus, espeiallyfor temperatures around the glass transition region.For many polymer-based materials, it is shown that the material behavior at elevated tem-peratures is similar to the behavior at lower temperatures with slower loading times. Fig-uratively inreasing the temperature T equals a ompression of the time sale of the ref-erene temperature Tref [123℄. Or applied to the frequeny sale, elevating the temperatureleads to strething of the frequeny sale. This time/frequeny-temperature-superposition35



5.3. MODELING OF VISCO-ELASTIC MATERIAL BEHAVIORis espeially useful for obtaining the long-term behavior of a polymer based on short-timemeasurements [52℄. The superposition and therefore the hange in frequeny sale an bedesribed as logω = loga(T ) + logωe�, (5.5)where ωe� stands for the frequeny at referene temperature. Therefore, the material behavior
E(ωe�, Tref) an be translated to the urrent frequeny ω and temperature T by applying theshift funtion a(T )

E(ω, T ) = E(ωe�, Tref). (5.6)Depending on the material, time and temperature range, there are di�erent methods fordesribing the time-temperature-shift. One of the most studied and used methods is theso-alled WLF funtion whih was developed by William, Landel and Ferry. Due to theassumption of the WLF funtion, it is stritly only valid 50 K above and below referenetemperature [52℄. The referene temperature is the glass transition temperature of the poly-mer. The glass transition temperature of the materials used is approximately 120 °C to150 °C. The appliation temperature is between 150 °C and -40 °C, therefore the WLF fun-tion is not appliable. Instead, to desribe the time-temperature-shift, the shift funtion asfuntion of temperature is given as table in the form of a(T ).Applying the frequeny-temperature-shift, masterurves of the frequeny dependent modu-lus an be obtained. These masterurves for the glass transition temperature are shown inFig. 5.5.
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Fig. 5.5: Masterurves for the storage modulus for under�lls and NCAs based on frequeny-temperatureshift; measurements performed in the frequeny domain using Dynami Mehanial Analysis(DMA) 36



5.3. MODELING OF VISCO-ELASTIC MATERIAL BEHAVIORThe frequeny range for the masterurves lies between 10−6 Hz and 1012 Hz where themeasurement over only one deade (0.5 Hz to 63 Hz). Converting the frequeny range intothe time regime, the DMA measurement overs times between 10−12 seonds and 277 hours.The time for a thermal yle is about 8 to 12 minutes. This shows that measurement of thetime behavior of a polymer using the frequeny method (DMA) an only be used to givequalitatively results and to be used to ompare di�erent polymers, whih is the fous ofthe presented work. A more relevant test method for the haraterization of the visoelastibehavior is the relaxation experiment where the time range is more suitable to desribe thebehavior at thermal yling [125℄. Nevertheless, relaxation experiments are muh more timeonsuming.The frequeny-temperature shift for the materials used is displayed in Fig. 5.6. The risingshift fators for temperatures approahing -40 °C leads to a shift of the masterurve to higherfrequenies and therefore higher storage modulus.
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(5.8)where ei and τi de�ne the Prony oe�ients and times, respetively. E0 states the instanta-37



5.3. MODELING OF VISCO-ELASTIC MATERIAL BEHAVIORneous Young's modulus, whih refers to the long-term Young's modulus E∞ by
E∞ = E0

[

1 −
N

∑

i=1

ei

]

. (5.9)The storage and loss modulus desribed by the Prony series, the instantaneous or long-termstorage modulus, as well as the frequeny-temperature-shift a(T ) are su�ient to desribethe viso-elasti material behavior of the epoxy-based under�lls and NCAs.
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5.3. MODELING OF VISCO-ELASTIC MATERIAL BEHAVIORThe speimens for the DMA measurements of LCP have a size of 50 × 10 mm2 × thikness.They are taken out of an injetion molded plate with the size 80 × 80 mm2, Fig. 5.7.
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flow direction
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(b)Fig. 5.7: Shemati representation of injetion molded LCP plate and the speimen preparation for DMAmeasurements; speimen (a) in �ow diretion and (b) transversal �ow diretionFig. 5.8 displays the DMA measurements of LCP as funtion of frequeny at di�erent tem-peratures. It reveals that LCP has an almost linear-elasti material behavior. Therefore, the
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5.3. MODELING OF VISCO-ELASTIC MATERIAL BEHAVIORThe material properties of LCP are dependent on the substrate thikness, as well as on theorientation throughout injetion molding. Fig. 5.9 presents the Young's modulus of LCPfor 1 mm and 2 mm plates, as well as for material orientation along �ow diretion andtransversal to �ow diretion. The dependeny on the material thikness is only dominant for
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Fig. 5.9: Storage modulus E′ of LCP for orientation along �ow diretion and transversalmaterial orientation along �ow diretion. This is aused by the fat that the highly orientatedinjetion skin in�uenes the material behavior.
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5.4. COEFFICIENT OF THERMAL EXPANSION (CTE)5.4 Coe�ient of Thermal Expansion (CTE)The oe�ient of thermal expansion (CTE) is determined by using Thermo-Mehanial-Analysis (TMA). The test speimens have a size of 5 × 5 mm2 × thikness. The thiknessof the under�lls and NCAs are 5 mm, whereas the thikness of the LCPs is de�ned by thesubstrate thikness. The epoxy speimens are ured orresponding to the temperature pro�leused for the �ip hip assembly proess. The under�lls UF1 and UF2 are ured at 150 °C,whereas the NCAs are ured at 180 °C. The CTE of adhesives based on epoxy resins aredi�erent below and above glass transition temperature Tg. α1 and α2 are the CTE belowand above Tg, respetively.The CTE is extrated from TMA measurements taking the slope of the urve. The CTEs asfuntion of temperature of the under�lls and NCAs are shown in Fig. 5.10.
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Fig. 5.10: Coe�ient of thermal expansion of used under�lls and NCAs as funtion of temperatureTab. 5.4 summarizes the values of the oe�ient of thermal expansion below and above Tgas well as glass transition temperatures taken from TMA measurements. Additionally, anaveraged CTE value is alulated based on α1, α2 and Tg whih simpli�es the omparisonbetween the under�lls and NCAs used. The alulation is performed by using
α = α2

Tg − Tlow
Thigh − Tlow + α1

Thigh − Tg
Thigh − Tlow (5.10)where Thigh and Tlow represent the upper and lower temperature of the thermal yles, i.e.150 °C and -40 °C. Nevertheless, for the FE analysis, the temperature dependent CTE valuesare used.As for the Young's modulus of LCP, the CTE is also dependent on the thikness of thesubstrate and moleule orientation orresponding to injetion molding proess. The size ofthe TMA speimens are 5×5×1 mm3 and 5×5×2 mm3 for 1 mm and 2 mm substrates,respetively. 41



5.4. COEFFICIENT OF THERMAL EXPANSION (CTE)Tab. 5.4: CTE and glass transition temperature Tg of under�lls and NCAs obtained from TMA measure-ments; averaged CTE value α based on a ooling from 150 °C to -40 °C is only alulated to givea more onvenient value to ompare the materials used; for the FE simulation, the temperaturedependent CTE value, as measured using the TMA method, is used, Eq.(5.10).Adhesive NCA1 NCA2 UF1 UF2
α1 / α2 [ppm/K℄ 65/160 36/117 42/132 32/110
Tg [◦C] 117 137 145 120
α [ppm/K℄ 82 42 44 44Fig. 5.11 shows TMA measurements for LCP. It reveals that the CTE value of LCP, in thetemperature range onsidered, is independent of the temperature. Similar to the Young's
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5.5. CALCULATION OF PROPERTIES FOR INTERFACE ADHESIVE/LCP5.5 Calulation of Properties for Interfae Adhe-sive/LCPThe interfaial frature approah requires the alulation of the bimaterial onstant ε,Eq.(4.13). The Poisson ratio and the Young's modulus of both materials at -40 °C are takento alulate the bimaterial onstant. The FE software ABAQUS used does not allow toombine temperature dependeny of the Poisson's ratio and viso-elasti material behavior.Therefore, a onstant Poisson's of 0.3 is used for all materials.The values for the various interfaes are listed in Tab. 5.5.Tab. 5.5: Bimaterial onstant ε for interfae adhesive/LCP and adhesive/silion at -40 °C; alulated forplane strain ondition from Eq.(4.13); indexing for upper and lower material from Fig. 4.4Adhesive NCA1 NCA2 UF1 UF2LCP 1 mm ‖ -0.0431 -0.0211 -0.0328 -0.0328LCP 1 mm ⊥ -0.0215 0.0063 -0.0078 -0.0078LCP 2 mm ‖ -0.0352 -0.0104 -0.0233 -0.0233LCP 2 mm ⊥ -0.0192 0.0089 -0.0053 -0.0053silion -0.0698 -0.0649 -0.0677 -0.0659
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Chapter 6
Critial Bulk and Interfaial FratureToughness
6.1 Crak Initiation and Propagation in HomogenousMediaThe physial mehanism of rak initiation and rak propagation varies depending on thematerial. For highly-�lled polymers, rak mehanisms are desribed in [117, 122, 123℄. Crakinitiation is aused by brittle fatigue of the media. The prevailing mehanisms for epoxy-based polymers are the formation of miro raks [13℄. Espeially for highly-�lled epoxyresins, maximum stresses and strains at between the �ller partile and the epoxy matrix.For frature of brittle homogenous materials, the frature path is assumed to have a Mode-Idominant rak-tip stress �eld [58, 122℄. Frature will our when the existing stress inten-sity fator respetively energy release rate exeeds the ritial stress intensity fator KIrespetively ERR G

GI > GI resp. KI > KI. (6.1)The ritial stress intensity fator KI is a material-related frature parameter and is de�nedas frature toughness. It is used to ompare the frature behavior of di�erent materials.Beause of the loal harater of the K-onept, the KI obtained for di�erent types oftest speimens, but the same material an be ompared [102℄. The omparability is onlyguaranteed for the same test onditions, whih are primarily test speed and temperature aswell as proess onditions. Typial values of KI for steel are in the range of 30..100 MPa√m,for eramis 3..10 MPa√m [24℄ and 0.5..2 MPa√m for epoxy-based polymers [48, 92, 117,122℄.The ritial stress intensity fator respetively energy release rate is determined using om-44



6.1. CRACK INITIATION AND PROPAGATION IN HOMOGENOUS MEDIApat tension (CT) speimens [24, 48, 117, 122, 123℄. The test is standardized for metals inASTM 399 and for polymers in ASTM D5045-99. The size of the speimens are seleted withrespet to the latter-mentioned standard. The width W of the speimen is 20 mm and thethikness B is 4 mm. The ritial stress intensity fator for the CT speimen is alulatedaording to
KI =

F
B
√
W

f(a/W ) (6.2)where F de�nes the fore at rak propagation,B the thikness of the speimen,W the widthand a the rak length at rak propagation. The funtion f(a/W ) an be found in [122℄.The CT test is performed on a Zwik testing mahine. A small v-shaped noth as pre-rakis introdued using a razor blade. For monitoring the rak length at propagation, an optialrak traer is used [48℄. The maximum stress in the �ip hip interonnetion is present at-40 °C. Therefore, the ritial stress intensity fator for the under�lls is determined at thistemperature.Beause of the brittleness of the epoxy-based under�lls, espeially at -40 °C, reahing theritial fore F leads to a atastrophial break of the CT speimen. Therefore, the optialrak traer system is only used to determine the length of the pre-rak a.The values for the frature toughness of the materials used are listed in Tab. 6.1. UF2 showsthe highest KI in omparison to the other under�lls. This is primarily explained by the high�lling grade of UF2 [63, 92℄. This onsequently also applies to the low KI of the un�lledepoxy NCA1.Tab. 6.1: Critial stress intensity fators KI for the under�lls and NCAs at -40 °C, determined usingstandardized CT speimens; the ritial ERR GI is alulated using Eq.(4.27).UF1 UF2 NCA1 NCA2
KI [MPa√m ] 1.13 ± 0.05 1.48 ± 0.18 0.8 ± 0.08 1.01 ± 0.09
GI [N/m ] 255 ± 0.5 346 ± 5 185 ± 2 144 ± 1
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6.1. CRACK INITIATION AND PROPAGATION IN HOMOGENOUS MEDIAThe relation of �ller grade and frature toughness for an epoxy system is shown in Fig. 6.1.The alulation is based on the rule of mixture, whih is explained in detail in [63, 92℄.Sine the under�lls and NCAs studied here have di�erent epoxy matries and partile sizedistributions, the results from Tab. 6.1 and Fig. 6.1 an only ompared qualitatively.
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6.2. FRACTURE TOUGHNESS OF INTERFACIAL CRACKS6.2 Frature Toughness of Interfaial Craks6.2.1 Overview of Interfaial Frature ToughnessFor a rak lying between two dissimilar materials with symmetri loading, asymmetry ofthe stress �eld arises due to the mismath of the elasti material properties. Therefore, it isessential to study the interfaial toughness under mode-mixity onditions.[118℄ studied the interfaial frature toughness of a plexiglass/epoxy interfae performed on aBrazil Nut speimen. The speimen enables toughness tests under di�erent mixes of loadingfrom pure Mode-I to pure Mode-II, by varying the orientation of the speimen, Fig. 6.2. Theinterfaial frature toughness is a strong funtion of the mode-mixity: the higher the portionof tensile loading, the lower the interfae toughness. For the test speimen used in Fig. 6.2,the ritial ERR G for pure shear loading (ψ = 90◦) is about four times higher than forpure tensile loading (ψ = 0◦).
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φ result in negative values for the frature toughness; the alulation of the mode-mixity ψ fromthe loading angle φ is performed numerially in [118℄In addition to the Brazil-nut-sandwih speimen, several types of speimens and loading on-ditions are studied [5, 14, 48, 53, 71℄, whih ame to the same dependeny of the mode-mixityand the interfaial frature toughness. Therefore, these results are essential for establishingdesign rules for SBB �ip hip interonnetions.However, these tests have the disadvantage that the onsumption of material for speimenpreparation is high. Materials used for eletroni pakaging are ostly and mostly available47



