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Abstract

Continuous miniaturization of microelectronic interconnects demands smaller joints with
comparable microstructural and structural sizes. As the size of joints become smaller, the volume
of intermetallic§IM Cs) becomes comparable with the joint size. As a result, the kinetics of bond
formation changes and the types and thicknessed@iphases that form within the constrained
region of the bond varies. Furthermore, the size of the grains becomes compétlatile size
of the bond and the bond may only consist of a few grains resulting in an anisotropic behavior.
The effect of size of solder joints on mechanical behavior is not clearly understood and
contradicting results have been reported. Studies hawenstiatsomesize effects introduced
strengthening effects while othehsve shown weakening effects associated with decreasing
joint size. While numerousstudies have beededicated toevaluaing elastic and plastic
properties ofa variety of solder alloyin bulk and largescale(several 100s of microngdint
configurations very few studies have been directecattiress thelastic and plastiproperties

of joints in the scale of few microns.

This dissertation focuses amvestigating combination efé¢és of process parameters and
size on kinetics of bond formation, resultingcrostructure andhe mechanical properties of

jointsthat are formed under structurally constrained conditions



An experiment is designed where several process parameterasuiche of bonding,
temperature, and pressuesdbond thicknesss structuratharacteristicare varied at multiple
levels. The experiment is then implemented on the process. Scanning electron mig®stbpe
is then utilized to determine the bond #mess,IMC phases and their thickness and
morphology of the bond&lectron backscatter diffraction (EBSD) is used to determine the grain
size in different regions, including the bulk solder, and different IMC phaBéysicsbased
analytical models hee been developed for growth kinetics of IMC compounds and are verified
using the experimental results. Nanoindentation is used to determine the mechanical behavior of
IMC phases in joints in different scaldsourpoint bending notched multilayer specimand
four-point bending technique were used to determine fracture toughness of the bonds containing
IMCs. Analytical modeling of peeling and shear stresses and fracture toughnedayartfour
point bend specimen containing intermetallic layasdevdoped andvasverified and validated
using finite element simulation and experimental restih® experiment is used in conjunction

with the model to calculate and verify the fracture toughness ¢8r€IMC materials.

As expected two different IMC phasel-phase (Csbrns)  a-phdise (CyBn), were found
in almost all the cases regardless of the process parameters and sizd tevpls/sicsbased
analytical model was successfully able to capthee governing mechanisms of IMC growth
chemical reaction cdrolled and diffusiorcontrolled Examinationof microstructures of solder
joints of different sizes revealed the size of the solder joint has no effect on the € sof
formed during the processloint size, howeveraffected the thickness ofMC layers

significantly. IMC layers formed in the solder joints of smaller singere found to be thicker



than those in the solder joints of larger siZEhe growth rate constants and activation energies

of CusSnIMC layerwere also reported and related to jalmtknessin an effort to optimize the

EBSD imagingin the multilayer configuration an improved specimen preparatit@thnique

and optimum software parameters were determinénoindentation results show thsize

effects play a major role on the menltal properties of micrscale solder jointsSmaller joints
show higher Youngos modul us, hardness, and
exponents comparing to thicker join® obtain the stress concentration factors in a multilayer
specimen withMC layer as bonding material, a fepoint bending notched configuration was
used.The analytical solutions developed for peeling and shear stresses in notched structure were
used to evaluate the stresses at IMtérface layersResults were in good aggment with the
finite-element simulation. The values of interfacial stresses were utilizetitaning fracture

toughness of the IMC material.
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A List of Symbols andAbbreviations

p Density

@ Content of an element inB, compound layer in mass fraction
A B Arbitrary elements

ApBg, ABs Arbitrary IMC compounds

A, Total area of ! IMC layer

M Molar weight

Q Activation energy

Universal gas constant

S Surface area of the solid in contact with liquid

T Absolute temperature

Concentration of the dissolved substance in the liquid bulk at time

(t)

g Ratio of molar volumes of By and ABsIMCs

k Growth rate constant

n Growth time exponent

v Liquid volume

X Thickness of AB; IMC compound

y Thickness of ABs IMC compound

Cs Solubility limit of solid substance B in duid A at a given
temperature

k; Dissolution rate constant

Vi



dt
dx

dy

Hdizzolution

Growth rate constant ofiIMC layer
Average thickness of th8 IMC layer

Half thickness of the original or remaining solder bulk

Half thickness of the tin consumed in forming IMC layers
Total length of the IMC layer measured on the micrograph
image

Time increment

Change in the thickness of,B, layer
Change in the thickness ofB layer

Thickness of the dissolved part of the solid in contact with liquid

Critical values of thickness for an IMC compound layer

Elastic modulus of layer 1, 2 and interfacial layer
Total energy release rate

Mode | and Il energy release rates
Transverse sheidr

moduli of | ayer

Moments of inertia for weracked and cracked beams

Second moment aod inertia of | ayer

Shear stiffness of the interfacial layer

Mode | stress intensity factor
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My (m)
M; (x)

N, (i=1,2)

Vr(x)

b, (i=12a)
h, (i=122)
q

u,(x) (= 1,2)

v, (i=1,2)

w,(x) (i=12)

y; (i=1,2)
'512
g1 (K]r €2 (Kj

Mode Il stress intensity factor
Beam longitudinal length
Total applied moment

Bendingnho ment acti® on | ayer i

Longitudinal resi@ltant force for

Concentrated load

Total transverse shear force

Wi dth od | ayer i
Thicknes#® of | ayer i

Uniformly distributed load

Longitudinal displacement at the leasf layer 1 and at the top of
layer 2 respectively

Transverse sh&ar force in | ayer
Vertical displdacements of | ayer

Distances fronthe bottom of layer 1 anthe top of layer 2 to
theirrespective neutral axis

Normal stiffness of the interfacial layer per unit length

Strains at the base of layer 1 and the top of layer 2 respectively
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Interfacial shear stress

Averaged shear stress
Interfacial peeling stress
Averaged Normal stress

Poisson atio
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Chapter 1 : Introduction
1.1 Overview and Background

Soldering in its general form is a technique that is used to join material parts using low-melting
point filler material[1]. Solder material is placed in the joining area and then dvéai® point
greater than its melting point. The melted solder wets the parts and solidifies after the heating
source is removed, joining the parts. Most solder materials are made of two or more elements
alloyed together. In this case, solder alloys uguslve a melting range instead of a single

melting pointas seen from SRb phase diagram Figure :1.
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Figurel-1: SnPb equilibrium phase diagram
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The equilibrium phase diagram of any particular satdesystem usually shows a clear picture
of this melting range which is defined by two lines: the solidus line, which maps the
tempeatures below which the alloy is a pure solid and the liquidus line, which maps the
temperatures above which solder is a pure liquid. Special alloy compositions show a unique
melting point and are called eutectic compositiéits. SrPb soldering system siwng in

Figure 11, the eutectic composition occurs at 61.9wt.% Sn and at an eutectic temperature of
183C.

The use of soldering techniques in creating a metallurgical bond between two metallic parts can
be dated back thousands of ye#lisugh it is dificult to say who first utilized the method.
Egyptians applied soldering methods to make their tools, weapathgold jewelry as early as
5000 years agf]. The Romasand Greekare known to have introducéid-lead (SRPb)
solder,until recentlythe nost widely used solder alldf-2]. Othersocietiessuch as the
Etruscans, Celts, and Gauls are also known to have used so[@érifige main function of

these early solder joints was to provide a mechanical connection. With the appearance of
microelectonics in themid-20" centuy, the new functions of conducting electricity and heat
were assigned to the joints. The joints in microelectronics serve to bond two components
mechanicallytransfer current across the joint, and provide a palistgpateheat from the
packages. The continuing decreasthasize of the packages and the increase in power
consumption have introduced new challenges and opportunities in the fields of research and

manufacturing of reliable joints.

Solder Alloys in Electronic Packaging
Solder alloys and soldering processes are used extensively in electronic assembly. Solder alloys

must possess a low melting point and provide a unique set of properties to achieffectge



production of reliable electronic assemblies andnaflar the joints to perform both mechanical

and electrical functions. Traditionally, eutectic or reatectic SFPb alloys have been the most
widely used solders for electronic packaging. The binar?Ssystem offers a variety of

technical advantageswim compared to other types of sol dei
low melting temperature of about €3 allows the soldering conditions to be compatible with
most packaging materialprocessing, and technologi&Pb solder alloy possesses

outstinding wetting and spreading capabilities when used on metallic subtadesnts with
satisfactory strength, ductility, stiffness, and fatigue resistance have been built using this solder
material[4-8]. Pb can help in reducing the surface tensiopusé tin, preventing the

transformation of white do-Snto gray orlSn, and sere as a solvent metal that enabllee

other joint constituents to form IMLapidly [9]. The above mentioned advantages, besides the
low cost and availability of lead, acadufor the large variety of applications of-8b solders,

ranging from personal products to aerospace vehicles and instrumentation.

SnPb solders have been refined by many years of experience. Astagtilished knowledge

base about physical metallurgyeahanical properties, manufacturing processes, and reliability

of this solder type exists. Assembly and soldering equipment infrastructure is almost exclusively
engineered with SPb solder in mind. A good understanding of thePBnsolder behavior has
endledelectronic manufacturets assemble and create small geometry solder joints in high
volume and at a competitive cost. Furthermore, joints eP®solder alloy have adequate

fatiguelife and because the alloy has been used in microelectronics &mtegedts thermal

fatigue behavior is reasonably well understood and both accelerated test data and extensive field

data are widely available.
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However, due to environmental and toxicological concerns associated WitB]Plegislatiors

that tax, restct, or eliminate its ushavebeen enacted. These legislations are one factor that
causes the eventual replacement obBbed solder alloys to be unavoidable. In Europe and
Japan, Pb was banned from electric and electronic equipment as of Ju[{20a& In the

USA, although no legislation has been issued to ban Pb usage in electronic products, several
environmental agencies have listed Pb among the top chemicals that negatively affect human
health[1]. Electronic institutes have drawn a map for l&ae@ electronic products to encourage
industry and academic sectors to develop soldering alloys, processes, techniques, and equipment
for the new leadree generations of electronic devices and products. However, exceptions are
made in cases where the ditiiion of Pb is not possible for scientific or technical reasons or if
the environmental and human beneditsoutweighed by side effects of substitutidd].

A second factor is the continued trend toward packaging and interconnects miniatufizjtion

It stretches the physical capability of-Bb solder to provide sound and reliable solder joints.
Finally, the consumers play an important role in this Pb replacement equation. They prefer
Agreend pr odu dreeselectronic devides apd phoxts aPdronomical edge over
Pb-based ones. All these global legislations and market forces have a fundamental effect on

material selection and manufacturing processes in electronic industry.

Tin-Based LeadFree Solders

For a smooth transition to RHleesoldering, several solder alloy systems have been suggested as
replacements for SRb solder alloy$9, 15]. The candidates are evaluated based on a set of
criteria that use SRb eutectic solder alloy as a base[@ Ideally, the proposed Hiee alloys

should fulfill the following major criteria: have a melting point as close t&#®Brutectic as

possible, be eutectic or very close to eutectic, have a similar reflow profile during the soldering



process, have a sufficient wetting ability to ensuredgoetallization duringhe fabrication

process of the packages, have the same or exceed the electrical propertieasad™plders in
order to efficiently transfer the electrical signals, have adequate mechanical properties that show
equal or better rebility when compared to SRb eutectic, and be inexpensive and-tmxic.

The development of a good fiee solder alloy that displays the desired properties above is not
an easy challengenoUnepl aoe mPmentecichiatlavegsgitabfeor Sn
for all purposes have been foufié]. Researchers and setdmanufacturers started with

identifying the element(s) that can replace Pb and produce systems that possess the same
properties as Rbased solder alloys. Based on this approadimited number of elements were
identified[9]. They are silver (Ag)Cu (Cu), bismuth (Bi), zinc (Zn) and indium (In). Numerous
elements with preferred features were eliminated because of either lack of supply (e.g.
germanium) or toxicity (e.g. antimgrand cadmium}17, 18] All of these replacements can be
used to construct a Hlee solder system witBnas a base elemefit9]. Snis preferred over

other low melting elements such as In and Bi because of its abundance and low cost with an
acceptable mlting temperature when it is compared to[#]b

The possible alloy systems that can be obtained when elements are combinedwilith&/e

melting temperatures in the range of £8%0 227°C. Candidates such as-8g, SnCu, SnBi,

SnZn, and SAn are commonly used as binary solder alloy systems. Alloying elements are
sometimes added, to control, modify, or improve some characteristics, creating ternary or even
guaternary systenj20]. The binary and ternary alloys based on th&C8rand SrAg alloy

systems are leading candidates, in near eutectic and alloyed forms. Others, suBh &8n

and SkzZn, show limited uses in electronic packaging due to some drawbaeBs eBtectic and

SnrIn eutectic have low melting temperatures, I3%nd 118C, respectively21-23]. Due to
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their relatively poor high temperature mechanical strength, lack of ductility, and limited
availability, these alloys are finding only very limited applications in industrZisand its
tertiary alloys with Bi or In have #iting points close to the Spb eutectic alloyf9, 24-25].
NeverthelessZn has shown to be prone to oxidation and corrosion in high temperature soldering
processef26] which limits the use of these alloys as afféle solder replacement for volume
production. SACu has been implemented as a low cost product. The primary criteria for this
selection were cost and availability in comparison teA8ralloys[15, 27] On the other hand,
SnCu has been reported to exhibit somewhat inferior mechanical pespana wettability
compared to S\g alloys and its ternary systerf#/]. The remaining candidates include the Sn
Ag binary and ternary eutectics of Cu and Bi. The melting point &A&is higher than SiPb

and therefore tertiary alloys are desirablelitam a lower melting poirf28-29]. Ternary alloys

of Cuwith SnAg system (SrAg-Cu) have been reported to provide superior performance in the
replacement of SPb system§9]. Major industrial regions, such as the USA, Europe, Japan,

etc have shown gsue difference in the preferred -$w-Cu composition$l5-26].

Microstructure of Bulk Tin-Based LeadFree Solder Alloys

It is well known that the mechanical response of a component is strongly linked to its
microstructure. Therefore, it is very importaotaccurately characterize and quantify the
microstructural features of tibasedeadfreesolders. Much is known about th@crostructure

of SnPb alloy. Eutectic Sib, which was the most popular solder until recently, is composed of
two phases: leadch particulates embedded in a-tinh matrix[30-31].

However, PHree solder alloys possess a microstructure that is very differewtg Snth

eutectic composition of 3.5wt.%Ag and a melting temperature at@2hows a microstructure



that consists o b-Snrich phase and an A§nIMC upon solidificatioras seen fronfigure 12

[32], and confirmed byn-Ag phase diagranm Figure 13.

Figurel-2: SEM imageof the microstructure of SB.5wt.% Ag solderlloy [32].
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Figurel-3: SnAg equilibrium phase diagrafi].



Sn-Cu solder alloy also shows two phases when thecga composition of S0.7wt%Cu is
solidified from its eutectic melting point 22€. Its microstructure contairGusSns IMC phase

dispersed into a Snich matrix phasas seen ifrigure 14 [27].

B132 28KV {bm WD33

Figurel-4: SEM imageof the microstructure of S8.7wt.% Cu solder alloj27].

According to tle equilibrium phase diagram 8fiBi systemshown inFigure 15, noIMCs are
formed when thewdectic composition of B#2wt%Sn is cooled down from the eutectic melting

point of 139°C to room temperatui@3].
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Figurel-5: SnBi equilibrium phase diagrafi].
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Its microstructure, shown lfigure 16, is made of two phases, -8inch phase with 4wt.%Bi and
Bi-rich phase with mostly pure Bi. This is because of the low solubility limit of Sn in Bi in solid

soluion as shown b¥igure 5.

Figurel-6: SEM imageof the microstructure of B42wt.%Sn solder allof33].

Eutectic SAZn shows attractive characteristics with a melting temperature 2C]1 €8t is
comparablavith the melting temperature 8ihn-Pbsolder alby (183°C). Its eutectic composition

occurs at Sribwt. %Znas confirmed by its phase diagranfigure 7. Upon cooling the
microstructureshown in Figure 18, consists of a Snich matrix phase and a #Aich phase with

small amounts of Sn in solid swion [34].

Depending on the substrate material-g&g, both elements can form IMC phases, e.g. when they
interact with a Cu substrate. The-Brsystem is also an interesting alternative. AlthoughrnSn

eutectic composition occurs at49.1wt.% Sn, IM8wt.% Sn is more commonly used in the
electronics industry [223]. The microstructure of its eutectic composition with melting

temperature of 117 s hows t wo | M@ nc anscthi tpGresichtpsase with ba o

approximately 45wt. % Sn and 78Wo Sn solubility limits, respectively.



Weight Percent Tin

0 10 20 30 40 5 80 20
«sop. T .'.09,7‘0. e Ty o

g

Temperature %

g

200
~—(Zn) (8Sn)—
150 T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100
Zn Atomic Percent Tin Sn

Figurel-7: SnZn equilibrium phase diagraft].
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Figure1-8: SEM imageof the microstructure dbn9wt.% Znsolder alloy[34]

Using SRAg-Cu solder alloys as an example of a ternary system, the alloy is made of large

amount of tin with relatively small amounts of Ag and[B4]. Additives such as Zn and Bi are
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sometimes added to control or enhance certain propgtfies Three possibléMCs couldform
when SRAg-Cu solder alloy is solidified from its melting temperature. They are embedded into
Snrich matrix and their chemical compositions could be extracted from ¢baiesponding
equilibrium phase diagranas £en fromFigure 3 andFigure 19 (a andb) [39], which show
SnAg, SnCu,and CuAg systems, respectivelyhese binary phase diagrams often combined
into one ternary phase diagram as shawiigure 10. AgsSn is a result of SAg reaction, and
CusSn and CuySns are formed as a result of €3n reaction. C45n requires high amounts 6t

at higher temperature in order to be forni2@|. It should be mentioned here that there is no
IMC(s) obtained from CtAg reaction agonfirmed byFigure 19(b) andFigure 1-10. It is also
worth mentioning here that no €u MCs will show in the microstructure of Riee solder
systems that do not contain Cu in their compositions. This means §&t@und CySn will not

form in those bulk systems.
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Figurel-9(a): Equilibrium phase diagram of &u system [32].
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1.5 Microstructure of Joint-Configuration Tin -Based LeadFree Solder Alloys
During the soldering process, molten solder alloy comes into contact and reacts with the
substrate material. In most cas®4Cs are fomed and are observed at or near the
solder/substrate interface as well as in the interior of the solder joints. The composition of the
solder alloy and how each of its constituents interacts with the substrate material are the major
factors that affect theature of such compounds. Other factors that may contribute in the nature
of this reaction are soldering parameters such as soldering temperature, time, pressure, and
cooling ratd40]. These parameters may alter the type and/or the amount of the gespéaies
in the joint. They may also allow or prevent the formation of certain types of phases. There are a
number of substrate materials that are common in electronic packages, such as gold (Au), silver
(AQ), palladium (Pd), platinum (Pt), nickel (Ni)pé most commonly, copper (Cu).
In Snbased Phree soldemlloysthe tin ismetallurgicallyactive with most metals that are
commonly used in electronics packaging and assembly, such as substrate materials. The
formation of variousMCs has been explaiddased upon the equilibrium phase diagram
between each of the constituents of solder alloy and the substrate materials. The crystal structure
and properties of thed®ICs is usually different from those of their elemental compor{@8ts
41]. IMCs formed &the soldessubstrate interface are needed for successful bond formation.
ThoselMCs may have morphologies that are different from those formed at the solder joint
interior [41]. Sn, Ag, Bi, Zn, and In are the major components of mosisSed PHree sotler
alloy systems and Cu is the most common substrate material. The following discussion is limited
to the study of the microstructure of solder joints when the constituents of solder alloy interact

with aCu substrate and fordMCs.
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SnAg/Cu system

As was mentioned earlier, the eutectic composition of thd@rystem shows a microstructure
which consists ob-Snrich and AgSnIMC phases upon solidification to room temperataee,
depicted fronFigure 3. When this system interacts with a Cu substraaeAg-Cu IMCs are
formed at the soldesubstrate interface, as confirmed by the@gphase diagram irigure 1

9(b). However, CuSn and SrAg IMCs form at the interface due to the chemical reaction
between the Cu substrate and Sn and between Ag anesfactively. In addition to the solder
substrate interface, the &g IMCs can also form in the interior of the solder. The stabkSgu
IMC phases below 30T are Cy¢Sns and CuSn as shown by the equilibrium phase diagram of
Cu-Sn system indicated irigure 19(a). At the eutectic composition, the £8n; phase is

typically formed above the melting point of the solder. HowevesSEwvill not form at the
eutectic unless a high amount@iiis available, as in alloys with a large amount @fae.g.
Sn63%Cu. During fabrication of a solder joint between anyb@sed PHree solder alloy and a
Cusubstrate, a thin layer of garg is found at the soldeCu interface and a layer of @Bn is
found between Cu and g3rs. Figure 211 shows an example of the wdsng microstructure in
Sn3.5wt.% Ag/Cusubstrate solderingystem f0]. The amount of heat and/or time during the
soldering process controls the total volume of secondar$radMC (CusSn) by allowing

specific amounts dEuto diffuse from the substrate the melting solde@1]. Aging at low
temperatures was also found to activatediffusion and allow for Cg6n to form[31, 44]. In
recent years, the nature and growth of interfacial constituents formed at#gg@&ninterface
have been extensivelyslied in order to develop an adequate understanding of such phenomena

[33-38, 41-48].
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Figurel-12. SEM image of S¢8.5wt.% Ag/Cusubstrate solder joif40].

Sn-Bi/Cu system

There is no formation dMCs between Bi and Cu or Bi and $8]. When SrBi solder alloy is
used to fabricate a joint with a Cu substrate;SDUMCs are formed at soldsubstrate

interface. The nature and growth of sURICs are very similar to the $hg/Cu system.

Sn-Zn/Cu system

In addition to the SitCuIMCs such as G$ns and CySn, SRZn IMCs such as CuZn and

CusZng are formed at the sold€u interface[35-36].

Sn-In/Cu system

The Cu substrate material can chemically react with both tin and indium. The microstructure

that orms in this system has €u, Culn and SRCu-In IMCs[22].
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SnAg-Cu/Cu system

SnAg-Cu/Cu joints show a microstructure that is very similar to its bulk microstruet8yeln
its bulk state, the microstructure of-8g-Cu ¢ 0 n s Ss matrix ovhichaSr@®u IMCs
are randomly distributed. In addition, there are layers @&@and/or CySn within the bulk

solder as well as at the Solder/Cu interface.

Solid-Liquid Interdiffusion (S oLID ) Soldering Process

SoLID process is one of the potential bamgliechniques compatible with modern advanced
packages such asddmensional integrated circuits (3i2s) and wafetevel packaging (WLP).

It consists of dayer oflow-melting materials whicks depositecntop ofa high melting

substrate layerespectrely. During the bonding process, a pair of doubly deposited materials
are placed in contact and heated to a temperature above the melting point ofrtinetlog
material. Upon melting, phase transformation of the liquid component to a higher melting
material takes place at the contacting interface. The resulting material, wihiG ssis

required for successful bonding and possesses the desired high temperature and mechanical
stabilities. Obtaining high remelting point material from low melting tera@ature bonding is

one advantage which increases the significance®lCsin the electronics industryAnother
advantage is that whemSD is used, undesirable phase transformation and pracedssed
residual stresses that occur during kigimperaturdoondingcan beavoidablg49]. To

implement a 8LID bonding technique and obtain superior joint quality, it is necessary to
understand and gain sufficient control of its parameters.

The demand for higher and faster functionality for electronic productsusaed the electronic
industry sector towards developing more advanced types of packaging such as WLPI@sd 3D

Although, these technologies possess several advantages, such as integration of heterogeneous

16
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functions inasingle package, utilization ohert vertical interconnects, and size miniaturization,

moderate and higher temperature gradients and themchated mechanical loads are introduced

into the package whictouldlead to severe reliability issues. The common soft solders cannot be

used beaase of their low thermal stabili{38, 45]. New joining methods are needed to produce
bonds that withstand such temperatures and loads and to be implemented at low bonding

temperature. One way to meet these requirements is by uditig Sethod[14].

Size effects in Soldering and Solder Joints

Miniaturization requires the dimensions of the package components and parts to become smaller

and smaller. This is one of the challenges that has brought about increasingly fine pitch
interconnects and, accordingtiie size of solder interconnects is being continuously scaled

down. | t i s well known t hat when one of t

he

c

size of the material 6s mi ¢50.dndetconoects andseme me c h an

otherparts of electronic packages can be considered examples of compgbatmse three

small dimensions othesame order of magnitude as the microstructural length scales of their
respective materials. Significant changes in the properties and behdsaoch@omponents
could take place due to dependence on the
and cannot be predicted by macroscopic assessments and evaluations. These effects are
commonly called size effects and have been categanmedour area$50-63]: microstructural

effects, gradient effects, surface/interfacial effects, and grain statistics effects.

Microstructural Effects

S

Microstructural effects are one of the earliest reported effects in which the dimensions of phases

and articles in the microstructure play a ratedefining the overall performance of a material
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under consideratioMicrostructural effects directly influence the overall behavior of a material
which depends on the detailed underlying microstructuregem size, distribution, and
orientation of eacphase and particia the micratructure. For a given application, material
scientists and engineers have used this type of size effect as a tool to improwéurefite
desired propertiels2]. A variely of models have been proposed to incorporate the
microstructural effectf64-67]. In the HaltPetch model, the material is strengthened by grain
refinement to a specific extent. After this point the model breaks down and the strengthening
effect is reversd upon further grain refinement. Another model is the Orowan m@glelhich
incorporates the effect of hard obstacles emb
terminating the dislocation motion. A third model, the Friedal mpgf| applies a
precipitationbased strengthening approach on hindering the motion of dislocations and

dislocation loops.

