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Abstract

Dhue to the inherent toxicity of lead (PR, environmental regulations around the world
have been lurgeted to eliminate the usape of Ph-bearing solders in ¢lectronic assentblics. Thus
has triggered the development of “Pb-free™ solder, for the electronic industries. Tn order to
become a successful solder materral, Pb-free sclder alloys need to be roliable aver 2 lomg
tern1. Even thowgh many Pb-free solder alloys possess hygher strenpth than the traditional Sn-
Pb ones, there still caist some rehiability problems sueh as low solderability and high
inter[acial reaction on metallization pad of packaging substrate. [t is the amm of this study to

develop new I'b-free solders and to charactenize some of their thermal and mechamical
properties.

[n this study, the nuw Ph-fiee solders were developed by doping trace umaunts of Al
and Cu inta Sn-92n eutectic selder, These solder allays were Sn-%Zn-0.5A1 and $n-9Zn-

0 7Cu. In general, the resulting Al-doperd Ph-free sodder was Mound to have hefter ploperhes
than the original Sn-%Zn culeetic solder

The microstructures of ull the Pb-free solders were refingd and become more
uniform with the: uddition of both Al and Cu. For 1nstance, with the addition of O Swt Al in
&n-9Zn, the coarse 3-8n rain size was reduced and he intermetallic compound (IO
particles became finer in cutectic colonies Since only trace amount Al was added into the
eutectic Su-0Zn solder, the melting temperatures were anly sitghtly changed comparing with
the cutectic meitng temperiture. Tt was also found that with slower cooling rate the
microsiructure of the 3n-9Zn solder contained tluck eutectic lamella, 1 & rod-like a-Zn sy

i the B-8n marrx, while fast cooling resulted in a fine needle Vike a-Zu phase dispersed in -
S0 matrix more uniformly.,

A change of mucrostruciure in turn affeeted the mechanical properties of e solders.
Thus when 5n-9Zn solder 15 doped wath Al and Co, for both cases the micichardness was
mproved due 1o fomation of mdermewllic componnd. When Sn-9Zn solder was doped with

a small percentage of Al the tensile properiies was alw improved. The IMProvemsnt in
tensile strengtl was found to be traded ofl with the decrease in clongation.

Composite approach is a very new technigue to improve the properties of Ph-free
solder Ag mucro-particles content o the range bevween 0 - 4.0 wi% with Sn-9Zn eulectic
system, were examined in order to understand the effect of Ag addition on the
mmerostructural and mechamical properties as well as the thermal behavior of the composite
solders. The shear sirenyths and the ilerfacial reactions of Sn-Zn micro-compmsite cutectic
solders wilh AwNICu ball grid amay (DGA} pud metallization were systematscally
nvestigated. The three distiner inlermetaliic compound (IMC) layers were [ormed at the
solder nterface of the Aw'electrolyhe Ni'Co bond pad with Sp-2n compasiic alloys, The
more Ag paricles udded to the Sn-Zn solder, the more Ag-7n compound formed 1o Lhicken
the uppermast TMC luyer. The dissolved Ag-Zn IMCs forined in the bulk solder redeposited
over the imtially formed interfacial Au-Zn TMC layer, prevented the whoele IMC layer hil-olf

from the pad snface. Cross-sectional studies of the interfaces were alsn conducted to
corrclate with the fracture surfaces,
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CHAPTER |

INTRODUCTION

LUINTRODUCTION TO FELECTRONIC PACKAGING
1.1.1 Trend of Electronic Industry

The invention of the transistor in 1947 revelutionized the semiconductor industry as
1t enabled the size of electronic products to Jecrease considerably. In order to achieve
high functionalily and high performance in products. the integratcd circuit {1C)
technology was developed i the early 1960°s to inteyrate several transistors on a
single semiconductor chip [1]. The continuows advances in decreasing the size of the
transistors have provided the mogressive integration of hundreds, then thousands of
ansistors on a simgle [C chip. Since then, clectronic products have hecome smaller
and smaller, and progressively moree functional. This helped to brong the electronics
market 1o become one of the largest indusinies in the world, surpassing the worldwide
steel and automative indusuies, as shown in Figure 1.1 [2]. It is envisared that with

the present growth in portable consumer electronie products, the electronics market

will continug to grow.

F3 Woeur
200 = Ebeeinonig
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L5008 = - .
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| 50 4 - - . -
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Figure 1.1 Trend of elsctronic industry, automative & steel [2)],



1.1.2 What are Electronic Packaging and Assembly?

Afler the IC fabrication process 15 fmished on the wafer, the waler is cut into
individual ICs or chips by using a diamond blade ‘To he able 1o vse these 1Cs, they
have to be packaged and tosted 1o puarantes the functions and guality of the 1Cs, The
fun¢tions of an [C package are to protect and provide power 1o the 105 5o that the 1Cs
can he electrically connected and mechanically supported botween the pams and the
cutside world. In ather words, the inputoutput (IO} connection pads on the 1C arc
connected to the comesponding terminal pads an the package so that electromc
signals pass in and out of the 1C through the [0 conmections, When the packaged 1Cs
are interconnected to other electronic components, such as transisiors and Capaciion,

on a system board, o is called the assembly process ‘This is always involved at the

syslem level

During the packaging and assembly processcs, clectronic solder is the prime material
used far the inlercommections between chip and package or between packaged IC and
circuit board The conventional solder is eutectic bmary Sn-37Pb alioy, which has a
single melomy temperature of’ 183°C and possosses good mechanical propertics as
well as wettability. This material has been used in electiomes production withoul oo
much major problem. However, the recent nerense in the awureness of

environmental and health concemns have caused the decision in many parts of the

world Lo ban the use of Pb-beming solders i elechomes production  Honee,

development of Pb-[ree solders 5 an urment task.