6.2. FRACTURE TOUGHNESS OF INTERFACIAL CRACKSonly in small portions. Therefore, a method has to be developed whih is ost-e�etive (lowonsumption of expensive under�ll or NCA), fast to prepare and implement and also suitablefor various interfae topographies. Additionally, the test has to be suitable for harateriza-tion of environmental e�ets on the interfae properties suh as moisture and temperature.The standardized button shear test ful�lls the requirements above-stated. It is widely usedfor haraterization of mold ompounds on leadframes [105℄ or �ip hip pakages [99℄. As anbe dedued from the name of the method, it is used to obtain the interfaial shear adhesivestrength of an interfae. In atual assemblies, the interfae experienes shear as well as tensileloading. The ratio of shear and tensile loading depends on the geometry, load ondition andmaterial ombinations used. Therefore, the standard button shear test is extended in orderto haraterize the interfae ompletely (shear and tensile loading). This an be ahieved byvarying the height of the shear tool. The greater the shearing height, the more the interfaeis loaded by Mode-I.The failure of the button has to our in the interfae of the under�ll and substrate. Inorder to fore an interfaial rak, a pre-rak is fabriated [88, 107℄. On one hand, theadvantage is that the rak is onstrained to our in the interfae. On the other hand, byhaving a pre-rak, the test an be studied by means of frature mehanis. The advantagesof using frature mehanis approah lie in the FE-mesh independeny and the translationof the obtained interfae haraterization on other geometries, but with the same materialombinations. The load of the interfae during the test is haraterized by ERR and mode-mixity represented by the phase angle ψ. ERR and ψ are adequate to ompletely desribethe interfae strength for a given ombination of under�ll and substrate.The objetive of the study is to haraterize the interfae between LCP and the under�llsand NCAs used. As stated earlier, the oxygen plasma treatment of the LCP in�uenes thebehavior of the surfae. The plasma treatment leans the surfae from ontamination, as wellas building additional oxygen groups into the surfae, whih improves the adhesive strength.Therefore, the in�uene of the plasma treatment of the LCP on the ERR and ψ is alsostudied.
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6.2. FRACTURE TOUGHNESS OF INTERFACIAL CRACKS6.2.2 Work Flow of the Button Shear TestThe goal of obtaining the ritial ERR as a funtion of ψ for the under�ll/LCP interfae isahieved by orrelating the FE analysis with the experimentally-obtained results from theshear test:1. Measurement of the ritial fore F and ritial movement of the shear tool sst, forthe shearing height of h1 (start of interfaial raking), Fig. 6.3a2. Performing a FE analysis of the test for the spei� shearing height h1 to establish therelation of the movement of the shear tool and the ERR and mode-mixity: G = f(sst)and ψ = f(sst)3. Correlation of experimentally and numerially obtained data: gathering G, ψ at sst,,Fig. 6.3b4. Repetition for the next shearing heights h2.., Fig. 6.3, to obtain the omplete interfa-ial frature toughnessThe ritial load F, whih leads to an interfaial rak, is measured experimentally with thebutton test. The present ERR G and phase angle ψ at interfaial raking is obtained byFE analysis. By varying the shearing height, di�erent ERRs and mode-mixities are ahieved.This proedure is summarized in Fig. 6.3.
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() Repeating step (a) and (b)for di�erent shearing heights andplotting G over ψFig. 6.3: Proess �ow for haraterization interfae toughness G of a material ombination as funtion ofphase angles ψ using a orrelation of FE analysis and experimental results.
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6.2. FRACTURE TOUGHNESS OF INTERFACIAL CRACKS6.2.3 Experimental Setup and TestingSample Preparation of Button TestAs stated, the size of the button should be suitably small, in order to minimize the vol-ume of under�ll used. Standard buttons have a round ross-setion, with a diameter of4-12 mm [16, 99, 100, 105℄. In order to ease demolding, the buttons are onially shaped[105, 88℄. Studying the interfaial raking of a ylindrially or onially shaped button us-ing a frature mehanis approah is quite ompliated. This is due the fat that the widthof the rak front hanges during testing. As a result, the FE analysis must be performedthree dimensionally. Additionally, modeling the outer part of the buttons is more umber-some beause of the round shape. To avoid these drawbaks and inrease the e�ieny of FEanalysis, the button is set to be uboidal. Fig. 6.4 shows a sketh of the sample for the buttontest. The PTFE strip with anvas is used to apply a pre-rak. The strip is self-adhesive onone side and not adherent on the other. The thikness of the PTFE strip is 80 µm.
button 

(underfill or NCA)

PTFE strip
(thickness 80 µm)

substrate 
(LCP)

5x5 mm²

60 mm

a

5-7 mm

Fig. 6.4: Sketh of button omposed of under�ll or NCA on LCP substrate; PTFE strip with anvas isadhesive bonded to the substrate; upper side of strip is not adherent to adhesive; a is the lengthof pre-rak.The steps in order to fabriate a button on LCP are displayed in Fig. 6.5. A molding formmade out of silione with a ut-out for the PTFE strip is shown in Fig. 6.5a. The avity inthe silione form is 5×5×10 mm3. The ut-out has a thikness of 80 µm. The molding formis plaed on the substrate, Fig. 6.5b. In order to inrease e�ieny of the manufaturingproess, several forms are plaed on a single substrate. Using a volume-ontrolled dispensingsystem, the avities are �lled with under�ll or NCA. Beause of the stikiness of the silione,the under�ll is restrited just to �ll the avity, so as not to lead to bleed-out. The uringof the adhesives is performed in an oven at the orresponding uring temperature. Fig. 6.5shows the buttons after removal from the mold.50



6.2. FRACTURE TOUGHNESS OF INTERFACIAL CRACKS
(a) Silione mold form without-ut for PTFE strip (b) mold forms on LCPsubstrate ready for dispens-ing under�ll () buttons after uring ofunder�ll/NCAFig. 6.5: Sample preparation of buttons made of under�ll or NCA on LCP substrate; using PTFE strip aspre-rakFig. 6.6 shows a ross-setion of the button after preparation. Due to the stikiness of thesilione, the �ash is quite small. The ure shrinkage of the NCA leads to a redution involume.

LCP substrate

mounting 
resin

underfill

PTFE strip

1cmFig. 6.6: Cross setion of a button on LCP substrate; realization of pre-delamination by using a PTFEstrip; no �ash of NCA on LCP substrate
Proedure of Measurement of Adhesive StrengthThe adhesive strength of the button on the LCP substrate is measured with the shear testerDAGE 4000. The LCP substrate is �xed with a benh vise at the outer part of the plate.Therefore, the substrate is free to bend in the area of the interfae to the button. The buttonsare plaed diretly in the middle of the substrate. The material and geometry properties of51



6.2. FRACTURE TOUGHNESS OF INTERFACIAL CRACKSthe LCP substrate - thikness and �ow diretion during injetion molding - in�uene thebending. This an be utilized to ahieve di�erent load ases of the rak.In order to avoid torsional stress, a irular shear tool is used with a diameter of 6 mm.Fig. 6.7 shows the applied fore over movement of the shear tool sst. The fore and themovement are reorded one an initial fore of 1 N is measured by the load ell. This ensuresthat only the movement whih is based on the movement of the load ell is taken into aount.It is worth noting that there is also a movement of the shear tool itself. This is due the fatthat the shear tool is twisted in its' shaft. This movement is measured and subtrated. Themeasurement of a spei� material ombination is repeated at least �ve times.
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Fig. 6.7: Shear test: fore F as funtion of movement of shear tool sst; F and sst, mark the values atinterfaial raking
6.2.4 Measurements of Adhesive Strength NCA on LCPUsing the proedure desribed above, the adhesion strength for di�erent shearing heights hstan be obtained. Hereby, the ritial fore F is divided by the area of the button, Fig. 6.8a.The adhesion strength deays with inreasing shearing height. It an be stated that theplasma treatment of the LCP surfae only has minimal e�et on the adhesion strength. Fororrelation of the experimentally obtained data to the numerially obtained energy releaserate, the movement of the shear tool at frature sst, is utilized. Plotting sst, as funtionof the shearing height hst, Fig. 6.8b is obtained. For the adhesion, a deaying of sst, forinreasing shearing heights is observed.
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6.2. FRACTURE TOUGHNESS OF INTERFACIAL CRACKS
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(b) Movement of shear tool sst, at frature for di�er-ent shearing heights hstFig. 6.8: Experimentally obtained movement of shear tool and adhesion for di�erent shearing heights hst;LCP with and without plasma treatment; plasma treatment shows negligible in�uene on adhesion.Analyzing the fratured area of the substrate and the button, it an be stated that fraturedoes not our diretly in the interfae between NCA and LCP. Fig. 6.9a shows the LCPsubstrate after button shear test. The frature ours in the skin of the LCP substrate, asan be seen by the di�erene in the olor of the fratured area and the intat area. Thisan additionally be seen on the button, where on the delaminated area remainders of theskin are present, Fig. 6.9b. The frature ours independent of the surfae treatment andunder�ll or NCA. Therefore, the orrelation of experiment and numerial data in order toobtain energy release rate urves for di�erent mode-mixities is only performed for NCA2.Fig. 6.10a, and 6.10b sketh the frature ourring in the interfae respetively in the outerskin of the LCP. The raking between the several layers in the LCP an also be seen as aninterfaial raking sine it ours between materials with two di�erent properties. Sine theouter layer is quite thin, with a thikness approximately 20 to 40 µm, and the outer layerstiks to the adhesive, interfaial frature mehanis approah between the adhesive and theLCP1 is assumed.
1Although LCP onsists of several layers, refer to Fig. 5.2, the material is modeled as a homogenousmaterial 53



6.2. FRACTURE TOUGHNESS OF INTERFACIAL CRACKS
PTFE strip

delaminated area

LCP with 
intact skin

area with pre 
delamination

(a) LCP substrate; PTFE strip on substrate; delam-inated area with partially removed skin of LCP
Pre delamination

delaminated area

rests of skin of LCP(b) Button with rests of skin of LCP substrated ondelaminated areaFig. 6.9: Fratured area from button shear test; frature ours partially within skin of LCP substrate, referto struture of LCP in Fig. 5.2; frature ours in LCP skin independent of plasma treatment andused under�ll or NCA
outer 
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sub-
interface 
crack

LCP(a) Overview: LCP onsists of sev-eral di�erent layers, Fig. 5.2
button

sub-
interface 
crack

outer skin 
of LCP(b) Detail: frature ours interfaial as wellas in the skin of LCPFig. 6.10: Sketh of sub-interfaial frature LCP/NCA; raking ours interfaial as well as in the LCPskin. The raking between the several layers in the LCP an also be seen as an interfaialraking sine it ours between materials with two di�erent properties. Sine the outer layeris quite thin, with a thikness approximately 20 to 40 µm, and the outer layer stiks to theadhesive after the shearing test, interfaial frature mehanis approah between the adhesiveand the LCP is assumed.
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6.2. FRACTURE TOUGHNESS OF INTERFACIAL CRACKS6.2.5 FE-Analysis to Calulate ERR and Mode-MixityFE-Implementation of Button Shear TestFrom experimental analysis of the button shear test, the movement of the shear tool atfrature sst, for di�erent shearing heights hst is obtained. The Finite Element Analysis isused to link sst, = f(hst) with the ritial energy release rate G and the present mode-mixity
ψ.Beause of the uboided shape of the button, two-dimensional modeling is su�ient todesribe the system. The geometry displayed in Fig. 6.4 is modeled in ABAQUS. As elementsfor meshing, generalized plane strain (CPEG) elements are used. The pre-rak is appliedbetween the PTFE strip and the under�ll. Applying the frature mehanis approah, therak is extended into the interfae under�ll and LCP substrate. Penetration is avoided usingontat elements between the PTFE and the under�ll.In order to ount for the residual stresses due to the assembly proess, the ooling downfrom uring to room temperature is analyzed. For the sample preparation, the ured under-�ll button on LCP is ooled down to room temperature by natural onvetion. The rampand time for ooling down in�uenes the residual stresses. Therefore, the temperature �eldduring ooling down is simulated in a temperature transient FE analysis. The simulation isompared with experimentally measured temperature data in the button. The heat-transferoe�ient hht is determined to be 15 Wm2

·K whih orrelates with [42℄. The temperature tran-sient analysis is used as input for a stress analysis to alulate the residual stresses.The material properties of LCP are used as desribed in the Chapter 5. For the simulationof the button test, linear-elasti material properties are used for the NCA. This is due thefat that the atual test is performed at room temperature where the relaxation is relativelyslow. The material properties of the PTFE strip are regarded as from bulk PTFE. The sheartool is modeled as a non-deformable body. The movement of the shear tool is given as aboundary ondition.In�uene of residual stresses from sample preparationThe buttons made of NCA2 are ured at 150 °C. Beause of the thermal mismath of thesubstrate, PTFE strip and adhesive, the interfae already experienes stresses when oolingdown from uring to room temperature. When modeling an additional delamination (otherthan the pre-delamination aused by the PTFE strip), and ooling down from uring tem-perature, that leads to a rak opening as shown in Fig. 6.11. Due to the higher CTE valueof the PTFE strip, no ontat between the under�ll and the PTFE is reported.55



6.2. FRACTURE TOUGHNESS OF INTERFACIAL CRACKS
substrate

button

(a) Sliding of under�ll on the PTFE strip dueto the thermal mismath; avoiding penetra-tion by using ontat elements
PTFE 
strip

button

substrate(b) rak opening and stress onentrationaround rak tip; stresses are in 106MPaFig. 6.11: Cooling down from uring to room temperature leads to rak opening and residual stresses;it an be seen that the residual stresses have to be taken into aount when developing a testto quantify the adhesion strength; nevertheless, in the present work, for alulating the energyrelease rate and the mode-mixity, the residual stresses are not onsidered.For the modeled button-shear speimen in Fig. 6.11, it is assumed that the pre-delaminationourred already at uring temperature. But for the atual performed button-shear-test, nopre-delamination other than the PTFE-strip is present. Therefore, no rak opening ourswhen ooling down from uring temperature to room temperature. The atual delaminationpropagation only ours when the shear-test is performed. Therefore, the residual stressesare not onsidered.
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6.2. FRACTURE TOUGHNESS OF INTERFACIAL CRACKSFE-Analysis of Button Shear TestThe button shear test is performed at room temperature. The modeling and the assumptionsused are explained above. From the FE analysis, ERR G and phase angle ψ are determinedas funtion of the movement of the shear tool sst. The ritial sst, is gathered experimentally.Four di�erent shearing heights hst are used: 150, 1500, 2500 and 4500 µm. Fig. 6.12a showsthe ERR as funtion of the movement of the shear tool sst for the di�erent shearing heightswhere 6.12b displays the phase angle ψ. It an be dedued that the shearing height has asigni�ant in�uene on ERR and the mode-mixity. The lower the shearing height, the higherthe ERR for the same movement of the tool. The in�uene of the shearing heights on ERRand ψ for heights higher than 2500 µm dereases signi�antly. Varying the shearing heightbetween 150 and 4500 µm, the mode-mixity an be varied between 2° and 75°. It is possibleto vary ψ almost in the same range as for the muh more omplex Brazil-Nut-sandwihspeimen proposed by Wang and Suo [118℄.
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6.2. FRACTURE TOUGHNESS OF INTERFACIAL CRACKSthe shearing height. By orrelating the experimentally-obtained data with the FE analysis,the interfaial toughness of the interfae NCA/LCP substrate an be desribed. The fratureours lose to the interfae of the NCA/LCP, but is not solely an interfaial rak.From experimental testing, the adhesion of NCA on LCP is determined at four di�erentshearing heights hst =150, 1200, 2500 and 4500 µm. At these heights, sst, is used to determinethe ritial energy release rate G from Fig. 6.12a. As stated, the phase angle ψ is onstantover the movement of the shear tool, but it is a funtion of the shearing height as shown inFig. 6.12b. Using these orrelations, the interfaial toughness urve an be drawn, Fig. 6.13.As stated for the adhesion strength in Fig. 6.8a, the plasma treatment of the LCP surfaehas little in�uene on the interfaial frature toughness. This is due to the fat that thefrature ours within the skin of the LCP.
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Chapter 7
FE-Modeling, Stress Analysis andEstablishing Failure Criteria
7.1 FE-modeling of Flip Chip Interonnetion7.1.1 Parameterized FE-ModelingThe FE model of a stud bump bonding �ip hip interonnetion is parameterized in Finite-Element-Method (FEM) software ABAQUS. This has the advantage that geometry hangesan be performed quikly. Moreover, the parameterized model an be used for automatioptimization of the geometry if onneted with an optimization tool. The geometri parame-ters are displayed in Fig. 7.1. The stud bumps are not modeled beause they have negligiblea�et on the stresses in the �llet region. The a�et is disussed later.
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Fig. 7.1: Parameterized FE model of �ip hip interonnetion; invoking Python sripting for ABAQUS, thegeometry parameters, displayed, an be varied.Methods are available to alulate the �llet shape by measuring the ontat angle of theunder�ll on the substrate and hip edge, as well the surfae tension. These methods lead to aformulation of the angles in the unured state of the under�ll. Beause ure shrinkage leads to59