GradientEffects

It is one of thewidely discussed size effegtvhich explains the strengthenibghavior observed

in many metals at small length $es(53, 70]. While keeping all geometrical proportions

identical, downscaling a component will naturally results in an increase of the gradients of the
strain. The increase in strain gradiemés to be accommodated geometrically in the lattice by
curvatue, which is intrinsically limited through the lattice structure. Therefore, the only physical
manner to accommodate the curvature is by the introduction of extra dislocations in the lattice
[53]. The extra dislocations usually denoted as geometricallgssecy dislocations (GNDs).

Since more stresses are needed to introduce GNDs into the lattice structure which is seen as a

strengthening effects.
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SurfacdInterfacial Constraint Effects

Surface/interfacial effects occur when carriers of plastic deformatid an external boundary or
interfacial surface of another matetving physicainteract. For instance, the formation of a
strong or weak boundary layer or interface at a surface of a particular material may facilitate or
block dislocation motion ding plastic deformation. This size effect has been implemented in
many applications where the componentés mecha
plastic slip using an oxide layer, hard coating, etc. The nature of the physical boundary and the
material of interest defines whether the resistance of the component to the applied load and then
to the plastic flow is increader decreas#[53, 56, 71]. Small interconnects, thin films, foils,

and multilayered structures are all relatively close to gsptal boundary or interface surface.

This material behavior with respect to its boundaries motivates surface/interfacial effects which
therefore induce a dimensional constraint. It can be expected that in small structures, the
dimensional constraint wittontrol the mechanical properties, response, and deformation

mechanisms of the componef&s].

Grain StatisticsEffects

Grain statistics effectare frequently observed in polycrystalline materigbon decreasing
dimensions of a structure. For small gesrical dimensions, the number of grains in one of the
spatial direction may become small. Therefore, the overall mechanical behavior of the structure
becomes dependent on the detailed underlying microstructure such as size, distribution, and
orientationof the individual grains. This geometrical constraimicrostructurdeatures

interaction is vey common in structures with dimensions close to the characteristic

microstructural length scale. In general, a lack of statistical microstructural averatjcgsra

19



weaker response in metallic foils and uliree sheets. Investigatiofis8, 70, 72, and 73 have

revealed that thgield and hardening properties diminished upon decreasing thickness.

1.7.1 Size Effects on Interfacial Reaction during SOLID Soldering Praess.
SoLID bonding for electronic packaging and interconnects was investigated by many researchers
as early as mid960g[ 74, 75]. Bernstein et al. demonstrated the feasibility of usiolg[3
bonding at lowmtemperature processing conditions to produgé-temperature bonds which can
be used in semiconductor and reemiconductor brazing and bonding applications. The effect
of process parameters such as temperature and time were addressed on specimens with
dimensions on the order of inches. Since thererattudies exploring the use al¥D bonding
to join base materials such as Ag, Au, Cu, Ni, Pd, etc. have been condi@ée82il. SoLID
joints generally consist dMC phases, such as £3rns andCusSn in Shbased solde€Cu
substrate systenj83]. Despit the fact that IMCs are brittle in natur@L$D joints are not
necessarily less reliable than conventionab&sed solder joints. This is because the IMCs have
a much higher streng{l84] and creep resistance than the conventiondd&ed solder alloys
Roman et aJ43] investigated 8LID bonding of Ag, Au, and Cu base materials using a variety
of commercial solder alloys. Bonds as strong as, or strongerttieaones obtained by
conventional soldering techniques were formed. However, little or nomaton was available
on diffusion ratesiMC formation, and structure. Li et {83, 85] have investigated the kinetics
of the interfacial reaction in a variety o6lISD bonding materiakubstrate systems at different
bonding temperatures and times. Speeins made of 25 em thick pure
pure Cu and Ag foils with other dimensions of 12x10mm were used in their study.
Microstructure, evolution, and kinetics of IMCs formed in8gAg and CuSn-Cu systems

were characterized. It was foutitht microstructural features and growth kinetics of IMCs are
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significantly different from those formed in conventionati&sed solder alloy€u substrate
systems.

A number of studies have been carried out olol[3 bonding processes to address the efféc
process parameters on the reliability and integrity of the solder joints. Ladaj8&t &]
implementedh full factorial experiment on theoBID fabrication process to investigate the

effect of process parameters such as time, temperature, asdreren the bond strength and
microstructure of S13.5Ag solder bonds. Temperature has been shown to be the most
influential factor on the bond strength. Higher strengths are obtairddlaication temperature

of about 40°C higher than the melting pd of the lowmelting material. The study also showed
that IMC formation requires a sufficient Cu concentration, which is achieved through increasing
bonding time. IMC growth was also studied through application eDaahalytical model. It

was found thiafor complete transformation to IMC, 17 and 28 minute bonding times are
sufficient for 20um and 240um thick-joints, respectively. Bartels et p16] investigated IMC
phase formation in SBoLID. Microstructural and mechanical characterizations of IMGdso
were performed. At longer times and higher temperatures, the IMC formation rate increased.
Continuous miniaturization of solder joints in highnsity packaging highlights the importance
of studying how the joint size affects the joint microstrucame thereby the mechanical
behavior and reliability. Sharif et.and Islam et a[88, 89] have conducted an investigation to
compare the interfacial reaction between under bump metallizaticB&A) material and

molten eutectic Si*b and S+8.5Ag-0.5Cusolder alloys having different volumes for a range of
temperatures and bonding times. It was found that higher solder volumes show a much higher Cu
consumption with a higher rate during the initial reflow stage. Smaller solder volumes show a

thicker layerof IMC due to the high diffusivity of Cu in molten solder and the higher probability
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1.7.2

of IMC formation on the existing IMC at the interface. Huang €98l 91] conducted a study

on the effect of solder bump geometry on the microstructure-8ts%g, SR3.8Ag0.7Cu, and

pure Sn/Cu joints fabricated at 22D with different bonding times. It was suggested that solder
bump geometry can influence the dissolution kinetics of pad materidhewoolten solder and,
therefore affectingthe resulting microsticture within the bond.

Despite the extensive literature which addresses the kineticd tih Sonding processes used to
join a variety of solder allegubstrate material systems, there is limited focus on the effect of
bond size and geometry on growtinddics and the morphology of the interfacial IMCs presented
in very small SLID Pb-free solder interconnects. To date, there have been no studies released
which elucidate the effect of joint size on the kinetics of the interfacial reaction in-bas8d
Pb-free solder/Cu systems duringl3D soldering. More studies should be conducted to
characterize the microstructure morphology and evolution of IMC duohfPSsoldering,

derive the kinetic constants of IMCs, and investigate diffusion and growth m&tisaot Cu

and IMCs during IMC formation and thickening.

Size Effects on Microstructure of Solder Joints

The combination of the phases present in a material, and their defects, morphology and
distribution usually define the microstructure of that matefiae material properties and

response are ultimately a function of composition of the material, microstructure as well as the
thermal, mechanical and chemical histories.

In electronic assemblyne of theprocessing variabtghataffectthe initial miciostructure of the
solder is the cooling rate. For eutectic alloys, two phasgssn IMC and Strich, usually

solidify at a single temperature and the resulting microstructure is usually lamellar which may be

altered to be equiaxed by cooling the soldeypiickly as seen fronfrigure 212[92, 93. A

22



faster cooling rate produces a finer microstructure since the time is less for diffusion to take

place.

LR i Sn
* - Eutectic Aqu \ e
H(8n+AgySn): .

_Sn-rich |

e ST o (c)

Figure1-13: SEM image®f the effect of cooling raton the microstructuraf Sn3.5wt.% Ag
solder (a) 24C/s (water cooliny (b) 0.5C/c (air cooling, and (c) 0.08C/s (furnace cooling)
[92].

For off-eutectic and ternary solder alloys, the resulting phases are more complex due to the
difference intherange ofsolidification and the increasimguimber ofinvolvedelements. Cooling
rate can also be controlled by reducing the amount of molten m§€zi&. Less time is
needed foasmall volume to cool down due to chaegeheat conduction, radiatip and
convection rates with volume reduction. Small volumes afsplify the effect obther factors
such aglefectsvoids,and grain[96].
Other factors which may introduce some variation in the initial solder microstructure are solder
composition, salersubstrate interactigmnd the shape of the joints which can be reflected in
their thicknesses. When the characteristic size of the solder joints is decreased, the global
mechanical behavior of the solder materials could be changed. This alteratdeheinjoint
response is attributed to the effect of microstructure change that is introduced due to different
phenomena. One important phenomenon is the change in the interaction between the solder and

the substrate materials at small size joints. Thephmenon is responsitiier the IMC

formation at the interface. Small gaps between the two soldering species affect the diffusion
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process which controls the bef@mation mechanisms83, 86]. For example, the rate of

diffusion of substrate element is haghin which there is.good chance to reach the solder and
form IMC. This change of diffusion rate alters the weight percentage of the formed IMC amount
in the bond at thexpense or diminishing the bulk solder alloy in the jdi3, 97]. It can be
expeckd that at small joint thicknesses, [alllk solder material will béransformednto IMCs

[98], and the joint behavior will be controlled by IMC properties and microstructure since they
are totally different from solder alloy.

During the last two decadeseveral investigatiancharacterizing thenicrostructure of Sibased
Pb-free solder joints have been carried out both experimentally and theoretically.

Wu et al.[97] studied the effect of joint thickness on microstructure and tensile properties of
Sn9/Cu joint systemA couple of observations@avemade One is that as the joint thickness
decreases, a rapid decrease of Zn content in the bulk solder takes place. This is attributed to the
metallurgical reaction during reflow process which consumes the #mm CuZn IMCs. This
significantly changed the solder composition from its eutectopositiornto hypoeutectic.

Another observation is that the Cu confevitich diffuses fronthe substrate into molten solder,
will experiencearapid increase withithe bulk soldeas thgoint thicknessdecreases, which
consequently results in increasing the amount of IBiGce the Cu/solder interfaegeais the

same in all joints regardless of joint size, the amount of IMCs will be the same in all joints and
caussincreasing in the IMC volume fcéion upon decreasing the joint thickness. All these
changes in the phaseadtions and element contents in solder jamitoducevariations in joint
behavior under loading conditions.

Wiese et al[99, 100 analyzed thenicrostructure of SnAgCu and S5Ag solder systems. It

was found that in bulk SAg-Cu solder specimeart he mi cr ost r u-Snidandrges c o n s |
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surrounded by quasiutectic phase. Solder joint specimens exhibit a columnar strfi@@jre

This difference in microstructure appearance was related to the ed¢ic@mnenin thesolder

alloy andthenucleation process during solidification. Varying the content of soldering elements
could affect the production process of dendritic or columnar microstructures. In bulk solder,
rapid crystal growth starts from the center region which was distinguished byl aaavith

many randomly oriented grains surrounded by large grains. In small joints, the nucleation starts
at the solder/substrate interface @ndceedsrom one side to the othgroducing the columnar
structure. Furthermore, the solidification preg¢akes less time which cassi@e microstructure

to consist ofalarge number of small randomly oriented grains. An increaeeinumber of

grain boundaries is expected compared to bulk solder and will be respdoiséig possible
variation in mechaical response. Zimprich et &L01, 102] compared the microstructure of

solder joints of different sizes. Larger joints showed coarser microstructures edmgpsmall

ones. This change was responsible for the pronounced increase in yield and wdtisikge t
strengths of their specimen mentionedhenext section.

Huang et al[94], Kinyanjui et al[95], and Cho et al[.103], demonstrated the dependencyhaf
solidification process ospecimersize and under bump metallurgies (UBM) offiie solde

alloys. Decreasingpecimersize resulted in rapid solidification of molten alloys becaugbeof
undercooling phenomenon which describes the solidification stage at a temperature that is lower
than the equilibrium melting temperature of the alloy systa their studies, it was found that

the degree of undaooling increases linearly with the decreasspecimersize. This

relationship was attributed to the reduction of nucleation probability whecimersize is

reduced. It wasalso foundhat theUBM plays a role in these studies. Tlmparison between

different UMBs revealed thahedegree of undecooling varies from one UBM to another. In
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1.7.3

general, a significant reduction of undmoling was observed when solders wplaced on Cu,

Ni and Ag sibstrates compared toe same solders placed on naetted andhonreactive

substrate material (e.gl)AWetting ability and reactivity between solder alleyslUBM

materials introduce variatigin nucleation behavior as well. Whether the solder systeswsa

low or high degree of und@ooling will have direct influence on the resulting microstructure of
solder joints as well as their mechanical properties

Castro et al[104] observed a substantial change in the morphology of #ystems of Si#iPb

solder alloyshypoeutectic, eutectiand hypereutectic compositions. There was a critical degree
of undercooling at which a transition from lamellar eutectic to anomalous eutectic occurred in
the Sn-Pb system. The former morphology is a result of rapldlification while the latter one
forms due to slow solidification conditions. Yang eff &405] addressed the effect of joint size on
Sn grain features of Pipee solder alloy such as number of grains across joint thickness, grain
orientation and distibution. These features are critical parameters in determining the thermo
mechanical response of solder joints. It was found that the number of grains is independent of
joint size, aging timeand reflows. Generally, the Sn grains show highly preferredriaigation
angles. However, Cong et fL06] arrived to an opposite conclusion in which the number of Sn

grains diminished as the joint size decreases.

Size Effects on Mechanical Properties of Solder Joints

The mechanical properties of a material detgr@the limit of applications in which that material
can be effectively used& material could show different properties in different applications
depending on the type and range of loading, shape and size of the component in which the
material was use@nd heat treatment. The first parameter which can introduce significant

changsin material properties is the microstructure as was explained in the previous section. A
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component material could possess a microstructure that shows different phases watht diffe
distribution andgrainsizes due to cooling rate, component geomeing compositions.
Investigations on the effect of specimen sizéhmmechanicaproperties of solder materials

have been done by many research@ss101-102, 107-110]. Bonda e#l. [107-108] have shown

that bulk data can be used only if the joint size is larger than a certain representative volume.
When structure hasvolume below this critical siz&jon-homogeneous deformation and strain
localizationbegin to appeasnd causeéeviation of local strains from applied ones. Gugnoni et
al.[96] conducted experimental and numerical studiethennfluence of geometrical (plastic)
constrains and size effects on the elg@&stic response of leddee solder jointslt was

explainedn this study that when solder gap relative to other dimensions is decreased, triaxial
stress field will develop within the solder volume. This triaxiality of stress field can completely
modify the overall loadlisplacement response of the solder joimhparing to bulk/case solder
specimen, due to the introduction of a significant apparent hardening. This apparent hardening is
usually called constraining effect and strongly depends on the geometry of the sold&hgint.
experimental resultevealed thethe stresstrain response of thinner joints shows a much

higher ultimate stress as well as a reduced ultimate strain compared with thicker joints and bulk
solder specimens. This was due to the possible constraining (plastic constraints) and size effects
Zimprich et al[101, 102] have conducted tensile and shear tests of solder joints to investigate
the occurrence of size effects on mechanical properties. Solder joints of rectangular shape with
gap sizes itherange of 28850 um were tested. Resultgled that as the gap size decreases, a
strong increase in ultimate tensile strength and yield strength of tensile samples and shear
strength of shear samples was observed and attributeed@wowan effect. Ranieri et gl109]

investigated the tensile guerties oigeometricallyconstrained high aspect ratio-88Pb solder
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joints with thicknesses ranging between 0.@0DQ06 inchesTheplastic constraintintroduced by
substrates on the solder material used in joinwag shown to severely change soljdant
average tensile strengths which incredsga factor of six compadto the same soldewhen
usedin bulk form. Thus thelata extracted frorhulk samplesre not reliable if extremely small
solder volumes are considered.

An experimental study perfared by Yin et al[110] showed that an increase of ultimate tensile
strength isot alwaysencountered with decreasing thicknéssliameter ratichown inFigure
1-13. Theultimate tensilestrengthof the solder joinincreases witldecreases ithicknessat
constant diameter and it nicely followse Orowan approximation. However, a decrease in
ultimatetensile strength was observed when the diamedsdecreased at constant thickness.
This introducedninverse size effect. A joint volume effect modaktead, was developed
which describeshe dependency @j oi nt 6 s st r e n gstdigplagedrigujed¢lidnt v ol u
The figureclearlyshowsthe improvement afiltimatetensile strength with decreasing joint
volumein two different solder alloys; S8.0Ag-0.5Cu and S1837Pb.

Limeng et al. [111] were able to numerically evaluate fracture properties of solder joints of
different sizes under tensile loading conditions. A similar trend to the thickmelssmeter ratio
effect, as elsewhere [110], was obsedrvEhe trend showed that the stress intensity factor was
decreasing with decreasing thickness at constant diameter and the opposite behavior when

diameter is decreased at constant thickness.
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Figure 213: SEM image®f detailed geometry of Cu/solder/Cunslavich-structured solder

joints[110].
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Figure 14 Ultimate tensile strength versus solder joint volume for different solder a0

Ongoing efforts in the electrormadustry aim to reduce the size of the components to meet the
requirements of wdern electronic packaging. The integrity and reliability of interconnects plays
a significant role in attaing this goal. These factors are highly affected by the mechanical
properties of the interconnect materials. Material data obtained from bu#ipeestnens are

often utilized in many activities such as material selection and design processes, evaluation of

the mechanical response, and reliability estimation of joints that are very different in size and
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shape. Previous studies have shown that tHedath can be successfully used only if the size of

the solder joint is greater than a certain representative volume, which is the smallest volume over
which the average deformation of entire substance is still shib@vn108]. Below this volume,

the perbrmance of the joint is strongly dependent on its size. Therefore, the effect of joint size,
which at small dimensions could dramatically vary the mechanical properties and performance of
solder joints, has to be taken into account when investigatiorsected addressing a

reliability or integrity issus

In most cases, solder joints are made into a thin layer or a small ball of soldering alloy, with a
typical size on the order of microns. Testing material properties and mechanical response at such
length scales is not an easy task as it requires unique instrumentation and sample preparation
[12-14]. Snbased Phree solders have been considered promising alternatives because of their
superior resistance to creep and thermal fati@@2, 113]. Duringdevice operation, the

mismatch of coefficients of thermal expansion of the different materials in the package causes
creep and thermmechanical fatigue damage in the joints which could result in premature

failure. The mechanical properties as well asgiaé and creep behaviors of the solder joints are
significantly influenced by joint size and geometry as well as processing parameters. Thus, an
understanding of the relationships between processing parameters and microstructure evolution,
mechanical and eep properties, and fatigue life under different loading conditions at small sizes
is extremely important. This can help in demonstrating field response and deformation and

fracture mechanisms associated with solder interconnects.

I nterfacial Stresses andrracture Toughness of IMC Material
During the electronic packaging, components are usually stacked iAlayeltistructure

fashions in which differenhterconnection methods may be used such as solitD& thermeo
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compression bonds, adhesive bonds, swigeetc.The ability to control and predict the failure
mechanisms in electronic devices is of practical importance. Therefore, the sustainability of the
interconnections to different mechanical and themazhanical stresses in both during
manufacturingand operation is a critical factor to be monitored. It is well known that one of the
major failure causes is the brittle fracture associated with IMC materials formed in most joints
such as solder joinfd14, 115. To quantify the fracture in such brétinaterials, theories of

fracture mechanics have developguch give a systematic approach of calculating fracture
toughnesdased on the type tdading Failure in electronic devices could be due to stresses
developed by mechanical loading, thermalmasch, or a combination of both. These stresses
could result in different fracture modes such as tension (mode I), shear (modedf}ptarie

shear (mode Ill), or mixechode condition$116. Therefore, different experimental techniques

are available tdetermine the bond strength and fracture characteristics of IMC dands.

particular, fourpoint bend test, Chevron test, and dotdadatilever beam test are commonly

used in measuring strength and fracture toughness of interfacial bonds whemmded

loading conditions are under consideratibh7, 118. It is a testing techniquihat is based on
accounting for the interfacial stresses at the interfaces of IMC bonds during the measurement of
strength and fracture toughness.

In conventional fowpoint kend testthefracture toughnessf bond materials determined based

on the knowledge of the bending moment. There is no need to address the stresses at the crack
tip or at the interfaces for the bond materi&dwever,understanding the stresses devetbae

the interface, and relating these stresses to fracture toughness is scientifically significant. Closed
form solutions of interfaciadtresses such abear and peeling stresskge tothermal loading

[119 128]and due to mechanical loadintP-133 have been obtained based on either strength
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of materials, theory of elasticity, or classical beam theory. Despite the extensive usepairibur
bending test specimens for quantifying bond streagthfracture toughnesso analytical

solution is availale to determine the interfacial stresses at the interface bond.

Problem Statement

With miniaturization of modern electronic products and devicesnteeconnectensityin

electronic components and packagesdigsificantly increase resulting in intezonnects and

joints on the scale @few microns.The requirements of high integrity and reliability have
demanded superior mechanical properties in interconnect materials such as solder alloys.
However, the need for miniaturization leads to fundameti@hges in the microstructure of

solder joints as well as on the resulting mechanical behavior under service conditions. One
microstructural change is that thdC fraction, which is required for successful bond formation,
increases as joint size decreagpso a point where the joint completétgnsforms intdMCs

[15], as shown ifrigure :15. The large reduction in the typical volume of interconnects leads

to a situation where the characteristic size of solder joints is comparable to the chatasizgisti

of its microstructure. In this case, the mechanical properties of the solder joint may change
significantly due tahescale effectsliscussed in this chaptePrevious studies of the effect of

joint size on mechanical behavior showed contradiatisglts P7, 134]. It is well known that

the properties of solder joints are very different from those of bulk solders. Therefore, properties
of bulk solder should not be used for joint design, solder seleetnahreliability estimation of
electronic ackages. To successfully estimate the reliability of solder joints, accurate mechanical
properties are needed. To obtain this data, test specimens have to be scaled down to the typical
joint sizes used in modern electronic products. Proper mechanicalieodtnuctural

characterization tools have to be implemented, rather than the ones used for large structures.
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Figure 115: The change of IMC fraction as the size of solder joint decrg¢akes

Soldering involves a chemical reaction that takes placed®twnolten solder and a substrate.
The substrate material dissolves into the molten solder at the contact interface and I8IC layer
areformed which serve as bonding material for the solder joint. The formation, growth,
morphology, and thickness of IMC lagarecritical issus for the mechanical properties of
solder joints and therefore the integrity of the entire electronic packégesrticularly when
solder joints are very small. Some studies have suggested that solder joint size and geometry
could nfluence the kinetics of the interfacial reactj@B]. Having a better understanding of the
effects of solder joint size on the interfacial reactions duroidC3soldering is important.

Limited studies on the effect of size and geometry of solder jomisterfacial reaction during
conventional soldering were conduc{@@, 87]. Other studies, which investigated the kinetics of
interfacial reaction duringdkID soldering, were reporte@®-11). Others experimentally and
theoretically investigated the efft of process parameters on the mechanical strength and
microstructure of 8LID solder joints[9-13]. To date, no data have been reported for the size
effects on the interfacial reactions during.¥ soldering.

Despite the brittle nature of IMC compowhich dominate & 1D joints, these joints do not

have to be less reliable when compared with conventional solder joints formed using, for
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example, reflow or wave soldering methods. Studies have reported different mechanical
behaviors of solder joints amall scald97, 111, 134-136]. Wu et al. P7] reported a weakening
effect as joint size decreased while othjédsl, 134136] reported a strengthening effect with
decrease in joint size. In all of those studies, solder joints were fabricated using icoraent
techniques and at relatively large sizes compared toititesizes common in nowadays
electronics. Fundamental investigasari the mechanical properties obBID solder jointsare

needed for reliability and theoretical modeling studies.

1.10 Objectives
Based on the statements above, several critical problems in the arehasfe8rPdree solder

alloys remain to be solved. Thus, the obyess of this research work are

1- Investigatesize effects on the microstructure of miswale SF3.5Ag/Cusubstrée joints

interfacial reactionandresulting phases and morphologies

2- Understand thgrowth kinetics oIMC formedin micro-scale SF3.5Ag/Cusubstratesoldering
joints and determine possib$éze effects on the kinetics constants, activation eneids

growth mechanisms associated with each IMC layer.

3- Determine any possiblze effects on the mechanical propertiedifierent materials imicro-

scale SF3.5Ag/Cusubstrate solderg joints.

4- Evaluatlocal mechanical properties piints consisting ba few graingianoindentation

5- Evaluate mechanical properties of single grain IMCs and compare across different grain

orientation

6- Evaluate the fracture toughness of interfacial IMC bibmdugh experiment and modeling
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1.11 Dissertation Organization
This is an articlebased dissertation. Each chapter presents an article that has been either
published or under review at this tin€@hapter 2 presents an experimental characterization of
microstructure antMCs- growth kinetics in S#8.5Ag/Cusubstrate solder jois. The growth
kinetics of IMCs was further investigated analytically usamhysicsbased analytical model to
determine the governing mechanisms of IMC formation and growth.
In Chapter 3the size effects on the interfacial reaction iR339Ag/Cusubstatesolder joints
arecharacterized and discussed. An experiment was designed in which three solder joint
thicknesses were fabricated. SEM and engliggersive xray spectroscopy (EDX) were utilized
in observing IMC morphology, measuring the growth, afehtifying IMCs and eutectics.
For further microstructural and mechanical characterization of solder jGhmpter 4is devoted
to develojng and optimimng the surface preparatigmmocedure that could be used in preparing
solder joints for EBSD analysik describes the outline of the polishing steps that should reveal
the best flat, distortiofree surfaces. In addition, an effort has been made to define and optimize
the EBSD processing parameters, in particular the step size and the minimum nuteltectet
bands, that have thmosteffect on the reliability of EBSD analysis of solder joints.
Chapter 5 presenss experimental study that has been conducted to evaluate the mechanical
properties of S18.5Ag/Cusubstrate solder jointscally. In particular,the elastic and plastic
properties of IMCs, eutectic solder, a@d materials have been obtained through
nanoindentation testing. Size effects on mechanical properties of solder joints have also been
addressed in this chaptdihe indentation is uskto extract properties of single grain CuéSn5

IMC layer and compare them in grains with different orientation.
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Chapter Gs dedicated in obtaining stresses in IMC layer in multilayer configuration where IMC
layers act as joining material for two other er&tls. Analytical models are developed to obtain

the shear and normal stresses and to use these stresses to determine the fracture toughness of
Cu6Sn5 IMC material, using foynoint bending methodResults are verified using finite

element simulations arekperiments.