L2 PACKAGING HIERARCITY

Beonding the die or chip lo a substraic with cneapsulation s roferred to as Level 1
packaging [3]. The usual method of elecniical comcelion to the chip 1s through wie
bending or the wse of solder bumps. A more modem approach is througl 1he Nip chip

configuration as shown m Figure 1.2, The silwon die is tarned "upside down" and

mounted on the substrage,
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Figure 1.2 Cross-section ol a flip chip connection.

l.esel 2 packaging is the interconnection of components, including the cncapsuiated
silicon die, on a substrate cammer such as a printed wiring board (PWB} The eutectic
36-17Pb solder has heen the main mateoial for interconnection at Level 2 packaging,
The packaged product is commonly relerred as "cands" There are two pnmary
methods te atlach electrome components to PW13s They are pin-through-hole {PT11)
and surface mount lechnolegy {(SMIY as illustated m Figures 13 and 1.4

respeslively,

Fin-through-hole Campnpents

PFWH Solder
Sieheteaie

Figure 1.3 Cross-section of a pin-through-hole connection on a printed wirmg

hoard.
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1.3 TYPES OF PACKAGING METHODS
1.3.1 Wirebonding

Wirchonding, a chip-to-packige inlerconnection lechnigue. is involved ot Tevel |
packaging In this process. a2 chip iz atlached on the carrier. A fing metal wing,
typically eold (Au) wire of 25 pm m dameter, 18 avached betwesn each of the IHO
pads on the ¢hip and 1ts assoviated package pin one by one at a time, az shown in
Figure 1.5. The Au wire is ultrasomically bonded between the [C bond pad and the
corresponding package or substrate bond pad. The package 15 encapsulated by epoxy
1o provide mechanical support and environment protection Since wirgbonding 15 a

slow interconnection process and reymres large piich size, tape autemated honding

{UAR) is developed 1o save time and production cost

Wirchond TAE Flip Chip
Ly ALID g Irn. o Lear, Bl ney o
W ra l At oags il e .
Tatt [
\ ""_"lllrf:.._ .l'l.-lhc,v.-c Loty K S
Fad x/ oy 1 i S ro thenl

by [@'W_lﬁﬁ PR o | FQEGE‘ AV

CHIP CARRIER

Figure 1.5 Chip to package or camer interoomnection technigoes,

132 Tape Autrnnated Bonding (TAT)

TAR is a Level 1 packagming process Typicaliy, a chip is joined to a patterned or
metatlized flexible polymer tape, such as coppetr on polyamide. in a TAB process,

there are Lwo fypes of honding, ie Inper lead Bonding {J1.1%) and Outer Lead
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RBonding {OLB) With ILB, the chip and patterncd copper leads are mterconnected by

thermo compression. This is {ollowed b OLB. in which the other end of the
ratlerned copper leads 1§ mterconnecied o the PWDE or subslrale using Tevel 2

packiging techmiques 4 common encapsulaton process 15 also employed oo the

chip as shown in Fig 1.5

Another feature of TAR 13 the bumping requirement for ILB. The interconncction
between the chip and the inncr leads are formed by the cushion eftcet of the burp,
The bump provides both he necessary metallurgy for the TLE and a physical standofT
to prevent lead-chip shorling. A bump matena) is usually pure Au or Sn-Ph solder
applied by electro deposition Pure Au bumps ate more popular than solder becanse
the compliance of Ay bumps iz higher than that of solder [4]. It is a normal Prictice
to build the Au bumps on under bump metallization (LF3M) of the chip. This will bg

diseusscd 1 the following scelion.
1.3.3 Ftip Chip (FC)

FC interconnectivn is the conncction of an IC chip ta a cartier or substrate with the
aclive face of chip facing toward the substrate, as illstrated in Figure 1.5, The
interconncetion bebween the chip 1/ Q) and suhsirate is achieved by using a FC burmp
structure The funetions of the FC bump are to provide the electrical and mechanical

conncetions berween the chip and the substrate. It also acts as a heat dissipation path

from the chip.

The TC interconnection systern can be subdivided into four Functional areas' {1}
under bump metallization (UBM), (2} clip bumps, bond materials bebween the hump
and substrate metalhzation, {3} underfill cncapsulant, and (4) substrate metallization.

A schematic is shown in Figure L6,
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Figure 1.6 Schematic diagrant of the flip chip interconnect system

The UIBM seyves as u compatible layer between the [inal chip mctallization and the
substrate metallization, The most common [inal chip metailization is aluminum (Al
o copper (Cu); while the substrate metallization 18 Aw/Ni layer. The UBM also helps
prevent the comosion of the chip metatlization due to diffusion of contaminant ivnic

from the under-fill encapsulant.

The structure of the UBM consists of four sputtered layers. The first layer is the
adhcsion laver, oypieally chromium (Cr), ltanium-tungsien {11W), o, deposited
directly on the finul chip metallization. It provides good adhesion and acts as high
strength and low contact resistance balween the Minal chip metalliation and the
bump. The second layer is the bairer layer, which can be chromium-copper (Cr-Cul,
mckel (Ni), etc. to be deposited over the adhesion layer, The barricr layer prevents
dilfusion of metal atoms 1o be deposited thercaller inte the Al pad. After the barrier
layer, there i3 & wetling layer "This is a consumable layer [or the subsequent bump to
provide wetling reaction to form inlermetallic compounds The typical welling layer
material is copper (Cu) or Ni The [inal UBM layer is an anbwoxidation tayer, which is

optignal, wnd is usnally a very thin Au laver. The Au thickness necds Lo be small Lo

avoid embnttlement of the UBM-bump interface,
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The mest common butnp material is So-Ph solder, especially lugh melung

femperare ones. ligh lead solder, ¢y Swit%Sn-95w1%Pb, has melting point of
~300%¢C. Using the high temperature soider at Level 1 packagimg prevents re-melting
ol the solder bumps when T.evel 2 packaging 1v eamed oul, 1'he salder bumps a1

usually deposited by evaporation or electroplating onto the UBM stiuciure,

1.3.4 Ball Grid Array (BGA)

The size and performance limitations of penpheraily-leaded mackapes hike the quad
flat pack (QFP} arc generally overcome by the BGA package, The BGA 15 an area
amray interconneetion methnd, in which the 140 terminals are formed by an anay of
solder halls located well within the houndaries of the package, for bonding to the
wext level of package such as PWB. Lhe ditference between peripheral and area arvay
is shown t Figure 1.7. The pitch means the cenler-to-centee spacing between pads or

rows of bumps solder balls

PRORED €
® ~ © e®
® " ® 9
@ ® 89
@ ® DS
SOSHLO OD

I"eripberal A

Figure 1.7 KO difference between peripheral & area array,

In general. there are thiee broad groups of BGA's: plastic (PBGAY. ceramic (CBGA),
and tape (TBGA). based on the subsirale materials used The BGA is the mast
popular packaging mcthod for advanced microelectronic applications. L is becallse
an area arvay of solder balls allows for easy cxpansion of 1/0 tcrminals try InCTCH Y

the T/0 ball count while maistaimng the VO pitch. When the BGA concept is
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applied on FC technology, very lugh [/ counts can be achieved for high

performance electrome products.
L4 INTERCONNECTION MATERIALS

The aim of zoldering 15 to get an cleetrical, mechanical and thermal conmection
between the componenis and the PWR, The basic material required to creats a good
selder joint are selder and Mlux Aq the interface of the solder joint, an intermetallic
compound layer (IML) 1¢ formed berween the pad and the solder “Fhis section wild

discuss the roles of dilferent intceconnection materials,
1.4.1 Solder. Flux and Solder Paste