7.1. FE-MODELING OF FLIP CHIP INTERCONNECTIONa di�erent shape, physially-based modeling of the ured under�ll �llet is di�ult. Therefore,a mathematial approah is used to model the �llet shape. The method to implement fraturemehanis into Finite Element modeling, the Virtual Crak Closure Tehnique, requires amesh with quadrati elements around the rak tip. Therefore, it is not possible to use splinerepresentation of the outer line to the �llet. The line has to be built up using straight lines.In order to give a smooth shape to the �llet, more than 50 single lines are used to modelthe �llet. The mathematial formulation for the �llet is based on an exponential approahin the form of
y(x) = A1 e

−A2x + A3x + A4 (7.1)with four onstants. x and y are the oordinates of the starting and ending points of theseveral lines. The oordinate system is shown in Fig. 7.1. The four onstants A1 to A4 aredetermined by applying the following boundary onditions
y(0) = h�llet y(l�llet) = 0 y′(0) = tan θsubstrate y′(0) = tan θhip (7.2)where θhip and θsubstrate are the wetting angle of the ured under�ll with respet to thehip and substrate, respetively. h�llet and l�llet are the height and length of �llet as show inFig. 7.1. The four parameters are obtained in ompliane with Newton's method.Fig. 7.2 shows di�erent �llet shapes alulated on the desribed method in Eq.(7.1).
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7.1. FE-MODELING OF FLIP CHIP INTERCONNECTION7.1.2 VCCT Implementation and Calulation of Energy ReleaseRateThe Virtual Crak Closure Tehnique (VCCT) is utilized to apply frature mehanis toFE. Using VCCT, the energy release rate ERR for an existing rak an be alulated.Hereby, the method is apable of determining ERR for a rak lying in bulk material, aswell as a rak between two materials. The alulation proedure is explained in Setion 4.3.VCCT requires quadrati �rst or seond order elements [38, 94℄. The apability of triangularelements to �ll arbitrary shapes, e.g. the �llet, is their advantage. Therefore, hybrid meshingof the �ip hip interonnetion is used. Partitions around the rak tip are plaed to applyquadrati elements Fig. 7.3a-.
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() interfaial rakFig. 7.3: FE implementation of the Virtual Crak Closure Tehnique (VCCT) by reating partitions; theVCCT is used to obtain the stress intensity fator KI for a bulk rak and the Energy ReleaseRate G as well as the mode-mixity ψ for an interfaial rak.
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7.1. FE-MODELING OF FLIP CHIP INTERCONNECTIONThe rak in the regularly strutured mesh in a partition is applied by doubling the orre-sponding nodes [38, 94℄. The rak opening after loading an be seen in Fig. 7.4.
chip

crack

structured 
mesh

for VCCT

Fig. 7.4: Finite Element mesh hosen to be appropriate for the implementation of VCCT; quadrati elementsaround the rak tip within a geometri partition are required; hybrid meshing around partitionto also be able to reate a mesh for non-retangular strutures; rak implementation by doublingthe orresponding nodes; here shown for a rak in the �llet

62



7.1. FE-MODELING OF FLIP CHIP INTERCONNECTION7.1.3 Assessment of Curing ShrinkageThe uring of the under�lls and NCAs are performed at an elevated temperature, e.g. 150 °Cfor UF1. The shrinkage aused by hemial onversion already leads to residual stresses aturing temperature. The volume hange during uring of the adhesives is measured by volumedilatometry and listed in Tab. 5.2 and Tab. 5.3.The volume shrinkage εuring an, among others methods, be implemented by using theanalogy of hemial uring shrinkage and ompression indued by an arti�ial temperaturehange ∆T of the polymer 1, Fig. 7.5. During uring proess, the density inreases, thereforethe volume dereases. Sine the under�lls and NCAs used are �lled with spherial �llers, theure shrinkage is isotropi.
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(b) Volume redution aused bytemperature hange ∆T with
T1 > T2 and α > 0Fig. 7.5: Invoking the analogy to model the uring proess: the ure shrinkage leads to a volume redution,and so does a ooling from T1 to T2 [7℄Using the analogy, ooling the polymer also results in a dereasing volume [7℄. The volumeshrinkage Svolume an be related to an one-dimensional ompression by
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≈ 1 − l3 − 3l2∆l
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= 3
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l
with ∆l2,∆l3 ≈ 0 (7.3)where Vliquid = l3 is the volume of a ube in the unured state, Vured = Vliquid − ∆V thevolume in the ured state. Higher order omponents are negleted.1This method an be similar used to estimate the in�uene of swelling aused by humidity absorption [55℄.63



7.1. FE-MODELING OF FLIP CHIP INTERCONNECTIONThe linear ompression indued by a temperature hange is de�ned by
∆l = l∆T α → ∆T =

∆l

l

1

α
(7.4)with α as the CTE value of the ured material at uring temperature. Using the anal-ogy uring shrinkage / thermal ompression and replaing the expression ∆l/l in Eq.(7.4) byEq.(7.3), the arti�ial temperature hange needed to aount for the ure shrinkage an beobtained

∆T =
∆l

l

1

α
=

Svolume
3

1

α
. (7.5)Applying this method to model ure shrinkage of under�ll UF2, whih has a ure shrinkage

Svolume of 0.4 % and a oe�ient of thermal expansion of 110 pmm/K at uring temperature,the arti�ial temperature hange is around ∆T = 12.1 ◦C. The initial temperatures for theother UFs and NCA are shown in Tab. 7.1.Tab. 7.1: Implementation of ure shrinkage in the FE analysis; temperature hanges ∆T used for the UFsand NCAs based on Eq.(7.5); the values of the ure shrinkage are taken from Tab. 5.2 and Tab. 5.3Adhesive NCA1 NCA2 UF1 UF2
∆T [◦C] 37.5 8.5 45.5 12.1ure shrinkage Svolume[%] 1.8 0.3 1.8 0.4
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7.1. FE-MODELING OF FLIP CHIP INTERCONNECTIONFig. 7.6 shows the implementation of the ure shrinkage in the FE analysis. The initialtemperature for the reative material is de�ned as T = Ture + ∆T , where the non-reativematerial has Ture. During Step 1 - alulation of impat due to uring proess - the UF orNCA is ooled down to Ture. No ure-dependent Young's modulus for the polymers is used.The orresponding Young's modulus at uring temperature is used for the reative materials.In the next steps, the �ip hip interonnetion is ooled to the upper dwell temperature
T = Thigh = 150 ◦C and afterwards to the lower dwell temperature of -40 ◦C.
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() Step 2 → Step 3: Cooling down from Thigh = 150 ◦C to Tlow=-40 ◦CFig. 7.6: Proess �ow to implement ure shrinkage estimation in the FE analysis; using di�erent initialonditions for the reative material and non-reative materialIn order to assess the in�uene of the ure shrinkage, the warpage of a �ip hip interonne-tion is alulated. For this simulation, it is essential to also inlude the stud bumps in theFE model. At the same time, the warpage aused by ooling down from uring temperatureto room temperature is onsidered. Hereby, stress, and therefore warpage-free ondition, is65



7.1. FE-MODELING OF FLIP CHIP INTERCONNECTIONassumed to be at uring temperature. As shown in Fig. 7.7, the ontribution of the uringproess leads to onave warpage of the hip. This an be explained by the restrited ontra-tion due the stud bumps. Nevertheless, the value of the warpage is negligible in omparisonto the warpage aused by the CTE-mismath in the ured state. Moreover, the warpage dueto uring is overestimated, beause of the assumption that during uring proess the Young'smodulus is onversion independent. It is assumed that the Young's modulus already has itsfull value at the unured state. Therefore, the in�uene of the uring an be negleted.
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center edgeFig. 7.7: Assessment of ure shrinkage shown for warpage of �ip hip interonnetion; omparison of de�e-tion aused by ure shrinkage and ooling down from uring to room temperature; for the latter,stress free ondition assumed at uring temperature; in�uene of ure shrinkage on warpage isnegligible and therefore negleted7.1.4 Material Models and Applied LoadA list of the material models used is shown in Tab. 5.1. As stated, the under�ll and NCAsare modeled with a viso-elasti material behavior.In the experimental reliability testing of the �ip hip interonnetions, a thermal-yli load-ing is applied. The ooling time depends on the performane of the thermal-yling hamber,as well as on the thermal mass of the speimens and oven itself.In this work, the ooling proess from uring temperature to -40 °C is performed. The uringtemperature of the assemblies using under�lls is 150 °C. Whereas for the NCA assemblies,the uring temperature and therefore the stress free ondition is at 180 °C.The transient temperature pro�le used in the simulation is obtained based on the measuredtemperature pro�le in the atual thermal-yling hamber. For the simulation of the tem-perature �eld, the �ip hip interonnetion is modeled three dimensionally. The oe�ientof heat transfer from the materials to air is obtained by iterative adjustment of the transientsimulation to the experimental data of the temperature pro�le.66



7.1. FE-MODELING OF FLIP CHIP INTERCONNECTIONThe heat transfer oe�ient of 60 Wm2K is found to provide the best results. For fored heattransfer the value lies within the range given by [42℄. The transient temperature pro�le isshown in Fig. 7.8a. For the simulation, the temperature hange from 150 °C to -40 °C isadditionally linearly inremented by using the time for ooling from transient simulation.The third urve gives the temperature pro�le for an instantaneously applied temperature.

0 5 10 15 20 25
-50

-25

0

25

50

75

100

125

150
 temp. transient
 temp. linear
 instantaneous

te
m

pe
ra

tu
re

 [
°C

]

time [min](a) Temperature pro�le for di�erent assump-tions; to obtain transient temperature pro�le,a thermal analysis is performed before stressanalysis
0 5 10 15 20 25

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

E
R

R
 [

N
/m

]

time [min]

visco-elastic (temp. linear)

visco-elastic (temp. transient)

visco-elastic (instantaneous)

elastic (temp.linear)

(b) ERR for a �llet rak for di�erent temperaturepro�les and material behavior of under�ll; signi�antin�uene of assumed material behavior (linear elas-ti, viso-elasti)Fig. 7.8: Impat of temperature appliation and material behavior for the alulation of a �llet rak;instantaneous appliation for linear-elasti and viso-elasti leads to an overestimation of ERRin the rak; ERR for transient and linearly applied temperature hange leads to same ERR;therefore, it is su�ient to model the ooling down linearly, although it shows an exponentiallydereasing funtion; modeling the temperature hange linearly redues the number of requiredsimulations and and therefore the omputational e�ort.The impat of the temperature pro�le used on an arbitrary �llet rak is displayed inFig. 7.8b. The temperature pro�les from Fig. 7.8a are used. Additionally, the impat ofthe material behavior of the under�ll is shown. It an be learly seen that for modeling theunder�ll with a linear-elasti material behavior, the ERR is overestimated (Fig. 7.8b "elasti(temp.linear)"). Moreover, the utilization of viso-elasti material behavior in ombinationwith an instantaneous temperature appliation also leads to an overestimation ("viso-elasti(instantaneous)"). The results for a linear and transient appliation of the temperaturein ombination with viso-elasti material behavior lead to the same result ("viso-elasti(temp.transient)" and "viso-elasti (temp.linear)"). Therefore, it is su�ient to use linearinstrumentation of the temperature.
67



7.2. STRESS ANALYSIS OF SBB FLIP CHIP INTERCONNECTION7.2 Stress Analysis of SBB Flip Chip Interonnetion7.2.1 Stress Analysis Without CrakA stress analysis of the �llet is performed to identify the ritial loations for rak initiation.Simplifying the �ip hip interonnetion to a two-dimensional model (2D) redues modelinge�ort and omputation time signi�antly. This is espeially needed when the in�uene ofmultiple parameters has to be onsidered. Nevertheless, a simpli�ation is only valid when thestress distributions are similar for the two-dimensional and three-dimensional (3D) model.The distribution of the stress omponent σyy along the �llet for a two- and three-dimensionalmodel are displayed in Fig. 7.9b. The stresses along the �llet at the hip orner and hipenter are obtained for the three-dimensional model as well as for the two-dimensional model.It an be stated that the distribution, as well as the absolute values are in the same rangefor the 2D and 3D model. Therefore, the �ip hip assembly is represented by a 2D FiniteElement model.
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(b) Obtaining the stress omponent σyy along the�llet using a 2D and 3D Finite Element AnalysisFig. 7.9: Comparison two- and three-dimensional Finite Element stress analysis of the �llet; 2D FE analysisleads to a similar stress distribution along the �llet; the ritial regions � lower and upper partof the �llet � are also displayed in the simpli�ed 2D ase; sine the omputational e�ort for thethree-dimensional is muh higher and not feasible for parametri studies, only two-dimensionalFinite Element analysis is performedIn order to identify the ritial loations along the �llet, and to explain the distint dis-tribution of the stress in the �llet, a stress and strain analysis of the �llet is performed.68



7.2. STRESS ANALYSIS OF SBB FLIP CHIP INTERCONNECTIONThe overall strain εtotal is deomposed into a thermal εthermal and an elasti part εelasti.The thermal strain aounts for the thermal expansion (or ontration) due to temperaturehange
εthermal

i = αi∆T with i = Si,LCP,epoxy. (7.6)The thermal strain εthermal on the di�erent omponents is shown in Fig. 7.10a.
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(d) First prinipal stresses σ1 along the �llet:high stresses at loation 1,3; vanishing stressesat point 2Fig. 7.10: Strain, stress analysis of �llet when exposed to ooling down (∆T < 0); high strains in �llet inregion of interfae hip/under�ll and substrate/under�ll; vanishing strain where thermal ontra-tion is not restrited; using prinipal stresses σ1 to aount for the maximum stresses, regardlessof element orientationThe elasti strain results from restrition of the free thermal expansion. The restritionis mainly aused by boundary onditions like �xation or material interfaes. For a �ip hipinteronnetion, these are the interfae hip/under�ll and substrate/under�ll. The mismathin CTE of silion die and the epoxy-based under�ll dominates the elasti strain in y-diretion
εelastiyy , Fig. 7.10b. Whereas the di�erene in the CTE of the substrate and the under�llontributes to εelastixx whih is displayed in Fig. 7.10. It is worth mentioning that the interfaepassivation/under�ll with its mismath also leads to high strains in x -diretion. Sine noimperfetions are present, this mismath is not onsidered to be ritial. In the part of the69