The last chaptelChapter7, summarizes the primary resylt®nclusionsand contributions

obtained othis study as well as the recommendations for future directions of this research.
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Chapter 2 : IMC G rowth of Sn-3.5Ag/Cu-Substrate SolderingSystem: Combined
Chemical Reaction and Diffusion Mechanisms

Abstract

The growth kinetics of intermetallic (IMC) compound layers formed betweed. 5y solders

and Cu substrate in soldering process are investigated experimentally and analytically. In order
to determine the governing mechanisms of IMC formation, an experiment is designed in which
samples are fabricated with bonding temperature varied at three levels of 260, 310 °éhd 360
while time is varied at seven levels between 1 to 240 min. Microstruetuadysis is conducted

to analyze the IMC thickness and morphology. A phybased analytical model (Dybkov), in
which net growth of each IMC phase is modeled as result of diffusion and partial chemical
reaction, is modified for a case of ligesolid sate for two IMC layers. Dissolution of solid

IMCs into liquid solder is included in the model. The model is then used to evaluate governing
mechanisms of IMC formation and growth and determine the activation energies for formation
and growth of differentNMIC compounds. The chemical reaction and diffusion rate constants
have also been evaluated for different intermetallic compounds .5&w/-Cu-substrate
solderingsystem Two i ntermetallic phases were -obseryv
phase (CsSrs) aqplhseCe8n) | MC | ayers. The thickness
increase with increasing the soldering time and/or soldering temperature. The incrdase in t
IMC layer thickness during the process is found to a@year relationship with time during the

chemical reactiowontrolled stage of formation of €sn IMC layer and it obeys a parabolic
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relationship with time during the diffusiesontrolled growthstage of formation of both IMC

layers. It was shown that as temperature increases, the chemical reaction and diffusion rate
constants monotonically increase. Modeling results indicate clear distinction of governing
mechanisms of growth at different IMCogvth stages with chemical reactioontrolled growth

at initial stage and diffusieoontrolled growth at final stage of IMC formation. The apparent
activation energy calculated for the chemical reaetiontrolled growth stage is 20.5RJ(mol)

f or UhaseMror diffusiorontrolled growth stage, the activation energy values obtained are
4198kJ/ mol ) for d | M/ mdilas ef amdU 50M@Oplase. The
from values reported in literature where a simple pdaerfit is used® extract those quantities.

This is expected because unlike present study, the gawelit does not explicitly incorporate

the interaction between the chemical reaction and diffusion mechanisms in IMC growth. The

values obtained in the current study sti# within the range of the values found in the literature.

Key words: Sn3.5Ag solders, intermetallic growth, chemical reaction and diffusion kinetics,

activation energy.

Introduction
Solder alloys and soldering processes are used extensively inmlzassemblies.

Traditionally, eutectic or nearutectic SAPb alloys have been the most widely used solders for
electronic packaginfL-2]. They offer a variety of technical advantages such as low melting
point, outstanding wetting and spreading capadsljtcompetitive cost, satisfactory strength,
ductility, and fatigue resistan¢8-9]. Nevertheless, there are legal and technological factors that
press for alternative soldering materials and processing approaches. Among these factors are
legislations tht tax, restrict, or eliminate the use of lead due to the environmental and

toxicological concerns associated with the material.[EQithermore, continuous
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miniaturization of interconnectgsults in reliability issues [4,1]. Another factor is the neddr
stacked soldering of complex assemblies that require different types of solders with different
melting temperaturgd 2].

For a smooth transition to Rtee soldering, several solder alloy systems have been suggested as
replacements for SRb solder Boys [9, 13]. Candidates such as-&g, SnCu, SnBi, SnZn,

and Snkln are commonly used as binary solder alloy systems. Alloying elements are sometimes
added, to control, modify, or improve characteristics such as melting temperature,
microstructure, howgeneity, response to stresses, dissolution rate of base materials, and
wettability properties, thus creating ternary or even quaternary sygtefdy. The binary and

ternary alloys based on the-8i and SrAg alloy systems are leading candidates, iarne

eutectic and alloyed forms.

Solder joints play an important role in electronic products by serving as electrical, mechanical,
and in some cases thermal connections between components and the board or substrate. With
miniaturization of electronics and tee interconnect density increases and more complex
geometries are used, reliability issues become even more critical. One of the most critical factors
known to affect the reliability of solder joints is the formation of intermetallic (IMCs)

compounds beteen the solder alloys and base materials during the soldering process.

It is well known that the presence of the IMCs between solder alloys and the substrate is an
indication and essential requirement of good metallurgical bonding. The mechanical sicdlphy
properties of IMCs may substantially differ from those of the solder and substrate. An excessive
IMC layer could degrade the reliability of the solder joints due to the inherent brittle nature of
IMCs and their tendency to generate structural defeais asirkendall voids associated with

CuwsSn formation, irregular phase formation, and weak interfdée47]. Moreover, continuous
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formation of the IMC layers during service operation would also consume the thin film under
bump metallizatiof15] which could exacerbatde longterm reliability of the solder joints.
Therefore, knowledge of the soldgubstrate chemical reaction and IMC growth in the solder
interconnects is extremely important for understanding reliability of the solder interconreects an
for the optimization of the soldering processes.

The formation and the growth of IMCs in various solder material systems have been widely
investigated over the yedB65-32]. Most experimental investigations assume a power law fit for
IMC growth[14-15]. In solid-solid interaction, the kinetics of IMC growth usually follows this
assumption and it was found that IMC thickness is proportional to the square root of soldering
time [16-25]. Similar time dependence is also recognized in literature for hsglid interaction

with various time exponents [28]. Although most of the existing literature has concentrated

on this technique, the power law model is not a phyisased model and cannot explain the
complicated physics involved in the process of IMGrfation and growtlil5] such as diffusion
mechanisms, and chemical reactions. Such information is important specially when IMC growth
is controlled and/or monitored.

Ot her studies model ed | MC [2§-83p Wiislaw telatesrthgnass i ¢ k 6 s
flux and concentration gradient of the diffusing species through the theory of diffusion. It is
assumed that there is instantaneous occurrence of mass flux and chemical reaction. However, a
phase lag may exist between the interdiffusion of two dikmimaterials and the chemical

reaction at the interface, which is accounted for in fiaked approad9]. The diffusion

based approach eliminates some of the weaknesses associated with power law fit. However, it
raises some other issues. For exampls,impossible to find a closedrm solution for the

developed differential equations describing the thickness growth of IMC layer. Therefore, the
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solution has been sought through numerical metf®t]s Another issue is the difficulty in
interpretingthe results obtained by this model due to the assumptions associated with applying
the numerical solution [280]. Often, the model is simplified to a one dimensional problem
which fails to capture the complex physics of the IMC formation. Therefore, adeenced

models have to be developed to overcome the drawbacks of available tecfitbg28%

In this article, a different model, which was developed by DylR& 3] for solid-solid

interaction condition, is modified for a case of two different IMEnpounds and soktiquid

interaction of IMC with liquid solder to evaluate the kinetics constants of IMC growth. It relies

on the assumption that the growth of any IMC layer at the interface between two materials A and

B at a given temperature is a resaflcounterdiffusion of components A and B across its bulk
followed by partial chemical reactions between diffusing atoms of one component and surface
atoms of another compondB6-43]. This model is able teveal the role of diffusion and

chemical reatons in determining the IMC layer growth kinetics. It is chosen in this work
because it could be modified to mimic the growth kinetics of one or more layers of39Cs

36]. Moreover, it allows for the two sequential growth steps, diffusion and thenademi

reaction, to be represented in separate terms, which allows for the possibility of evaluating the
diffusion and chemical rate constants separately. It also allows for the effeedafsolution
process to be incorporated in the model, speciallgarty IMC formation. In this analysis the

model is modified to include the dissolution effect.

Modeling IMCs Growth
In this study, Dybko& model is implemented. The model has been used to study the growth

kinetics of one and two compound layers in sdiadesconditions. It has also been used in
studyingtheliquid-solid growth state of one compound layer in which the effect of dissolution is

taken into accouriB5-37]. In our case the model is used to investigate growth kinetics of two
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compound layers duing liquid-solid reactions such as €3n reaction which is very popular in

soldering industry.

During the soldering process, metallurgical reaction betwresliquid solder and substrate

material forms a layer of IMC at the solder/substrate interfacelalke growth is due to a

continuous alteration of two consecutive stefigusion of atoms and subsequent partial

chemical reaction. Partial chemical reactions are the reactions that take place at the layer

interfaces with the participation of diffusimgoms of one of the components and the surface

atoms of another component. In case of thd&sed solder alloys with the Cu substrate,
typicallytwolaye s of | MC ¢ o mp o un dphase (CegSm).whichfoemsfasgt ase i s
at the interface ad jplaseq@&n) whioh fasnts ladjaeenttofCal | owe d
substrate if higher soldering temperature and/or longer soldering time are appliedra\ gene
formulation that can be applied for other similar systems is developed. The reacting elements are
denoted by A for the liquid element and B for the solid element. The schematic diagram in
Figure2ls hows the el ementsd r e gnithese svo@emdntEheMC r egi o
growth regions at the interfaces are shown be

The IMC layers thickness are shown by x and y fgBfand ABs IMC compounds accordingly.

These two IMC regions are indicated betwéed and 26, and 266 and 30.
1 1 2 2 20 3’ 3
B B
4 ——
Liquid A AB, AB, Solid B
A A \
—> —»\
dXg1-AXgissolved X dxaz dys: Y dyas
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Figure2-1: Schematic diagram to illustrate the growth of thB4and ABs compounds between

liquid A and solid B substances.

The ABq represents Gisns and ABsrepresents GSn compounds in G8n system. These

layers grow due to four chemical reactions within the interface regions as follows:

Layer formed Interface Partial chemical reaction
ApBq 1-1 & 0B + pA = AB, (2-1a)
2@ (sp-qr) A + g ABs=sAsB, (2-1b)
ABs 2200 (sp-qr) B +r ABq= pABs (2-1c¢)
38 rA + sB = ABg (2-1d)

Reaction 2-1a) governs the formation of the first IMC 8y) layer at the liquid interface and

also its growth from the original thickness (x) by the amoux¥;fdThe numeric subscript, 1,

shows the interface at which the reaction occurs and the alphabetic subscript, B, indicates that it
occurs due to diffusion of element B. This basic notation will be used throutdiscussion

At interface 2, each IM@Qyer transforms to the other IMC layer according to reacti#ib)

and @-1c). ReactionZ-1b) governs the formation of the first IMC layer by consuming the

second IMC layer. It causes the thickness (x) lBAMC layer to increase by (dx).

Simultaneusly, the first IMC layer is also consumed to form the second IMC layBg)(A his

is governed by reactiorz{1c) in which the layer thickness (y) increases by the amougy) (it

thesolid interface (interface 3), the second IMC layer forms and gogvesreaction that is
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governed by Eq.21d). It causes the thickness (y) of the second IMC layer to increase by the
amount (dys).

In each partial chemical reaction of E&:1), two steps have to take place. One is the diffusion
of atoms, and the seadis the subsequent chemical reaction. Therefore, the time (dt) required
for increasing the thickness of any IMC layer, e.g. by amount dx, is the sum of the time of
diffusion of the atoms of one of the components, through its bulk or other IMC layeg, to th
reaction site (d) and the time of their subsequent chemical reaction with the surface atoms

(dtchem)- Therefore, following equations corresponding to @) can be written:

dt=dt,, F3+dt _**3 (2-2a)
dt = dt:;ﬁFB" + dtl—:qu (2-2b)
dt = dt5 % + dt5 ArPs (2-2c)
dt = dt§ ;e + dtarPs (2-2d)

It was assumed that the time of diffusion of atomg; (dis directly proportional to both the
change in the thickness of a layer and its existing total thickness [36]. Furthermore, it was
assumed that tharte of chemical reaction (gitn) is directly proportional to the change in the
layer thickness and independent of its current thickness [36]. These assumptions were used
earlier by Dybkov [36] and found to be valid assumptions. Implementation of thepgswsMIN

the following equations:

* i) e (2-3a)
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dt = (= —k,::]dxm (2-3b)

kaaz
— ¥ 4t :
dt - Eki_E: kEE:jd}FB: (2 3C)
¥ 1
dt = Ek«_.qls _E]d}’az (2-3d)

The first term in these expressions is the contribution of diffusion while the second term
indicatesthe contribution of chemical reaction. k in these equations denotes the rate constant.
The first subscript, 1 or 0, indicates diffusion or chemical reaction respectively, the second
subscript, A or B, indicates the diffusing elements, and the third sp<cr, or 3, shows the
interface at which the reaction occuksis also a converted form of the rate constant for the
chemical reactions of EQR-Lb) or @-1c) taking into account the amount of atoms required by

the chemical reaction. It is given fmlows [35-36]:

kigs = — kyias (2-4)

p—qr V142
During the time (dt), the thicknesses g8y and ABs layers will respectively increase by
dx, = dxg, +dx,, (2-5a)
dy, = dyg, + dya; (2-5b)
However, the thickness of the,By layer decreases lx due to reactionZ-1c) and the
thickness of ABq layer decreases by (dylue to reaction1b) as follows:

dx_ = ;—gd}rgg (2-6a)

dy_ =2 dx,, (2-6b)
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2.3

where g is the ratio of the,Bq and ABs molar volumes. The overall change inckness of the
layers during a time period of (dt) is obtained by combining E&aj and 2-6a) for layer ABq
and Eq. 2-5b) and 2-6b) for ABslayer.

dx = dxg, +dx,, —dx_ (7a)

dy = dyg, +dy,s — dy- (7b)

Substituting Eq(2-3) and(2-6) into Eq.(2-7), one can obtain the required system of equations

that describes the growth rates in the thickness of IMC |§§&}s

de _  keps kl’nﬂ: TE kaE::
dr qaRBE T kast pKopgy (2-8a)
KiB1 ki_&: ki_E:
' '
E — kpgs e kpas _ 9 ks (2_8b)
dt 1_"1":-5:}' 14 oY sgi_kgﬂzx
kipg Kahe Kapg

The first two terms in these equations represent the rates of growthmgraprate compound
layer at its two interfaces, while the third term reflects the rate of consumption of this layer in the

process of formation of an adjacent compound layer.

The Effect of Layer Dissolution
The melting points of the components of a reactiouple are usually different. Therefore, there

is a certain range of temperatures in which one of the components is in the solid state while the
other is in the liquid state. If soluble, the solid substance dissolves into the liquid phase. In such a
ca®, the dissolution process affects the growth kinetics of the compound layer(s) at the solid
liquid interface[38-41].

In the case of the under saturated solder melt, the dissolution of the layer formed between liquid

A and solid B occurs simultaneouslytvits growth. The overall change in thickness of the layer
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is therefore the difference between the rate of growth of the layer and the rate of its dissolution

[36]. The rate of dissolution is described by the following equg#dd5]:

de 5
5 = kaz(c; —¢) (2-9a)

or

c=rc, [1 — exp [—Ef—rdtj] (2-9b)

where c is the concentration of the dissolved substance in the bulk of the liquid at {ilméhie c

solubility of solid element in liquid element at a given temperakyés the dissolution rat

constant, S is the surface area of the solid
liquid.

Equation(2-9) describes the dissolution process in terms of the concentration of the solid

element, B, in liquid element, A. To describe the aligson process in terms of a variation of a

linear dimension of a solid specimen (in this case thickness), one needs to use the following

equation36]:

Sxgi i
o= PE dls?nlutmn (2_10)

w h e 1z i8 thg density of the solid substance B aggoiioniS the thickness of the dissolved
part of the solid. Substitution of E(-10) into Eq.(2-9) yields the following expressiofil6,

36]

2% dissnlution — Eskdexp(_kd ?_t) (2-11)

de PE
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Integrating Eq. 11 gives the following expression:

Xdiszolution — == [1 — eXp (_%)] (2-12)

PES

If the compoud AyBy is dissolving in the liquid A, then Eq-11) and Eq(2-12) are modified

to take the following form§36]:

d%dizsolution _ _ Ss&d
= —at -
™ PnB® exp(—at) (2-13)

= b,[1— exp(—at)] (2-14)

Xdizzolution

whereb, = - ""’qﬁ,a =ksS/v, and G i s t elememBrsAsB,dommund.i on o f
Plugging Eqg. 2-13) into Eq. 2-8a) reveals the system of mathematical differential equations that
describes the growth kinetics of two compounds under conditions of simultaneous dissolution in

liquid phase, A, as follows:

de _ koEs + krnﬁ: _ra kLB: _ _tskg (_ tj (2_15)
- RpBaX L ul . exp a

dt 14+4—=== 11 pdz¥ kl 1+ pBz¥ I'JA-»BQ'P

KaBa 7 a

ST ] RiBg

' '
L T I (2-16)
dt L:|:|El:!'r' 1+% EE RDA,_

k. : k

x=y=0 at t=10 (2-17)

48



The solution should take into account the critical values of the thickness fogBhamd ABs
compound layex[35]. The critical thickness is the thickness of each layer at which the diffusion
time equals the time of chemical react|86]. Based on this assumption, E2.3) could be used

to extract the critical values of layer thicknesses as follows:

(B) _ kg

Xy, = E (2-18a)
x(#) = s (2-18b)
vi, = e (2-18c)
Vi = (2-18d)

The subscript (1/2) indicates that half of the differential time is spent on transporting the atoms
(e.g. atoms B or A) to the ream site, and the other half is spent on further chemical reaction.
Thesuperscript letter indicates the element that is being transported to the reaction site. Using
these critical values of thickness, the growth mechanism could be cheeaicabn conwlled if
thicknesses are smaller than the critical thickness values or diffcsidrolled if the thicknesses

are greater than the critical values of thickness. The model developed here is utilized to analyze

the data of an experiment conducted orfB&AQ/Cu solder system.

2.4 Experimental Procedure

2.4.1 Specimen Rbrication
This process involved three steps: design of experiment, specimen design, and bond fabrication.

The soldering technique selected for use in this study was reflow soldering. An experiment was

49



designed in which the process time and temperature were varied in multiple Tengés21

summarizes the process parameters and their levels. The lowest soldering time that has been used
during joint fabrication at lower temperatures is 2 minutes. This lvecause poor joints were

formed at lower times.

Table2-1: Process parameters and their leusisd during the fabrication process of specimens.

Run| T,(°C) | Time, (min) | Run| T,(°C) | Time,(min) | Run| T,(°C) | Time,(min)
1 2 8 2 15 1
2 5 9 5 16 2
3 10 10 10 17 5
4 260 15 11 310 15 18 | 360 15
5 20 12 20 19 20
6 90 13 90 20 90
7 240 14 240 21 240

As identified in many studies, most solder joints, and in particular tt#8&58g/Cu system
considered in this study, have two distinctive microstructural featlinesfirst is a eutectic
structure consisting of IMC particles such ag®&wgor CySn; embedded in betan phase. The
second is CiBn IMC layer which consists of @bns layer at the solder/Cu interface. Under
particular conditions, G&$n could ceexist @ CusSns-Cu interface. For this purpose and to
fabricate solder bonds containing all possible microstructure features, the process time and
temperature were varied over a wide range.

A simple specimen was designdedure 22) where two layers of Cu sulbbates were soldered

together with S¥8.5Ag solder alloy.
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Figure2-2: (a) Actual specimen design afit) Drawing of specimen used in the current study.
Bottom and top layers are Cu substrates; the sandwiched (grey) laye3.BAgnsolder joint.
Dimensions are imms.
The amount of soker alloy was adjusted to produce specimens having joints of about 450 um in
thickness. Four bonds were fabricated for eagberimentatun which gives 84 specimens for
21 runs in total. To fabricate the bonds, the Cu substrates were first preparedvdlkes
polishing the Cu surfaces up to 1200 grit SiC using standard methods followed by cleaning with
isopropyl alcohol. Solder paste was then deposited on the cleaned surface. An activation agent
was used to activate the chemical reaction during thesietdprocess. The two Cu surfaces
were then placed in intimate contact in a thermal chamber. Temperature and time were varied
based on the design of experiment. After the prescribed amount of time the specimens were

cooled to room temperature in air ahe bonds were visually inspected to eliminate severely

damaged ones.

2.4.2 Microstructure Characterization and ThicknessM easurements of IMCs

After the samples were fabricated, regular mounting and polishing procedures were used to
prepare metallographic cressctions for characterization of the interfacial microstructures. A
JEOL JSM 7000F scanning electron microscope (SEM) using a backscatter electron signal was

employed to view the polished samples and observe and analyze their microstructural features.
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ThelMC formed between the bulk stdr and the Cu substrates wdantified usinganenergy
dispersive Xray spectroscopy (EDX) microanalysis system installed on the SEM. An image
analysis method was used to post process the SEM images and measure the bbt@iand

thicknesses.

COMPO 200kV ~ X1200 WD 100mm  10um

Figure2-3: (a) SEM image transferred {&) a binary imageand(c) agraph showsatal area and
the length of IMC layer.

The post processing steps inclu®s, 55} (1) enhance the gy-level SEM image of 1280x1024
pixels to clarify the interfaces between the different phase la@@s;oduce a binary image

from the enhanced image using a suitable threshold to extract the specific layer of the IMC from
the others as shown Figure 23(b), (3) calculate the areas of the extracted layer after

calibrating the image to a known dimension, e.g. the scale on the SEM i{(dadevide the area

by the length of the imag€&jgure 23(c), to get the average thickness as follows:

| =4 (2-19)

Wy
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L. is the average thickness of the layer i (i = 1 fog3y IMC phase or i = 2 for G$n IMC
phase)A; and w; are the area of the layer and width of the SEM image respectively. The total

thicknesd of the IMC layer is obtained by summing the thickness of the existing IMC phases.

2.5 Results

2.5.1 Interfacial Microstructure
A continuous and bilayr o f s-phade C¢grpaedl) ajc ent t o-phastee€Csbs ol der

adjacent to th€u substrate were observed in all the SEM images. To compare the effect of
soldering time, SEM micrographs of the bonds fabricated at soldering temperatur€©ffaio

bond durations from 2 minutes to 240 minutes are showigure 24. As soldering time

increases, the thickness of both layers of IMC increases. The temperature effect at two different

times is illustrated ifrigure 25.
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2min., 310°C. Smin., 310°C.

10min., 310°C. 20min., 310°C.

90min., 310 °C. 240min., 310 °C.

Figure2-4: SEM backscattered electron images illustrating the microstructure 268g/Cu
solder joints fabricated at 32Q for various soldering times.
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Smin., 260°C. 20min., 260 °C.

Smin., 310°C. 20min., 310°C.

Smin., 360°C. 20min., 360 °C.

Figure2-5: Effect of tempeature illustrated at two different times, 5 and 20 minutes. SEM
backscattered electron images illustrating the microstructure-8f3g/Cu solder joints.

The two phases of IMC are common to all samples soldered for the designated soldering time
andtempat ures applied in this study. Il n additi on
solder/substrate interface, isolated IMC phase precipitates are observed inside the solder bulk.

Also, inFigure 25, it was noticed that the thickness of IMC phases show a tmmicancrease

in thickness as temperature increase. As can be seelfriigone 24 andFigure 25, the

thickness of the G&ns IMC layer is always larger and less uniform than the thickness of the

CusSn IMC layer. In addition, it is observed that the&uCu and CgSn/CusSn interfaces in
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all soldered samples show a slightly wavy interface Fsg@re 24 andFigure 25. The chemical
compositions of the IMC phases are presentdtigare 26 as identified by means of EDX
analysis which confirmed the disguish between the phases based on the gray level in
backscattered SEM micrograplisgure 26(a) confirms that the IMC layer adjacent to Cu
substrate is indeed €3n IMC which was distinguished from the other IMC by its gray level.

Figure 26(b) shows thecomposition of CgSrs which is always adjacent to the bulk solder.

Cu;Sn

Cu JElement 'Wt.% At %
CuK 66.38 78.67
SnL 33.62
Total 100.00

Cu,Sng

Element 'Wt.% At. %
CuK 45.58 61.00
SnL 54.42 39.00
Total 100.00

21.33

2 4 6 8
Full Scale 494 cts Cursor: 0.000

Full Scale 347 cts Cursor: 0.000
(a) (b)

Figure2-6: EDX analysis indicating the presence o8 (a) and Gy&rs (b) IMCs in Sn
3.5Ag/Cu solder joints.

IMC Growth

Average thicknesses of €2rs, CwSn, and total IMC layers are plotted against bonding time
and are shown iRigure 27. As can be seen iRigure 27(a), the values of average thicknesses
of CuSry interfacial IMC layer were found to monotonically increase follovamarabolic law
with the soldering time at each bonding temperateigure 27(b) shows the thikness growth
time relationship for CGisn IMC layer. It is clear that higher growth rate is obtained at higher
bonding temperature. The mean thickness values of interfacial IMC layers were found to
increase with the soldering time. Comparing the curvesalhs it is clear that growth rate is
faster for higher soldering temperatures. The total IMC thickness at highest temperature and

longest time is more than 3&n.
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Figure2-7: Average thickness ofa) CusSrs, (b) CusSn, and(c) total IMC layers as a function of
soldering time at different temperatures.