The conventional soider 15 the eutectic bmary alloy of Sn and b (63wt%Sn-
3iwtiPh), or & near eutectic composition, &g G0WHSN-40WtPh, Lhey are
popular to be used in PTH and SMT asscmblies because of attnbutes of low casi, luv:f
melting temperatare {183°C), and high rcliability to jein common assembly metals.
Also, the surface mount components are sel-alymed on the pads during soldering,
Due to environment and health concerns, 1t is expected that Ph-bearing solders wie

elimmated or will be elminated from electrome assemblies  So. commeicially

available Ph-free solders are obvinusly needed 1o achicve this

The purpose of the Mux is to 1educe the surface oxides trom both the molten solder
and the substrate Lo be soldered [5]. Also, the flux will provent the formaton of [resh
oxide on both selder and substrate during soldening so that formaten of intermetallic
cumpound befween solder and substrale acls as chemical joinl, When choosing the
type of flux (o be used, the melting wmperature of the solder, the suiface fimshes on
the component lead and on the solder pad, together with the activity of the ffux

should be cousidered. In general. fuxes arc classificd according to their wctivity

level:



LR {rosin). water-white rosin in orgame solvents, without activators.
2. RMA (rosin mildly activated): simlbar to R, bt mldly activated.

3.FA {rosin activated). similar to R, but the most active and comosive,

After the soldering process, the residual flux on the surface of the assetnbly should ke
cloaned by water or urganic solient to avord Icakase cutrcnts, ionic migration
between neighboring conductors (formation ol dendrites), and corrosion, The moe
up-to-date soldering process employs "no-clean" {lux to lessen ihe amount of
cvironmentally unfnendly waste. Moreover, the prodection cost and Processing

time are also reduced,

Electronic solders usually come in the form of hars and pastes. Balder bars are aalder
alloy casl into a hat shape. They are normally uscd in wave soldering: winle solder
pastes are sereen-printed or slencil-printed on Lhe pads Before relow suldering The
solder paste consists of small solder splicres, [ux and colvent. The solder spheres aru
wsually euteetic Sn-b o1 Ph-free alloys, which is a homogeacous mixinre m a Nux
medium. The solvent is an activalor and a viscosity regulating agzent. Therefore 1l is a

thick pray paste with adequate viscosiny 1o altach the components on the board during

reflow process,

1.4.2 Inter metallic Compound Tayer {IML)

The IML formation 15 inevitable al the interface between the pad and the solder
during soldering The formation of tns tayer is due 1o the wetling reaction belween
the solder and substrale above the mclting point of solder for times of shout 1 mim
[6]. After formation, the IML can grow either by a solid-state reacthon below the
melling temperature of solder. or by ligoid-solid rcaction abave the melting
temperature of solder. The IML growth depends on temperahire and lime. For maost
microelectranics applications, the solder 14 normally Sn-based  So when applied on
Cu, the IMI. formed 1s normally CugSns. hxcesaive TML rrowth will deleriorate {he
joint steengih due to its brittle characteristics, Hence, the interlaciat interaction MY

alfect the long-term reliability of solder joint



1.4.3 Conductive Adhesive Materials

Conductive adhesive materials are usually nsed Tor bonding belween (he Au bump
and substrate melaltization dunng B packaging There are two major conduclive
adhesives (1) isotropic conductive adhesive (ICA) and (21 anizotropic eonductive

film {(ACF} as shown in Figure 1.8a and b, respectively.

The ICA s pically thermosetiing polymer Olled with conductive particles. The
most commen material used iz epoxy filled with silver Nakes, It provides
approximately cqual electrical conductivity n all dircetions upon curing  The
function of the polymer matrig 15 [or the adhesion between the bump and the
substrate metallization Alsa, il prevents the comrosion of the conductive parricles
from the outside environment. To obrain isolation between adjacent pads, the TCA is
scrcen or stencil pruned only on the contact pads. Au bumping is most commonly
used because it minimizes corrosion of the intcrconnection gystem  Tho underfiil
malerial can be applied to the interconnection system and sunullancously cured witlh
the TCA. The ICA docs not provide seif-alignment during assembly Like solders,

leading tor the requirement of high precision assembly 1ools.

The ACF has a similar function and stiucture Lo the ICA, It usnally comes in either
the paste-type or a film-type polymer filled with conductive particles. These
comductive particles are metal-coated (Au or NifAu) polymer spheres with 3-5um
diameter, and then coated with a final insulating layer that protcels them apanst
shorling through contact with 8 neighboring particle The ACF only eonducts electric
current when the conductive parlicles are compressed and capturcd bebween the
bump on the IC and the substrate metallization, as shown in Figuze 1.8b. During the
assembly process, apprc)]ni%tc heat, pressure and hotding time are applicd to the
ACE. Under these conditions, fhe cpoxy 15 melted, while conductive particles are
deformed and trapped between the Au bump and subatrate metailization so that on] i
e-direction ¢leetrical comdnetivity is powsible. An uncompressed ACH serves as

encapsulation behavior Similar to TCA. ACE does not provide self-gh Enment hke
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solder. A high accuracy component placement is required during the assembly
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Figure 1 & Schematic diagrams of {a) 1CA and {b) ACF,

‘The advantages of using [CA and ACF are as follows

Firstly, dic use of conductive adhesive climinates the b usage in conventiona] solder
and is therefore environmentally friendly. Secondly, it has a lower processing
temperatte than solder In general, the soldcrnng temperature of Sn-Pb solder is
about 235°C. Howevee, die curing temperatures of the ICA and ACFE are ahout

150°C and 180°C, respectively. As a result, energy is saved and production ¢ost is

reduced fonm the viewpoint of the electrome industry

However, joint resistance instability and adhesive strength  variation  arc
disadvaniages of using ICA duting under-cunng state. Tt is bocause 1CA pasics have
low clectrical conductivity before curing; while conductivity mereases dramaucally
when the ICA is cured. Inadequately cwed ICA can ahsorh a significant amount of
moisture, causing oxidation on the adhered surfacc. Even thoogh very stable
adhesives have become available, the resisunce of the joint increasss after
temperatire and humidity aging. As a result, the resistance of the joint may hecomg
unslable. Apart from Lhis. the [CA may be under-curced or over-cuted, Since 107A
usually has a thermoscting polymer matnx, polymer chains are grown gl branched

to torm three-dimensional crosstink strucute, allowing this polvmer o be motce rignd
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with higher strength than a themmoplastic polymer, An under-cured [CA does not

have suflleient cross-links 1nswde the adhesive such that its cohesive strength may be
weak. Also. 1l miy absorh excessive maolsture, Over-cured TCA may tead 0 100 many
cross-links penerated insile the adhesive Consequenlly, this adhesive becomes

britfle and weak against changing tcmperatures under dilferent environment.