7.2. STRESS ANALYSIS OF SBB FLIP CHIP INTERCONNECTION�llet where both interfaes are separated by a ertain distane, the epoxy is almost freeto ontrat. Therefore, the elasti strain dereases rapidly2. The total strain is thereforealulated as
εtotal = εthermal + εelasti. (7.7)The stress is alulated by invoking Hooke's Law

σ = E εelasti. (7.8)The ritial stress omponents whih lead to rak initialization in brittle material are the�rst priniple stresses σ1 [13℄. Therefore, the �rst priniple stresses are used to identifyritial loations along the �llet. This is shown in Fig. 7.10d. The priniple stresses show twoloations with high stress onentration: the area at the upper part of the �llet (Fig. 7.10d"Pos.1") and the lower end of the �llet ("Pos.3"). As stated above, these two loations alsoshow high strain omponents, refer to Fig. 7.10b and . Sine the strain at ("Pos.2") is verysmall, only very low stress is present at this position. Therefore, it is less likely that a rakinitiates at this position.7.2.2 Assessment of Stress Conentration at Upper Part of FilletAt ("Pos.1") in Fig. 7.10d high stresses are present. The ourrene of high stresses is due tothe bi-material fae between the under�ll and vertial hip edge. The exat position of themaximum stress is dependent on the �llet shape. In Fig. 7.11 the in�uene of the wettingangle θhip is studied. It shows that the maximum of the stresses shift loser to the vertialhip edge when the wetting angle is inreased.
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7.2. STRESS ANALYSIS OF SBB FLIP CHIP INTERCONNECTIONTo apply the physis-of-failure approah, the failure mehanism must be known. For theupper part of the �llet, it an be either a bulk rak in the under�ll or a delaminationbetween the vertial hip edge and the under�ll. Moreover, the ritial value for both kindsof failure mehanism for all the materials respetively ombinations have to be known. Theinterfaial toughness between the under�ll and the vertial hip edge is not known. But itan be assumed that in the absene of media in�uene, for example humidity, the interfaialfrature toughness is fairly high. Therefore, it is assumed that the rak initialization oursin the under�ll.For brittle material suh as epoxy, fatigue and resulting rak initiation our at positionof maximum priniple stresses σ1. Crak initiation is aused by damage mehanisms in theepoxy respetively in the interfae between the �ller partiles and epoxy. Due to the lakof damage models for the materials used, as well as missing experimental data, the rakinitiation proess is not taken into aount. For the simulation, it is assumed that thermalyling already led to rak initiation. The loation of rak ourrene is identi�ed usingthe position of maximum tensile stress σ1 along the �llet, Fig. 7.12a.
σPrincipal = max.δ

N/µm2=10 -6MPa

(a) σprinipal at �llet; modelingrak with δ to the outer line
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7.2. STRESS ANALYSIS OF SBB FLIP CHIP INTERCONNECTIONThe existing rak in the �llet is exposed to further thermal yling. The overritial stressintensity fator KI and overritial ERR GI for the under�lls used are listed in Tab. 6.1.These values are obtained applying a mehanial fore until rak propagation ours. Thetest is performed at -40 ◦C. The values lie between 0.8 and 1.48 MPa√m for KI and144 and 346 N/m for GI. Comparing the overritial values with the existing values fromthe FE analysis, displayed in Fig. 7.12b, it an be stated that rak propagation is notoverritial in the �llet, i.e. one thermal yle does not lead to instable rak propagation.Crak propagation an only be underritial sine
KI ≪ KI GI ≪ GI. (7.9)The underritial rak growth, also de�ned as fatigue rak growth, Fig. 3.4, an be de-sribed by the Paris Erdogan relation dadN ∼ (∆G)n (7.10)where a is the rak length, N number of yles and n the Paris exponent [72℄. Sine noexperimental values are available for the polymers used, fatigue rak growth is not studied.Fig. 7.13a shows a modeled bulk rak with a length abulk, points "A" to "B". The externalloading remains onstant for an inreasing number of thermal yles. But the energy releaserate GI inreases with inreasing rak length abulk, Fig. 7.13b. This leads to an aeleratedrak propagation. The rak propagation slows for rak lengths abulk > 20 µm. This is dueto the fat that the rak approahes the vertial hip edge. Nevertheless, it an be assumedthat the rak propagates until the edge is reahed.At the vertial hip edge, point "B" in Fig. 7.13a, the rak an either be de�eted andlead to an interfaial raking between under�ll and vertial hip edge or the bulk rak inthe �llet an lead to horizontal die raking. Therefore, the energy release rate for di�erentpaths of rak propagation is alulated, Fig. 7.13. Hereby, the ritial energy release ratesfor bulk raking in silion have to be ompared to the present ERR at point "C". Fromthe ritial stress intensity fator for Mode-I KI, = 0.83 MPa√m of silion, the ritialenergy release rate is alulated to be GI, = 5.4 N/m [30, 58, 101, 116℄. The ritial energyrelease rate is almost twie as high as the present value of about G = 3 N/m, Fig. 7.13.Additionally, the interfaial frature toughness of under�ll on the silion edge has to betaken into aount. The interfaial toughness depends on various parameters, like roughnessof the silion, load ase et. No values are available. Therefore, no estimation about rakpropagation � bulk raking of the silion die or delamination propagation along the interfaesilion and under�ll � an be done based on ritial values from measurements. Nevertheless,sine fatigue rak initiation and propagation of silion is less likely in ase of G < GI, itan be assumed that the rak ontinues along the interfae between silion and epoxy.72



7.2. STRESS ANALYSIS OF SBB FLIP CHIP INTERCONNECTION
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7.2. STRESS ANALYSIS OF SBB FLIP CHIP INTERCONNECTION7.2.3 Assessment of Delamination Adhesive/BoardLoation "3" in Fig. 7.10, the interfae between the under�ll �llet and the substrate, alsoshows a maximum of priniple stresses. In order to study the interfaial rak propagation,a FE analysis is performed. A delamination as in Fig. 7.3 is modeled. The delaminationlength is varied and ERR and the phase angle ψ are alulated. Fig. 7.14b shows G and ψas funtions of the ratio rak length a to the �llet length l�llet. The funtion ERR as well asthe mode-mixity an be separated into two regimes. Regime (1) G ∼ h/H dominates up toa ratio a
l�llet of about 50 %. Regime (2) dominates when the delamination reahes the hipedge.
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(b) Energy Release Rate G and mode-mixity φ asfuntion of delaminated length a/h�llet between un-der�ll and boardFig. 7.14: Analysis of delamination between under�ll and LCP board; two e�ets are interating; (1) forsmall a, the geometry an be approximated by a two-layer system with thiknesses h,H , Fig. 7.15;ERRG is proportional to the ratio h/H ; (2) hip restrits rak opening and leads to an inreasingshearing portion when a approahes l�lletRegime (1) an be approximated by a two-layered system onsisting of under�ll and sub-strate, as skethed in Fig. 7.15. It is also exposed to a temperature hange. The thiknessratio h,H , and the di�erene in material properties lead to a loading of a pre-existing de-lamination. Fig. 7.15 shows the ERR and phase angle for di�erent ratios of h,H . It is seenthat for an inreasing ratio, the ERR inreases as well. This is due the fat that rigidity ofthe upper layer rises. The mode-mixity is almost independent of the ratio. Applied to thestudied �ip hip interonnetion, this harateristi is also seen for Regime (1).Approahing the edge of the hip, the in�uene of the restrited bending due to the rigidityof the hip dominates the harateristi of ERR and the phase angle, Regime (2). Thedelamination faes an inreasing part of shearing portion whih results in a rising phase74



7.2. STRESS ANALYSIS OF SBB FLIP CHIP INTERCONNECTIONangle ψ. Inreasing phase angle ψ and dereasing total energy release rate G lead to alowered risk of delamination propagation.
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Chapter 8
Charaterization of Flip Chip Assemblies
8.1 Layout and Charaterization of MID substrates8.1.1 Layout of the MID substratesIn order to study the proposed failure mehanisms, the experimentally assembled �ip hipinteronnetions are haraterized sine the used SBB tehnologies, materials, substratethiknesses and �llet shapes have to be known to study the impat of these parameters.The Printed Ciruit Board (PCB) is manufatured using the Molded Interonnet Devies(MID) tehnology. Hereby, a thermoplasti plate is produed using injetion molding. Asboard material, Liquid Crystal Polymer (LCP) is used. The plates have a size of 80×80 mm2and a thikness of 1 and 2 mm. The material properties are desribed in Chapter 5.The LPKF-Laser-Diret-Struturing (LDS) tehnology is invoked to deposit a ondutivepattern on the LCP board [50, 61, 62, 97℄. The metallization is established using an eletrolesshemial deposition of opper, nikel and gold with a thikness of about 6-8 µm, 2-3 µm and0.1 µm respetively.The layout of the ondutor paths for the MID substrate for 5×5 mm2 is shown in Fig. 8.1.Di�erent layouts are designed for the di�erent peripheri bumped hips. Depending on thehip size, di�erent numbers of hips are �t onto the MID board.The layout is designed to enable heking of funtionality of all bumps. Additionally, Kelvinmeasurements of nearly eah bump on the hip are possible. Moreover, the resistane of someMID ondutor paths an be monitored.
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8.1. LAYOUT AND CHARACTERIZATION OF MID SUBSTRATES
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Fig. 8.1: Layout of MID substrate for 5×5 mm2 hips; depending on the hip size, di�erent number of hipsare plaed on the board; the layout inludes �duial marks for the assembly proess as well aspads for needle probing for eletrial transition resistane measurements of the �ip hips; the holesare used for adjustment in the in-iruit tester8.1.2 Metallization Proess and Charaterization of MID Sub-stratesThe eletroless hemial metallization proess results in a relatively rough surfae. The sur-fae struture is qualitatively seen in Fig. 8.2a and Fig. 8.2b.
1mm(a) Pad for probing 50µm(b) detailFig. 8.2: SEM of MID substrate; rough metallization surfae due to eletroless hemial deposition proess

77



8.1. LAYOUT AND CHARACTERIZATION OF MID SUBSTRATESThe average thikness of the metallization is about 12 µm. The di�erene of maximum andminimum thikness within a single ondutor path is up to 8 µm, refer to Fig. 8.3.
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Fig. 8.3: Line san of ondutor path on MID substrate; overall averaged thikness of metallization isabout 12 µm; the di�erene between maximum and minimum metallization thikness of a singleondutor path is about 8 µm
8.1.3 Surfae Properties of LCP SubstrateFor apillary under�ll, the surfae tension strongly in�uenes the wetting of the printedwiring board [32℄. It is desirable to inrease the surfae tension for optimized wetting of thesubstrate. Plasma treatment is a method to lean surfaes of ontaminations and improve theadhesion. The inreased adhesion is based on various e�ets suh as mehanial interloking,interdi�usion, interpenetration of the network, and hemial bonding theories [100, 111℄. Thee�et of plasma treatment on the the surfae tension is shown in Fig. 8.4.
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8.2. FLIP CHIP AND STUD BUMP BONDING PROCESSThe LCP substrates are exposed to low pressure (0.1 bar) oxygen plasma treatment for threeminutes. The surfae tension is obtained from ontat angle measurements [32, 77, 100℄.Glyerin, water and methyleniodid are used as test liquids to measure the surfae energy.The method aording to Owens, Wendt, Rabel and Kaelble is applied to alulate thesurfae tension [69, 75℄. The surfae tension of a LCP substrate after metallization proesslies at 40 mN/m. Diretly after plasma treatment it inreases to 76 mN/m. The �ip hipassembly proess, and therefore the under�ll proess, is performed within one day afterplasma treatment where the surfae tension only dropped by 4 %. The surfae tension ofFR4 printed wiring boards with soldermask lies between 50 to 60 mN/m [32, 77℄.The low surfae tension of the LCP substrate without plasma treatment leads to weak wettingof the apillary under�ll. Moreover, without plasma treatment, the SBB �ip hip proessutilizing apillary under�ll leads to inhomogeneous �llet formation, Fig. 8.5a. Therefore, allMID-substrates used for apillary under�lling are plasma treated, Fig. 8.5b.

(a) without plasma treatment (b) with plasma treatmentFig. 8.5: Impat of plasma treatment on �llet formation for apillary under�ll proess; LCP substratewithout plasma treatment leads to inhomogeneous �llet formation; therefore only plasma treatedLCP plates for SBB proess with apillary under�ll are used8.2 Flip Chip and Stud Bump Bonding Proess8.2.1 Proess Desription of Stud BumpingTwo di�erent hip sizes are used to investigate the impat of hip size on the reliability of aSBB �ip hip interonnetion: 5×5 and 10×10 mm2. The thikness is the same for all hips:300 µm. The layout of the 5×5 mm2 �ip hip is shown in Fig. 8.6. The pith of the bumpsis 600 µm. The layout of the 10×10 mm2 is similar.The bumps are manufatured by a stud bumping proess whih utilizes a modi�ed ballbonding proess [39, 51, 66, 91, 129℄. The gold wire for the stud bumping has a thikness of79



8.2. FLIP CHIP AND STUD BUMP BONDING PROCESS

Ag stud bump

passivation 
opening

metallization 
(Al), 

PI covered

PI 
passivation

pad 
(not used)

Al pad

600 µm

Fig. 8.6: Layout Flip Chip 5×5 mm2 with 28 bumps and a pith of 600 µm; additional, hips with size of10×10 mm2 are designed with 64 bumps33 µm. The stud bumps after the bumping proess have a diameter of about 110 µm. Theheight without the tail lies around 100 µm, Fig. 8.7a. The tail is de�ned as the left-over ofthe wire before the wire is towed away.The oining proess, whih is used to equalize the height of all bumps of a single hip, aneither be performed before or during assembly proess [66℄. The latter-mentioned proedurehas the advantage of less proess steps. The in�uene of oining fore is investigated byusing di�erent values, 0.2 to 0.6 N/bump. For fores greater than 0.4 N/bump, no signi�anthange in height is observed, Fig. 8.7.
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8.2. FLIP CHIP AND STUD BUMP BONDING PROCESS
50 µm(a) After stud bumping proess 50 µm(b) Coining fore 0.2 N/Bump

50 µm() Coining fore 0.4 N/Bump 50 µm(d) Coining fore 0.6 N/BumpFig. 8.7: SEM pitures of stud bumps after stud bumping and subsequent oining8.2.2 Stud Bump Bonding ProessAssembly ProessThe appropriate fore for plaing the �ip hip on the MID board is dependent on the defor-mation of the bump, as well as on the rigidity of the ondutor path of the MID substrate.Beause of its fragile struture, an assembly fore of 0.6 N/bump leads to raks in themetallization of the substrate, Fig. 8.8a. This an lead to eletrial failure. By performingthe oining and �ip hip assembly on the MID board in two separate steps, raking in thesubstrate metallization an be avoided. Hereby, the oining is performed on a rigid �at platewith a fore of 0.6 N/bump. Whereas for the �ip hip assembly proess a redued fore of0.2 N/bump is used, whih is shown in Fig. 8.8b. This proedure is followed for SBB �iphip interonnetions using ICA/apillary under�ll, as well as for NCA interonnetions.ICA/Capillary Under�ll ProessThe ICA proess is performed as desribed in Fig 2.4. A ondutive adhesive whih is spe-ially made for the SBB tehnology is applied. The ICA is ured for 10 minutes at 150 °C.The adhesive shows a high �exibility, whih is essential for the �rst ooling down to roomtemperature. The apillary under�ll is applied at 60 °C in order to improve the �lling proess.The under�lls UF1 and UF2 are ured in a bath oven for 30 minutes at 150 °C .81