The effect of bonding temperature on the growth rate of IMC layers is shdwguire 28.
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Figure2-8: Effect of bonding temperature on the growth rate gfSts a) CuySn (b), and total
IMC (c) layers.
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Figure 28(a) shows the change in thickness of&y IMC layer whileFigure 28(b) andFigure
2-8(c) show the change of thickness versus bontlingperature at constant times fors8n and
total IMC layers, respectively. As can be sabe mean thickness values of interfacial IMC
layers were found to linearly increase with increasing bonding temperature. A comparison
between the slopes of the Isat different times shows that the effect of temperature is more

pronounced in longer soldering times. This effect is observed in b@Bnand CySn.

2.6 Discussion

2.6.1 Kinetics of I nterfacial Reactions
Generally, the thickness of the IMC layer formed dgithe soldering process is expressed by

the simple parabolic equation:

L =kt (2-20)

wherek; is the IMC growth rate constant of the appropriate species in the joint, n is the time

exponent, and t is the reaction time. Coasathle literaturg¢l7-25] is available about solidtate
growth of IMC in solder joints in which E-20) has been shown to nicely fit the experimental
results when a time exponent of 0.5 is used. In such a growth state, it is assumed that the rate
contrdling process in IMC growth is diffusion during the aging process. In molten solders,
different time exponent values have been obtained, (n =02, from experimental results

using regression analygi&7-30]. WhenEq(2-20) is applied on the curreekperimental data,

the following time exponents were obtained: 0.23, 0.37, and 0.25 for growth®f:CCWS,

and total IMC, respectively. This model, however, does not consider the complex physics in the
case of molten solder. Therefore, the growth bigimaf IMC layers are also modeled using

Dybkov's model.
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To successfully use Dybkov's model a few assumptions are made. First, it is assumed that the
interfacial reactions which occur at the two&BAg solder/Cu boundaries (at top and bottom
Culayers)are identical. Therefore, half of the sample thickness is considered for IMC growth
measurement and modeling. Furthermore, the original thickness of the bulk solder is unknown
and is calculated from the remaining thickness of the bulk solder, the fomg8d;Gand CySn
layers as follow$16]:

1 1

SnAg_original = SnAg _residual T 15n_|:'|:|n3umed (2'21)

wherels, s orizinaliS the half thickness of the original solder laylgr, . ,ocigual iS the half
thickness of the remaining solder layer, 30, ,,-umea iS the half thickness of the tsonsumed

in forming CySns, and CySn layers, and is found by following equation [16]:

PCuginsMsnlCu Sny |, PCuz SuMsalCu, Sn

1

= (2-22)
Sn_consumed Psn™iu,Sns PsnMiug Sn

wherele,_s,_andle,_s, are the measured average thicknesses of ti@rgand CySn layers in

each sample, angdand M with subscripts Sn, G&ns, and CySn are the corresponding densities

and molar weights, respectively.

Finally, the effect of the simultaneous dissolution o§&y IMC layer and the change of Cu
concentration in the molten solder on thedtics of the interfacial reaction is specified based on
EqQ.(@2-9b) of Section 2.1. The dissolution rate constants, the solubility of Cu in molten solders at
different temperatures, and density of Cu, Sn argb@are presented ihable 22 [16, 44]

Whenthe right values for the constants are substituted frable 22 into Eq.@-9b), the time
required for the molten solder to saturate \@thfor each bonding temperature can be
determined. Based on this equation, saturation times of 4, 3, and 2 mieutesnal for the

temperatures of 260, 310, and 360 respectively. Based on these times, it was assumed that the
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dissolution effect is negligible after 5 minutes. Using these assumptions, the interfacial reaction
is described usinggs(2-15) and(2-16).

Table2-2: Cu dissolution rate, Cu solubility limit, and IMC phase density.

kq, (M/sec.) [44] Cs, (Wt. %Cu), [44] } . R[§6] m

260°C | 310°C | 360°C | 260°C | 310°C | 360°C | Cu | Sn | CusSns

8.21E6 | 1.09E5 | 1.39E5| 1.60 | 3.025| 5.19 | 8.94|7.29| 8.28

According to literature, the chemical reactioontrolled (linear) growth kinetics are observed

with thin compound layers up to about 5800 nm and diffusiortontrolled (parabolic) growth

are characteristic of much thicker compound layers (lopmore)[38-39]. The timethickness
relationship is lineawhenchemical reactiorcontrolled and it is parabolic thediffusion-

controlled stage. It was assumed that the time for chemical reaction to take place is directly
proportional to the change the layer thickness while the time for diffusion of atoms is directly
proportional to both the change in layer thickness and its existing thickness. Therefore, if IMC
growth is under pure chemical reaction mechanism, the partial differential equatiomisedte
growth behavior will be function of change in thickness. Their solution will be first order in layer
thickness. In case afpure diffusion control condition, the partial differential equations
governing IMC growth will be function in the chanigethickness and the current thickness. Any
solution will be seconarder in layer thickness. These assumptions have been validated in [36].
The smallest thickness of g&n; (seen inFigure 27(a)) is beyond 600nm. As a result we assume
that CySns IMC layer must have formed under diffustoontrolled mechanism. On the other
hand, in several cases 43m IMC layer thickness was found to be lower than 600nm (refer to
Figure 27(b)). These cases occur in soldering times smaller than 10 minutes. Therefore,

chemical reactiorgrowth kinetics might be active during IMC formation during this designated
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range of bonding time. As it will be shown in the following sections, this assumption is found to
give suitable prediction of growth of €&n IMC layer using Dybka¥ sodel.

For the soldering times betweerl@ minutes, the highest values of thickness obtained fs8rCu
IMC layer was about 650 nm at a bonding temperature ofQ6UTherefore, the formation of the
compound is believed to be under chemical reaatamtrolled mechanisms. For the bonding
temperatures of 310 and 38D, the values of thickness for €3n IMC layer are close to or
greater than 1 pum, thus, the growth is believed to be diffussortrolled.

Based on these assumptions, IMC thickness growghrements are divided into two groups: one
group is in which the growth of one IMC layer (e.gs8u layer) is undethe chemical reaction
mechanism while the other layer (e.gs8m (layer) is under diffusion mechanism. It includes
the experimental datbtained during bonding times froralD minutes for 26QC. The other

group is when both IMC layers are under diffusamtrolled growth kinetics. It includes the
experimental data obtained for bonding times greater than 10 minutes. Therefore, th@kystem
differential equationEqgs.(2-15) and(2-16)) that describes the growth kinetics of IMCs is

simplified according to mechanisms that are active during the interfacial reaction.

2.6.2 Combined Chemical Reactiont and Diffusion-Controlled (Paralinear) Growth of the
IMC L ayers
This condition is for IMC growth time under 10 minutes for bonding temperature of 260°C.

Under this condition, it is assumed that all the A atoms passing acrossByhieyer are
combined into pABsc 0 mp o u n d a t-2) accotdiag tdeactoa R-1)2 The thicker the
ABg layer, the greater is the deficit of A atoms. This halts the growth of Bdayer due to
diffusion of component A. Therefore, reacti@l(d) ceaseso occur. As a result Bs grows

only at the expanse of companid® which means that the second term in(Eq6) has no
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physical meaning and it should be omitted. This assumption and the resulting governing

equations are expressed below:

H e x"B} H o :-:"‘ﬂ":I

1/2* 1/2*

and y << yiil (2-23)
This can be transformed into the following inequyali

kigs ! ki_&: ! ki_B:
kogy » =% kpap » =%, and kgpp « . (2-24)

Then, the system d&qs2-15 and2-16 is simplified into

dre _ k.p. +I.-;E_A.. rEq s ook

— == k., — —Ff—exp(—at 2-25a
dy _ ¢ a kiyg

D — Koy — Nk (2-25b)

If Ais Sn and B is Cu, thenBq is CusSns and ABsis CwSn. Therefore, p=5,q=6,r=1, and

s = 3.Sincek,y; andkj,, are diffusion rate constants of thesSo; layer by Cu and Sn
diffusion, respectively, they are given the following combined nakits,,_. Since CiSn

only forms and grows by reactio-{c) under chemical reaction conteal conditions by Cu

diffusion, the growth rate constant under chemical reaction conditiold;is which for

simplicity we rename it tokgﬁfg“n. The system OEqs(2-25) is stated in the following form:

dx 1. Jdiff rg h ook

— ==kg; — = kgrfh, ———exp(—at -

de x CugSng D CugSn PApEL® p( :] (2 263.)
8y _  chem _ 91, diff

a kCu55n I kCuESHE (2'26b)

EE X
The unknown quantities iBgs(2-269 and(2-26b) are the growth rate constants

kghfg_nsand kﬁﬂi?n. Eq(2-269 is uncoupled and its solution could be obtained through

application of standard methods.
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2.6.3

Diffusional Growth of the IMC L ayers
Thickening of the layers with increasing interaction time of the initial substances A and B leads

to a change in the regimes of their growth. At higher thicknesses, greater than the critical values
of thicknesses, the regime of growth of thd8fandABs layers is diffusion controlled with

regard to both components A and B.

X xi}? and x = xii:,' (2-27a)
v » vy, andy> y,) (2-27b)

Consequently, the growth of both layers is due to reactiab) and 2-1c) taking place at
interface 2 whereagactions 2-1a) and 2-1d) cannot proceed at all because there are no excess
diffusing B and A atom§36]. As a result, the first term in £8-15) and the second term in
Eq.(2-16) lose their physical meaning and are omitted. Simplifying the equationemaching

the diffusion rate constant of €8s growthk; ., and the diffusion rate constant of Sm

growth, kiz,, kéu's,. andkgi s, respectively we reached the following system of equation
dx _ 1, g relg diff  cska _

di = kCuEEHE oy kCuSEn PApEL® EXI][: E'tj (2'283.)
dy _ 1, diff a 1, diff

dt v kclu55n - ;;kCLuE,SnE (2'28b)

Fitting the experimental data designated for diffusion stageeteystem ofEq.(2-28), the
diffusion-growth rate constanﬂ:sg‘ufg_% andkg'fgﬁnfor CuwSns and CySn IMC layers are
obtained.Table 23 shows the value®f all the rate constants obtained using this approach and

implementing the experiment results.

Table2-3: Kinetics constants of IMC diffusional growth in-SrtbAg/Cu solder system

Temp.°C Chemicalreaction stage Diffusion stage
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CusSn kI, Q™ KJ/mol.
m?/sec
K™ m/sec| Q"™ KJ/mol.| CusSns | CusSn | CusSns | CusSn
260°C 3.81E10 2.44E14 | 2.73E15
310°C 4.83E10 20.59 3.50E14 | 5.31E15| 41.98 | 50.10
360°C 8.01E10 1.23E13| 1.65E14

The predicted values of thickness for both IMC layers at 260, 310, arff€36@ displayed
using this modeling approach are compared with experimental resEigunme 29, Figure 210,

andFigure 211.

4.00E05

A 260 C_Dybkov
<310 C_dybkov
0360 C_Dybkov

A 260 C_Experimental
€ 310 C_Experimental .
m 360 C_Experimental

3.50E05 ¢
3.00E05 ¢
2.50E05 ¢
2.00E05

1.50E05 |

1.00E05

Thickness of CySns layer, (m)

5.00E06

0.00E+00

0 2000 4000 6000 8000

Time, sec.

10000 12000 14000

Figure2-9: Compari son of the thicknesses
results of the C48ns IMC layer in samples prepared at 260, 310, and®°860

predicte
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Figure2-10: Compar i son of the thicknesses predicted
results of the C48n IMC layer in samples prepared at 260, 310, andG60
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Figure2-11: Comparison of the thicknesses predictedigpkov model with experimental
results of the formed G8n IMC layer.

The temperature dependency of the extracted valueS'8fdnd k™ in both growth stages is
further exploited using the Arrhenius relationship to determine the activation enenmgibe fo

growth of CySns and CySn IMC layers using the following equations:

kehem = ehem gy _n““"“) (2-29a)

RT
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_ _ dift
Jcdiff — kﬂlff exp[ _Q__) (2'29b)

RT
where k is the layer growth constant, Q is the activation energy, R is the gas constant (8.314
JimotK), and T is the aldering temperature (absolute units). The activation energies were
calculated from the slope of the Arrhenius plot using a linear regression model.
Figure 212 shows the Arrhenius plots for the growth of IMC laydtgjure 212(a) shows the
energy plot fo CusSn IMC layer during the chemical reactioantrolled stage whil&igure 2
12(b) shows the Arrhenius plot for the growth ofsSs and CySn IMC layers during diffusion
controlled growth stage. The apparent activation energies calculated for the gfo@tkSn
IMC layer during the chemical reaction stage and for the growth g&rgwand CySn IMC
layers during the diffusion stage are listedTeble 23 and also compared with the data from
previous works ifrable 24. Table 23 listsfor the first timethe activation energy for the growth
of CwSn IMC layer, which is 20.59 (Kmol), during the chemical reactiaontrolled growth

stage in S¥8.5Ag/Cu soldering system.
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Figure2-12: Arrhenius plot of growth rate constants (a) fos®uIMC layer during chemical
reactioncontrolled growth and (b) for G8ns and CySn IMC layers during diffusiogontrolled
growth.

68



Table2-4: Kinetics rate constants and activation energies of diffusional IMCs growth from

different references.

Solder/substrat{ Preparation| Reaction | Reaction| IMC Activation Reference
method | temperaturg time layer energy Q
(°C) (kJ/mol.)
Sn3.5Ag/Cu Sandwich 260-360 20-240 | CusSns 41.98 Current
type min. CuSn 50.10 study,
Dybkov
model
Sn3.5Ag/Cu Sandwich 260-360 20-240 | CusSns 30.10 Current
type min. CuSn 68.71 study,
Curve fit
method
Cu/Sn/Cu Solid-liquid 260-360 Upto | CusSns| 19.72+13.1 Li, et al
interdiffusion 340 CusSn | 84.59+25.84 2011
(SoLID)
Sn3.5Ag/Cu Spreading 70-200 0-60 Total 65.4 Yoon, et al
days | CusSny 55.4 2003
CusSn 75.7
Total 79.42
SAC(355)/Cu Dipping Upto | CusSns 69.42 Kim, at al
method 120180 | 2000 hr.| CusSn 91.88 2010
SAC(355)/Cu CusSns 96.61
Zn
Sn3.5Ag/Cu Sandwich 110208 0-32 | CusSrs 107.1 Flanders, et
type days | CwSn 70.41 al 1997
Sn5Bi/Cu Spreading 70-200 0-30 Total 107.1
days | CusSny 98.35 Yoon, et al
CuwSn 90.5 2003
SnCu Spreading 150227 CuwSns | 102+5.94 | Mattafirri, et
CwSn | 50.7£3.59 al 2003
Cu-Sn electroplatingl 100225 | 0.55 hr. | CusSny 41.4 Tang, et al
CuwSn 90.4 2010
SnCu Sandwich 250325 | 0.54000| Total 17.5 Gagliano, et
type min CusSng 13.4 al 2003
CusSn 29.2

The activation energy for theayvth of CSns during diffusioncontrolled growth stage is 41.98
(kJ/mol). It is clearly different from 30.2%J/mol) which was obtained by curve fitting method
for the current experimental data because power law method does not account for theomteracti

between the growth of G8Brns and CySn. However, it is in agreement with values reported in
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2.7

literature [1757]. The activation energy for the growth ofsSa during diffusiorcontrolled

growth stage is 50.1&J/mol). It is clear that the value is lomtban 68.71KJ/mol) whichis

obtained by curve fitting method thecurrent study. The main reason is the curve fitting

method models each IMCgrowth independent of the otisebultit is within the range of values

reported in literaturgs8].

The digrepancy among the activation energies, as shown in Faislelue to the differences in

the type of soldering alloy, diffusion couple method, soldering temperature and time ranges, and

the analytical approach used in extracting the kinetics constants.

Conclusions

The growth kinetics of IMC compound layers formed betwee38.SAg/Cu soldering system

were examined at temperatures betweenZ@I’C and different bonding times from 1 to 240

minutes. The results reveal the following conclusions:

The IMC comp u n d

ayer

wa s

Cc 0 Appases(€sdn;) adfacenttwthe p has e ¢

sol der mphase (Cyn)adjadentib theu substrate.

The thicknesses

of t

he d and U | MC phases i

temperatureThe dfect of temgerature is found to be more pronounced for longer bonding times.

The increase in IMC layer thickness during the soldering process was found to obey a parabolic

relationship with time. This indicates that the formation of the IMC compound layer is mainly

controlled by the volume diffusion mechanism.

For t he fi

r

st toi

me ,

the appaCuSnIMCaplatsei vati or

during chemical reactienontrolled growth stage is reported in this study as 20.59 (KJ/mol). The

apparent activation

ener-(Cikda rddudn) IME phasets f or t
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during diffusioncontrolled growth stage are 41.98 and 50Knjol), respectively. The values
slightly differ from literature where a simple powaw fit is used in extracting those quantities
which do not explicitly incorporatthe interaction between the different IMCs growth behavior.
In the current study, the activation energies are calculated based on Dydkaolel in which the
net growth rate of any IMC phase is a result of its net growth due in particular to the chemical
reaction and the consumption of one IMC phase in forming the other IMC phase. The values

obtained in the current study are still within the scope of the literature values.
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Chapter 3 : Effect of Joint Size on Microstructure and Growth Kinetics of Intermetallic
Compounds in SolidLig uid Interdiffusion Sn-3.5Ag/Cu-Substrate Solder Joints

Abstract
The effect of joint size on the interfacial reaction in Sn3.5AeggGlostrée soldering system was

examined. An experiment was conducted in which parameters such as bonding time,
temperature, and pressure were varied at multiple levels. Morphology and thickness of all
intermetallic compounds were analyzed using scanning electi@oscopy (SEM) and energy
dispersive xray spectroscopy (EDX) techniques. Examination of microstructures of solder joints
of different sizes revealethat the size of the solder joint has no effect on the type of
intermetallic compounds formed during theocess. It was found that joint size affected the
thickness of intermetallic layers significantly. $Sm Intermetallic layers formed in the solder
joints of smaller size were found to be thicker than those in the solder joints of larger size. In all
spe@men sizes, the increase in the thickness ofS@Guntermetallic layers with soldering time

was found to obey a parabolic relationship. Also, for the cases when eutectic solder is available
in the joints similar soldering time and temperature dependenoy fwend for CgSn; IMC

phase. The intermetallic growth of £3n phase was under volurdéfusion controlled
mechanism. Growth rate constants and activation energies of intermetallic layers were also
reported for different joint thicknesses. Furthermohe, growth rate constants and activation
energies of Csbn intermetallic layer were found to increase with the reduction in the size of the

joints.

77



31

Key words: size effect, S18.5Ag solders, interfacial reaction, kinetics of intermetallic growth.

Introduct ion
Solder alloys and soldering processes are used extensively in electronic assemblies.

Traditionally, eutectic or neagutectic SFPb alloys have been the most widelked solders for
electronic packaging f2]. However, due to legal and technologicattéas that press for
alternative soldering materials, fee solder material is replacing the traditionaiFnsolders.

The binary and ternary alloys based on theC8nand SrAg alloy systems are leading
candidates in nearutectic and alloyed forms.

The demand for higher and faster functionality in electronic products has pushed the electronic
industry sector towards developing more advanced types of packaging such-datleresonal
integrated circuits (3BCs) and wafetevel packaging (WLP). Thisas resulted in miniaturized
interconnects and new processes proposed to fabricate these interconnects.-kriewrethat

when one of the componentsé di mensions appro
microstructure, mechanical size effectscar [3]. Interconnects are considered examples of
components which have three small dimensions on the same order of magnitude as the
microstructural length scales of their respective materials. The microstructural and structural size
effects are expectdd have significant impact on the mechanical behavior of such interconnects.
Furthermore, new joining technologies are required to fabricate these miniaturized interconnects.
One method is solitiquid interdiffusion (SoLID) technique. SoLID soldering medhis one of

the potential bonding techniques that are compatible with modern advanced packages such as
3D-ICs and WLP. In this technique, a small amount of low melting temperature material such as
solder alloy is deposited on a high melting temperatutenabsuch a£u. During the bonding
process, a pair of doubljeposited materials are placed in contact and heated to a temperature

above the melting point of the lemelting material. Pressure may be used to achieve a smoother
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bond, improve the contacurface, and remove defects such as voids. Upon melting, phase
transformation of the liquid component to a higelting material intermetallic (IMC) compound

takes place at the contact interface. IMC is required for successful bonding and possesses the
desred high temperature and mechanical stabilities. The formation, growth, morphology, and
thickness of an IMC layer is a critical issue for the reliability of solder joints and, therefore, the
integrity of the entire electronic package [4]. In a case @rg small joint, the whole joint may
consist of only IMCs [5].

A number of studies have been conducted to explore the SoLID process. Bernstein [6] and
Bernsteinand Batholomew7] demonstrated the feasibility of using SoLID bonding at-low
temperature prassing conditions to produce hitgmperature bonds which can be used in
semiconductor and nesemiconductor brazing and bonding applications. Roman and Eager [8]
investigated SoLID bonding of Ag, Au, and Cu base materials using a variety of commercial
solder alloys. Bonds as strong as or stronger than the ones obtained by conventional soldering
techniques were formed. Li et. al-19] investigated the kinetics of the interfacial reaction in a
variety of SoLID solder alloy/substrate systems at differentdimgntemperatures and times.

They found that microstructural features and growth kinetics of IMCs formed by SoLID were
significantly different from those formed by conventional soldering process.

Other studies were carried out to address the effect okgsgparameters on the reliability and
integrity of the solder joints. Ladani and Razmi{ilZ] implemented a fulfactorial experiment

on the SoLID soldering process to investigate the effect of process parameters such as time,
temperature, and pressure ¢the bond strength and microstructure of-33Ag/Cu solder
system. It was found that bonding temperature was the most influential factor on the bond

strength. Bartels et. al [14] investigated IMC phase formation in Sn/Cu SoLID joints.
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Microstructural andnechanical characterizations of IMC bonds were performed. It was found
that at longer times and higher temperatures, the IMC formation rate increased.

Despite the extensive literature which addresses the growth kinetics of IMCs in SoLID used to
join a varety of solder alloy/substrate material systems, there is limited focus on the effect of
joint size and geometry on growth kinetics and morphology of the interfacial IMCs presented in
small SoLID leaefree solder interconnects. Wu et. al [15] studiedetfiect of joint thickness

on microstructure and tensile properties of®.% Zn/Cusubstrate joint system. It was found

that the IMC volume fraction in the joints increased upon decreasing the joint thickness. This
was because of the rapid increase ofwbich diffused from substrate into molten solder, within

the bulk solder due to decreasing joint thickness. Wiese and Wolter [16] and Wiese et. al [17]
analyzed the microstructure of SnAgCu/Cu and3&Ag/Cu solder systems. It was found that
themicrosmct ur e ¢ o n s iSs tleadditesasurrounded by a quastectic phase when
SnAg-Cu solder alloy was used in bulk solder specimen. When the same solder alloy was used
in a bond configuration, meaning a smaller amount of solder, smaller graina widlumnar
structure were formed [16]. The change in grain size and microstructure morphology was
attributed to the size effect which was introduced when the solder was used in bond
configuration. Zimprich et. al [£20] compared the microstructure ofdet joints with different

sizes. Specimens with gap sizes adjusted between 25 and 850 um were reflow soldered using Sn
3.5wt.% Ag solder alloy. Larger joints showed coarser microstructures compared to small ones.
No quantitative information about the graize was reported.

Huang et al. [2222], Kinyanjui et. al [23], and Cho et al. [24], demonstrated the dependency of
the solidification process on specimen size and under bump metallurgies (UBM)}fiifePb

solder alloys. Decreasing specimen size resuitedpid solidification of molten alloys because
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of the undercooling phenomenon. Undeooling has a direct influence on the resulting
microstructure of solder joints as well as their mechanical properties. Therefore, the
microstructure is directly affeetl by the joint size. Castro et. al [25] observed a substantial
change in the morphology with joint size of three systems ePISeolder alloys: hypoeutectic,
eutectic, and hypereutectic compositions. There was a critical degree ofcontieg at whicha
transition from lamellar eutectic to anomalous eutectic occurred HRbSsystem. The former
morphology was a result of rapid solidification, which occurred in small solder joints, while the
latter formed due to slow solidification conditions which waseociated with large solder joints.
Yang et. al [26] addressed the effect of joint size on Sn grain featuresfadeP$older alloy

such as number of Sn grains across the joint thickness and grain orientation and distribution. It
was found that the numbef grains is independent of joint size, aging time, and number of
reflows. It was also reported that the Sn grains show highly preferred orientation angles in which
the caxis of the Sn grains tended to be at a small angle witGulgads. However, Canet. al

[27] arrived at an opposite conclusion in terms of number of grains across the solder joint
thickness. They found that the number of Sn grains across the joint thickness diminished as the
joint size decreased.