On the olher hand, in ACF, only a fraction of (he wlal bump arcas is in electiical
contact al cach bump subsirale metalfization intcreommection. Tt can be expected 1l
the total current carrying capability 15 not as high as that of a solder joint, Therefore,

ACT 13 sutable for the packaging of eleciromie device with low demand of T /0

counts and current density.
1.4.4 Underlill Encapsulani

Underfill encapsulant is applied between the clip and sebstrute to protect the chip
from covitonment effecls and to compensale [or the coefficient of thermal expansion
{(CTE) difference chip and substrate. The encapsulant should have low moisture
ahrerption, and being a good barrer to mobile 10ns and Tlow nraperties. Furthermore,
the cncapsulant must have an excellent thermal conductivity to dissipate the heat
generated by the IC and has a low curing temperature below the melling temperatuie
of solder. Underfill encapsulant in use toduy is typically sihea-filled epoxy based
materials. In addition te tins, short Bl and eure nmes are essential lor cost savi nge and
mass production The wnderfil]l can be pre-applied onto the subsbate belore chip
attachment or dispensed along twe adjacent chip edpes by capllary effect. The

capillary action draws the underfill into the cavity between the chip and the substrate.



L5 SOLDERING METHODS

1.5.1 Wave Soldering

Wave roldenng is the most common soldening methad for -F'TH assembly I'he
assembled PWR's arc usually placed in a fixiure, which camies the PWR™s through
the fluxer W apply an cven and thin coat of Mux on the wnderside of Lhe hoard, and
then the preheat stage to activare the flux, Finally, the board is passed through the
molicn sotder bath, as shown in Figure 1.9, With the solder wave, the solder rises and
forms solder joints by capillary clfect. Somclime, an mert atmosphere of niroen

N:) gas is used o improve the wethng propertics, especiallv wsin Po-iree soldery.
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Frgure 1.9 Wave soldetimg,

1.5.2 Rellow Selderise

Reflow soldering is a process, in which the solder paste is already placed on the

solder pads belore soldering beging, The moeasing lemprerature in the reflow oven
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activates the fluv, and then re-melts solder paste 1o form solder foints. There are two

types of reflow ovens. namely nfrared (IR} and convection reflow ovens. In the IR
reflow oven, the PWR's with components arc directly heated by wfrarcd radiation
Since the heat transfer is dependent on component ¢olar, size and nature on heal
absorption, some radiation is ceflected by the board and compouctt suiface. As a
resudt. the heat distribution is not cvenly on the hoanl. On the other hand, heat
wansfer is accomplished by citculating hot gas in the convection oven e oven
lemperafure is more precisely defined and measuralle than that in TR oven

Comsequently, all the joints on the board reach the tiearly same lemperature to fonn

the solder joints.

The reflow profile can be divided into four stages: (1) preheat, (2) thermal soak, (D)
rellow. and {4) cool down. as shown in Figure 110 The reflow profile directly
influences the manufacturing yvield und the rehability of the assembly The preheat
stage 15 used to increase the lemperature at a controlled rate to minimize any lheimal
damage to the components and boanl Themmal soak 13 used to equalize the
temperature of all surfaces being soldered and activated the flux 1o remove metal
axides. In the rellow stape, the solder 1eaches its melting temperatuic, The solder
begins to wet the pad surfaces and the component leads to form intermetallic layer,
The cool down stage allows the solder ta solidify aller rellow stage. I 1s essential 1o

keep cool down stage under control, I is because the cooling rate will afliet the

microstructure of solder & subsequently ailects the solder joint stiength,
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Figure 1,10 Reflow oven.



LG SCOPE OF STUDY

With the ever-creasing demand of elecironic rackaging, Sn-Ph solder plays an
impomant role for interconncction materiais, But, due 1o the ONEOINE concem
reganding cnvironmeits) palivtants, lead 15 bemg tarpeted i the elecirome assembly
arena. The study of lead-free solder has becume a hot subject over the past fow VEATE,
Government regulations are becoming stricter, and handiings of waste materials are
becoming more regulated. Now is the time to take a serious Took al alternative
malerials for making clectrical [nlerconneetions The history of govemment
regiiation suggests thai targeled materials often hecome the subject of a ban withm g
certain timelrame; lead 1n paing, lead in plumbing. and lead in gasobine have all been
eliminated thus far. I'here is no reason to belicve that lead tn solder will not meet the
same [ate. Thos i jcads 1o the necessity 1o development of Ph-fiee salders, Even
though many commercially wvailable Ph-lree solder alloys possess higher strength
lhan lhe traditional Sa-Tb ones, lhere oHI1 gxist reliabality prablems such s
solderalibny and interfacial reaction on pad metallizauon, To develop new Ph-froe
sotdet Sn-9Zn has taken for this study. Here also some trace amoumt of Al & (B

added with the Sn-9Zn salder for better propertics.

Pb hazards, environmental issues and some Ph-free binary alloys are inroduced in
Chapter 2. Alloying the raw materials to form solder alloys is shown in Chapter 3,
Afler this, the effect of Al & Cu addilion nn microstruglure of thise alloys 15
investigated in Chapler 4. Since the meshanical properties are very dupendent on the
microstrucure, tensile behavior and microhardness is studied 1 Chapter 5. Agmn the
melting point is a vilal character for any kind of solder, so DSC is carmied aut for
these solder which also described in Chapter 5 Now-a-days composite approach is 4
Yery new techmique to develop the properties of Ph-froe solder Thus. the composiie _
effect of Ag micro particle in $n-9Zn solder i discussed in Chapter 6. Finally, the
overall conclustons are drawn from the entire study is precisely in Chapter 8 with

some supgesiions for furher study.