8.2. FLIP CHIP AND STUD BUMP BONDING PROCESS
50 µm(a) Coining and assembly in a singlestep: fore 0.6 N/bump 50 µm(b) Coining with 0.6 N/bump, assem-bly with 0.2 N/bumpFig. 8.8: In�uene sequene at SBB proess (here displayed for NCA proess, also valid for ICA proess);assembly with a fore of 0.6 N/bump leads to raks in the MID metallization; oining and assemblywith di�erent fores advisableNCA ProessThe NCAs are dispensed on the MID-substrate. Two di�erent NCAs are used: NCA1 andNCA2. The hip with its stud bumps is oined on a separate plate with 0.6 N/bump. After-wards, the hip is plaed on the MID-substrate with 0.2 N/bump. The uring of the NCA isperformed by heating the piking tool to 180 °C. The manufaturer of the adhesives suggestsa uring time of 10 seonds at that elevated temperature. In order to ensure omplete uring,the �ip hip interonnetions are plaed in a bath oven at 210 °C for 120 seonds.
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8.2. FLIP CHIP AND STUD BUMP BONDING PROCESS8.2.3 Studied Flip Chip AssembliesThe objetive of the investigation is to determine the fators whih in�uene reliability.The potential fators an be divided into geometri and material properties of the under�llsrespetively NCAs. As geometri parameters the hip size, thikness of the LCP board, aswell as the �llet shape are studied, Fig. 8.9. Two di�erent hip sizes are utilized. Two di�erentsubstrate thiknesses are used to produe the MID-boards. The �llet shape is indiretly variedby appliation of oxygen plasma treatment on the surfae. The �llet shape is haraterizedin Setion 8.3.
chip

MID board

chip size:
5x5; 10x10 mm² surface treatment:

initial state; O2 plasma 

board thickness:
1 and 2 mmFig. 8.9: experimental investigated geometri parameters: hip size, substrate thikness and �llet shape dueto appliation of plasma treatmentThe two di�erent SBB tehnologies are used to assemble the �ip hip interonnetions:ICA/apillary under�ll and NCA tehnology.As mentioned previously, the SBB tehnology with apillary under�ll requires plasma treat-ment of the LCP substrates. Therefore, only plasma-treated MID boards are used to assem-ble. This does not apply for the NCA tehnology. During the assembly step, the NCA issqueezed by pressing the hip into the adhesive. Therefore, LCP plates with and withoutoxygen plasma treatment are used for reliability testing. Tab. 8.1 gives an overview of allassembled �ip hip interonnetions and their harateristis.
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8.3. CHARACTERIZATION OF FLIP CHIP ASSEMBLYTab. 8.1: List of all assembled and tested �ip hip interonnetionsAdhesive BoardThikness Surfae Con-dition LCP Chip Size
[mm2]

Internal No.UF1 1 mm O2 plasma 10×10 AUF1 2 mm O2 plasma 10×10 BUF1 1 mm O2 plasma 5×5 11UF2 1 mm O2 plasma 10×10 CUF2 2 mm O2 plasma 10×10 DUF2 1 mm O2 plasma 5×5 12UF2 2 mm O2 plasma 5×5 6NCA1 1 mm initial ondition 5×5 7NCA1 2 mm initial ondition 5×5 2NCA1 1 mm O2 plasma 5×5 8NCA1 2 mm O2 plasma 5×5 4NCA2 1 mm initial ondition 5×5 10NCA2 2 mm initial ondition 5×5 3NCA2 1 mm O2 plasma 5×5 9NCA2 2 mm O2 plasma 5×5 1
8.3 Charaterization of Flip Chip Assembly8.3.1 Warpage MeasurementsConsiderations and Measurement ProedureThe warpage of the �ip hip pakage is mainly aused by the CTE-mismath of the silionand board when exposed to temperature hange. Additional warpage is ontributed by theure shrinkage of the adhesive. In many studies, it is assumed that a stress-free, and thereforewarpage-free ondition, is present at uring temperature. The ure shrinkage is negleted.This is supported by the FE analysis performed on the SBB �ip hip interonnetion, shownin Fig. 7.7. The warpage of the assembled �ip hip interonnetions is measured using theinterferometer method and is determined at room temperature.
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8.3. CHARACTERIZATION OF FLIP CHIP ASSEMBLYWarpage of ICA/Capillary Under�ll Flip Chip InteronnetionsThe under�lls UF1,UF2 of the SBB �ip hip assemblies utilizing ICA/apillary under�llare ured at 150 °C. The ooling down to room temperature auses onvex bending of theinteronnetion due to the CTE-mismath. The CTE values of LCP are thikness-dependent,as well as dependent on the �ow diretion of the injetion molding proess. The thinner theplate, the smaller the CTE value for LCP. Moreover, the CTE value along �ow diretion issmaller than transversal to �ow diretion. At the same time, the warpage is also restritedby the rigidity of the board. The thiker the board, the higher the setion module. These twoonsiderations explain the results of the warpage measurements for Fig. 8.10a. Although theCTE of 1 mm plates is smaller, the warpage is bigger than that of the 2 mm plates, whihhave a higher CTE value. This is due the higher setion modulus of the 2 mm boards.
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2mm II(b) path of maximum warpage alongand perpendiular to �ow diretionfrom Fig. 8.10aFig. 8.10: Warpage measurements of ICA/apillary under�ll �ip hip interonnetions (hip size 5×5 mm2,hip thikness 300 µm) performed at room temperature, obtained from interferometer method;onvex warpage for all ombinations; higher warpage for path along transversal �ow diretionand thinner boards
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8.3. CHARACTERIZATION OF FLIP CHIP ASSEMBLYWarpage of NCA Flip Chip InteronnetionsThe steps of the NCA proess are desribed in Setion 8.2.2. In ontrast to the ICA/apillaryunder�ll interonnetions, the hips show a onvex and onave warpage depending on theorientation of the LCP substrate. Along the �ow diretion of the substrate the path shows aonave de�etion, while on the same hip, there is a onvex bending perpendiular to �owdiretion. This is observed for 1 mm and 2 mm LCP plates. As stated, the warpage ausedby uring an be negleted.
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(a) onvex warpage along �ow dire-tion, onave in transversal �ow dire-tion
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(b) path of maximum warpage alongand perpendiular to �ow diretionfrom Fig. aFig. 8.11: Warpage measurements of NCA �ip hip interonnetions (hip size 5×5 mm2, hip thikness300 µm) performed at room temperature; the onave warpage an be explained by the annealingof the LCP board during post-uring proess at 210 °C; the plain LCP board also shows onavebending when exposed to the elevated temperature (without �ip hip assembly); the annealingproess requires a ertain temperature; the uring temperature of the ICA �ip hip assemblies,T=150 °C, is too low to lead to annealing in the LCPIn Tab. 8.2, the de�etion radius of the plain LCP substrates are listed. The de�etionmeasurements are performed using the interferometer method.Tab. 8.2: De�etion radius of LCP plate after manufaturing (without �ip hip), storage at 150 °C for24 hours and 210 °C for two minutes; the radius is measured longitudinally and transversally to�ow diretion at both board thiknesses of 1 and 2 mm; results reveal that the radius dereaseswhen exposed to temperature storage whih equals an inreasing warpage; this e�et is muh moredistint for the transversal diretion in whih the radius hanges signs, explaining, the warpageof the �ip hip interonnetions in Fig. 8.11Board Thikness 1 mm 2 mmOrientation longitudinal transversal longitudinal transversal25 °C 19644 mm 285473 mm 238006 mm 35605 mm150 °C 15937 mm 10066 mm 109801 mm 26478 mm210 °C 1972 mm -2529 mm 14913 mm -17315 mm86



8.3. CHARACTERIZATION OF FLIP CHIP ASSEMBLYThe measurement of the radius is arried out diretly after the molding proess and againafter temperature storages at di�erent temperatures. The uring of the ICA �ip hip in-teronnetions are done at 150 °C where the NCA interonnetions faed post-uring. Thepost-uring is arried out in a bath oven for two minutes at 210 °C. These temperatures arehosen to study the in�uene of the board de�etion on the �ip hip warpage. The de�etionradius of the plain LCP boards show a large value for the initial ondition as well as for theboards after temperature storage at 150 °C. This translates to a very low bending of theboards. The radius longitudinal and transversal to the molding diretion shows a signi�antdi�erene already at these temperatures. Moreover, the de�etion radius for the 1 and 2 mmboards are di�erent. Exposing the LCP to 210 °C storage � to simulate the post uringof the NCA � the radius hanges even more. For the transversal diretion, the sign of thede�etion hanges. Annealing of LCP at leveled temperatures leads to a redution of theresidual stresses [26℄. These stresses are aused by inhomogeneous ooling during and afterdemolding. The annealing has a ertain threshold temperature and is strongly dependent onthe orientation with respet to the molding gate. Based on these results, it an be stated thatthe onave bending of the NCA �ip hip interonnetions, Fig. 8.11, is due to annealingproesses when exposed to 210 °C storage, and not to the CTE-mismath hip/board.
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8.3. CHARACTERIZATION OF FLIP CHIP ASSEMBLY8.3.2 Fillet FormationFinite Element analysis reveals that the maximum stresses are present in the �llet. It an beassumed that the �llet shape has an in�uene on the stress. Therefore, the �llet shapes ofall assembled �ip hip interonnetion are reorded. The �llet is dependent on the appliedvolume of apillary under�ll respetive to the NCA volume dispensed. Moreover, the surfaetension of the MID board is a key fator onerning the wetting angle θsubstrate. The in�ueneof the surfae tension of LCP is shown; plasma treatment leads to a spreading of a liquid onthe surfae. This hanges the wetting angle. Therefore, the wetting angle in the ured state isessential when studying the behavior of a rak loated in the �llet. In order to haraterizethe �llet shape, the �llet width and length, as well as the wetting angles θsubstrate and θhipare used, Fig. 8.12.
θchip

θsubstrate

lfillet

hfillet

chip

underfill

substrateFig. 8.12: De�nition of wetting angles and �llet height and lengthFig. 8.13 shows the proedure for measuring the wetting angles. Fig. 8.13a shows the ross-setion of a �ip hip interonnetion where NCA2 is used. The LCP surfae is not plasma-ativated. On the other side, Fig. 8.13b shows the in�uene of plasma treatment for a �iphip interonnetion where UF2 is used.
32°

39°
50µm(a) NCA2; MID substrate withoutplasma treatment

29°

13°(b) UF2: MID substrate with plasmatreated surfaeFig. 8.13: Wetting angles of �llet88



8.3. CHARACTERIZATION OF FLIP CHIP ASSEMBLYFor all ICA SBB �ip hip interonnetions, the LCP is plasma treated before �ip hipassembly. Two di�erent hip sizes are used. The wetting angles θsubstrate and θhip are displayedin Fig. 8.14. It an be seen that the variation of the �llet angles is high for some ombinations.
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Part III
Reliability Studies
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Chapter 9
Design-Study by Appliation ofTheoretial Failure Criteria
9.1 Considerations Conerning Impat of Parameters9.1.1 Failure Criteria Used for Design-StudiesThe parameters of a �ip hip interonnetion, whih are displayed in Fig. 7.1, an be lassi�edby the size of impat on a theoretial failure riterion. Some parameters have less impat ona ertain riterion, but an enormous impat on the other. In the present study, two riteriaare used to study the impat of the geometri and material properties of the board andunder�ll respetively NCA. In the �rst, the stress intensity fator KI for an existing bulkrak in the �llet is taken as a failure riterion. In order to take the ritial stress intensityfators KI for the studied under�lls/NCAs into aount, a normalized, dimensionless stressintensity fator KI with

KI =
KI
KI (9.1)is de�ned for the di�erent under�lls and NCAs. The higher the value, the higher the load ofan existing rak aused by one thermal yle.Fig. 9.1a shows the proedure whih is applied to model a bulk rak in the �llet. Theloation of maximum stress along the �llet is identi�ed and a rak of 5 µm is modeled.5 µm is the maximum partile size for the under�lls used, Tab. 5.2 and Tab. 5.3.In the seond, a modeled delamination between the substrate and the under�ll is used asriterion, where the energy release rate ERR G as well as the phase angle ψ are onsidered,Fig. 9.1b. The di�ulty for the latter-mentioned riterion lies in a two-parameter failure91



9.1. CONSIDERATIONS CONCERNING IMPACT OF PARAMETERSriterion. The ERR and phase angle an not be disussed independently as shown in Fig. 6.13.The ritial values for interfaial frature toughness between LCP and the under�ll are muhhigher than the alulated load for the studied �ip hip interonnetion when exposed toone thermal yle. Nevertheless, yling exposure to temperature hange leads to fatiguedelamination initiation and propagation.
chip

LCP substrate

underfill

procedure:
I. localisation max. σprinc .