In the present work, the effect ofind size on the interfacial reaction of -SrbAg/Cu solder
system fabricated using SoLID soldering technique is addressed. In particular, the study
compares the effect of size on the resulting interfacial microstructure and morphology. It also

carries outn comparison on the growth kinetics of solder joints under the effect of size.
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3.2 Experimental Procedure

3.2.1 SpecimenFabrication
Figure 3-1 shows actual images and schematic drawings of the specimens used in this study.
Two configurations of specimen design wer us e d . Onecalse as giesanarhd n 0
showninFigure&-1(a@. The ot her conddaglug agzpeni mesna (Al R[)r g
Figure 3-1(b). As seen in this figure, SS specimen was made of a pair of silicon layers. On the
top of each Slayer, two Cu layers of 15 withick and 1.5 mrwide were deposited on opposite
sides using electrebeam deposition technique. 5 gthick Sn3.5wt.%Ag was then deposited
on Cu layers using I{foff procedure. Liftoff technique requires the deposited filhickness to
be at least less than otiérd of resist depth in order to ensure discontinuity of film, and
therefore, a successful Hfiff [28]. The LS specimen was made of a pair of (15x5x1) mm Cu
layers. A layer of S18.5wt.%Ag solder alloy was manuallgeposited on Cu layers and
sandwiched between the Cu layers during the specimen fabrication. Due to the limited suitability
of lift-off technique in producing highspectratio pattern structures, configuration of LS
specimen is different from that for $pecimen. The noticeable difference is @ethickness
which should not influence the IMC formation during fabrication process as |dbglager still
has not been consumed totally. The LS fabrication started with polishing the Cu surfaces up to
1200 git SiC using standard methods followed by cleaning with isopropyl alcohol. Solder paste
was then deposited on the cleaned surface. An activation agent was used to activate the chemical
reaction during the soldering process. The two Cu surfaces werel#otexd m intimate contact
in the thermal chamber. Bonding temperature and time were varied, and specimens were cooled

to room temperature after fabrication.
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Figure 3-1: (a) Schematic drawin@f SS specimenb Schematic drawing of LS specimen.
Dimensions are in mm
The joint thicknesses of SS specimens were controlled by applying pressure and are on average

about 15mm (0.55 MPa presure) and 28m (0 MPa pressure) in SS configuration and 450 pm

in LS configuration. Tabl8-1 summarizes the process parameters and their levels.

As identified in many studies, most solder joints (in particular the Sn3.5AgiBstrate system
consideredn this study) have two distinctive microstructural features. The first is a eutectic bulk
structure consisting of IMC patrticles such ag®wgor CySrs. The second is CG8n IMC layer

which consists of Gysrs layer at the solder/Cu interface. Under paracutonditions, Csbn

could coeexist at the Cgbns-Cu interface. To fabricate solder joints containing all possible
microstructural features, the process time and temperature were varied in a wide range as shown
in Table 3-1. Four replicas were tested incharun of the experiment. This experiment was
conducted on all three specimen sizes.

Table3-1: Process parameters and their levels used during the fabrication process of specimens.
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Experiment | Temperature| Time,
Run (°C) (min)
1 260 20
2 260 90
3 260 240
4 310 20
5 310 90
6 310 240
7 360 20
8 360 90
9 360 240

3.2.2 Microstructure Characterization
Microstructural characterization followed the specimen fabrication. A JEOL JSM 7000F
scanning electron microscope (SEM) using a backscatter electron signal was used for
microstructural characterization. The IMC layeosnied between the bulk solder and the Cu
substrates were identified using enedygpersive Xray spectroscopy (EDX) microanalysis
system installed on the SEM. An image analysis method was used to post process the SEM
images and measure the IMC layers &otd thicknesses. A detailed description of how the

IMC thickness was determined can be found elsewhere [29].

3.3 Results

3.3.1 Interfacial Microstructure

A continuous bi-phase€gporns 0d djsacad i toptea -plhbeeCsSa 01 der )
(adjacent to th€u substrate) was observed in all the SEM micrographs as shown in RBgures

and 3-3. Figure 3-2 shows SEM micrographs of 25gtmick (SS2) Sf8.5Ag solder joints

fabricated at three different temperatures and three different soldering times. Simitarhe3Fi

3 shows SEM micrographs of 450¢tmck (LS) Sr3.5Ag solder joints. The SEM micrographs
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of the Sn3.5Ag solder joints of 15urhick (SS1) were similar to those of 25¢thick (SS2)

solder joints and, therefore, were omitted for the sake of brevity.

360°C, 20 min.

260 °C, 20 min. 310°C, 20 min.

260°C, 90 min. 310°C, 90 min. 360°C, 90 min.

260°C, 240 min. 310°C, 240 min.

360°C, 240 min.

Figure3-2: SEM backscattered electron images illustrating the microstructure 2653a/Cu
solder joints of SS2 specimen (25 fihick) fabricated at different temperatures for various
soldering times.

Thet wo | MC pahraddMOdphaseqd, are common in all specimens soldered for the
designated soldering time and tempeamdMdl es
layers located at solder/substrate interface, isolated IMC phase presigitah as G8n; and

AgsSn were observed inside the solder bulk.
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260°C, 20 min. 310°C, 20 min. 360°C, 20 min.

260 °C, 90 min.

260°C, 240 min. 310°C, 240 min. 360°C, 240 min.

Figure3-3: SEM backscattered electron images illustrating the microstructure 26538g/Cu
solder joints of LS specimen (450 Hinick_) fabricated at different temperatures for various
times.

The chemical compositions of the IMC phases are presented in Biguieigure3-4(abottom)

shows the chemical composition of the IMC layer adjacent to the Cu layer that was collected at
position (a)in Figure3-4(atop). EDX data was used in calculating the mass percentage of each
element presented in the layer. It confirms that the IMC layer adjacent to Cu substrate is indeed
CusSn IMC which was distinguished from the other IMC by its gray levehil8ily, Figure3-
4(b-bottom) shows the chemical composition of the IMC layer adjacent to the bulk solder which

was collected at position (b) in Figuged(b-top). When mass percentage of each element was

calculated using EDX data, it was confirmed thad tMC layer was CgSns IMC. Figure3-4(c-
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bottom) shows the composition of £&8n IMC which randomly forms in the bulk solder or
within the CuSn IMCs. As seen in Figu@4(c-top), the EDX data was collected at position (c).
Examination of microstructuresf solder joints of different sizes revealed that the size of solder

joint has no effect on the types of IMC layers present in the joint.

2 2 4
Full Scale 494 cts Cursor: 0.000 Ful Scale 347 cts Cursor: 0.000 Full Scale 400 cts Cursor: 0.000 ke'

Cu;Sn CuSng Ag;Sn
Element | wt.% at.% Element | wt.% at.% Element | wt.% at.%
CuK 66.38 78.67 CukK 45.58 61.00 AgK 73.37 75.21
SnL 33.62 21.33 SnL 54.42 38.99 SnL 26.63 24.79
Total 100 100 Total 100 100 Total 100 100

() (b) (©)

Figure3-4: EDX analysis indicating the presencgaf CuSn, (b) CusSrs, and(c) AgsSn IMCs
in Sn3.5Ag/Cu solder joints.

3.3.2IMC Growth

Figure3-5 shows the dependence of growth behavior of IMC layers at different temperatures in
different specimens. Figurg5(a-c) shows the thicknegsme relationship of IMC growth for
CusSrs IMC layer while Figure3-5(d-f) shows the thicknestime relationship of growth of
CusSn IMC layer at three different temperatures in SS1, SS2, and LS specimens. As seen in

Figure 3-5(ac), due to the limited amount of bulk solder in the joint ofl $pecimen, the
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thickness of Cgbns IMC layer initially increases to the point when all the bulk solder is

consumed and then decreases as time increases.

12
g ¢ SS1
9: 10 = SS? 260°C
? 8
3 ALS
c
§ 6
£
e 4
22
s 2
O

0

0 50 100 150 200 250

Time, (min)

Figure 35a: Comparison of G&ns IMC growth behavior in different specimen sizes at
soldering temprature of 26%C.
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Figure 35b: Comparison of G IMC growth behavior in different specimen sizes at
soldering temperature of 3%D.
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Figure 35c: Comparison of G&$ns IMC growth behavior in different specimen sizes at
soldering temperature 063°C.
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Figure 35d: Comparison of G&n IMC growth behavior in different specimen sizes at soldering
temperature of 26C.
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Figure 35e: Comparison of G&n IMC growth behavior in different specimen sizes at soldering
temperature of 31C.
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Figure3-5(f): Comparison of C45n IMC growth behavior in different specimen sizes at
soldering temperature of 3%D.

This nonmonotonic behavior is observed at temperatures ofQ66&{owever, at higher
temperature of 3XC even hough the bond contains some bulk solder after it was soldered for
20 min, CySrs IMC shows decreasing behavior after 90 min soldering time. It is believed that
the thickness of G&srs IMC increases first by consuming the remaining bulk solder and then it
decreases due to its consumption in formingsSDuIMC. Over all, CeSrns IMC shows

decreasing trend due to the limited availability of bulk solder, which limitsSGuUIMC
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formation, and the growing of G&n by decomposition of G8ns IMC. During soldering
temperature of 36, the bond is completely filled with b5 even at the shortest time of
soldering process. Therefore, the only way thagStiucan grow is with consumption of £
which results in reduction in thickness of¢éSus.

SS2 specimens shasimilar trends for IMC growth as for SS1 specimens as shown in Fsgure
5(ac). Due to the availability of larger amount of bulk solder in SS2 specimgBngthickness
increases and then decreases as the soldering time proceeds from 20min to 90 hen &nd t
240 min, during soldering temperature of 260 For solder joints fabricated at 300and
360°C, CuSns IMC thickness only decreases with increasing soldering time. The same figures
contain thicknestime relationships for LS specimens. For LS apeas, it has been found that
the change in thickness with time nicely fits a power law equation fg8r€IMC layer at each
soldering temperature.

Figure 3-5(d-f) shows the timeéhickness relationships for ¢sn IMC layer at different
temperatures in iflerent specimens. In all specimens, the thickness ofS@UMC layer
increases as the soldering time and/or temperature increases.

As seen in Figur@-5(a) for the solder joints made at 260 the thickness of GB8ns IMC layer

in the solder joints withnickness of 450 um increases monotonically with soldering time. At the
same temperature, however, the;8y IMC trend is noamonotonic for the 15 and 25 pthick
joints. CuSns IMC shows two different periods; increasing period and decreasing perias It h
been noticed that when eutectic solder is still available in the solder jogBnaMC shows
increasing period. From the other hand, when eutectic solder is missed from the solder joint,
CusSns IMC shows decreasing trend becausgSPuIMC has been@nsumed in forming G$n

IMC. During the increasing period of €& IMC, it has been noticed that as the thickness of
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solder joint decreases, thicker S IMC was formed. Therefore, the growth behavior of
CusSns IMC layer exhibits strong dependence ba size of the solder joint.

This conclusion is less obvious in the cases where solder joints were fabricated at higher
temperatures. During soldering temperatures of°Glénd 366C, the CySns thickness in
450um solder joints monotonically increases asva in Figure3-5(b) and Figure3-5(c).
However, CySrs IMC layer thickness decreases monotonically in 15um and 25um solder joints
during soldering temperatures of 3C0and 366C. As seen from Figur8-2, bulk solder still

exists in the joint during earlsoldering times, e.g. 20 min, which supplies the Sn element
requires for further formation of G8ns IMC. When the bulk solder is consumed, there is no
further formation of Cgbrs IMC. CusSn continues to form by decomposition ofsSy IMC

layer. Therefoe, a net reduction in the thickness ofSm IMC was observed as soldering time
increases in 15um and 25um solder joints. In 450 pum, the bulk solder is essentially infinite and
lack of Sn supply is not an issue. Thereforeg3Zy IMC layer showed a monehic increase

with time.

In Figure3-5(d-f), the thicknesgime relationships of IMC growth for GBn IMC layer at three
different temperatures in SS1, SS2, and LS specimens are shown. Clearly, the average thickness
of the CySn IMC layer increases asetlsoldering time and temperature increases. It is evident
that the thickness of this IMC layer increases as the bond size decreases. This shows a strong
size effect on the GGn IMC layer growth.

The excessive growth of the IMC layers in solder jointghvemall size (small thickness) is
mainly due to the large amount of unaeoling and, consequently, the prolonged ligsadid
interfacial reaction between the molten solder alloy and the solid substrate material. As reported

by previous studies [222, 24], the tendency for nucleation of the primary solidification phase in
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SnAg-based solder systems is &m > CySns > -3n. In other words, An is most likely to
nucl eat -&niwtheildagt. Infsmall Sh5Ag solder joints, the absolute amount of Ag is
less than that in a large one. Therefore, decreasing solder joint size leads to reduction of the
number of nu@ation sites for solidification which is favorable to increase the degree of-under
cooling of solder alloys.

Furthermore, a decrease in the size (thickness) of the solder joint favors the formation of larger
IMC layer because the Cu concentration in kbsolder increases faster in a smaller solder joint
than in a larger one. Therefore, smaller solder joints require shorter amounts of time to reach
saturation. This theory is proven analytically in Section 4. As a result, the formation of a larger
IMC layer at the interface of smaller solder joints would be accelerated because of a longer
liquid soaking time during the soldering process which means that a higher growth rate will take

place during the liquigtate of soldering.

3.3.3 Analytical Modeling of IMC G rowth
The growth kinetics of IMC layers are usually treated using parabolic equations of the type:
I, = k,t° (3-1)
wherek; is the IMC growth rate constant of the appropriate species in the joint, n is the time

exponent, and t ide reaction time. Considerable literature [10,33)is available on the subject

of solid-state growth of IMC in solder joints in which E8t1) has been shown to nicely fit the
experimental results when a time exponent of 0.5 is used. In such a gratethtss assumed

that diffusion is the rate controlling process in IMC growth during the aging process. In molten
solders, different time exponent values have been obtained (n ©.9@1from experimental

results using regression analysis [11, 12].
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However, growth kinetics of two IMC layers are somewhat more complicated. According to
Dy bkovo0s -3ptdeegtowtl ad@ ahy IMC layer at the interface between two materials A
and B at a given temperature is a result of coutitfbrsion of components And B across its

bulk followed by partial chemical reactions between diffusing atoms of one component and
surface atoms of another component. This model is able to reveal the role of diffusion and
chemical reactions in determining the IMC layer growth #kase Moreover, it allows for the two
sequential growth steps, diffusion and then chemical reaction, to be represented in separate
terms, which allows for the possibility of evaluating the diffusion and chemical rate constants
separately. It also allows rfdhe effect of dissolution process to be incorporated in the model,
especially in early I MC formati on. More det ai
can be found elsewhere [29].

The mathematical description of the layggowth rates of pB, and ABs IMC layers under the

diffusion-controlled mechanism may be stated as shown below [34]:

dre ki_m rg I.-c',l_Ez

- x ey (3-22)
dy — ki_E‘-: _ iki_ﬁh: (3‘2b)
dt ¥ EE x

If Ais Sn and B is Cu, then B is SiCus and ABsis SnCuy. Therefore, p=5,9 =6, r =1, and

s = 3. Renaming the diffusion rate constant 0§32kl growth kj,, and the diffusion rate

constant of CgBn growthkiz, to be ke, 5., andke, s, , respectively, one can reach the

following system of equations:

de 1 rgl
P ;kCUEEDE - F;kﬂus Sn (3_38')
dy _ 1 g1
I_;kt}usﬂn _EszuESnE (3'3b)
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To successfully use Dybkov's model, a few assumptions are made. One assumption is that the
interfacial reactions which occur at the two-&BAg solder/Cu boundaries (at the top and
bottom Cu layers) are identicalTherefore, half of the sample thickness is considered for IMC
growth measurement and modeling. Furthermore, the original thickness of the bulk solder is
unknown and is calculated using the remaining thickness of the bulk solder and the thicknesses
of CusSns and CySn layers as follows [9]

1

1 1

Sn_consumed (3'4)

SnAg_original = SnAg _residual T

wherels, .. origina 1S the half thickness of the original solder layRha, resigua iS the half
thickness of the remaining solder layer, 30 ,,-umea iS the half thickness of the tin comsad

in forming the CgSns and CySn layers. This is found by following equation [9]:

PCuginsMsnlCu Sny |, PCuz SuMsalCu, Sn

1

= (3-5)
Sn_consumed Psn™iu,Sns PsnMiug Sn

wherele,_s,_andle,_s, are the measured average thicknesses of tggrCand CySn layers in

each samplez andM with subscripts Sn, G&n;, and CySn are the corresponding densities and

molar weights, respectively.

If the remaining solder layé#, a. resiaua disSappears:

1 15n_|:'-:|nsumed (3'6)

SnAg original
This means that eutectic solder is no longer availables 8nssed, in the solder joint to be used
in forming CuySns IMC. Therefore, there will be no Gars IMC layer is further formed in the
solder joint. If the solder joint still has €315 IMC (l¢,_s,, = 0) then CySn IMC layer would

grow at the expense ohe previously formed G&rs IMC. Thus, the system of E§-3) is

modified in the following form:
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dx rgl

ac =- Fg;kl:us 5n (3-78.)
dw 1

I = ; kCuESD (3_7b)

Once the CgSns IMC has been completely consumed, &:9.s,. = 0, the interfacial reaction in

the SR3.5Ag/Cu system is assumedstop. Therefore, E®B{3) is modified as follows:

dx

dy _
=0 (3-8b)

The effect of the simultaneous dissolution of ;8w IMC layer and the change of Cu
concentration in thenolten solder on the kinetics of the interfacial reaction is specified based on
Eq(3-6).

c=rc, [1 — exp [—Ef—rdtj] (3-9)

where c is the concentration of the dissolved substance in the bulk of the liquid at tiree¢htec
solubility of B in A at a givenamperature, Kkis the dissolution rate constant, S is the surface
area of the solid in contact with the | iquid,
constants; the solubility of Cu in molten solders at different temperatures; and densities of Cu, Sn
and CuSrg are presented in Tab®2 [9, 38]. When the right values for the constants from
Table 3-2 are substituted into H§-9), the time required for the molten solder to saturate with
Cufor each bonding temperature can be determined for each jaikrness.

Table3-2: Cu dissolution rate, Cu solubility limit, and IMC phase density.

kq, (m/sec.) [37] Cs, (Wt. %Cu), [37] ), R[@/ m
260°C | 310°C | 360°C | 260°C | 310°C | 360°C Cu Sn CusSns
8.21E6 | 1.09E5 | 1.39E5 1.60 3.025 5.19 8.A 7.29 8.28

Based on this equation, saturation times were found, for temperatures®@6f 260°C, and

360°C and for each specimen size, as shown in TaB8le
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Table3-3: Saturation times at different seldng temperatures and bond thicknesses.

Temperature,’C) | Saturation time, (seq

SS1| SS2 | LS
260 16 22 | 240
310 13 18 | 180
360 09 15 | 120

According to the results indicated in Tal3&, liquid solder in SS1 specimen saturates with Cu
within 16 secondsit the lowest soldering temperature, ZB0Saturation occurs within 22 and

240 seconds at the same lowest soldering temperature in SS2 and LS specimens, respectively. As
soldering temperature increases, the saturation time decreases. Since the slumtesf 8Bme

used in this study was 1200 seconds (20 min), the dissolution effect on the calculation of IMC
growth-rate constants can safely be considered negligible at such a long soldering time.
According to literature [36], the chemical reactioontrdled (linear) growth kinetics are
observed with thin compound layers up to about-600 nm while diffusiorcontrolled
(parabolic) growth is characteristic of much thicker compound layers (1 pum or more). The
smallest thickness of G8rs and CySn IMCs (asseen in Figures-5) is beyond 600nm. As a
result, we assumed that £2m; and CySn IMC layers must have formed under diffusion
controlled mechanism.

To evaluate the growthate constants, the experimental thickness measurements showed in
Figure3-5 were ftted using the systems of E(g3), (3-7), and(3-8). The calculated values of
growthrate constants are listed in TaBld.

Table3-4: Growth-rate constants and activation energies of IMC diffusional growth-n Sn
3.5Ag/Cu solder sysin.

Specimen siz¢ Temperature,’C) k, (mf/sec) Q, (kd/mol.)
(hm) CusSns CwSn | CusSrs | CusSn
260 - 8.36E15
15 (SS1) 310 - 4.34E14 - 50.32
360 - 1.26E13
260 - 6.19E15
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25 (SS2) 310 - 2.88E14| - | 53.37
360 - 5.07E14
260 6.72E14 | 1.70E15

450 (LS) 310 1.39E13 | 4.32E15| 27.89 | 66.32
360 1.74E13 | 2.69E14

The results of a computah peformed according to Eqs8 3-12 and3-13 showed that the
growthrate constants (k) of the €&n IMC layer at the interface of the joints increased with
decreasing the joint thickness, as shown in Ta8kleFor example, k values changes from 1.70 x

10" m?/sec to 6.19 x I8 m?/sec then to 8.36 x T8 m%sec at soldering temperature of 260
corresponding to joint thicknesses of 450, 25, and 15 um, respectively. A similar trend is found
in joints fabricated at temperatures of 3t0and 366C. Valuesfor CuSns IMC growth-rate
constants have not been calculated in SS1 and SS2specimens at any soldering temperatures
because the limited supply of bulk solders which affected the formation ¢&nCIMC and
resulting into normonotonic growth behavior. Thefore, values of G&$ns growthrate
constants were obtained in LS specimens at all soldering temperatures. Therefore, comparison of
values of CgSns growth-rate constants in different specimens was not possible.

The temperature dependency of the extchetdues of k is further exploited using the Arrhenius
relationship to determine the activation energies for the growth ¢g8r€¢and CyuSn IMC layers

using the following equation:

k=k, exp{ —i) (3-10)

RT
where k is the layer growth constant, Q tise activation energy, R is the gas constant (8.314
J/mol-K), and T is the soldering temperature (absolute units). The activation energies were
calculated from the slope of the Arrhenius plot using a linear regression model.
Figure 36 shows the lodog plot of growth rate constant versus reciprocal of temperature for the
growth of IMC layers. Figure -8(a) shows the lo¢pg plot of growth rate constant versus

reciprocal of temperature for ¢ars IMC layer while Figure 36(b) shows the lodog plot of
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growth rate constant versus reciprocal of temperature for the growth;8hAMC layer during
diffusion-controlled growth stage.

The apparent activation energies for the growth ofSBuand CySn IMC layers in different
specimen sizes are listed Trable 34. The change in activation energy with joint size is also
shown in Figure & for CySn IMC layer. As seen from the plot, the activation energy for
growth of CySn IMC layer increases with increases of solder joint size. Lower activation energy
in smallersolder joints means that IMC formation is at higher rates. Therefore, much thicker

IMC layer will grow in smaller joints at the same soldering time and temperature.
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Figure3-6: Log-log plot of growth rag¢ constant versus reciprocal of temperafajdor CuSns
IMC layer and (b) for Cg6n IMC layer in different specimen sizes.
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Figure3-7: Effect of bond thickness on the activation energy of the IMC tiranvSr3.5Ag/Cu
soldering system.

Conclusions

The effect of solder joint size on the microstructure and growth kinetics of intermetallic

compounds in S8.5Ag/Cusubstrate soldering system was investigated through experiment and

analytical modeling.
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It was found that the size of solder joint, represented by its thickness, does not introduce
any effects on the type of IMCs in the joint microstructure. All specimens of different sizes
have shown that t he | MC ¢ omp o u mbdase(Ceayng r i

adjacent t o t h-phase (CiStheadjacentadth€isubstete.d U
Thicker CuSn IMC layers formed in smaller solder joints.

The t hi ck#HMCplsaseavhs alsafaundlb increase with increasing the soldering

time and/or soldring temperature.

Whenever eutectic s ol-tMEphasesvasalsodaurid&obncreasei n

in its thickness with increasing the soldering time and/or soldering temperature.

The increase in G&n IMC layer thickness during the solderipgbcess was found to
obey a parabolic relationship with time. This indicates that the formation of the IMC

compound layer is mainly controlled by the volume diffusion mechanism.

Growth rate constants for €8n interfacial IMC were found to increase witldwetion in

the size of solder joint during soldering process.

The activation energy for the growth of £5m IMC layer was found to decrease as the

size of solder joint decreases.
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Chapter 4 : Optimization of Preparation ProcessProcedure for Successful Electron
Backscatter Diffraction (EBSD) of Multi-Layer Specimens: Applicationto Lead-Free
Solder Joints

Abstract
Electran backscatter diffraction (EBSD) is a powerful technique that provides a wide range of

analytical data such as crystallographic orientation, phase identification, and grain size
information. The quality of diffraction pattern, which influences the quefithe indexing of

the diffraction pattern, depends mainly upon the achievement of a very flat and fully distortion
free sample surface. Many studies have reported specimen preparation guidelines for EBSD for a
variety of materials such as metals and c&zamHowever, limited studies have been
documented in literature for optimized preparation of maiter specimens.

In this study, a series of mechanical polishing procedures have been developed, which will be
adequate for producing damafyee surfaceg multiple-layer specimens for EBSD. The

proposed method was used to prepard.SPoAg/Cusubstrate solder joints as an example of a
multiple-layer specimemvhich is consists of multiple materials with wide range of stiffness and
wear resistancand hagproduced the best possible surfaces. The results suggestied
vibratory-polishing step for certain amount of time is critical in order to prodeB8D patterns

for the microstructure of SB.5Ag/Cu solder systenA poor pattern quality occurred,

partiaularly inCua n dtin fiegions, when the vibratory polishing step was skipped or was

conducted shorter than a certain amount of time.
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4.1

This study also aimed to investigate the effect of the processing parameters of the EBSD
software on the EBSD results extractedthe multiplelayer specimen under investigatidn.

was found thathe step size and the minimum number of detected edmportant

parameters. It has been found that at leasG$iddtected bands necessary for accurspping

and quality imagingAt this optimum value, the indexing rate was the highest in all phases and
the phase identification was the most accurate.

Key words: Electron backscatter diffraction (EBSD), sample preparation, multpés

specimen, vibratory polishing, EBSD parametstsp size, Kikuchi bands.

Introduction
Properties of materials usually are defined by their microstructure. Therefore, microstructure

characterization is an essential stage in material characterization. A number of techniques based
on chemical compositioanalysis are used for this purpose such as energy and wavelength
dispersive spectroscopy (EDS and WDSY)ax photoelectron spectroscopy (XPS), etc. [1]
Unfortunately, in some investigations the chemical composition information is not sufficient

such as \wen the crystal structure of a phase is needed for its identification or when the accuracy
of chemical analysis is too low4Z]. In such investigation, transmission electron microscopy
(TEM) is an alternative [1], especially when phases are to be igentif small regions.