CHAPTER 2

ENVIRONMENTAL ISSUES AND SOME Pb-FREE SOLDERS

2.1 ENVIRONMENTAL AND HEALTH PERSPECTIVES

In addition to technology advances, another strong driving force affecting the
industry is the environmenlal and healthysafely issue [7]. Within the electronic

packagmg and assembly industry, the top four issucs telated to global environment
and public health arc [T]:

¢  (Ozone-depleting CFC ehimimation
*  Wastewater handling
¢ Vaolatile Organic compound (VOC) control

s ' control

Chloro[luorocarbons {(CFCs) have been one of the most uselul chemical groops
serving scveral major industies cifectively for many years. Thev are used as a
coolant in refrigeration and air-conditioning, a loaming agent for plastic-foam
melals, a prapellant in acrosols, and a cleaning solvent for electronics and metal
industry. Both govermment and industry have recopmzed the threat of ozone

depletion and 1ts relation to CT'Cs since the 19745,

Wastewater [rom the cleaning step of the clectronic packaging and assembly process
nceds attention for not only the environmental effect but also [or economic reasons

The concems abeut contanmnation can be grouped into scveral arcas [7]:

* pH_
v Tompoemture

*  Heavy metal

= Biological exygen demand (BOD) and chemical oxygen demand (CODY.
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o Suspended solids

«  Toxic chemicals or hazardous substances

¢  Phconlent

The availability of a closcd-loop water recyeling system fot a cleaning process mz;kcs
n-plocess wastewster which needs disposal handling tv a mintmum  Most
commercially available systems are capable of treating the bulk of in-process water
for wsc as tinse supply and of removing waste removal without facing routine

wastewaler discharge problems

Soider reaction 1s one of the oldest metallunneal processes for jomning metal parts.
Today, the use of solder in modem micraelectrome twehnology is wbiquilous [8].
Tradstionally, binary Sn—FPb solders are extensively used in electronic packaging.
With the advent of area array packaging concepts ([lip chip and ball prid amays):
usage of solders in dic attachment is increasing sharply. The solder ball melts and
forms a jeint bebacen the solder ball pad of the substrate and the ball itself, The

performance of solder alloys has bocome one of the crucial roles m die atach

application

2.2 ENVIRONMENTAL AND HEALTH CONCERNS WITH LEAD

Ph has been wsed in electronie applcatons for more than SO vears, [n the U S .
comsumer slectronics account for roughly 40% of the Ph found in landfills As 315
million compnuters bucame obsolete between 1997 and 2004, nearly 1.2 billion lbs, of
Pb potentially entered the waste siream [2]. Pb is a highly toxic metal, particularly
dangerous when ingesied by inhaling fumes (while melting, working with, og
recycling it) or through dnnking water Fig. 2.1 schematically repaesents the path of
Pb from clectronic sciap to the human body through drinking water [10]. The
following rcachiens are the mechanizsms (ot Pb dissolution into water [11]. I'b

becomes a water soluble compeoand by acidity rain
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b+ 1720 = PBO
Ph o IS0y = PhSO; + HaO
(acud min) L
Ph() -+ 2ITNO, — PO{ND,)2 + HaO
(acid ram)

POy + 2HCT — PbCh + H;O

Table 2.1 Selubulity of Ph compounds in water {g41)

H'C 20°C 30°C
P30y $.035 0
Po[NO) . 483 563 1130
PLC]- (.7 0.6 n2
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When Pb accumulates m the body over time. it can have sdverse health elfects 1.zad
inds strongly to proteins 1 the body and mnbits nonnal processing and functions of
the human body. Nervous and reproductive system disorders, delays m newrological
and physical development, cognitive and behavioral changes, reduced production of
hemoyglobin resulting 1n anemis and hypericnsion [12] are some of the adverse
effects of lead on human health. When the level of lead in the blood exceeds 50
mg/dl of blood, lead poisoning is consideted to have occurred [13]. Recent studies
have found that a Pb level even well helaw the established official threshold conld be

hazardous {o a cld's neurclogical and physical development.

Besides the envivonmental and toxic issues, Pb poses a radioactivity problem,
Conventional Ph-contaimng solder contans a certaim amount of radioaclive b {14
Since the radinaclive Pb possesses a long half-lifs, it produces a particle during decay
series, which [requently causes the Talure of functional devices, paricularly m
memory clups [15-16] This is often called sofl erors in DRAM and charge-coupled
devices (CCTxs). For example. in a pamicle gencrites electron-hole pairs ihrough
elastic collisions during its penctiation tnto $u. 1F the cliarge density in the capacitor
ol a memory cell changes, it results in a functional failure. Therelore, strict control of

the amount of radieactive P or complete Pb removat is necessary cspecially for the

application 1n high density memory chips.

LI LEGISLATION AND DIRECTIVES

Dug to environmental and health tssucs, the usage of Ph-buating solders have been
eliminated in the electronic industry, It is because Pb ot Ph-bearing compound, as
citcd by the Environmental Protection Agency (EI'A) of the US, iz one ol the top 17
¢hemicals posing the greatest lhreal (o human beings and environment [17]. Some
coreesponding law ot directive are planncd 1 European Union (FU3Y, such as WEEE
{Waste electrical and Elcctrenic Equipment), which shall come into force at

Diceember 2008 and RolS (Resiriction of cerlain Hazardous Substances), which is
effeetive since 1% July 2006 [18].
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In addition, many companies have publicly announced their corporate policics on
development and implementation of environmentally friendly technologies for a
variety of reasons: 10 sustain resources, pan market-share, avord trade barricrs, or
comply with potental legislation In the clectronic industry. the Pb zenerated by the
disposal of electrome assemblies is considered us hazardous to the cnvitonment In
Tapan, the legislation prohibiting Pb from being sent to landfills and other waste
disposal sites 15 already in place. In the TIS, legislations in limiting the use of Pb have
been introduced 1n both the Senale and the House of Representatives. Lhe lepislation
includes (a) H. 1. 2922, The Lead Bascd Paint ITazard Abatement Act of 1991, (1) S,
3B1, the lead Exposure Reduction Act of 1991, and {c) T R. 23554, the Lead
FExposure Act ol 1992 [19]. Although these bills have not been passed yet, it is Tikely

lhat some form of bills will be passed in the future,

However. due to envitonmental and health concums about the taxicity of kead, using
ol lead-containing soldcrs [ur soldering in clectromes is likely to be prohibited in the
future. By fulfillment of related directives. many lead-free solder techniques are
devcloped nowadays [20]. The Jead-[ice solders have heen developed so far in tin-
rich binary and temary alloy mainly. Binary alloys included Sn-Cu, Sn-Ag, Sn-Bi

and 8n-Zn cte, Ternary alloys included Sn-Ag-Cu, Sn-Ag-Zn, cte.