II. crack modeling a=5 µm
III . calculation KI

bulk crack a=5 µm

(a) Criterion I: bulk raking in the un-der�ll/NCA �llet; rak length of a =

5 µm is used from averaged partile size
interface crack 

a=10% lfillet

lfillet(b) Criterion II: interfaial raking;rak length a is hosen to be 10 % ofthe �llet length l�lletFig. 9.1: Failure riteria used to study impat of geometry and material properties of the �ip hip inter-onnetionWhen onsidering the impat of the two failure mehanisms, it is essential to know if bothof these failure mehanisms interat. Therefore, a model is set up whih shows both failures:a �llet rak and a delamination between the adhesive and the substrate. Additionally, KIand G are alulated for models whih show only the �llet rak or delamination. Fig. 9.2aompares the normalized stress intensity fator KI for a model with both failures to a modelwith only a �llet rak. It an be stated that the risk of failure in the �llet is independentof the delamination between board and adhesive. The same negligible e�et is detetedwhen modeling the delamination between the adhesive and substrate, Fig. 9.2b. This an beexplained by the small size of the defets. Based on this result, it an be stated that for asingle �ip hip interonnetion, both failure mehanisms an our simultaneously.
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9.1. CONSIDERATIONS CONCERNING IMPACT OF PARAMETERS
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(a) Criterion I: Calulation of the stress intensity fator KI fora model with only a �llet rak and another with both studiedfailure modes
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(b) Criterion II: omparison of ERR G for a model whih showsboth failure modes and a model with only a delaminationFig. 9.2: Interation of the two studied failure modes; it reveals that there is no interation between thetwo failure modes, e.g. for a single �ip hip interonnetion, both failure modes an lead to failuresimultaneously; this an be explained by the loal harater of the failures
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9.1. CONSIDERATIONS CONCERNING IMPACT OF PARAMETERS9.1.2 Investigated Design ParametersThe relevant design parameters are various geometri features and the material properties.The impat of these parameters on the desribed failure riteria is investigated in order todedue design rules for �ip hip interonnetions. The impat of the geometri features hipsize, board thikness and �llet shape are studied, as well as the in�uene of the board andunder�ll material on the desribed failure riteria.The study of these parameters is sequentially performed, �rst as a general study and determi-nation of the in�uene. It is then applied to the atually assembled �ip hip interonnetion.The parameters are �rstly studied independently of one other. Therefore, a representative�ip hip interonnetion is reated as skethed in Fig. 9.3a.
16°

18°
300 µm

250 µm

UF1

LCP 1 mm
longitudinal

size:
5x5 mm²

thickness:
300 µm

(a) Representative �ip hip interon-netion; study of impat of ertain pa-rameters (variation of one parameter atthe time)

e1

e2

e3

e4

c1 c2

c3c4

injection molding diretion

chip 

(top view)

substrate(b) Numbering of edges and orners ofthe adhesive �llet with respet to dire-tion of molding proess of the boardFig. 9.3: Representative �ip hip interonnetion and numbering of edges and ornersThe single edges and orners of the �llet are numbered as shown in Fig. 9.3b. The edges e2and e4 lie along the injetion molding diretion, perpendiular to the edges e1 and e3.
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9.2. IMPACT OF SPECIFIC GEOMETRIC PARAMETERS AND MATERIALPROPERTIES9.2 Impat of Spei� Geometri Parameters and Mate-rial Properties9.2.1 Size of Flip ChipIn order to study the impat of the hip size, three di�erent hip sizes are theoretiallyompared: 3×3, 5×5 and 10×10 mm2. The other parameters are kept onstant as desribedin Fig. 9.3. A stress analysis without any defets in the �llet is performed. Fig. 9.4 showsthe stress �eld in the �llet for the di�erent hip sizes, but with the same �llet shape, boardthikness and material parameters. It an be learly seen that the loation of maximumpriniple stress σprin.max. , as well as the value of σprin.max. are independent of the hip size. Thisan be explained by the fat that the stress �eld at the outer line is mainly determined bythe loal geometry and material properties. Therefore, the failure riteria I and II are alsonot in�uened by the hip size, Fig. 9.5. But it is worth mentioning that one the rakreahed a signi�ant length, the global behavior of the �ip hip interonnetion is in�uenedby the rak and therefore by the hip size.

(a) Size: 3×3 mm2 (b) Size: 5×5 mm2 () Size: 10×10 mm2Fig. 9.4: Maximum priniple stresses σprin.max. for di�erent hip sizes for a �ip hip interonnetion withoutrak; range and position of maximum stresses σprin.max. independent of hip size; the key holds forFig. 9.4a-; units of the maximum priniple stresses are in N/µm2 = 1 · 106 N/mm2Based on these results, the study of the other parameters of the global behavior as well ofboth failure riteria are performed for a hip size of 5×5 mm2.95



9.2. IMPACT OF SPECIFIC GEOMETRIC PARAMETERS AND MATERIALPROPERTIES
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(b) Failure Criterion II: interfaialrak between adhesive and LCPFig. 9.5: In�uene of hip size on the failure riteria; hip size in�uenes the global behavior, but not theloal behavior in the region where the raks our9.2.2 Board ThiknessThe board material in the present study is made of the thermoplasti Liquid Crystal Polymer(LCP). The plates are made by injetion molding and have a thikness of 1 and 2 mm. Thethermo-mehanial behavior is assumed to be linear-elasti, but temperature-dependent.Additionally, LCP has the harateristi that the material properties are dependent on theorientation with respet to the �ow diretion of the injetion molding proess. Moreover, theproperties are thikness-dependent. A rough estimation of the dependeny of the warpage
d of the board thikness an be performed based on the inertia of bending. The warpage isinversely related to the substrate thikness to the third power. The in�uene of the board

board thicknessFig. 9.6: Variation of board thikness between 0.5 and 4 mmthikness and material properties on the failure riteria are more omplex. In order to obtaina general relation between the substrate parameters and the failure riteria, the properties96



9.2. IMPACT OF SPECIFIC GEOMETRIC PARAMETERS AND MATERIALPROPERTIESare altered in a wider range than in the atually assembled �ip hip interonnetions. Thewarpage of the hip is alulated for board thiknesses of 0.5, 1, 2 and 4 mm, Fig. 9.6.The Young's modulus is assumed to be independent of the thikness in order to be able todistinguish between the impat of thikness and Young's modulus.Beause of the inverse relation of the thikness of the board to the inertia of bending, thewarpage of the �ip hip interonnetion due to thermal yling deays for inreasing boardthiknesses.Conerning the de�ned failure riteria, the board thikness shows diverse impats. For failureriterion I, the board thikness does not have an impat on an existing rak in the upperpart of the �llet, Fig. 9.7a. This an be explained by the loal harater of the failure mode. Itan be expeted that the board thikness has an in�uene on failure riterion II. This is dueto the fat that delamination depends on the loalized stress �eld around the delaminationtip. The impat of board thikness on the ERR and mode-mixity is shown in Fig. 9.7b.The ERR experienes a small impat from the board thikness where ψ does not have anydependene on the board thikness (in the varied range).
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(b) Failure riterion IIFig. 9.7: Impat of board thikness on failure riteria: the normalized stress intensity fator and the mode-mixity show no dependene on the board thikness; a very small impat is deteted for the ERR;this an be explained by the loal harater of the failure mehanisms
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9.2. IMPACT OF SPECIFIC GEOMETRIC PARAMETERS AND MATERIALPROPERTIES9.2.3 Board Material PropertiesThe board material is LCP. Beause the properties are dependent on the board thiknessand orientation, a general analysis of the in�uene of the board material properties, CTE
α and Young's modulus E, is performed, Fig. 9.8. E is varied between 2 and 80 GPa. TheCTE values are altered from 2 to 40 ppm/K. The Poisson's ratio is kept at 0.3.

Youngs Modulus  E,
CTE α

Fig. 9.8: Variation of Young's modulus E and CTE α of boardThe stress intensity fator K for failure riterion I, alulated for the di�erent board materialproperties, is displayed in Fig. 9.9. Additionally, the material properties of the boards usedare shown.
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(b) Detailed view on Fig. 9.9a; the range of KI issmall, but a tendeny an be seenFig. 9.9: The in�uene of the board material used in the study on the normalized stress intensity fator KIis quite small. Two tendenies are present: (1) inreasing the rigidity of the board (higher Young'smodulus) leads to dereasing stress intensity fators; this an be explained by a smaller bendingof the board through its higher Young's modulus; (2) on the other side, a higher CTE value of theLCP board also redues KI; inreasing CTE leads to a smaller di�erene between the CTE valueof the board and the adhesive, and therefore to a smaller load on an existing rak in the upperpart of the �llet; but this is only valid for board Young's modulus higher than about 12.5 MPa;below that value, a higher CTE value of the board redues the risk of bulk raking in the �llet.98



9.2. IMPACT OF SPECIFIC GEOMETRIC PARAMETERS AND MATERIALPROPERTIESThe impat on K shows a superposition of di�erent e�ets. A higher Young's modulus of theboard redues the bending of the board when faed with temperature hange. The higherthe rigidity of the board, the smaller the bending of the board ours. The bending is ausedby the CTE-mismath of board and die. Consequently, the adhesive underneath the dieexperienes muh higher shear stresses, whereas the adhesive in the �llet is less stressed dueto less bending of the board. This leads to a redued stress intensity fator in the �llet.On the other side, a redution of CTE-mismath between board and adhesive leads to lessstresses in the �llet, whih results in a smaller stress intensity fator. Nevertheless, this onlyan take plae one a ertain rigidity of the board is reahed.Another e�et is seen in Fig. 9.9. Using a board with a smaller Young's modulus than theadhesive, as well as a CTE value lose to the adhesive, higher stresses our in the �llet.This is due the fat that the adhesive an ontrat freely.In order to explain the relation of Young's modulus and CTE to the delamination betweenthe LCP and the under�ll, the �ip hip interonnetion is simpli�ed by a two-layered beam:adhesive and board. Interfaial rak opening an only our when the CTE value of theboard is lower than the CTE of the adhesive; a higher rigidity of the board is assumed.The higher the CTE-mismath between the adhesive and the board is, the higher the rakopening and therefore the ERR. This onstrut an explain the dependeny of the ERR onthe CTE of the board in Fig. 9.10.Sine the rigidity of the board is higher than the rigidity of the adhesive, the in�uene ofthe Young's modulus of the board on ERR is negligible. The Young's modulus of the boardprimarily determines the relation of tensile and shear stress in the interfaial rak whiha�ets the mode-mixity. The higher the rigidity of the board, the less bending the boardexperienes. This leads to higher ontration of the adhesive in the �llet perpendiular tothe board and therefore to higher tensile stresses in the rak.

99



9.2. IMPACT OF SPECIFIC GEOMETRIC PARAMETERS AND MATERIALPROPERTIES
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(b) Failure riterion II: Phase angleFig. 9.10: ERR and mode-mixity for a delamination as funtion of board material properties Young's mod-ulus E and CTE α; the ERR is almost not in�uened by the Young's modulus of the board, butstrongly in�uened by the CTE value; sine the CTE-mismath of the board and the under�llleads to shearing stresses at an existing delamination, a higher CTE-mismath results in a higherERR; on the other side, the phase angle ψ is almost independent from the CTE-mismath, duethe fat that the mode-mixity is mostly in�uened by the geometry of the �llet; but the modeseparation method applied uses the di�erene in bulk properties of the under�ll and LCP, theYoung's modulus has a signi�ant impat on the phase angle.
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9.2. IMPACT OF SPECIFIC GEOMETRIC PARAMETERS AND MATERIALPROPERTIES9.2.4 Orientation of Orthotropi Board MaterialThe orientation of the orthotropi board material in�uenes the thermo-mehanial materialproperties. The CTE value for a LCP plate with 2 mm thikness is 10 ppm/K, where for1 mm thikness α is determined to 7.5 ppm/K. The CTE for the transversal �ow diretionis 20 ppm/K for both plate thiknesses. Similar thikness and orientation dependeny ispresent for the Young's modulus. The values are given in Fig. 9.11b.
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9.2. IMPACT OF SPECIFIC GEOMETRIC PARAMETERS AND MATERIALPROPERTIESConerning delamination risk between board and adhesive, the ERR and mode-mixitystrongly depend on the CTE-mismath, as shown in Fig. 9.12. The higher the CTE-mismath,the higher the ERR and the lower the mode-mixity. This translates to a higher delaminationrisk at the edges e1 and e3. The mismath in Young's modulus plays a minor role.
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9.2. IMPACT OF SPECIFIC GEOMETRIC PARAMETERS AND MATERIALPROPERTIES
Young’s Modulus  E,

CTE α

Fig. 9.13: Variation of E and α of the adhesivethe advantage that the di�erent values of the α above/below glass transition temperature
Tg as well as the Tg itself an be inluded.Conerning failure riterion I, bulk raking in the upper �llet, the loation of the maximumpriniple stress does not hange for di�erent material properties of the adhesive. This leadsto the assumption that the loation is geometrially determined. The stress intensity fatorfor a bulk rak for di�erent material properties of the adhesive is shown in Fig. 9.14.
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9.2. IMPACT OF SPECIFIC GEOMETRIC PARAMETERS AND MATERIALPROPERTIESthe NCA1 shows the highest KI as well as the lowest KI whih leads to a high risk of bulkraking ompared to the other adhesives.Tab. 9.1: Normalized stress intensity fator for the studied adhesives for the same geometry parametersand board properties; alulation of KI based on the stress intensity fator from the FE analysis
KI divided by the measured ritial stress intensity fator KI from Tab. 6.1Adhesive UF1 UF2 NCA1 NCA2

KI from FE analysis [MPa√m ] 0.14 0.16 0.25 0.17
KI, Tab. 6.1 [MPa√m ] 1.1 1.5 0.8 1.0normalized KI [%] 12.5 10.5 31.6 17.2Conerning the delamination between board and under�ll, the higher the CTE and Young'smodulus of the under�ll, the higher the energy release rate, Fig. 9.15a.
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10152025303540(b) Mode-mixityFig. 9.15: Impat of material properties of the adhesive on the failure riterion II; for this general study,linear-elasti material property are assumed; detailed disussion about the atually assembled�ip hip interonnetion in Setion 9.4; the substrate material used has a Young's modulus ofabout 15.7 GPa and CTE value lies around 7.5 ppm/KERR arises due to a CTE-mismath between board material and under�ll whih overlies adi�erene in Young's modulus. Nevertheless, for an interfaial rak, the mode-mixity hasto be taken into aount when studying the impat of under�ll material, Fig. 9.15b. TheYoung's modulus has a strong in�uene on the mode-mixity. The smaller the di�erene ofYoung's modulus of board and adhesive material, the higher the portion of shear stresses inthe interfaial rak (the higher the mode-mixity).For a �ip hip interonnetion with the same geometry parameters and substrate properties,the delamination risk is alulated for the used adhesives, Tab. 9.2. NCA1 shows the highest104



9.2. IMPACT OF SPECIFIC GEOMETRIC PARAMETERS AND MATERIALPROPERTIESERR G whereas UF2 shows a small ERR. The mode-mixities of the used materials are inthe similar range. Therefore, it an be stated that also for the risk of delamination, NCA1shows the highest value.Tab. 9.2: ERR and mode-mixity for the studied adhesives based for the same geometry parameters andboard properties; NCA1 shows the highest risk of delamination; the mode-mixity of the usedmaterials are in the same rangeAdhesive UF1 UF2 NCA1 NCA2ERR G [N/m] 1.4 0.9 2.6 1.4Mode-Mixity ψ [◦] 16 15.7 16.3 15.6
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9.2. IMPACT OF SPECIFIC GEOMETRIC PARAMETERS AND MATERIALPROPERTIES9.2.6 Wetting AngleThe �llet shape is in�uened by the amount of applied adhesive for under�lling or dispensingproess. Moreover, the surfae tension of the LCP substrate plays a key role onerning theshape of the �llet: the higher the surfae tension, the higher the spreading of the adhesive,the smaller the wetting angle θsubstrate. The wetting angle at the hip θhip is more in�uenedby the �ow properties of the adhesive itself.The wetting angle θsubstrate for the assembled �ip hip interonnetion lies between 5 and40 degrees, while θhip is in the range of 10 and 40 degrees for the di�erent adhesives andsubstrate surfaes.In order to distinguish between the impat of di�erent parameters, all parameters of therepresentative �ip hip interonnetion in Fig. 9.3 are used as desribed, exept for the �lletshape. The �llet shape in the �rst investigation is hanged only in wetting angles θsubstrateand θhip. Afterwards, the �llet length and height are altered. The warpage of the hip ismostly in�uened by the thermal expansion and rigidity of the board. A small in�uene isobserved for the properties of the adhesive. No impat of the �llet shape on the hip warpageis deteted.In order to determine the loation of rak initiation in the �llet, the maximum priniplestresses σprin.max. is alulated. The position of the maximum priniple stresses as funtion ofthe �llet height is shown in Fig. 9.16a. The �llet height is 250 µm.
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9.2. IMPACT OF SPECIFIC GEOMETRIC PARAMETERS AND MATERIALPROPERTIESThe position of σprin.max. moves with inreasing θhip towards the vertial hip edge. At anangle of approximately 22◦, the maximum stress is loated at the vertial hip edge - in theinterfae between the vertial hip edge and the under�ll. Therefore, a bulk rak in the �lletan only be modeled until a wetting angle θhip of 22◦.Fig. 9.16 shows KI as funtion of the wetting angle θhip. The greater the wetting angle,the higher the stress intensity fator, due to the greater in�uene of the hip edge whenapproahing the vertial hip edge.The maximum priniple stresses at the lower �llet end lies independent of the �llet shape inthe interfae between the substrate and under�ll. For a modeled delamination, the EnergyRelease Rate as funtion of the wetting angle θsubstrate and θhip is shown in Fig. 9.17a. Itan be stated that the ERR is strongly in�uened by the wetting angle θsubstrate, where
θhip shows a minor in�uene. This originates from the loal harater of the delaminationlimited to the region at the lower part of the �llet. Taking θhip = 20° in Fig. 9.17, the strongdependeny of ERR as well as the mode-mixity from the wetting angle between under�lland board beomes more visible, Fig. 9.18b.