Unfortunately, TEM requires a complicated and time consuming sample preparation procedure
[4, 5]. Electron Backscatter Diffraction (EBSD) could be a potential alternative because of its
relative simplicity in sample preparation [&BSD is a very powerful technique that provides a
wide range of analytical data in which the local crystallographic orientation is of interest. It
provides qualitative and quantitative information on crystal structure and orientation of local
crystallograpkc regions. It is possible to obtain other information such as phase identification

and distribution, grain characterization, and estimation of elastic and plastic strains by this
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techniquelt can also be used to correlate the crystal structure analysithe morphological
information and local chemical analysis during phase identification in many different multiphase
materials [7].

EBSD is a surfacsensitive material characterization technique as the depth below the specimen
surface from where EBSDftliaction patterns arise is shallow, on the order of nanometers.
Therefore, the effect of decreasing surface quality, such as carbon contamination, relief, or high
di sl ocation density on the sampleds drface
subsequently on the indexing percentage and reliability. Contamination could be introduced by
improper specimen handling. Reliefs can be caused by several preparation methods such as
electrapolishing, etching, ion milling. Mechanical polishing is knotercause plastic

deformation which increases dislocation density. Thus, a relatively clean, flat, and didtesion
sample surfacerhich is essentidbr successful EBSRnalysiscan only beobtained by

removingall thesurface defects or deformatiaang an appropriate specimen preparation
procedure Optimum specimen preparation is a fundamental requirement for obtaining quality
EBSD images. Inadequate specimen preparation will result in degraded diffraction patterns
causing loss of data, quality, arediability.

Different preparation methods for SEIMBSD applications are recommended in the literature for
several metals and their alloys suctCasaluminum, titanim, nickel, tungsten, zirconium{8

10], and for ceramics [11Unfortunately, preparatiotechniques that produce plane surfaces are

known to cause varying degrees of material damage, and those techniques that minimize damage

do not necessarily result in plane surfaces. This is due to the remaining residual distortion at the

sampl e 6 snaidyby defarmaion introduced during preparation process. Therefore, an
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additional preparation step is often required, especially when soft and oxidized metals are under
preparation for EBSD analysis.

When diamond paste down to 1 grade was used ineuhanical polishing, the method was
determined to be inappropriate for material subjected to EBSD investigation due to existence of a
residual deformation | ayer on the sampleds su
an oxide polishing suspewsi based on water and colloidal silicon followed by short electro
polishing has been shown to be an ideal way of generating surface suitable for EBSD analysis of
metallic materials [12, 13]. Others have claimed that removal of surface damage can bd obtaine
using a slight etching or iemilling step during the final preparation steps [6,16}. Most of

available literature is on pure metals, alloys and ceramics. However, material scientists are often
confronted with the task of extracting EBSD data fromas that have complicated structures,

and therefore, are not easily prepared, such as electronics, MEMS-éheictt@mechanical

systems), andomposite and hybrid specimenshese samples are commonly made of multiple
layers and usually of differentaterials. Therefore, the difficulty may aridee toa variety of

reasons: inherent lattice damage due to processing, large differences in hardness and reactivity
between phases due to composition, and/or approaching the physical limit of the EBSD
technique [17]. Authors have discussed the preparation required for samples containing strongly
dissimilar phases, in layer fashion, trying to optimize the preparation procedure as well as the
EBSD parameters.

It is well known that optimization of microscopy pareters, such as accelerating voltage, probe
size, and specimen tilt, along with good preparation of specimen surface, are essential for good
quality results [13, 18]. EBSD data analysis is computer based and to obtain reliable and precise

results, particulaattention should be paid to certain processing parameted]iftich as the
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minimum number of detected bands [21] and step size [22] which are believed to be the two
parameters that affect the accuracy of the pattern indexing (phase identificatigniiargize

and grain boundary measurements. The effect of these parameters on the quality of image in a
multilayer specimen is investigated and an optimum rage of parameters are recommended for
obtaining a clear pattern in all the existing phases ofysteis of materials investigated here.

The specimen under investigation was a-#ad solder joint.
4.2 Experimental Procedure

4.2.1 Materials
Theanalysiswas performed on one of the most researched multilayer structures: tfieetead

Sn-3.5%Ag/Cusubstrate sokt joints. The specimen configuratjas shown by Figure-2, and
preparation process of the solder joints were detailed elsewhere [23}tHejalhts, the
microstructure consists @fu, -tifband intermetallic (IMC) layers, namely, £ and C4Sn
IMCs as seen ikigure 41. The average thickness of the joints was 450 um. The average

thickness of the IMC layers was 27 um and 9 um, fogStwiand CySn IMCs respectively.

ADD 20.0kY X100 WD 10.0mm 100um

Figure4-1: Microstructure ofolder jointshowingdifferent phases present in the joint.
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4.2.2 Preparation Strategy for EBSD

4.2.2.1 Mechanical Polishing
After the solder joints were fabricated, they were mounted in reGuiased conductive
mounting resin to facilitate the subsequent prepamatieps and for charging release. In order to
obtain a flat and distortiefree surface, the standard grinding and polishing procedures for
general metallographic investigation have to be adjusted. Such adjustments mainly concern
reducing the loads andtetion speeds used for mechanical grinding and polishing for general
metallographic investigation purposes. Automated preparation equipment is recommended which
allows for the preparation procedure to be performed accurately and reproducibly. Manual
prepaation should be avoided because it cannot result in a flat and distivetosurface
reproducibly. Mechanical polishing was performed on an automatic polisher equipped with 200
mm diameter wheels and sample mounts of 37 mm (1.25 inches). Grinding ishchgokas
performed according to the parameters fountiahle 41, which shows the steps that to be
followed during mechanical preparation. This proposed preparation recipe was found to give the
optimum surface finishes suitable for EBSD on the spectoafiguration adopted in this study
if it is followed with vibratory polishing for certain amount of time

Table4-1: sample preparation parameters used in mechanical grinding and polishing stages

Parametery surface medium Speed, | Time, | Force,| Rotation
(rpm) | (min) | (N)
Prep. step
SiC 320-grit 300 5or 25 Contra
paper until
flat
Mechanical SiC 600-grit 300 5 25 Contra
Grinding (MG) paper
SiC 800-grit 300 5 25 Contra
paper
SiC 12004grit 300 5 25 Contra
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paper
Mechanical Cloth' 1um Al,O3 solution 150 30 20 Contra
Polishing (MP) | Cloth* | 0.3um AbOssolution| 150 30 20 | Contra

1: Use cloth that is inexpensive and versatile, suitable for intermediate automatic polishing.
2: Use a final polishing cloth that can be used withmitron polishing compounds and
abrasives of any types.

4.2.2.2 Vibratory Polishing
The final stage of the prepamati process can be performed in different ways that would depend
on the type of material being prepared. Elegotishing, etching, and ieheam milling are very
common final polishing methods for pure metals, alloys, and ceramics for EBSD applications.
Cae should be given to avoid pitting, severe surface roughening, and other surface damages due
to utilization of dangerous electrolytes in elegvaishing,etchingchemicals, and higheam
energies associated with iseam milling. Furthermore, these matls are higkcost and time
and effort consumingndelectrepolishing works only for homogeneous and electrically
conductive materials.
Vibratory polishing with colloidal silica is very often preferred as a final polishing step due to its
capability in prearing high quality surfaces on a wide variety of materials and applications. The
unique polishing action associated with vibratory polishing produces legsndgifin, smooth,
and distortiorfree surfaces very suitable for EBSD measurements. The polihegvaries and
can be a few hours [24], but normally this is acceptable as no additional aipaigstrng
medium and no additional manpower are needed. Prolonged polishing is not preferred because a
high surface waviness and strong surface relief swally observed when metals, alloys, and
ceramics are vibratofgolished for extended periods [25].
In this study, vibratory polishing was used as a final polishing stage to prepare thgaotder
specimens under consideration. The installation is vergle, consisting of colloidal silica,

specimen holder, standard cloth, and vibratory polisher. It was performed according to the
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parameters found ihable 42. During the vibratory polishing, the cloth was flooded with the

colloidal silica. The polishinggme was variedetweerD to 240min by an increment of 120 min,

to address the development of the surface preparation quality for EBSD analysis in the

investigated specimenin literature, here is no reliable data of the polishing time because this

depards on many factors. Some materials showed improved results within minutes and other

often require hours or even over night to produce the best possible surface[adplitythis

study,four hours of vibratory polishing gatke best possible resultdhen used to prepare the

specimens used in this study.

Table4-2: Sample preparation parameters used in vibratory polishing

Prep. Step

Parameter

Surface| Medium

Speed,
(rpm)

Vibratory polishing (VP)

Cloth® | 0.05 um colloidal silica suspensid

60% amplitude

3: Usesuper finishing cloth that can be used with all materials. It can be used withicain

abrasives.

4.2.2.3 Electron Backscatter Diffraction (EBSD)

EBSD was performed using a JEOL 7000F SEM equipped with a Shottky field emission gun and

high-resolution HKL EBSDBsystem (Nordlys 2). All measurements were conducted at a tilt of

70°, an acceleration voltage of 20 kV, a range of working distances bf.56mm, and a range

of magnifications of 1000 4000X. All EBSD scans were performed using a fine step size (0.4

to 0.05 um). For the purpose of optimizing EBSD software parameters, step size and minimum

number of detected bands were varied in multiple levels. All the indexed points were identified

as face centered cubic (FCCY,

CuwsSn IMC.

t et rtaigno,n ah eQGobgSg MiICa | odq

ort-hor homt

To investigate the influence of the mechanical preparation treatment on surface quality for EBSD

measurements, 20 electron diffraction (Kikuchi) patterns (EBSP) were collected for each present
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phase at each preparation st€pe average band contrast (BC), band slope (BS), and mean
angular deviation (MAD) values were recorded for each of the acquired EBSPs. BC is an EBSP
guality parameter that describes the average intensity of the Kikuchi bands with respect to the
overall ntensity within the measured area of EBSP [7]. Its values are scaled to a byte range from
0 to 255. The higher the value for BC, the better the EBSP quality. Deformed and grain boundary
regions usually exhibit a low BC value. Similarly, BS is EBSP qual#sameter which

describes the maximum intensity gradient at the margins of the Kikuchi bands in an EBSP. Its
values vary between 0 and 255 bytes. The higher the value, the higher is the contrast difference
and the sharper the appearance of Kikuchi bandsth®r pattern quality parameter is MAD. It

is also called pattern misfit. It is a number that expresses how well the simulated EBSP overlays
the actual EBSP. A low value is an indication that the simulation is a good match with high
quality EBSPs. The B@alues in conjunction with the BS and MAD values are frequently

considered to determine the reliability of EBSD scan.

4.3 Results andDiscussions

4.3.1 Optimization of Preparation Procedure
To assess the influence of the preparation stage on the development sf B&3Pf Kikuchi

patterns have been collected at the end of the mechanical polishing stage and at different time
incremens$ during the vibratory polishing stage. For further investigation of pattern quality,
parameters such as BC, BS, and MAD were aldleacted for EBSPs.

Figure 42 shows examples of Kikuchi patterns (EBSP) in different phases for different vibratory
polishing times0 min, 120 min, and 240 mifable4-3 shows a summary of the average and
maxmin values of BC, BS, and MAD of EBSPs of different phases at different preparation

stepsFigure 42 clearly shows that a very poor pattern quality is obtained in all phases at the end
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of mechani cal p o Hin, svich shgws somewhat teexpatterpst In thercasé

of Cu, CySns, and CySn phases, very loguality Kikuchi bands werebtained foithe

measurement conditions used.

Overall, the indexing rate was the lowest at this preparation stage in which threlerimg rate

was about 125% as seen ifiable 44. It can be inferred that the distortinee crystal, surface
deformation, and flatness are yet far from what is required for successful EBSD measurements.
The values for BS are the lowest ones in all phases in this preparatien dtadgghows higher

BC and BS, and lower MAD values compared to those for other phases.

t=0 min t=120 min t=240 min

Copper

Tin-p

CuSng IMC

Cu;Sn IMC

Figure4-2: Examples of Kikuchi patterns (EBSP) in different phases for different vibratory
polishing times.
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Whenvibratory polishing took place, improved surface quality results in noticeably sharper
EBSPs, as seen gure 42. At 2 hours of VP, substantial improvement in indexing rate
percentage was noticed as showitable 44. Indexing was possible for all ptes. Overall, the
indexing rate ranges between 75 and 80% dependent on the material. BC and BC values also

show significant improvements. All phases exhibit very high values of BS and BC relative to no

VP stage, and MAD decreases significantly. Some plsaasgsas Cu and @8 have reached,

while other phases show values that approach, the highest values for BS aslab&vh3.

Table4-3: Summary of average amgax/min values of BC, BS, and MAparametersf EBSP
of different phases at different preparation steps.

Polishing Tin
step Cu
BC BS MAD BC BS MAD
vP(t=0) | 2040147 76 3817.84| 4.9145.30| 188:38426. 174.54555.1 5 5/ 59
2 59 68
Average Vpngfi)lzo 216+14.42 | 255+0 | 0.57+0.24 193";121'1 245'2124'2 0.78+0.97
VP (1240 | 22343201\ ,5p, | 0643920\ 543 5.7 66| 247+418.63 | 0.5240.10
min) 5 13
VP(t=0) 701127 65/91 1'532/18'6 144/243 | 82/255 | 0.42/1.36
MinMax 1 VP (B120 | 1a4043 | 255/255 | 0.27/1.27| 185218 | 177/255 | 0.32/3.52
Values min)
vpnﬁ:)mo 189/253 | 255/255 | 0.39/0.85| 191/211 | 209/255 | 0.32/0.59
Polishing CusSn
step CusSry
BC BS MAD BC BS MAD
~ 173.92+30.| 123.16+36. 142.25+25 | 125.07+34.
VP(t=0) e - 1.46+0.74 - o 2.53+3.24
Average | VP (E120 1250242751 o0, | o52e0.24| 20091311 Hosi0 | 2681518
min) 0 83
VP (=240 | 287.77%21 | 250.15¢17.| - | 21567423 oo o | oooioo
min) 07 a7 38
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Min/Max
Values

VP(t=0) | 117/255 | 62/200 | 0.62/3.25| 86/181 | 66/210 0.378/13.3
VP ng:;)uo 232/255 | 255/255 | 0.14/1.29 | 148R47 | 255/255 0.1797/4_2
Vpnﬁfi)z“o 189/255 | 192/255 | 0.31/0.70 | 190/255 | 255/255 0-3‘2“73/0-7

As the time of vibratory polishing extended to 4 hours, pattern quality was enhanced accordingly

as seen in the third column lBigure 42. At VP times longer thn two hours the rate of

improvement was slower compared to VP times smaller than two hours. At four hours of VP,

further increases in BC and BS, and decrease in MAD values with very small standard deviation

were observed. Very strong and sharp Kikuchidsaresult in indexing rate ranging between 85

and 95% with slight variation between different phases.

Table4-4: Indexing rate at each preparation step.

Preparation step

Indexing rate, (%)

VP(t=0) 1525
VP(t=120 min) 75-80
VP(t=240 min) 8595
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R

COMPO 20.0kV X2,700 WD 17.5mm

10um

Cu
Cu;Sn
CugSns
B-Tin

Figure4-3: (a) a representative SEM image) EBSD phase ma@and(c) EBSD orientation
map The minimum number of bands and step size are 6 and 0.1 um, respectively

A representative SEM image and EBSD phase and orientation maps are predeigiec ih3.

This is the SEM image taken after four hours of VP. This EBSD map was composed of points
representing an analysis of 51,429 separate patterns. The scan cat#tigsivere as follows:
confidence index (CI) = 0.62 and image quality (1Q) =180, indicating that a quality EBSD map
can be generated using the previously described surface preparation proCdodecates the
degree of confidence that the orientataalculation is correct while IQ is a quality factor that
defines the sharpness of the diffraction pattern. Cl may range from 0 to 1. Both are used

frequently to evaluate the overall quality and reliability of EBSD analysis.
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4.3.2 Optimization of EBSD Software Parameters
EBSD orientation and phase maps were obtained at different levels of magnification using the
default settings for the hkl Channel software and changing the EBSD parawtetdrare
shown inTable 45. The variables are the step size and thammim number of detected bands
which are varied between 0.05 and 0.4 um and between 4 and 7 bands, resp&bevely
resulting phase maps at different minimum number of detected bands are shown in Figure 4 4(b
f). It also shows band contrast map (Figurdl)¥for the mapped area showed in the SEM back
scattered electron image of Figure 4 4(a).

Table4-5: EBSD parameters and their levels

Parameter Level
Minimum number of detected ban 4 5 6,and 7
step size (um) 0.05, 0.075, 0.1, 0.2, 0.3, and (
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UofAl COMPO 20.0kV X4,000 WD 17.5mm 1um

0 pm; ap,'ep-Ol pm; Gnd317x158 = -1 um; Map, SI pm; Gnd317x157
(©) (d)

—_—
-

L 4
-l

I - 255 512p=0.1 yn: Gred31 74158

(e) ®

Figure4-4: Effectof minimum number of detected bands ondhbelity of EBSD measurements.
(a) SEMimage, (b)and contrast image, (c), (d), (e), and (f) are phase maps collected using 0.1
um-step size and 4, 5, 6, and 7 minimum number of detected bands, respectively.

Thebest match between the obtained phase maps and the SEM image, in terms of identifying
each phase region, was the one achieved at 6 detected bands, as $tigune ik4(e). A

I i mi t ed numb-énrregionfwerp msimdéxed which cam be corrected for using
clean up techniquest post processing stag&herefore, this value is considetedethe

optimum minimum number of detected bands one should use wlkesp#tdimen configuration

is under EBSD investigation. Although the percentage of indexed poiRigure 44(c) looks
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comparable with the one Figure 44(e), as one can confirm froRigure 44(d), a large portion

of points were misindexed. In partica r , p-tinrand C@Sns IML, in Figure 44(c) were
unreliably indexed as G8Bn IMC andCu, respectively, while part @@uwas indexed as G8ry

IMC.

Themisi ndexi ng -t segianare inast likell relatdd to the low crystal symmetry
asse¢ i at ed wi t-tinhaska bosheeptéread seragond structure, which is known to have
low symmetry. A low minimum number of detected bands (4 bands) is reasonable for a cubic
material, but is probably too low for n@ubic or when tryingd discrminate different phases.

As the minimum number of detected bands increases, accuracy of the phase identification has
improved as irFigure 44(d). When the minimum number of band detected was 6, the greatest
accuracy was obtained in all regions; espegialli-tim and CySns and CySn IMCs. Increasing

the minimum number of detected bands t&igyre 44(f)) resulted in obtaining comparable
accuracy of phase identification @u and IMC regions. However, poor indexing was achieved

i n-tinfkegion. This wa attributed to the limited number of sharp and bright bands being
detected in this region. The EBSD will not assign a solution for a pattern that has been analyzed
with lower number of bands (less than 7 in this case). Similarly, the reliability of nglixi

CusSns IMC region was affected by the minimum number of detected bands. This was attributed
to the low crystal symmetry associated with this material. Improved indexing reliability was
achieved as the minimum number of detected bands increasessihedults compared to

SEM reference image were obtained at 6 bands. It also was observddduen44 that CySn

IMC region was less affected by changing minimum number of detected bands. Comparable
indexing rates were achieved regardless of the chesee for the minimum number of detected

bands. In general, it was concluded that if good quality patterns (perfect preparation) and
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accurate calibration are used, then thesrmdexing problem can be minimized by using a large
number of bands for pattesolution.
The effect of minimum number of detected bands on EBSD results was further investigated in

terms of BC, BS, MAD, and neimdexing rate, as shown Kigure 45.

210 1
—e— Average
200 {_ a— Copper
190 - Cu3sn
180 { —*— Cu68n5
170 ) T beta e
- - .
E - \"h
16“ 7 - -"": - ‘\‘h.
g —— "-:_ - Y — . T —, 1“\
150 - F:,_:_':_:___- a7 —_ - — —-—;:
140 4
130 -
120 1 . , . . T T
4.0 4.5 5.0 5.5 6.0 6.5 7.0
Bands

Figure4-5(a): The effect of rmimum number of detected bandsB®@. Step size was held
constant at 0.1um.

50 | E——— s mko T —— n
250 g — — ;—u":" — T i gl
- - -
-
2s{ -~ a
- — —— Average \
& 200 ===~ (Copper
Cu3Sn
175 —h— CutSns
Tin beta
150
4.0 4.5 5.0 5.5 6.0 6.5 7.0
Bands

Figure4-5(b): The effect of minimum number of detected bandB®nStep size was held
constant at 0.1um.
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Figure4-5(c): The effect of rmimum number of detected bandsMAD. Step size was held
constant at 0.1um.

359 Average

% non-indexing
[
=)

4.0 4.5 5.0 5.5 6.0 6.5 7.0
Bands

Figure4-5(d): The effect of minimum number of detected baadsionindexing rate
percentage. Step size was held constant at 0.1um.
Cuand CySn; IMC alwayss how hi gher BC and BS and -tihhower MA
and CySn IMC as seen iRigure 45(a-c ) -tin hbs the highest BC and BS, and relatively lower
MAD values at a minimum number of 6 detected bands. This combination of values was behind
the higlest accuracy in phase identification achieved at that minimum number of detected bands

as shown irFigure 45(d) by achieving a smaller nandexing percentage. Aninimum number

of detectedband of 6, the majority of sampled areas have been indexedeasfdhe expected
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phases and showed the highest accurate indexing percentage. Otherwise, a significant number of
data points were either nsi;ndexed or noaAndexed. This implies that minimum number of

detected bands of 6 is the optimum value at whichliliEBSD results and avoiding nam
miss-indexing of the data are achieved.

If the grain or sulgrain sizes and shapes are to be determined by EBSD, then close attention
must be paid to the step size in relation to the grain size. It has been s3tedt[a step size of
onetenth of the average grain size is a good starting point for general microstructure, grain size,
shape, and orientation measurements. A smaller step size would be needed if the grain size
distribution isnorhomogeneous, as oneght expect in multipléayer specimen. In such

specimens, there is a high possibility of havimgpehomogeneus distribution of grain sizeueé

to presence of different materials in the structure. The use of smaller step size allows for all small
grains tobe captured if the grain size is to be determined from the maps. Similarly, a small step
size, relative to the grain size, is also required for high resolution definition of grain boundaries
[13].

Figure 46 shows the effect of step size on the EBSDItsskigure 46 (b) shows grain size
distribution for the mapped surfacekigure 46 (a) using a step size of 0.1 pum. At this step size

and at lower values, it was found that grain size measurements stabilized. When higher values of
step size were chosgvariation in grain size measurements was witnessed. Therefore, a step size
of 0.1 um was chosen to be the highest value to reveal accurate and reliable grain size

measurements.
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I - 10 u; M2pd; Step=0.1 prn: Gndd20:1 53 I - O v M2p; Step=0.1 o Grdd20:153
(©) (d)

e
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Figure4-6: (a) SEM image, (b) contrast image of SEM image in (al)) @rientation maps (left)
and phase maps (right) at different step sizes; (c, d) 0.1g4fn0(2 um, and (g, h) 0.4 pm.
In thisdisplay,Figure 46(b), the average grain area measuremest® as follows: 29.69 pm
1.65 unf, 300.24 pm, and 2.98 urhfor CusSns, CwsS n :tin, BndCu, respectivelyFigure 4
6(c), (e), and (g) show the orientation maps whilgure 46(d), (f), and (h) show the phase

maps for the samareain Figure 46 (a) obtained at different step sizes. As seen, the accuracy of
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grain size and shape measurements is significantly affected by the step size used during EBSD

mapping. Coarser grain shapes and, therefore, rough grain size and grain boundary
measurements, weretained at higher step sizes; $egure 46 (d), (f), and (h). Additionally, it

has been observed that there were some changes in grain orientation measurements in some
phases as step size changes. This was very obvious by comparing the change isicalar of
grains inFigure 46 (c), (e), and (g), for instance, see the change in color for grains marked 1, 2,
3, and 4 in the figuresThis indicates that step size is an important factor in determining the
right orientation for grains as well.

Figure 47 shows the grain size measurements at different step size for differSnI®ICs.

Me a s ur e mdimandCu lHawebee omitted for brevity. However, their measurements are
summarized iMable 46. All materials showed a change in grain size measurements and their
frequencies as the step size changes; sedalde 46 for quartitative results of grain size
measurements of all materiale grain size measurements obtained at step sizes of 0.075 and
0.05 Om were omitted because they are-isi mi
grain size measurement which shavpmor indexing rate especially during 0.075 um step size.

It was found that there is a tradeoff between the time and accuracy at which these images are

obtained. As the step size increases the time required to get the pictures decrease. The range of

measued grain size and frequency changes in all phases as step size changes. The grain size

measurements stabilize as step size gets at or smaller than 0.1 um. Therefore, this step size was

considered the highest possible value to get accurate results irofegras size measurements.
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Figure4-7: Effect of step size on grain size measurements of differeif8rQMCs (a) CuSns
and (b) CgSn.
Figure 48 shows the change in BC, BS, MAD, and findexing rate as step size varies between

0.05 and 0.4 um. In all phases, BC and BS show higher values while MAD and percent non
indexing show lower values as step sizes vary betweed.® Am. At smaller step sizes, e.g.
0.050.075 um, higher MAD and percent nordexing were depicted. This wioube attributed

to the fact that these values approach the limits of the EBSD spatial and angular resolutions. At
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0.4 um step size, the neandexing rate percentage was the lowest. No correlation was extracted
for the possible reasons behind the enhannemendexing rate at this step size.