2.4 THE ROLE OF Pb IN 8n-Pb SOLDERS

It 15 1miportant 1o know the functions or properties Pb in the $n-Ph solder. Firstly, Ph
provides the ductity n the Sn-IPb solder [213. Sceondly, Pb lowers the surfuce
tension of pure St from a value of SS0mN/m at 232°C to the value of 470mN/m a1
280"C for 8n- 37Ph [22). Thirdly, I'b forms a eutectic alloy with the composition of
G3wt08n- 3Twi%Ib so that it has a low melling temperature at 183"C in the Sn-Pb
phase diagram as shown n Figure 2.3 |23]. Finally, b prevents the trans[omabion of
white or -Sn phase (body-centeied tetragonal structure) to gray o1 e=Sn phase (face-

centered cubic struchire), also refemmed as tin pest, upon cooling past 13"C This
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teanstormation leads to 26% increase in volume and indoce cracking in the Sn
structure. Pure Sit 15 also pronme to whisker growth. Sn whisker, 5-Sn, is a smelc
erystal growth in form of fine wire, Longer whiskers may cause shorts in PWDs, Ph

is able to suppress whisker growth in Sn so that no whisker growth 18 encountered in
Sn-Fb solder [19].
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Figure 2.2 Pb-Si1 phase diagram.

2.5 THE REQUIREMENTS FOR LEAD-FREE SOLDERS

Most Ph-free solders are Sn-based getectic alloys of noble metals, such as Ag, Cy
and Au. A eulectic alloy is used because it has a single and low melting poini,
Therefore, the catire soldor ot will melt or solihfy a1l eutectic temperature;

otherwise, partial melting or salidification may occur. The main requitements for an

alternative Pb-free solder alloy are;

*+  Low meliing point: The meltmye point should De low enough to avord thermal

damage to the assembiy being soldered, and high encugh for the solder joint
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composition should be determined by the needs of the performance level of a specific

apjlication [24].

Under severe  operational enviromments, such as  under-the-hood  automobile
apphcations, require the Pb-lTee sobder jours with a supenior perfonmance and ligh
reliability {25]. As a result, composite solders have been developed with enhanced
strength and desired properties. Apart from the development of proper alloy
compositions for the new solder sysiems, suitable Huxes and assembly process for
Pb-free sclders is also needed and constdered [3].
All alternatives to the standard eutcetic Sn-T'b solder investipated so far are bused on
Sn alloys with a Sn content significantly over 90 weight percent in combination with
Cu, Ag, Sb, Bt or Zn. Among the binary alloys, Sn/0.5-0.8% Cu and Sn/3-4% Ag
play & domiinant role. Some possible hinary solders are shown i table 2.1, The
melting point of Sn-0 7%Cu is around 227°C. The culectic Sn-Ag solders exhibit
melting points in the 1ange of 220-221°C, which 1 more than 30"C above the melting
point ol the slandard eutcetic Sn-T'b soider. At prosent, near-gutectic Sn-Ag-Cu alloys
are lcading candidate solders. The temary-eutectic composition is now thousht o be
close to $n-3.5Ap-0.9Cu (wt.%), with a meliing point of 217°C. The Japan
Blectronies  and  Information  Technology  Industrics  Association  (JEITA)
recommended  the  Sn/3 0Ap/0.5Cu  alloy [26] The National [lecironics
Manefacmoring Imtialive (NEMI) Lead-fiee Assembly Project tecommended ihe
S3.9Ag0.6Cu (£ 0.2 pereent) alloy [27]. However, the high melling point of this
allov (217°C) as compiared to the traditional Sn-37Pb solders (183"C) 1s still an issue

m electronic packaging, Some other ternary allays are shown Table 2.2,
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System Known Alloy price Melling Remarks
composition (USHkg) temperature,
'C

Sn-Ag | 96.38n/3.5Ag 13.90 221 Good  thermal  Tlatigue
resistance

Sn-Sh 958n/55h R 36 232-240 Iigh melting point

Sn-Ri SEB1Y425En 7 133 Suitable [T low
temparalure applicalion

Sn-in 48Sn/52In 132.5 120 Hxpensive

Sn-Cu 99.35n/0.7Cu 7.66 227 Favorable price

Sn-Zn 91%n9%n 7.99 199 Froblem  of  oxidation,
strong dross farmation

Tabie 2.3 Some Possible Pb-free Ternary Candidates

Syslem Known Alloy price hMelting Remarks
COMposition (USYikg) | temperature.
"C
Sn-Bi-Ag | Sn/d $Bi/3 4Ag 13.72 71 Sn/Bi melts at 1387C,
Sni2Bif3Ag 1317 203.6-231.1 | oblained as a hy-product of
AnfaR SAg 187.6-223.9 | Pb extraction
S1n-Zn-In Sni9Znd 10In 51 L78 Low melting point
So-IneAg | Snf20In/2.8Ap 58.1 13 Corrades in combination
with humidity, very soll.
EYPANSIvVE
Sn-Ag-Cu | Su/3.8A¢/0.7Cu 10 44 21878 Crood thermal fatiguc
| Sn3Ag0.53Cu 9.33 21977 properiics al high
SnfMAEN.5Cu (373 220,23 temperature
Sr-Cu-5¢ 955n/.75Cu 53 210-217 Hardness, shear strengrth
{or Te) f0.258e and 4 elongation arg
comparahle with Sn-Ap-Cu
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2.6 SOME WELL KNOWN LEAD-FREE SOLDER ALLOYS