10 15 20 25 30
10
12
14
16
18
20
22
24
26
28
30

fillet angle 
chip

 [°]

fil
le

t a
ng

le
 

su
bs

tra
te
 [°

]

123456789

G [N/m](a) Energy Release Rate strongly in�u-ened by wetting angle θsubstrate
10 15 20 25 30

10

15

20

25

30

  [°]
fillet angle 

chip
 [°]

fil
le

t a
ng

le
 

su
bs

tra
te
 [°

]

121416182022242628 (b) Mode-mixityFig. 9.17: Correlation stress intensity fator KI and energy release rate G and wetting angles θsubstrate and
θhipERR inreases greatly for higher wetting angles where the mode-mixity deays. A smaller ψan be equalized with a higher portion of tension stresses in omparison to shearing stressesin the interfaial rak. Moreover, the inreasing G is due to the fat that for inreasingwetting angles θsubstrate more under�ll material is present. This phenomenon is equivalentto the two-layered beam in Fig. 7.15. Hereby, the two layers are a LCP substrate and anunder�ll, where G and ψ are alulated for an inreasing under�ll thikness. In summary, the107



9.2. IMPACT OF SPECIFIC GEOMETRIC PARAMETERS AND MATERIALPROPERTIESlower the wetting angle θsubstrate, the lower the risk of delamination between the substrateand the under�ll.
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(b) ERR and mode-mixity as funtion ofwetting angleFig. 9.18: Energy Release Rate and mode-mixity as funtion of wetting angle θsubstrate; wetting angle θhip iskept onstant at 20◦; this graph is extrated from Fig. 9.17; it shows learly that the delaminationrisk an be redued dramatially by lowering the wetting angle θsubstrate9.2.7 Fillet Height and WidthIn addition to the wetting angle, the �llet height and width are design parameters in�uenedby the dispensing proess, as well as of the surfae treatment of the board, Fig. 9.19. Inorder to study the in�uene of the �llet dimensions, the wetting angles are kept onstant.
lfillet

hfillet

Fig. 9.19: Studying the impat of �llet height and width on the failure riteriaThe �llet width is varied between 150 and 450 µm whereas the studied �llet heights are150, 250 and 350 µm. Fig. 9.20a shows the impat of the �llet height on bulk raking. Thegreater the �llet height, the higher the risk of bulk raking in the �llet is. This an beexplained by the inreased oupling of hip and adhesive for greater �llet heights.108



9.2. IMPACT OF SPECIFIC GEOMETRIC PARAMETERS AND MATERIALPROPERTIES
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(b) DelaminationFig. 9.20: Impat of �llet height on the risk of bulk raking and delamination; the more the vertial hipedges are overed by the adhesive, the higher the risk of bulk raking; moreover, the delaminationrisk is also higher for inreasing �llet heightFor a �llet height of 150 µm, the vertial hip edge is overed with only 85 µm adhesive,whereas for a �llet height of 350 µm, almost the omplete vertial hip edge is overed withadhesive1.The delamination risk also inreases for higher �llet heights, Fig. 9.20b. The higher the �llet,the more adhesive material in the �llet. This leads to higher ontration of the adhesive andalso a higher portion of tensile stress in the interfaial rak.

1The stand-o� between the hip and the substrate is 65 µm. The �llet height is measured from boardsurfae. 109



9.2. IMPACT OF SPECIFIC GEOMETRIC PARAMETERS AND MATERIALPROPERTIESThe impat of the �llet width on KI shows similar dependeny on the �llet height. The moreadhesive material in the �llet, the higher the stress intensity fator, Fig. 9.21a. On the otherside, Fig. 9.21b shows that a greater �llet width leads to redued delamination risk due toless adhesive diretly above the delamination. This also explains the inreasing mode-mixityfor greater �llet widths.
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9.3. SUMMARY OF PARAMETERS INFLUENCING FAILURE CRITERIA9.3 Summary of Parameters In�uening Failure CriteriaIn the previous setions, the impat of ertain design parameters on the failure riteria arestudied. Hereby, the parameters are varied in a wide range. In order to ompare the impatof these parameters on the �llet raking and delamination risk, eah parameter is hangedby +25 % in respet to the representative �ip hip interonnetion, displayed in Fig. 9.3. Forexample, the oe�ient of thermal expansion of the adhesive is inreased by +25 % from44 ppm/K to 55 ppm/K. This leads, in the ase of �llet raking, to an inrease of about thesame value: +26.7 %. Whereas the impat of the adhesive CTE on delamination risk eveninreases by about 70 %. The hange in mode-mixity has to interpreted di�erentially. De-reasing mode-mixity of a delamination equals a higher portion of tensile stress. As shown inFig. 6.13, the bearable tensile stress is muh lower than the bearable shear stress. Therefore,a dereasing mode-mixity leads to a higher risk of delamination.In summary, it an be stated that the CTE value of the adhesive, the Young's Modulus,as well as the wetting angle θhip show signi�ant impat on �llet raking. Whereas thehip size, board properties and �llet shape (besides the already mentioned wetting angle
θhip) have negligible in�uene on the risk of raking in the �llet. Conerning delaminationrisk between the under�ll and substrate, the board Young's Modulus, the properties of theadhesive, the wetting angles, as well as the �llet width have an impat on interfaial raking.It is essential to mention that for all studied parameters, an inrease of the varied parametersleads for both failure riteria used to a higher risk. Therefore, a lower CTE value of theadhesive, a less rigid adhesive, as well as a �llet shape with small wetting angles θhip,
θsubstrate and small �llet width an be used to ahieve lower risk of failure.
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9.3. SUMMARY OF PARAMETERS INFLUENCING FAILURE CRITERIA
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9.4. RESULTS FOR EXPERIMENTALLY ASSEMBLED FLIP CHIPINTERCONNECTIONS9.4 Results for Experimentally Assembled Flip Chip In-teronnetionsIn hapter 8, the �ip hips, boards and adhesives used are listed and the assembly proessis desribed. Depending on the surfae treatment and the spei� under�ll, di�erent �lletshapes are present for the various assemblies. As previously shown, the geometry and thematerial properties show ertain in�uene on the failure riteria I and II. In order to providea ranking of the assembled �ip hip interonnetions with respet to the failure riteria, theassembled interonnetions are modeled. The normalized stress intensity fator, as well asthe ERR and mode-mixity for the two failure mehanisms, are obtained.The alulated stress intensity fators KI are smaller than the ritial stress intensity fator
KI. The under�lls and NCAs have di�erent KI values as listed in Tab. 6.1. Therefore, theomparison based on failure riterion I is performed on the normalized KI, Eq.(9.1).The numerial studies of the failure modes show a great impat by the �llet formation.Due to manufaturing toleranes, the �llet shape is not onstant within in one single bath,Fig. 8.14 and 8.15. This leads to a range of stress intensity fator K and ERR G within asingle �ip hip assembly.Fig. 9.23 shows the average of the KI as well as the maximum and minimum value. The �iphip assemblies with NCA1 show the highest risk of �llet raking.
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9.4. RESULTS FOR EXPERIMENTALLY ASSEMBLED FLIP CHIPINTERCONNECTIONSThe risk of delamination between the substrate and the adhesive is desribed by failure rite-rion II. The energy release rateG and the phase angle ψ are used to quantify the delaminationrisk. Fig. 9.24 to Fig. 9.26 show G and ψ for the assembled �ip hip interonnetions. Hereby,eah symbol represents a single �ip hip interonnetion. The mode-mixity of most �ip hipinteronnetions are between 17◦ and 27◦. Only the �ip hips interonnetions no.2 show amuh higher mode-mixity. The higher the phase angle ψ, the higher the ritial ERR, thelower the delamination risk. The energy release rate varies between 0.05 N/m and 4.2 N/m.Based on the haraterization of the interfae LCP/adhesive, e.g. shown in Fig. 6.13, thelower the mode-mixity, the smaller the bearable energy release rate. Therefore, it an bestated that the �ip hip interonnetions of type no.7 show a high risk of delamination,Fig. 9.25.Whereas for the �ip hip interonnetions using apillary under�ll, (no.6,no.11,no.12 ), therisk of delamination is small, Fig. 9.24.
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9.4. RESULTS FOR EXPERIMENTALLY ASSEMBLED FLIP CHIPINTERCONNECTIONS
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Chapter 10
Experimental Veri�ation
10.1 Objetive of Experimental Reliability TestingTwo di�erent mehanisms are proposed to lead to failure of SBB �ip hip interonnetionswhen exposed to thermal yling: in the previous hapter, Finite Element Analysis is arriedout to identify these failure mehanisms.In this hapter, these predited failure mehanisms are veri�ed experimentally. Fifteen vari-ants of �ip hip interonnetions are assembled and tested where geometry and materialproperties are altered. The di�erent variants are listed in Tab. 8.1.10.2 Proedure of Reliability Testing and Failure De�ni-tion10.2.1 Thermal CylingThe �ip hip interonnetions are exposed to thermal yling between 150 ◦C and -40 ◦C.The testing is performed in a three hamber thermal shok oven. The temperature pro�le isshown in Fig. 10.1. The dwell time at both temperatures is 15 minutes.Every 250 thermal yles, the �ip hip interonnetions are inspeted outside the temperaturehamber:� measurements of eletrial transition resistane of the Stud Bump interonnetions aswell as the ondutor path of the MID substrate116



10.3. EXPERIMENTAL VERIFICATION OF FAILURE MODES
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Fig. 10.1: Temperature pro�le of thermal shok testing of the �ip hip interonnetions; the temperatureis measured between the hip and substrate by a thermoouple; the storage time is hosen in away that the dwell time is 15 minutes for the upper and lower temperature; sine the oolingdown takes plae in a shorter time, the thermal yles for the lower and upper temperature aredi�erent� Aousti Mirosopy Measurement (SAM) to aount for delamination in interfaessubstrate/under�ll and under�ll/hip passivation� optial inspetion of the �llet to observe �llet raking and delamination10.2.2 Failure De�nitionReliability testing is performed until all interonnetions showed one kind of rak initiationin the �llet. Monitoring of eletrial transition resistane of the bumps as well as SAMmeasurements are arried out to aount for further failure mehanisms other than thoseproposed.10.3 Experimental Veri�ation of Failure Modes10.3.1 Experimentally Observed Failure MehanismThe reliability testing is arried out until 3000 yles are reahed where the most ombi-nations showed rak initiation in the �llet. No eletrial failure or delamination betweensubstrate/adhesive and hip/adhesive originating at the bumps are deteted.117



10.3. EXPERIMENTAL VERIFICATION OF FAILURE MODESDepending on the adhesives used, SBB tehnology and surfae treatment of the LCP sub-strate, the tested �ip hip interonnetions showed the two proposed failure mehanisms atthree di�erent loations:� Bulk raking in upper part of the �llet, starting in the orners e1, e2, e3 and e4,ompare Fig. 10.3� Bulk raking also in upper part of �llet, but starting point of raking at enter ofhip edge e2 and e4, Fig. 10.5� Delamination between LCP and adhesive, initiation at verties e1 and e3, Fig. 10.9Additional to the desribed failure mehanism horizontal hip raking for �ip hip inter-onnetions on 1 mm LCP boards with 10 × 10 mm2 hips and under�ll UF1 are deteted.The hip raking ourred within in the �rst 100 yles. These failures are onsidered to beearly failures and are therefore not onsidered.The deteted failures are �rst generally desribed. Then, the failures are listed for all assem-bled �ip hip interonnetions.
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10.3. EXPERIMENTAL VERIFICATION OF FAILURE MODES10.3.2 Bulk Craking, Initiating at Corner �lletFor ertain ombinations, bulk raking originating at the die orner is deteted, Fig. 10.2a-.The raks are deteted �rstly after 500 thermal yles. They initiate along the �llet at thedie orner, at an angle of about 45◦. The rak goes through polymer matrix as well as �llerpartiles, Fig. 10.2b. These loations show the highest stresses beause the distane is √2times higher than to the edges e1 to e4. After exposed to further yles, the rak propagatesin diretion of edge e1 or e3.
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10.3. EXPERIMENTAL VERIFICATION OF FAILURE MODESIn Fig. 10.3, the position of rak initiation is skethed as well as the path of rak prop-agation. The rak propagation, displayed in Fig. 10.2, is aused by a three-dimensionalloading of the rak. In the present study, a two-dimensional FE model is used to representthe �ip hip interonnetion, as shown in the sketh Fig. 10.3. Therefore, the model usedis not apable to study that kind of rak propagation. The two-dimensional modeling ishosen in order to perform a parametri study of the �ip hip assembly and study the rakinitiation rather than the rak propagation. As mentioned, a �ip hip assembly is onsideredto have failed one a rak or delamination is deteted.
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10.3. EXPERIMENTAL VERIFICATION OF FAILURE MODES10.3.3 Bulk Craking, Initiating at Center FilletIn addition to the orner raking, rak initiation in the upper part of the �llet is alsodeteted at the middle of the hip edges e2 and e4, Fig. 10.4 and Fig. 10.5. The rakpropagates within the adhesive, towards the substrate surfae.
chip

fillet

vertical chip edge

(a) Crak in �llet at vertial hip edgefor �ip hip assemblies using NCA1;rak initiation in the middle of edge (b) Cross setional ut: bulk rak-ing in NCA2, whih leads to delam-ination vertial hip edge and NCAFig. 10.4: Crak in �llet at vertial hip edge (edges e2 and e4); deteted for di�erent NCAsThe experimentally deteted loation of rak initiation in the �llet orrelates with thetheoretially proposed loation. Based on that loation, failure riterion I - bulk raking inthe upper part of the �llet - is formulated. Moreover, in the present work, it is theoretiallyproposed that the risk of �llet raking (enter raking) is higher along the edges e2 and e4,Fig. 9.11. The experimental results also verify this proposal.
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10.3. EXPERIMENTAL VERIFICATION OF FAILURE MODES10.3.4 Delamination Between Board and AdhesiveDelamination between the LCP board and under�lls or NCAs are deteted. Fig. 10.6a-bshows that the rak initiation in the adhesive ours at the metallization of the MID board.
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LCP substrate() Cross setion of rak initi-ation at metallization of board;delamination within skin of LCPFig. 10.6: Delamination between board and adhesive; initiation in adhesive at board metallizationThe metallization ats as a stress onentration. The rak initiates in the lower part of the�llet, Fig. 10.6. This initiation is only deteted at the edges e1 and e3. This an be explainedby the higher CTE-mismath between the adhesive and the board in longitudinal diretion,whih is displayed previously in Fig. 9.12.The bulk rak turns to a delamination between the board and the adhesive, Fig. 10.7a. Asalready seen in the button shear test, the delamination is within the very thin outer skin ofLCP, Fig. 10.7b. Beause of the weak ohesion of the skin to the layers underneath as wellas due to the fat that the adhesion strength shows a strong mode-mixity dependeny, therak is onsidered to be an interfaial raking between LCP and the adhesive.
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(b) Cross setion of delamination prop-agation; raking lies within the LCPskinFig. 10.7: Delamination propagationThe delamination propagates along the edges e1 and e3 as well as towards the hip enter,Fig. 10.8. The latter is ritial beause it an lead to eletrial failure one the delamination122