Table4-6: Grain size measuremerdtdifferent materials obtaineat different step sizes

Step size, (um] Statistics CusSns IMC CusSn IMC
Area, (unf) | Diameter, (um | Area, (unf) | Diameter, (um)

average 29.69 3.74 1.65 1.01
Std. Dev. 70.71 5.09 2.01 0.87
0.1 Min 0.12 0.39 0.13 0.11
Max 245.67 17.69 10.29 3.62

# of grains 12 - 63 -
average 31.67 3.93 1.68 1.07
Std. Dev. 53.14 3.97 1.96 0.83
0.2 Min 0.24 0.50 0.12 0.23
Max 242 17.55 10 3.57

# of grains 11 - 62 -
average 51.38 5.83 2.10 1.41
Std. Dev. 90.38 6.01 2.13 0.78
0.4 Min 2.4 0.45 0.32 0.45
Max 249.12 17.81 9.76 3.53

# of grains 7 - a7 -

b-tin Cu

average 300.24 19.55 2.98 0.92
Std. Dev. # # 3.76 1.28
0.1 Min 300.24 19.55 0.14 0.11
Max 300.24 19.55 16.2 0.54

# of grains 1 - 23 -
average 263.32 18.31 4.49 1.55
Std. Dev. # # 6.80 1.51
0.2 Min 263.32 18.31 0.32 0.23
Max 263.32 18.31 30.84 6.27

# of grains 1 - 22 -
average 141.04 10.76 3.93 1.42
Std. Dev. 190.86 11.29 5.06 1.34
0.4 Min 6.08 2.78 0.48 0.45
Max 276 18.75 20.16 5.07

# of grains 2 - 29 -
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4.4 Conclusions

In this study, a preparation procedure that is adequate for surface preparation of-taytiple

specimens has been developed and optimized. The effect of EBSD parameters on EBSD results
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extracted from multipldayer specimens is investigated and optimiZdok proposed surface

preparation technique for EBSD analysis was used to finiskfleadotler joint (Sn

3.5%Ag/Cu soldering system).

It has been found that the best possible surface finish is obtained when automatic
grinding-polishing is followed by vibratorpolishing with standard consumable produots
certain number of hours

High qualityEBSD patterns were obtained in a reasonable amount of time and at low cost.

If the vibratorypolishing step was skipped or shortened, very poor quality EBSD patterns
were resulted.

In this study, four hours of vibratory polishing gave the best possihlts@en used to
prepare the specimens used in this study.

For other materials, the time range specified here may or may not be the optimum and,
therefore, a new time range has to be set by running a parametric study on this factor for the
particular sebf specimens.

For valid and reliable phase discrimination and grain size and grain orientation
measurement, certain EBSD analysis setting parameters must be optimized. In particular the
optimum values for step size and minimum number of detected banelsietermined.

High quality EBSD phase discrimination is obtained in all phases when an optimum value
of the minimum number of detected bands of 6 bands is used. As the minimum number of

detected bands deviates from this value, some phases wefiacdeissl.
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Chapter 5 : Mechanical Characterization d Intermetallic Compounds in Sn-3.5Ag/Cu-
Substrate Soldering Systems

Abstract
Elastic and plastic mechanical propertiesntérmetallic compoundNMC) phases of leattee

Sn3.5Ag/Cusubstrate soldering system are investigated in joints with differesgt s&ng
nanoindentation techniqué&he specimens of different solder jothicknesses (ranging from 15

pm to 450 um) wer@repared using soktiquid interdiffusion (SoLID) soldering process. Solder
joints were subjected to 38D soldering temperaturerf@0 min, and then air cooled to room
temperatureNanoindentation technique was used to extract the elastic and plastic properties of
CuSns, CsSnand AgSn | MC gtin anch adppér material€u-Sn IMCs formed in

specimens with smaller joint thickness show higher elastic modulus, hardness, and yield strength
and lower work hardening exponeihis was attributed to the dimensional constraints
associated h decreasing joint thickness. Local elastic modulus and hardness of different
CusSns IMC grains were obtained using a combination of nanoindentatioelaatton

backscatter diffractionEBSD) techniques. Grains with perpendicular orientation to theingad
direction show higher elastic modulus and hardness compared to the oneswxigiparallel to

the loading direction.

Key words: Size Effects, Si18.5Ag Solders, Nanoindentatidalastic modulus, Plastic

Properties, Intermetallic Compounds.
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5.1 Introducti on
The mechanical properties of a material determine the limit of applications in which the material
can be effectively used. Solder alloy as a joining material provides electrical, thermal, and
mechanical functions in electronic assemblies. When an @hculevice is in service, the solder
connections are subjected to a varietyhefrmal, mechanical, and thermwechanical loas|
including shear and axial loadQeep, stress relaxation, and thermal fatigreprimarily
consequences of long term andaaed cycles of loadBroblems of creep, fatigue, crack, and
failure of solder joints has been given large amount of attention over many dglcadés
Depending on the type of solder and device deformation mechanisms in different types of
loading, variais constitutive equations have been developed and reported in literature. These
constitutive equations are often used in finite element simulation to predict the mechanical
behavior of the solder joints in different geometrical configurations and loadntions.The
accuracy of the modeling activitiesuch as finite element analysis probing the solder
behavior is inherently affected by the accuracy ointleehanical propertigg.g.elastic
modulus, yield stress, work hardenjiegeep exponentand fatigue constantgtc). However,
the eported values of mechanical properfassoldermaterialsshowawide range of scatter.
This scatter in reported valuesuld be attributed to the differersda the fabrication methal
the testing methathndconditions, and the specimen size and geometry.
Theoretical and/or numericpfedictionsof the properties of materials are very important not
only to analyze and optimize their performance, but also to design new materials. For these
reasonsyariety of nodels to predict the effective properties of materialsieas reported in
literature. One of these models is 2D/3D microstruebaged finite element modelinghich

strongly depend on accurately knowing the local mechanical properties of differestagrdin
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phase$12-14]. It hasbeen introduced to account for timécrostructual factors that influence

the mechanical behavior of the materi@lssign and development of high performance
materials requires a thorough understanding and careful contri¢trafstructureand its effect

on the fysical and mechanical properties of a matefiaéreforethe need to incorporate real,
experimentally measured microstructural data sudrais size and distribution, local
crystallograply of the grains, and localastic and plastic properties into the property simulations
has come to the forefront in recent years.

A review of literature shows thabnventional analytical and numerical modeling techniques
simplify the heterogeneous microstructure of multiphag#esonaterials to make analysis more
efficient and straightforward. Microstructural complexities, such as spatial distribution of IMC
particles, irregular morphology of the IMC patrticles, and anisotropy in IMC particle orientation
and local mechanical respse are often simplified because of lackhes information from
literature. In order taccuratelypredict the effectivenacroscopic material behavior and
understand the localized damage mechanism, local {aanéor micrescale)mechanical
propertiesuchas¥ungo6és modul us and hardness of the
are in needThe local properties of any material can be obtained using nanoindentation which
has been proven to be a reliable technique in obtaining elastic propettiessashown fairly
accurate results in providing information about plastic behavior of matét@igever, he
disadvantage of nanoindentation is the absence of any imaging ability which is an issue for
heterogeneous materials such as solder jaiisseqgently, it is not possible to infer from
nanoindentation alone the specific phase or composition under the indent beingasied.
studies have coupled nanoindentation with atomic force microscopy (AFM) while others

combined it with scanning electron mascopy (SEM}o overcome this issudoth techniques
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5.2

have their limitations. AFMhas poor resolution capabilitiaeedSEM does not provide grain
structure and orientation dataur proposedsolutionis tocombine nanoindentation witlectron
backscattediffraction (EBSD). Nanoindentation is utilized to mechanically probe small volume
of a material within individual grains for which local crystallographic information are obtained

from post EBSD mapping.

Fundamentals ofNanoindentation
Nanoindentation ian important tool for probing tHecal mechanical properties of materials.
The main information that one obtains from a nanoindentation test is the load versus depth of

penetration. A typical load versus deptirveis shown inFigure 51.

SURFACE PROFILE AFTER
LOAD REMOVAL

INDENTER

LOADING

LOAD, P

UNLOADING

SURFACE PROFILE
UNDER LOAD

Y

Figure5-1: (a) A schematic representation of indenter and specimen surface geometry at full
load and full unload for conical indenter showing the relevant quantitied, Schematic
representation of typical Load versus indeotatiepth curve showing relevant quantities used in
nanoindentation data analy$i$].

The key points of interest in this curve are the maximum applied lgagl tfee maximum depth
of penetration, hax the vertical distance along which contact is madet@ct depth after load
removal), I3, and the unloading slope (contact stiffness) measured at maximum load, S. This data
can be used in calculating the mechanical properties such as elastic modulus and hardness as

well as plastic properties. One of the meommonly used procedures for analyzing
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nanoindentation loagenetration depth data is the one developed by Oliver and Pharr [16]. In
this regard, it is useful to summarize the salient features and the approach taken in this
procedure.

The hardness anddhlieducedd o u nrgoduwdus are derived as folloyi5]:

=" &
and

_ - 4-1

VI o |Iag | Loy
E=0i 5= [? E] (5-2)

where A is the projected are&, the reduced moduluandf is a dimensionless constaEt, v,
andg;,v;are el astic modulus and Poissondés ratios

As seen fronktq.(5-1) and Eq.b-2), the key to measuring the mechanical properties of a material
would be evaluating the contact af@a at the peak load. This the single most important

factor in analyzing nanoindentation data since most errors in the analysis come from improper
assumptions about how the contaais estimated16, 17]. Oliver and Pharr found a function
that relates the contact arealte tontact deptfh.) for a Berkovich tip; which is thregided

pyramids commonly used in nanoindentation tests, as shown below

A(h.)=24.5n3+f(h,) (5-3)
wheref(h_)is a correction function that takes into account the finite truncation aipeallhe

last step in the analysis to calculate the contact area is finding the contachgdepth,

Experimental determination of the contact stiffness S between the specimen and the indenter tip
as the initial slope of the unloading curve alkofer the contact depth to be obtained as fatlow

[16]

h,=h,,, "= (5-4)
wheresz is a geometry dependent factbatdepends on type of indenter.
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5.3 Extracting Plastic Properties from Nanoindentation Data
WhileYou ng 6s mo ddndssios a variety of $olaer alloys, measured by
nanoindentation, have been reported in some studies, the plastic properties such as yield strength
and work hardening exponent are not well kno&ome studies proposed models for extracting
these propertieBom nanoindentation loagenetration depth dafa8-21].
Very few studiesharacterizeéhe plastic properties of solder joi2, 23]. In those studies,
nanoindentation data were used to extract the hardnegsastic and plastic properties of-Sn
3.5Ag and SrAg-Cu solder joints and their associated IMCs. In Deng ¢22).work, solder
joints of 0.5 mm in thickness and 6.35 mm in diameter were used. This size is relatively large
when it is compared to current ssa# solder interconnects which asgically in the scale of
microns.In his resultgeported inTable 51, the predicated yield strengths@iSn; and CySn
IMCs were quite higltomparedo thevaluesobtained by Song et 4R3]. Work hardening
exponents foCusSrns and CySnIMCswere®own t o be zero i1 nzerengo6s
positivev al ues wer e o0 bt arheddéfetendesin tlecapatédsvalues cautt pe
due to the difference in the experimental procedure applied to prepare the solder joints. Although
both studies wexl very close soldering temperatures;°24hd 250C in Deng et al. and Song et
al. study, respectively, the solder alloy and the subsequent fabrication steps such as soldering
time, number of reflows, aging time and temperature are diffédefder alby of 3.5wt%Ag
reflowed onCu substrate was usedime n g 6 swhite SnBdityo-0.5wt.%Cu reflowed ou
substrate was used by Song et al. both studies have not reported the thickness of the resulting
joints and therefore, no correlation on possible siteets was possible to be made. Thus,
further studies should be conducted to elucidate these contradicting results of plastic properties

of solder joints.
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Table5-1: Comparison of two different results ofgtic properties of different IMC phases

calcul ated f ol ng Daobés model ol
Deng et al. [22] Song et al. [23]
phase Yield strength, | Work-hardening| Yield strength, | Work-hardening
(MPa) exponent (MPa) exponent
CusSn; IMC 2009163 0 1850.6+123.9 0.105+0.010
CuSn IMC 1787+108 0 1440.3+260.4 0.075+0.001
AgsSn IMC 794192 0.072+0.027 334.1+39.1 0.056+0.002
Thesizeeffecs on elastic angplastic properties ha not been done which motivates this current
study to consider its possible influence onrégulting plastic properties of micszale solder
joints. Dao et al. developed a method to extract the plastic constitutive properties of materials
using nanoindentation test [20]. Their technique was further modified by reseancthiéerent
aspect$18, 19, and 2JL However, comparing the original model with a modified version
actually showed no significant difference and
more accurate results [13).a 06 s mo d e | uses t kisplacenentst ant, C,
relationship developed by Kickdés | aw as follo
P=Ch* (5-5)
whereP, is the indentatiofoad, #, is the indentation depth, adda constant given by
\ . E.

C=0y 331 L1(—=) (5-6)

.....

whereg; 433 is the representative stress at a plastic strain of 0.033 determined by the indenter
geometryE, is the reduced elastic modulus, &nhdis a dimensionless functiagiven by the

following equation

L .3 A 2 s o ~
€ a e a e a

oy =- 1.13]éln%Er g +13.635é|n%$ - 30.594éln%$+ 29.267 (5-7)
é C~0033-] é C>0033=(] € C 0033

The representative stress is theoretically related to the yield stress as follows:

60 032 =0, (1+——0.033) (5-8)

Lt i}
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wherekE is the elastic modulus of indented material, &nid work hardening exponeof the

same materialThe work hardning exponent can be calculatesing another dimensionless

function as follows:

1 g|
E/hpey dhb hax
whereh,, ... is the maximum indentation depﬁi—, S is the slope of the unloading segment

1, (59)

evaluated at maximum depth, afigdis the secondimensionless functiogiven in Eq(5-10).

é
é o ~
+(17.93006° - 9.22091° - 2.377331+O.86295éln% i % (5-10)
é ¢ gl

The determination of the plastic properties starts with identifying a complete nanoindentation

(i.e., loadingunloading) loaedisplacement curve. From thigree the representative stress is

determined by Egb¢6) which involves utilization of a dimensionless function of the form given

in Eq(5-7). After the representative stress has been determined, the value of work hardening
exponent, n, is determined usiBg.(5-9) which incorporates a second dimensionless function of

the form given in E5-10). Once both the representative stress and work hardening exponent

are determined and a point in the plastic reg

value for yield stress can be evaluated by usin¢bER).

Experimental Procedure

In the present work, theb-Free SA3.5%Ag/Cusubstrate solder joints were investigaféd.
evaluate the effect of size on the local mechanical properties, two differ@ntgafigurations

with different sizes were fabricat¢24]. Figure 31shows actual images and schematic drawings
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of thetwo configurationsi s ed i n this stusgal ©nepéscsi mahdedS8
in Figure 31(a). The other configurationsa | | e & cfall aer gsepeci meno (LS) a
Figure 31(b). To obtain all different possible phases of IMCs, higher temperat8@03C and

longer time 020 minwere used for fabricatio.he joint thickness in SS specimens were
controlled by appling pressure and are on average aboutma%nd 2%m when 0.55 and zero

MPa pressure were applied, respectivélye two thicknesses obtained from SS configuration
were differentiated by two different names; SS1 is used for specimen witin 88d SS2 is

used for 25m-thick specimenA joint thickness of 450 um was achieved in LS configuration
without applying any pressuréfter fabrication, microstructural analysis was uaad it was

shown that all the joints consist©f), -tifoand intermetallic (IMC) layers, namely, §8n; and

CuwsSn IMCs. IMC particles such as 4&8n or CySrsa were also observed, and most clearly in

LS specimensdMechanical polishing procedurislowed by vibratory polishingas described
elsewherg25], were used for the joint preparation for nanoindentation teasngell as for
subsequent EBSD mapping

Nanoindentation tests were conducted at room temperature using a Hysitron Tribolndenter with
force and displacement resolutions of 50nN and 0.1 rspentively. The machine was equipped
with an indenter tip with standard diamond Berkovich geometry. The indenter was pressed into
the specimen up to 5000 uN maximum load with loading rate of 1000 uN /sec, and then it was
held at the maximum load for 5 g§&6], to avoid the influence of creep on unloading
characteristics, before it was completely withdrawn at unloading rate of 1000 pN /sec. At least 5
indents were collected from each matefTfddeindents were separated byrbpvhich was

enough distance tovaid interactiorbetween the site3he results fromthe nanoindentation
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5.5

experiments, mainly the foradisplacement curve, were useddqs(5-1) to (5-10), to determine
the elastic and plastic properties for each material.

For evaluation of local propegs of individual C¢Sns IMC grains, nanoindentaticests were
conducted on Gy IMC regions. Therefore, nanoindentation impressions were located within
the individualgrainsof IMC phase The 15x7array of indentations gawetotal of 105 indents
Whenindentation tests were done, specimens waresferredo a SEM equippedavith EBSD
system taallow for theareas with indent® be EBSD mapped. This step allotlue extracton of
local crystallographic information, such as grain size and orientatioretaties them to the local

mechanical properties obtained from nanoindentation test.

Results andDiscussions
Average representative nanoindentation load versus displacement curveSrg CusSn,

AgsS n ;tin, BndCuregions are shown iRigure 52.
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Figure 52(a). Nanoindentation load versus displacement curvé&ughns IMC.
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Figure 52(b): Nanoindentation load versus displacement curv&ughn IMC.
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Figure 52(c): Nanoindentation load versus displacement curvésgyebn IMC.
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Eutectic Solder
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Figure 52(d): Nanoindentation load versus displacement curves of eutectic solder.
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Figure 52(e): Nanoindentation load versus displacement curvé&uof
The arve data was collected for each material from espetimerexcept for eutectic solder and

AgsSn. Nanoindentain data curves for eutectic solder were available only frormdegimens
because much eutectic solder is available for testing in this specimen when comparing with other
two specimens nanoindentation curves foggIMC were only obtained from SS1 speeim

because under the condition of fabrication the §&Timerhad completely transformed to

IMCs andlarge AgSn IMCwas available for evaluatioAgsSn IMC formed in LS specimens

was relativelyin smallgrainsand not suitable for nanoindentation tegtifihe curves exhibit
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different shapes from one material to another, primarily due to the difference between the
mechanical properties of the materials involved in the soldered joint structures ddrsirmed

by Figure 53 which shows SEM micrographsditating representative nanoindentation
impressions in different materials.

As can be seen froffigure 52(a), (b), and (e), the loadisplacement curvest the same peak
loadobtained from SS1 and SS2 are almost identical and coincdezach other, wie they

differ from that obtained from LS specimen for the same material/phaseis attributed to the
greater size difference between SS and LS specimens. LS specimens show larger indentation
depth at maximum load. The elastic and plastic propentgesxracted directly from the curves.
Therefore, these properties vary for different size of specimens for the sameFHon#s=Cu
material shown irrigure 52(e), the loaedisplacement curves obtained from different specimens
are almost identical withearly parallel unloading segment Therefore, less variation the

mechanical response Gl is expected.

COMPO 20.0kv X2,700 WD 12.0mm 10um

Figure 53(a). SEM micrograph shows representative nanoindentation tests in SS1 specimen.
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COMPO 20.0kV X2,700 WD 10.0mm 10um

Figure 53(b): SEM micrographs show representativanoindentation tests in SS2 specimen.

COMPO 20.0kV X2,700 WD 10.0mm 10um

Figure 53(c): SEM micrograph shows representative nanoindentation tests in LS specimen.
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UofAL COMPO 20.0kV X2,000 WD 10.0mm 10um

Figure 53(d): SEM micrograph shows representative nanoindentation testg3mAggion.

COMPO 20.0kV X1,400 WD 10.0mm 10um

Figure 53(e): SEM microgr@h shove represe_ntative nanoindentation testsirutectic solder
At least 10 indentation loadisplacement cLer\gtle(;nwere collected from each material to obtain
statisticaly significantdata. Indentation impressions that were within or near tegates
between materials and close to defect sites were avoided in thislst&tyure 53, circled

impressions were excluded from data analysis. Using the method of Oliver anfiLBharr

summarized b¥qgs(5-1) to (5-4) in Section5.2, the elastic madus and hardess were
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determined from the loadisplacement curve of each material in different specimens. For a

diamond indentertip,;,&E 1140 GpO0@7[I6]rwdh i dwas agsumed to be 0.309 for
CusSre, 0.299 for CySn, 0.30 for AgSn, 0.30 foreutectic solder, and 0.33 fGu [21-22, 27].
Results of elastic properties are summarizetiable 52.

Table5-2: Elastic properties (elastic modulus and hardnesSugirs, CusSn, AgSn Eutectic
Solder andCu materials.

Joint Thickness CusSrs IMC AgsSn IMC
(Hm) E (GPa) H (GPa) E (GPa) H (GPa)
15 112.32+1.21 7.73£0.18 88.69+4.18 3.384+0.25
25 117.63+£3.26 8.09+0.37 - -
450 104.07+£3.35 6.73+0.51 - -
CwSn IMC Bulk Solder
E (GPa) H (GPa) E (GPa) H (GPa)
15 130.08+2.69 7.57+0.21 - -
25 131.71+£3.27 7.49+0.27 - -
450 118.65+2.18 6.19+0.56 58.35+2.27 0.30+0.025
Joint Cu
Th('ﬁﬁ?)ess E (GPa) H (GPa)
15 100.83+4.65 1.65+0.081
25 103.16+1.63 1.67+0.13
450 102.67+4.80 1.57+0.038

Figure5-4 shows the size effect of joint thickness on elastic properties §8rg;\CwSn, and

Cu materials. Overall, the experimental results of elastic properties for the different materials
were found within the range of literature {23, 26, 2829].

It can be seen froriable 52 andFigure 54 that the elastic modulus and hardness show

noticeable changes as the specimen size changes.
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Joint Thickness Vs. Elastic Modulus, E (GPa) Joint Thickness Vs. Hardness, H (GPa)
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Figure 54(a, b): Elastic modulus and hardness versus joint thickness §n{JmC
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Figure 54(c, d): Elastic modulusral hardness versus joint thickness fog&ulMC
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Figure 54(e, f). Elastic modulus and hardnaessrsugoint thickness forCu.

The dastic modulus and hardness ofgSts IMC first increass and then decreasas joint

thickness changes from 45025 andhen to 15 um. @erall, the SS specimens show higher
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average elastic modulus and hardness compared to LS specimen. This can be considered a sign
of size effects plagg a role in this IMC. Similarlythe elastic modulus for G$n IMC shows

similar behavio as in CySns IMC while hardness shows monotonic increase as the joint

thickness decreasesSu results show similar values for elastic modulus in all specimens.

Therefore, this property was found to be independent of joint thickness. Hardnesdoegults
showincrease irvaluesobtained forISS specimens. For Agn IMC and eutectic solder,

comparison of elastic properties with respect to joint thickness was not possible. This was
because of the limited size and limited availability of these phasesiesiected specimens.

Phases were either missed or very small and therefore, it was extremely difficult to locate
nanoindentation tests on them.

Table5-3: Plastic properties (yield strength and work hardgm@xponent) oCusSrs IMC,
CuwsSn IMC, AgSn IMC, Eutectic SolderandCu.

Joint Thickness CusSns IMC AgsSn IMC
(M) Gy,(MPa) n ty,(MPa) n
15 2382.38+149.41 0.19+0.021 254.76154.57| 0.47+0.014
25 3264.99+507.77 0.11+0.009 - -
450 2000.02+403.93 0.23+0.®4 - -
CwSn IMC Bulk Solder
dy,(MPa) n dy,(MPa) n
15 2200.32+138.04 0.20+0.014 - -
25 2361.96+63.02| 0.16+0.009 - -
450 1481.59+358.77 0.28+0.045 0.37£0.069 0.61+0.001
Joint Thickness Cu
(um) dy,(MPa) n
15 17.89+1.30 0.56+0.002
25 18.59+2.68 0.55+0.004
450 11.78+0.78 0.58+0.002
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Egs.(55) to (58) were used to extract the yield strength and work hardening exponent from the
load-displacement curves for each phase. The results in different specimens are Tistald

3 and are visalized inFigure 55, for all different materials tested in this study.

CusSns IMC shows an increase in yield strengththe joint thickness increases from 15 pm to

25 pm, and yield strength decreases as the joint thickness experiences a furtherfioone2se

pm to 450 pumForthe same material, work hardening exponent decs@agithen increases as

the joint thickness increas&om 15 pum to 25 pm and then to 450 pmherefore, similar non
monotonic behavior in the values of yield strength and warlléning exponent is observed.
When values of yield strength and working hardening exponents extracteds&g GIC are
compared in SS and LS specirse8S specimens show higher yield strength and lower work
hardening exponents compared to the valuésSadpecimen. This was attributed to the size
effect. Our plastic properties of gy IMC were also compared to the reported values from
literature. The yield strength from our study was within the range of the reported values by Deng
et al. and Song et.dR2, 23]. However, the current value of work hardening exponent correlates
well with the valué&3.obtained in Songds work [
Similarly, CsSn IMC has shown an identical behavior as that associated winGdMmC.

Yield strength slightly increasend hen decreases while work hardening exponent decreases
and then increases as the joint thickness increases from 15 pum to 25 pm and then to 450 pm.
Overall the SS specimens show higher yield strength and lower work hardening exponents
compared to the valuextracted from LS specimens. Therefore, this was attributed to the size
effects. The reported values for the yield strength f@S@GUMC, from this study, are reasonable

compared to the documented literature vakieamarized in Table-b [22, 23] Howerer, our
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[22, 23] as summarized in Tablel5

values for the work hardening exponent are much higher compared to the values in the literature

Joint Thickness Vs. Yield Strength, oy (MPa)

Joint Thickness Vs. Hardening Exponent, n
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Figure 55(a, b): Yield strength and work hardening exponent versus joint thickng&asIMC.
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Figure 55(c, d): Yield strength and work hardening exponent versus joint thickngSs@JC.
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Figure 55(e, f). Yield strength and work hardening exponent versus joint thickbess
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Thevaluesobtainedfor AgsSnwere compared with the values reported in the liteea see
Table 54. Our value of yield strength for A§n, 254.76£54.57 MP#& lower than but close to
the value reported by Song et &3], 334.1+39.1 MPa. However, it is significantly lower than
that reported by Deng et aR3], 794+92MPa.