2.6.1 Eutectic Sn-3.534g Alloy

The cutcetic composition of Sn-Ag binary system {5 96.5wl%5n—3.5w1%ﬁlg (Sn-
3.5Ag) with mclung temperature of 221°C. I'ie microstructure consists of §-8n phase
with dendniic structure and inermetallic AgiSn in form of thin platelets.
Intermetallic compound (TMC) is a compound of two metals that has a distinet
¢hemical formula, In the Ag-Sn phasc diagram as shown in Figure 2.4 [28], € phase,
Ags5n, belongs to one kind of IMCs of Sn-Ag alloy and cxists in a very namow Tange

of composilions. Because of the high concentration of Sn in this alloy, it may have
Sn whisker growih.
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2.6.2 Eutectic Sn-0.7Cu Alley

lhe Sn-Cu hinary alloy has a eutectic composition of 99 3w1%Sn-0.7w1%Cu (Sn-
0.7Cu} with melting temperature of 227°C. The microstructure consists of -5 phase
with dendritic structure and intermetallic CugSns as hexagonal rods. In the Cu-Sn
phase diagram as depicled 1o Figure 2 5 [29], two kinds of IMCs are commeonly
[ormed at the interface when the Pb-free solders arc applied on Cu substrate The T
phasc, CugSns, 15 always found insmide the bulk solder as large facet and at the
mterface as IML in scalloped stucture, The IML acts a metallic joimny layer to
provide the necessary bonding strenpth between the solder and the substiate, Anolher
IMC, € phase CuaSn, usnally appears between CugSns and Cu substrate during
thermal agmg. The growth of these phases are repored fo follow an Amhenius
relationship, with the acttvation energy for CugSns being hetween 0,41 and 4.5 eV
and for CuaSn being between 1.06 and 1.27 eV m the 90-170°C 1angs | 30]. Sunilar
o the 3n-3.3Ag solder alloy, this solder may favor to Sn whisker growth due to its

high Sn composition.
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Figure 2.4 Cu-5n phase diagram.
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2.6.3 Eutectic Sn-521n Alley

The eutcelic composition of Sn-In binary system is 48.3wHS80-51.Twi%In (Sn-
52In} with melting lemperature of 120°C, The eulectic mictosimciwe congists of -
In, ¥-5n phase with dendritic souciure and intermetallic InsSn in fonn ol thin
platclels. Intermetallic compornd (IMC) is a compound of two metals that has a
distinct chemical formula In the In-Sn phase diagram as shown in Figure 2.6 [311, 3
phase, In;Sn, belongs to onc kind of TMCs of Sn-In alloy and exists in a very wide
range of compositions. Diffraction data show that Tm8n (3) disproporiionates to
tetragonal (In) and hexugonal v phase below about 140 K and reverses UPOn Wal ming
T room temperature, +y phase has been found at room temperature at the surface of
solid G-phase samples |32]. Here less chance 1o $n whisker growth due to presence of

loww Sn composition compared to $n-3.5Ap and Sn-0 7Cu solder allovs.
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2.0.4 Futectic Sn-9Zn alloy

Ih¢ eutectic composition of Sn-Zn 15 9Twt%Sn-9wi%Zn (Sn-9Zn) with 2 melling
temperature of [98°C, as shown m Fignre 2.7 [33]. its cutectic microstruciume
consists of two phases: (1) a body-centered tetragonal §-Sn phase, and (2} a
hexagonal Zn with less than 1wt% Sn in solid sofution [34]. 'The microstructure ean
be expected to be lamellar, alternating of Sn-vich (8-S} and Zn-rich {7n), under
equilibrium solidification. Zn is very inexpensive and readily available Also. Zn is
cxiremely etfeetive i reducing the melting point of Sn alloys. However, 7n reacls
rapidly wilh oxygen Tt forms excessive oxide or dioss quickly during the wave
soldering. More problematic is the very poor wetting properties due to the oxide
formation. This techmical problem can be overcome by using a speeial fAux [35]. For

Lhis reason, Sn-Zn alloy is an atiractive altcmative to Ph-free solder.
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1.7 COMPOSITE SOLDERS

1.7.1 What ts Composite Solder?

Clomposite solders generally contain  {ing second-phase reinforcing ]i'.lELI“U-CI{:b
dispersed wmiformly in the solder malrix. i.e. solders with intentionally incomorated
reinforcements arc termed composite solders [36]. Compositc  approach  was
developed mainly to improve the service perforiance including service temperatire
capability. In olher words, the basic purpose of this mcthodology is to engineer and
stabilize a Tinc-grained microstructure, and homogenize solder Jont deformation, so
as o improve the mechanical properties of the solder jount, especially creep and
thermo-mechanteal fatigue resistance. An important additiona] feamec is that the
reinforcements do not alter the melting point of the solder matrix, but may etfectively
nerease the scrvice temperature of the base solder matenials by improving the creep

or thermo-mechanical atigue properties of the solder matrix,

2.7.2 Important Considerations for Reinforcing Element

Reinforcements added to a solder matrix should satisty certain conditions o enhance
the service performance of the solder. Reinforcing phases shoutd bond 1o the snlder
malrix, and the bunding can be weak or strong depending un (le requirements for the
specific application. Reinforcements must have mummal or no solubility in molten
solder under normal reflow temperatures to mamlain stahility of the reinforcements
during reflows, Reinforecments and the solder mawix densities should be closely
matched w facilitate umform distribution of the reinforcing phase throughout the
matnx. I the densttics are not matched, seftling or fleating of the reinfurcements will
cause the reinforcements to segregate within the solder, resulting in 2 not-uniform
distribution [37]. Good wetting between the reinforcements and the solder matriv is
also esscnfial, since the inlerfacial strenpth could significantly alter the over-all
mechanical bebavior of the composite solder. The size of reinforcing phascs should

be optimal m order to stabilize the microstructire. B has been determined that

reinforcement particles of size ~1pm or smaller 1end {o stabilize & very [ing graincd
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microstructure [38, 39, Remforcement particles should not be prone 1o significant
coarsenmg during reflow and service Due 1o thermo-dynamic considerations, finc

parlicles tend to coalesce to reduce he high interfacial energy associaled with small
particles.

Finally, reinforcements should neither significantly alter Lhe piocessing temperature

not alter solderability (i.c.. wetling characteristics of a solder with a chip carrier pad).

2.7.3 Purposes of Composite Solder

The methodology that will be employed to enhance (he service performance of the
solder jownl should not affect the well Taid oul current metallurgrcal processes in the
electronic manufacturing. 1t is essential hat the incorporation of dispersoids does not

significantly alter ilic solderability, soldcrisubstrate wetting characteristics. melting

temperature, elc.

Although one would prefer a strong solder joint for creep resistance considerations, it
may nol be ideal in electronic applications Tt the solder in the joint is not able to
dissipate the siresses that develop, failure of the eleeonic components will result
Therefore, a tradeolf 15 required belween a strong solder joint to provide creop
resistance but also one which 13 sulliciently compliant 1o dissipate stresses which
could damage a device, that is, a solder joint must be capable of dissipating induced
sesses, while still maintaining electrical Panctionality and mechanical mleprity.
Although these two tequirements appear o be mutually exclusive, both of them can

be satisficd by appropriate microstrucheral engineering of solders with suitable
disperacids.