10.3. EXPERIMENTAL VERIFICATION OF FAILURE MODESreahes the stud bumps. Delamination propagation along the edges e1 and e3 is less ritial,beause it does not lead to eletrial failure.
Fig. 10.8: Delamination propagation for an 5× 5 mm2 hip using NCA2; displayed edge: e1; image onsistsof several single SEM imagesFig. 10.9 summarizes the rak initiation and delamination propagation for that kind offailure. Moreover, the theoretially proposed failure Mode-II is experimentally veri�ed.
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10.4. CORRELATION OF PREDICTED AND EXPERIMENTALLY DETECTEDFAILURE MECHANISM10.4 Correlation of Predited and Experimentally De-teted Failure MehanismThe predited failure mehanisms based on two-dimensional Finite Element simulation areraking in the upper part of �llet and delamination between the adhesive and the board.The experimental reliability studies verify the proposed failure mehanisms. The bulk �lletrak initiation ours in the enter of the die edge as well as in the orner. The latter failurealso leads after initiation to a enter rak. In addition to the bulk rak in the upper partthe �llet, the delamination between the board and adhesive is also experimentally deteted.In Tab. 10.1, the tested �ip hip interonnetions and the deteted failure mehanisms afterreliability testing are listed.Tab. 10.1: List of �ip hip interonnetions and deteted failure mehanism after reliability testing; duethe loal harater of the failure mehanism, �llet raking and delamination an be presentsimultaneously.Adhesive BoardThik-ness Surfae ChipSize
[mm2]

No. Fillet Crak Delaminationorner rak enter rak delaminationUF1 1 mm plasma 10×10 A xUF1 2 mm plasma 10×10 B xUF1 1 mm plasma 5×5 11 xUF2 1 mm plasma 10×10 C xUF2 2 mm plasma 10×10 D xUF2 1 mm plasma 5×5 12 xUF2 2 mm plasma 5×5 6 xNCA1 1 mm initial 5×5 7 xNCA1 2 mm initial 5×5 2 x xNCA1 1 mm plasma 5×5 8 x xNCA1 2 mm plasma 5×5 4 xNCA2 1 mm initial 5×5 10 x xNCA2 2 mm initial 5×5 3 xNCA2 1 mm plasma 5×5 9 xNCA2 2 mm plasma 5×5 1 xFor ertain ombinations, only one failure mehanism ours whereas for others �llet raking124



10.4. CORRELATION OF PREDICTED AND EXPERIMENTALLY DETECTEDFAILURE MECHANISMand delamination lead to failure. Conerning �llet raking, either orner raking or enterraking is deteted. As stated in Fig. 9.2 from a theoretial point of view, delamination and�llet raking an be present simultaneously, whih was then experimentally veri�ed.For ombination no.7 � NCA1, board thikness of 1 mm, no surfae treatment � the onlyfailure mehanism deteted is delamination between substrate and adhesive. For all otherombinations for whih interfaial raking ourred, a �llet rak is also present.The ourrene of a failure depends on the existing stress intensity fator for a rak in theupper part of the �llet or the ombination ERR,ψ for a delamination. Fig. 10.10 shows thenormalized stress intensity fator KI and ERR for the assembled �ip hip interonnetions.The deteted failure mehanisms are shown as di�erent olored ells. For both failure modes,the values from FE analysis are divided into four ranks: low, middle, high and very high.The orresponding values for KI and ERR are shown in the lower left orner. For example,the ranking low indiates that the KI is between 0 and 5 % of the ritial value, where forvery high the values are above 15 %. For almost all �ip hip interonnetions, bulk rakingis deteted. The KI from FE analysis are ranked as middle to very high. Therefore, bulkraking in the upper part of the �llet ours if the KI is equal or higher to 8 % of theritial value obtained from CT testing at -40 °C. The alulated KI values for the �ip hipinteronnetions are shown in Fig. 9.23. Sine only rak initiation is monitored, it is notpossible to distinguished between the di�erent ranks.The delamination risk is haraterized by the ERR. The ranks go from low to very high. Fliphip assemblies where the ERR is ranked low did not show delamination initiation. For theassemblies with an ERR higher than 1 N/m (rank middle, high and very high), delaminationinitiation is deteted. Therefore, a �ip hip assembly must designed to have an ERR nothigher than 1 N/m.The �ip hip ombinations where apillary under�ll UF1 and UF2 is used, show only bulkraking, initiating at the orner. The stress intensity fator lies around 8 to 12 % of theritial value. The energy release rate is quite small ompared to the �ip hip assem-blies no.2,no.7,no.8 with NCA1. This an be explained by the small wetting angle adhe-sive/substrate. This onlusion also holds for three of the four NCA2 ombinations, as wellas for ombination no.4 where NCA2 is utilized.Nevertheless, for the ombinations where NCA1 is used, the normalized stress intensity fatoris higher ompared to the assemblies with UF and NCA2, but no orner rak ourred. Evenfor one ombination, no bulk raking at all is deteted within the �rst 3000 thermal yles.This an be explained by the lower risk of rak initiation due to the absene of �ller partilein NCA1 whereas UF1, UF2 and NCA2 are �lled with spherial partiles, refer to Tab. 5.2.The higher the wetting angle, the higher the energy release rate, the higher the risk of125



10.4. CORRELATION OF PREDICTED AND EXPERIMENTALLY DETECTEDFAILURE MECHANISMdelamination between adhesive and substrate. This is learly seen for ombination no.10 -NCA2, 1 mm board thikness and no surfae treatment - and ombination no.7 - NCA1,1 mm board thikness and no surfae treatment.
∗ to Fig. 10.10:The Stress Intensity fator KI as well as the Energy Release Rate G are alulated and ranked aslow, middle, high and very high; (1) bulk raking: 10 of 11 assemblies show bulk raks in the �llet;
KI lies between 8 and 22 %; sine almost all ombinations show bulk raking, it an be stated that
KI > 8 % leads to �llet raking after 3000 thermal yles; (2) delamination: the ERR G lies for theinteronnetions where no delamination is deteted below G = 0.5 N/m; for the assemblies wheredelamination ourred, the alulated ERR is higher than G = 1.1 N/m; this suggests that in orderto prevent delamination initiation, an ERR of G = 0.5 N/m should not be exeeded
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10.4. CORRELATION OF PREDICTED AND EXPERIMENTALLY DETECTEDFAILURE MECHANISM
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10.5. CONCLUSION10.5 ConlusionIn order to inrease the aeptane of a new pakaging tehnology, it is essential to understandthe failure mehanisms and the in�uening parameters, to extend the time before the failuretakes plae. In the presented work, the pakaging tehnology �ip hip on MID boards isstudied when exposed to thermal yling. Two di�erent kinds of SBB �ip hip tehnologiesare used: ICA with apillary under�ll and the NCA tehnology. Through the presentedwork, the failure mehanisms for �ip hip interonnetions on MID boards are identi�ed:bulk raking in the upper part of the under�ll �llet and delamination between the under�lland the MID substrate. Moreover, the in�uene of ertain geometri and material parameterson these failure mehanisms are obtained and experimentally veri�ed. Based on the resultsof this work, a guideline to optimize a �ip hip interonnetion on LCP in order to extendthe lifetime an be drawn.� It was found that the SBB �ip hip tehnology used in ombination with MID board,made of LCP, is a highly reliable pakaging tehnology. Using requirements set bythe automotive industry, suh as exposing the assembled �ip hip interonnetions tothermal yles between 150 °C and -40 °C, no single eletrial failure is deteted; itwas tested until 3000 yles.� The deteted failure mehanisms are bulk raking in the upper part of the �llet anddelamination between the under�ll and the LCP substrate. Failure originating from thebump area (fatigue of the bump material or delamination aused by ontaminationfrom assembly proess as known with solder bumped �ip hips) was not deteted.This an be explained by the �uxless SBB �ip proess whih does not lead to weakadhesion between the under�ll and hip passivation. The delamination at the interfaeunder�ll/LCP ourred within the di�erent layers of the LCP skin.� The two failure mehanisms an our simultaneously as theoretially proposed andexperimentally veri�ed.� It is pointed out that the plasma treatment of the LCP surfae plays a signi�antrole for the apillary under�lling proess. The surfae tension of LCP an be doubledby plasma treatment. The better the surfae tension, the better the wettability, thebetter the apillary under�ll �ow. Moreover, it ould be shown that the inreasedsurfae tension by plasma treatment only drops by 4 % within 350 hours (storage atroom temperature), whih leads to a wide proess window. All ICA/apillary under�ll�ip hip interonnetions are assembled on plasma treated LCP boards.� The �llet formation of the assembled �ip hip interonnetions are also strongly in�u-ened by the plasma treatment. The interonnetion where plasma treatment is per-128



10.5. CONCLUSIONformed shows a muh lower wetting angles than the interonnetions where no plasmatreatment was utilized.� When omparing the di�erent used adhesives, the un�lled system NCA1 shows thehighest risk of �llet raking. This is due to the higher CTE value of NCA1 whenonsidering the alulated stress intensity fator KI. Taking also the ritial value KI(obtained from isothermal overritial testing using CT speimens) into aount, therisk of �llet raking for NCA1 is even more pointed out. NCA1 shows the smallestritial stress intensity fator KI ompared to the other used adhesives. This leadsfor the same geometry of the �llet and substrate material to a 20 to 30 % higher riskof �llet raking of a �ip hip interonnetion where NCA1 is used. Sine the �lletformation is di�erent for every adhesive, and the formation shows a very high impaton �llet raking, the impat of the adhesive properties an not be experimentallyveri�ed using �ip hip assemblies.� NCA1 shows also, same �llet formation and other geometri parameters assumed, thehighest risk of delamination between the adhesive and LCP substrate when onsideringa �ip hip interonnetion. The alulated ERR G for a modeled interfaial rak usingNCA1 shows a 40 to 50 % higher risk of delamination ompared to the other utilizedadhesives. This is an also be explained by the higher CTE value of NCA1.� The experimentally deteted failure mehanisms were initially theoretially proposedbased on a detailed Finite Element stress analysis. It was learly shown that the loationof failure an be identi�ed by using the maximum priniple stress. Applying the physis-of-failure approah, it was possible to study the impat of ertain geometri featuresand material properties, whih are later summarized in a guideline.� The button-shear-test is modi�ed in order to obtain the adhesion between the under�lland LCP at various mode-mixities. The mode-mixity denotes the ratio of shearing andtensile stress at a rak tip. The test has the advantages that the onsumption ofexpensive under�ll material is low, no ertain size and shape of the substrate materialis required and the mode-mixity an be easily varied by hanging the shearing height.Design GuidelineThe experimental testing showed that the assembled �ip hip interonnetions an withstandmore than 3000 thermal yles without any eletrial failure. Nevertheless, the proposed andalso experimentally veri�ed failure mehanism will lead to eletrial failure after ontinuedtesting. Therefore, it is essential to provide a guideline for further improvement of the SBB�ip hip interonnetion on MID boards.
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No improvement of the reliability an be expeted from� hanging the size of the �ip hip,� inreasing or dereasing the thikness of the board,A moderate enhanement of the �ip hip interonnetion and therefore an extension oflifetime an be fored by� hanging the height of the �llet.� lowering the wetting angle between the under�ll and vertial hip edge,� lowering the �llet width,� inreasing the CTE and the sti�ness of the board,� using an adhesive (under�ll or NCA) with a lower Young's modulus.The highest impat on the failure mehanisms and therefore the reliability of the �ip hipinteronnetion is deteted by� the CTE value of the adhesive; the lower the CTE value, the lower the risk of bulk andinterfaial raking� the highest impat on delamination risk shows the wetting angle between the substrateand the adhesive. Reduing the wetting angle by 25 % redues the risk of delaminationby more than 75 %. The wetting angle, as stated previously, an be redued usingplasma treatment of the LCP board10.6 OutlookThe use of the physis-of-failure approah allows also to study of the lifetime of a struture.In the presented work, overritial testing were used to obtain the ritial stress intensityfator and ERR for the bulk raking and delamination, respetively. In order to providea method to estimate the lifetime, ritial bulk and interfaial toughness values have toobtained by fatigue testing of test speimens. These test methods are so far only availablefor yling mehanial loading, but not yet for thermo-mehanial indued loading.
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Chapter 11
Abbreviations
CTE Coe�ient of thermal expansionDMA Dynami Mehanial AnalysisDSC Di�erential Sanning CalorimetryERR Energy release rate (ERR)FEM Finite Element MethodICA Isotropi Condutive AdhesiveLCP Liquid Crystal PolymerLEFM Linear elasti frature mehanisLPKF Company nameMID Molded Interonnet DeviesNCA Non-Condutive Adhesiveno. NumberPI PolyimidPTFE Polytetra�uoroethen (Te�on)SAM Sanning Aousti MirosopySBB Stud Bump BondingSEM Sanning Eletron MirosopyTGA Thermo Gravimetri AnalysisTMA Thermo Mehanial AnalysisUF Under�llerVCCT Virtual Crak Closure Tehnique
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Chapter 12
Mathematial Notations
α Coe�ient of thermal expansion (CTE)
α1 CTE below glass transition temperature Tg
α2 CTE above glass transition temperature Tg
α Averaged CTE with respet to α1,α2 and Tg
ε Bimaterial onstant
E Young's Modulus
F Critial shear fore (button shear test)
θhip Wetting angle between vertial hip edge and adhesive
θsubstrate Wetting angle between substrate and adhesive
G Energy release rate (ERR)
G Critial energy release rate (ERR)
h Shearing height (button shear test)
K Stress intensity fator
KI Stress intensity fator Mode-I
KI Critial stress intensity fator Mode-I
KII Stress intensity fator mode II
KI Normalized stress intensity fator Mode-I
Ninit. Number of yles at rak initiation
ψ Mode-mixity
σprin.max. Maximum priniple stresses
sst Movement of shear tool (button shear test)
sst Critial movement of shearing tool (button shear test)
Tg Glass transition temperature
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