Table5-4: Comparison of plastic properties of different materials in the current study with those
reported in the literature.

Current study Reference?2 Reference 23
Joint Joint Joint
Thickness | Gy,(MPa) n Thickness | @y,(MPa) n Thickness | {y,(MPa) n
@) (Hm) (Hm) (Hm)
= 15 2382.38x| 0.19%0
Uﬁ)’ 149.41 .021
£ 3264.99+| 0.11+0 Not 1850.6+1| 0.105+
o 25 507.77 | .009 500 2009£63| 0 | ndicated | 23.9 | 0.010
2000.024 | 0.23+0
450 03.93 | .054
dy,(MPa) n dy,(MPa) n dy,(MPa) n
©] 15 2200.32+ | 0.20%0
= 138.02 | .014
(% o5 2361.96x| 0.16x0 500 178710 0 Not 1440+£26 | 0.075%
g 63.02 .009 8 indicated 0.4 0.001
450 1481.593| 0.28+0
58.72 .045
o dy,(MPa) n dy,(MPa) n dy,(MPa) n
= 254.76£5| 0.47+0
= 15 4.57 014
(% : : Not 794492 0.072+ Not 334.1+39| 0.056%
> 25 - - indicated - 0.027 | indicated 1 0.002
<
450 - -
Current study Reference?2
3 dy,(MPa) n dy,(MPa) n
A 15 - -
Q
= 25 - - 500 50420 00'007073*
£ 450 0.37+0.06| 0.61%0 :
m 9 .001
Current study Reference&?2 Referere 21
Joint Joint Joint
Thickness | Cy,(MPa) n Thickness | @y,(MPa) n Thickness | @y,(MPa) n
(Hm) (Hm) (pm)
15 17.89+1.3| 0.56%0
o 0 .002
18.59+2.6| 0.55%0 Not 0.11+0 Not
25 8 .004 indicated 1809 .003 indicated 10 0.5
11.78+0.7| 0.58%0
450 8 .002
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5.6

Thework hardening exponent of 0.47+0.014 MPa was found to be much higher than the values
reported in literature [22, 23]. Cu has shown similar values for yield strength and work hardening
exponent in SS specimens. When these values compared with thosedftanmLS specimen,
higher yield strength is found in SS specimens while comparable value was obtained for the
work hardening exponent in all specimens. Overall, the plastic properties for the Cu, obtained in
our study, are reasonable compared to theegaleported in the literature [21], as seehable

5-4. However, they show significant difference with those reported by Deng et al. [22].

Local MechanicalProperties of CusSns IMC

Of the 105 indents in the arregn average of 10 to 30 indents weredted witln individual

grains and were used to compare the variation of the mechanical properties from one grain to
another. Some of the indents were excluded either if they were not successfully made, were
within a grain boundargegion, or were on inakions.Figure 56 shows SEM images and EBSD
maps of two different prendented CeSns IMC grains. 10 indents were located within grain #1

and28indents were located within grain #2.

(a) (b)

Figure 56(a, b): SEM images of two different €&ns grains.
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Figure 56(e, f): Phase maps for €ans grains in a and b.

Inverse Pole Figure: Cu6SnS  Color  Phase
Bl mm Copper
[] Eutectic Solder
Bl Cu3sn
[100] 001) (100] - Cu6Sns
(2 (h)

Figure 56(g, h) (g) shows the inverse pole figures for orientation maps in ¢ and shghjsthe
color cale in e and f.

Grairs#1 and 2 are selected they have shown distinctive local orientationsrescould
distinguish based on the difference inaradf each graimsingthe orientation mapin Figure 4

6(c and d) color interpretation of figure-6(g) as well as th&BSD local orientation data
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provided in Table &. When the local orientation of each¢Su; grain, given in Table 5, is
related to the indentation loading directignain #1was found to havis c-axis is almost
perpendiculato the loaing directionandgrain #2to have itsc-axis is nearlyarallelto the

loading direction. These local orientations corresponded to the following Burge Euler angles
(phi1, PHI, phi2) = (189.355.4, 54.4) and (358.8 881, 36.1) for grain #1 and #2,

respectivelyas summarized in Table%
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Figure 57(a). Comparison of Elastic modulus in two differentsSo IMC grains.
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Figure 57(b): Comparison of Hardnegs two different CySn; IMC grains

Using nanoindentation loadisplacement curves assoeitwith these indents, elastic modulus

and hardness for each of the indents were calculated. For egéiy GAC grain, these local
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mechanical properties were then averaged and the final results are displayed and summarized in
Figure 57 andTable 55, repectively.Figure 57 andTable 55 show that both the elastic

modulus and hardness are different in one grain from the other. Grain #1 show higher elastic
modulus and hardness compared to grain #2. Higher elastic modulus in specific direction of
CusSns IM C crystal was attributed to the elastic anisotropy associated wiBnshexagonal

structure [31]. The origin of elastic isotropy was attributed to the difference in bonding strength
along some directions compared to the others [31]. Higher hardnestniates to the limited

slip systems present in the hexagonal structure.

Table5-5: Summary of elastic properties of two different8w IMC grains.

Variable| Grain| Mean | Standard Deviatiof Minimum | Maximum | Average Orientatior

Phil | Phi | Phi2

E (Gpa) 1 |127.57 3.99 120.99 132.4 | 189.3|55.4| 54.4

2 |117.39 5.3 107.36 125.16 | 358.8| 88.1| 36.7

H(GPa) 1 8.137 0.373 7.456 8.57 189.3| 55.4| 54.4

2 7.475 0.631 6.123 8.425 | 358.8|88.1| 36.7
Conclusions

The following conclusions can be drawn from our study on the size effects on the mechanical

propertienf assoldered S#8.5Ag/Cusubstrate joints.

- The results of elastic properties for IMCs and eutectic solder show significant size effects.
Valuesof elastic modulugncrease as the joint size decreases.

- Plastic properties show a correlation with the jgiae. As the joint size decreases, the
yield strength of SitCu IMCs increases whildework hardening exponent decrease

- Local elastic properties of gbns IMC grains show strong correlation with the local

crystallographic characteristics of the grains.
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Lower elastic modulus and hardness are obtained in grains that haveakisio€t the
CusSns IMC hexagonal structure deviates from being perpendicular to the nanoindentation

loading direction.
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Chapter 6 : Fracture Toughness of Bonds Using Interfacial Stresses Four-Point Bending

Tests

Abstract
Bond strength is an important factor in electronic and photonic packaging. Measuring bond

characteristics, strength, and fracture toughness is particularly difficult in microelectronic
devices where miniaturized bonds ased (e.g., wafer bonding and 3 dimensional integrated
circuits). Since applying load directly to the bonds is proven difficult-pmimt bending test

with notched specimen has been typically used to facilitate fracture toughness measurements at
small £ale. This method is based on experiencing large peeling and shear stresses at the
interface of two layers of different materials at the notch. However, there is a lack of analytical
solution that can be used to determine the peeling and shear strélssantatface of four

point bend specimen. This manuscript presents analytical modeling of peeling and shear
stresses in tliayer fourpoint bend specimens. Strength of materials approach with the
assumption of small strains, within elastic region, ispéehb in this study for evaluation of

stresses and displacements. Furthermore, beam theory is utilized to develop equations that
describe the moments and shear forces in the assembly due to theiftlrending loads.

Second and fourth order differentejuations are derived for shear and peeling stresses
respectively at the interfaces of the assembly. Boundary conditions are determined based on
load, supports and shear force and moment diagrams of the assembly. The problem solution is
obtained by solvinghe governing differential equations instantaneously using standard

methods. FiniteElementbased simulation is used to compare with and verify the analytical
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6.1

solution. This work also presents an alternative approach where the stresses at the notch are
used to determine the fracture toughness. An experiment is conducted on a specimen with
intermetallic material as bond material. The analytical approach is then verified with the results
of four-point bending experiment and is validated using the convehteetanique (which is

based on energy equilibrium and presented by equation 60).

Key words: Interfacial shear and peeling stresses;-fmint bending; stress intensity factor;

fracture toughness.

Introduction

Electronic devices are used in almost everjydactivity as well as in applications such as
health care, aerospace, military, and numerous others. Failure may have severe consequences
and result in large economical loss or loss of human lives. Therefore, reliability is a critical
parameter that edéronic manufacturers need to investigate during the design phase.

Electronic packages usually consist of multilayered structures connected together by different
means. Different types of bonding may be used in miniaturized packages such-kgusadtid
inter-diffusion bonds, thermoompression bonds, or adhesive bonds. The strength of the bond
to sustain mechanical and therm@chanical stresses during the manufacturing and service

life is a key consideration. The ability to predict and possibly minithieeauses of failure in
microelectronic and photonic devices is of obvious practical importance. One of the major
contributors to the failure in such assemblies is interfacial brittle fracture which is considered a
critical problem in design and manufact of electronic and composite packageg][1

Fracture and failure at the interface can happen due to stresses caused by mechanical or

thermal mismatch, or a combination of both. The fracture in such assemblies could be
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quantified by specifying the borichcture toughness according to the type of loading

condition. In most fabrication and operation conditions, the components are subjected to
tension (mode I), shear (mode II), eftplane shear (mode Ill), or mixedode (modes I+Il)

loading [3]. Dependingn the loading conditions, several experimental techniques are

available to evaluate bond strength. For example;pgourt bend test, doubleantilever beam

and Chevron tests are commonly used to address and measure the strength and fracture
toughness oihterfacial bonds when mixed mode loading conditions exi5{ [4Fourpoint

bending test in particular is based on stresses developed at the interface of multilayer notched
specimen and is used to determine the fracture toughness of interface oryeond la

Failure occurrence at interface of br multi-layer assemblies is usually attributed to the

stresses at that region. Conventional fpaint bending techniques use the bending moment to
determine the fracture toughness of the bond without attegnjatidetermine the stresses at the

tip of the crack or at the interface material. Although this technique has several advantages
such as ease of use and applicability to cases that initial crack length is not known,
understanding the stresses developégheainterface, and relating these stresses to fracture
toughness is scientifically significant. Clostam solutions of interfacial shear and peeling
stresses under thermal loading have been obtained based on either strength of materials, theory
of elasttity, or classical beam theory. One of the earlier solutions was developed by
Timoshenko [6] who found the interfacial forces iddyer material due to thermal loading

and based on theory of bending. He conclutiatithe interfacial forces are concetgrhat the

free edges and consisted of shear and peeling forces. His model leads to simple and sufficiently

accurate solutions to evaluate deflection and forces at the interfacmatdnal thermesets.
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However, the solution does not provide formulastiie distribution of interfacial shear and

peeling stresses at the interface.

Since the conception of Timoshenkods solution
the analysis of the interfacial stresses under thermal loadibg][Buhir [7]expanded upon

Ti moshenkobs beam theory model and based his
the longitudinal interfacial displacement at an interfacial point is proportional to the interfacial

shear stress at that point. He obtained a rerhbrkample solution and has extended the

model to multilayered structures [ 8]. Suhiro
displacement is proportional to the shear stress at a particular point. Ru [9] introduced an
amendment t o $Siowhich tbesaxiahiytgfacialisptacement is also

proportional to the second derivative of shear stress at the same point. Several other studies
have modified Suhirds and Ti md3lhenkobs studie
Despite the need for a closemirh analytical solution for quantitative calculation of stresses

due to mechanical loading at the interface, very few studies have been conducted. Suhir [16]

derived a solution based on his previous work8,[I415], considering a binaterial structure

in which a tensile force or moment is applied to one layer. He obtained two separate equations

to calculate interfacial shear and peeling stresses between the layers. Other st&figs [18

based on Taljstens approach [17], have been conducted to deetdgpaform solution of

interfacial stresses in beams strengthened by adhesively bonded plates. The solution proposed

by Taljsten related the interfacial displacements and structure deflection to the interfacial shear

and peeling stresses respectively. ldoer, the solution neglected the stiffness of the

strengthening plate. Smith and Teng [18] developed an analytical model based on theory of

elasticity to calculate the interfacial shear and normal stresses between a plate and retrofit
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6.2

beam. Unlike Taljstes approach, Smith and Teng considered the stiffness of the strengthening
plate in their solution.

Abdelouahed etal. [t2 0] revi sed Smith and Tengds [ 18] me
shear deformations using linear and parabolic formulas tesgphe interfacial shear

deformation effect. Their methods are applied to large structures and components where the
elastic and geometric features of the beam determine the order of magnitude of the stresses at
the interface. Despite the extensive ustof-point bending test specimens for quantifying

bond strength, no analytical solution is available to determine the interfacial stresses at the
notch. This makes verifying the technique with a conventional fracture mechanics approach
impossible.

We hae developed a simple predictive analytical model that enables the assessment of the
interfacial shearing and peeling stresses and strains in multilayered assemblies due to four
point loading in notched specimens. The model is validated usirexatng brmula for

fracture toughness measurements in{foaint bending tests.

Analysis
Let a bimaterial assembly with a continuous bonding layer be manufactured withdmir
bending geometry as shown in figd.(a). The present model has been builth@nfollowing
assumptions.
- All stresses and strains are low enough to allow a linear elastic approach to be applied.
- Stresses and strains are evaluated using strength of material equations.
- The interfacial layer is very thin compared to the thickness#se@dherends resulting

in the interfacial shear and normal stresses being unchanged through the thickness.
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- The interface material is brittle that only experiences elastic deformation up to the point
of fracture.

- The bonding layer does not carry bendingments.

- The interfacial shear stresses can be determined without considering the effect of
peeling stresses.

- When interfacial shear stress is considered, the curvatures of layers are equal. This
assumption is disregarded when normal stress is derived.

- The interfacial shear stresses are calculated based on the compatibility conditions of the
displacements.

- When the interfacial peeling stress is calculated, the layers will deform differently
which allow them to have different curvatures.

- The peeling stress are proportional to the difference between the deflections of the

layers.

6.2.1 Free-Body Diagram and Equilibrium E quations
Figure6-1(b) shows the frebody diagram for a differential segment of thddsgier assembly

with a length dxTo simplify the deriv&on, it is assumed that the segment is loaded by a
uniformly distributed load, g (N/m). The distance from the centerline of the assembly to the
free edges is (L/2). The Poisson ratio, elastic modulus, width, and the thickness of each layer
are,v;, E;, b, and h, respectively.i = 1 and 2 denotes top and bottom layers, drela

denotes the interfacial layer. The fileedy diagram also shows the interfacial shear and

peeling stressex(x) and o, (x) as well as the crossectional loads and

momentsN, (x), M, (x), and V,(x). The forces and moments equilibrium at each cross

section implies that:
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From equilibrium of forces in-xlirection, one gets

M_ by (%) (6-1)
T2 —p1(x) (6-2)

From equilibrium of forces in-girection, one gets

d‘;i:(x) =q-b, o, (%) (6-3)
dVale) _
S0, 64

From equilibrium of moments abouwiaxis, one gets

d}.;;(xj =V1 (K] 'blhi (x) (6—5)
M, (x) bahyx)
250y, () 2 (©6)

6.2.2 Derivation of Interfacial Shear Stresses
According to aforementioned assumptions, strains in thartdgpottom adherends can be

expressed as:

) ()= 2=} (x) 4 (x) (6-7)
ey (=22 =g} () +} () (68)
u, (x) andu, (x) are thdongitudinal interfacial displacement at the bottom of layer 1 and top

of layer 2 respectively:t!(x) and=3!(x) are strains induced by the bending moment at layer 1

and 2 respectively and are as follows:
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Figure6-1: (a) General notched tlayer fourpoint bend assembly. (b) Free body diagram of
segment (dx).
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- (6-90)

I,andI,are the moment of inertia for layer 1 and 2 respectiv&lix)ands} (x) are the

longitudinal strains due to the longitudinal forces and given as:
Neoy— M)
g1 (%)= BAL - and (6-109

N .y Nalx)
£ (X:]_E:A: (6-10b)

N,and A, are the axial forces and cross sectional areas, respectively. Assuming equal

curvature in the top and bottom adherends, ¢laionship between the flexural rigidities and

the moments in the two adherends can be expressed as:

R=% (6-11)
M, (x)=FM,;(x) (6-12)

Considering the horizontal and moment equilibria, the total bending mi@nerthe bending

moment in each layer are obtained in the following forms:

M (x)=M; ()+M, (x)+N; (x) (v, +h, J+ Ny (x) (v, +h, ) (6-13)
M, ()= [Mr (x)-b, [ (&) (v, +v,+h,)dz] (6-14)
B = [V1G)bst() (3, +y,h,)] (619
M, ()= [Mr ()b, [} 2(®) (v, v, h, ) d2] (6-16)
S = V200500 (v, 4y, (6-17)

wherey, and v, are dstances from the bottom of layer 1 and the top of layer 2 to their

respective neutral axisthe interfacial shear stress can be related to displacements at the
interface using Hookos | aw wdniofdisplaceménsats f or
the interface to be expressed in the following form
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t(x)=K, [uy(x)-u; (x)] (6-18)
whereKsis shear stiffness andapproximated as follows [1Z0]

K,=>

s ?: (6-19

G, and h, are the shear matus and the thickness of the interlayer (bond) respectively.

Differentiating the above expression results in:

d:;:} XK. [dud:} du;:}] (6-20)

Substituting Eq$6-9) and(6-10) into Eqs(6-7) and(6-8) and the resulting expression into

Eq(6-22), thefollowing equation is obtained:

drd x} K [(

Differentiating Eq.6-21) and substituting shear (E($15) and(6-17)) and axial (Eq$6-1)

L@+ ) (FE M) (6-21)

and(6-2)) forces into Eq6-21) provide the following governing secodder differential

eqguation:
d T'K:' 1 1 |_/__\1 :llxl—'\_ +h; ﬁl 2
an Kb, 111+E3.13+ E 1;#E1L ]T(X}'_K JL+E; 1] 1(x)=0 (6-22)

The general solution presented below is limited to either concentrated or uniformly distributed
. - . : *viz)
loading over a finite section or the entire length of the assembly. For such Eg&@ 0

and the general sdlon is given by:

©(x)=B, exp(-x )+Bexp(hx)+m, V1 (x) (6-23)
where:

_E (y1tv) _
™= il I:E;[Il—Eg I'hi| (6 24)
N 1 1 '3’1‘}'3)'3'1_}'3‘]15:' -
A"=K.b, ™ +E3.-k: N Eil4E;L ] (6-29)
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6.2.3 Derivation of Interfacial Peeling Stresses

The interfacial peeling stress is proportional to the difference of fltectiens expressed as

follows:
G, (%)= 813 [wy () -w, ()] (6-26)
61 =E];_a (6-27)

8,, is the normal stiffness of the interface layer andx)andw,(x) are the vertical

deflections of layerl and 2 respectively.

Beam heory gives the relation between the moments and curvatures as follows:

dtwa(x) _ Myix)

o E - ond (6-289
d:‘.'-.']_':x:' _ M=) :

dn EiL (6-28b)

Differentiating Eq$6-283 and(6-28b) twice, substituting Eq-3) to (6-6) into the resulting
expression, and plugging the final results into(&g&6) after it is differentiated four times, the

governing differential equation for interfacial peeling s¢res given as follows.

dio,(x) . b b - bih;  boho YW dix) . g
—Tf—+t:-«(—1+—‘):j X+0-{ Ll --) +81,——=0 -
an- LAE L EiLL 2 () +3 IEiL 2E.LS 4= MIE (6-29)

The general solution to this fourtrder differential equation is:

o, (x)=e**[D, cos (px) +D, sin (px)]+ ¥ [D: cos(px) + D, sin(fx)]n del) 1,9 (6-30)
P 1 2 ! 4 17 M2
4_Egbp /L 1 .
b= (E111+E313)= (6-319
_ (mEal-vEl]
nl_(—EIII_E:I: ) and (6-31H)
Sl (6-310)

n,=———————
< ba(EqL)+EaLy)
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Since the assembly is subjected to point loads applied in@atyioal manner, the interfacial
peeling stress is symmetric with respect to the-onass section. This enables the elimination
of the asymmetric terms as well as the last term from the solution as follows:

o, (x)=e"P*[D, cos (px)]+e**[D; cos(px)]n, d::} (6-33

6.2.4 Application of Boundary Conditions
In order to use the expressions of interfacial peeling and shearing stresses, appropriate
boundary conditions must be used to solve for the coefficients. A simply supportedstiem
beam as shen in Figure6-1(a) is investigated which is subjected to an arbitrary-fmint
bending |l oad. The specimen has -spanamttch whi ch

deepens into the bottom and intermediate layers.

6.2.4.1 Interfacial Shear Stress
The geometrys symmetric with respect to mid span notch as it is shown in f@ia). In
the following analysis, the right portion of the specimen is considered. Since the last term in
Eq.(6-23) represents the contribution of the shear force in the interfacial sihess, the
general solution must be written according to the shear force value as it varies with distance
from mid-cross section towards the right edge. Substituting the appropriate expression for the

shear force results in the general solution for tiberfacial shear stress as follows:

1, (x)=B,exp [—}J{)+B: exp(ix). O=x=L, (6-39)

T; (x)=Bjexp [—}J{}+B sexp(ix)-m, P, Lf_ix*_ilf (6-35)

Applying the following boundary conditions makes it possible to solve for the unknown

constants in Eq&-34) and(6-35).
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1-  Atthe notch, the total momeand the sheer force are carried by the top layer.

M, (L,)=0, (6-369
Ny (L,)=N,(L,)=0. and (6-36b)
M, (L)=M(L)=" (6-360

4
Substituting Eq$6-9) and(6-10) into Eq(6-20) and simplifying the resulting expression

using the above boundary conditions gives;

20— m, Mp(Ly) (6-379
Where m, =2 (6-37b)

E]_I]_ta
2-  The interfacial shear stress is continuous under the point log2D]18
7 (L= (L,) 6-38

3-  The first derivative of interfaciahear stress is continuous under the point loa<2(]8

dy(Ly) _ dn(Ly) (6'39)
dx dx
4- It is assumed that a local maximum value of interfacial shear stress occurs at the ends

resulting in the first derivative of the interfacial shear strespping out of the equation. This
assumption is based on the fact that the interfacial displacement increases as we approach

further from the migpoint and it reaches maximum values at the free edges [16].

=0 (6-40)

Substituing Eqs(6-34) and(6-35) into Egs.6-37) to (6-40), the coefficients of the interfacial

shear stresses are found as:

(6-41)
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Blz_; ( L L ) (6'42)
A fmiPla ™l e m M

B,=t o Lol E t) st (649
AL | fmyip &2 e,

B3=-le7[k 138 2 }42m, My (L)) (6-44)

2&° AL
}.(33-33 )

6.2.4.2 Interfacial Peeling Stress
Since the interfacial shear stress is expressed in two regions By3gmd6-35, and the last
term in Eg6-33 shows the contribution of interfacial shear stress in the normal stress, the

normal stress must be expsed in these corresponding regions by the two expressions that

follow:
o, (x)=R, e cos(px) +R, e cos (px) -n, d::} O=x=L, (6-45)
o, (x)=R;e P cos(px) +R, e cos (Px) -n, 2o d:} L _—;EX‘_CIE“ (6-46)

Appropriate boundary conditions are developed below.

1-  The total moment and total shear force are carried by tHayepat the notch.
M; (L)=Mq (L,)="" andV; (L)=V(L,)=0 (6-47)
Differentiating Eq(6-27) two times and substituting E¢8-5) and(6-6) into the resulting

expression lead to the following relationship at the notch:

doy(x) _ E,Mrp(Ly)
dx” E;Ljh,

(6-48)

2-  The peéing stress is continuous at the point load which is expressed in the following

equality [18]:
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5y, (Ly)=0, (L) (6-49)

3-  The first derivative of the interfacial peeling stress is a continuous function written as

follows [18]:
duplng} . duplng} )
dx - dx 6-50
4- It is assumed that a local maximum value of interfacial peeling stress occurs at the free

edge. So the first derivative of interfacial peeling stress vanishes at that end [16]:

(LA
kij__
- =0 (6-51)

day_

Application of the abovedundary conditions to Eq$-45), and(6-46), defines the
coefficients of the solution thus giving an expression to the interfacial peeling at any point
along the structure interface. For complete version of the solution, expressions for coefficients

R,.R,, Ry and R, are listed in the appendix A.

6.2.4.3 Numerical Example and Discussion
The formulation developed in the previous sections will be used to determine the shear and
peeling stresses at the interface for a typical example used in electronic materialdesting.
the electronic industry, intatiffusion bonding is a popular method used to fabricate
integrated circuit components. Talild summarizes the geometry and material properties of
an arbitrary example of a thrésyered specimen in which the layers laomded to each other
by creating an Intermetallic Compound (IMC).

Table6-1: Dimension and material properties usethie currenexample.

Component Material Youngd{ Poisson| Width | Thickness
Modulus (Gpa)| ratio (mm) (mm)
Top and bottom Cu 117.215 0.34 5 1
adherent layers
Bonding layer IMC 85 0.309 5 0.35
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Speci menos

l ength is 26

mm and

the spans

and 26 mm, respectively. A critical load of 42.5N f@aint load is symmetrically applied at a

distance of 8mm from the center of the notch. Figér2sand6-3 show the interfacial shear

and peeling stresses as a function of the distance from thgpaund
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Figure6-2: Comparison of theoretical interfacial peeling stress versus FEA results
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