2.7.4 Fahrication Technifgues of Composite Solders
Usually. reinforcement particles used in the composite solder can be grouped into

two categorics. Onc kind of reinforcement addition involves the mteomelaltic

particles. These mtermetatlic reinforcements can be incorporated to the solder matrix
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either by adding preformed intermetallic particles (like CugSns, CuaSn, or NiSng [38,
40-457) or by canverting from elemental particles (like Cu, N1, or Ag [40-2]) by their
reaction with Sn dunng fabrication or the subsequent aging and retlow process,
Another kind of remfurcement addition involves those having a low solubility and
diffusivity in 3n, or even non-reactive with Sn Examples of such reinforcements
could be Fe particles [46] or oxide particles hike ALQO; or TiQ; |39]. Choices of such
remforcements scrve several purposcs. Proper choice of forcign reinforcemcnl
additions could desitably introduce uniformly distributed ntecrmetaliic hard particles
or non-coarsemng parlicles. Well-dispersed reinlorcements can serve as obstacles to

grain growth, crack growth, and dislocation motion, so as to strengthen the solder

against creep and (atigue deformation [38].

Two possible ways to introduce the desired reinforcements to the solder matrix are
the in-situ method and the mechanical mixing method. Tn-situ method refers to the
techmque by which reinforcing phases, ke CusSns or NisSng intermctallic particles,

ate readily formed upon processing the bulk solder ilsclf [47-49|

The mechanical mixing method is more related o extrinsically adding reinforcement
particies into the solder muinx, usually in the form of solder paste The composite
solder paste is usually prepared by mechameally blending the minlure for certain
length of time 1o achieve uniform disteibution of the reinforcements. After such
siphilicant mixing this mixturc is melied to produce the composite solder.
Traditionally. the reinforcement s usually added to the molten solder to produce the
composite [40]. These rcinforcements could be stable intermetallics or metallic
patticles that can form inlermctallics during processing [37, 38, 41, 44, 50, 51] The
main aim of these appmaches is to introduce compatible intermetallic reinforcements
i Lhe solder matrix, It is cssentiad Lhat these reinforcements do not significantly alter

their size, shape and volume fraction during service.



1.7.5 Composite Approaches in Conventional Laded Solders

Dispersion strengihencd n-situ compesite solders of Sn-Fb-Ni and Sn-Pb-Cu alloys
containing G.1-1.0 pm dispersoidsiteinforcements were produced by induction
melting and inert gas atomization, by Saswy et al. [43]. It was found that. these
composile sulders showed an increase of 25-1807% in yicld stress and 20-30% 1n the
modulus valucs compared lo entectic Sn-37Ph solder. Another type of dispersion
strengthened composite solder was formulated by Betrabet et al. by adding 2.2 wi. %
of NizSns intermetaliic particles nto the Sn-40Pb solder mainix {38]. While Marshall
el al. [42] improved the mechanical properties of conventional Snd0Ph solders by
introducing CugSn; intermetatlic compound (IMC) dispersord, This investigation
showed that the dispersion- strengthencd solder had a finer grain size as the
disperscids  acted as  heteiogenecus oucleation sites for the solder during

solihlicaiion, leading to a 40%; increase in fracture shear strain.

Mavooii and Jin prepared their composite solders by mixing 3 vol.% of 10 nm sized
Al powders or 3 vol.% of 5 nm sized Ti(h powders with 35 pm sized eutectic Sn-
37 Pb solder powder [39]. Nano-sized, non-reacting, non-coarseming oxide paricles
formed uniform  coalings of solder alter repeated plastic deformation  for

rearrangement of the particles. Thece orders decrcase in the steady-state creep rate

was achieved by this approach.
2.7.6 Composite Approaches in Lead-frce Solders

In general, composite solders tend to (ender improved properfies. The early repored
invesligations were basically exploratory in natune, and the cxient of improvement
must be weighed against environmental and economic factors before widespread
adoption can be mealized. However, smdies on lead-free Sn-based composite solders
have received aftention only recently. Compowile approaches used in lead-bearing
solders can also be applisd 1o lead-free soiders. Although studies on comnposite

solders utilizing lead-free solders are somewhat himited compared to those for solder
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allovs themselves, development of lead-free compositc solders is essential based on

the reliabibily considerations.

Subramaman et al. have reporicd the mictostructural evolution in the Cu,Sns particle
teinforced eutectic Sn-3.5Ag based lead-free composite solders made by in-situ
method [49]. While, Cho ¢l al. reported the in-sifu reinforcement of the same
cutcetic solder with NiaSng and TeSu; particles [52, 53], Their investigation shows
that intermetallic particles of NisSny and FeSn; were found 1o be relatively stable
even afler 1,400 h of aging at 180°C as compared to CugSns intermstallic particles,

an attribute desirable for a composile approach

The stalnlity ol mechanically-incorporated metallic teinforcement paricles in the Sn-
Ag composite solders was also cxamined afler muliiple reflows and durine aging,
The composite solders were prepared by mechanically blending nominally 15 vol.%,
of micron-sized Cu, Ag. or Nt particles wilh cutcetic Sn-Ag solder to form a mixture
with a uniform distnbution of reimforcement particles [54, 55]. Since Ag patticles
consume less amount of Sn, thits change in composition of solder matrix was least in
Ag reinforced composite solders compared 1o composite solders conlainmg Cu and
Ni reinforecments. Ag particles also exhibit hiphor resistance 1o coarsening than Cu

and N1 remforcement particles due to its lower dullusion coelficient in a Sn matrix.

Anderson et &f |36] reported that the addition of § 43wt coball (Co) into Sn-
3 Gwitohp-1 DwitteCuy alloys refmed the joint microstructure by enhancing nucleation
of the CusSng phase in the solder matrix. The Co also reduced intcrmetallic interface
faceting and impraved the ahility of the solder joint samples to maintain their shear
strength after aging for 72 hours ai 150°C. Recently, Kim of. af {57 investigated that
the effect ol the fourth elements, i.e., Fe, Ni, Co, Mn and Ti, on micro-structural
lcatures, under-coolmg and tensile properties of Sn-3.0wt%Ag-0.5wt%Cu solder.
They found that adding €. 1w % of T4, Ni. or Mn formed fine precipitates, consisting
of Sn, Cu and additive, in the primary 3-Sn pgrains and eutectic network band.

Additien of Ti or Co provided the best under-cooling suppression. Also, Fe, Ti, and
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Co incieased 0.2% proof stress while they dececased elongation. In contrast, Mn and

Ni improved ductility and also slightly improved 0.2% proof stress,

Cormack et al. have developed composite solders hy adding 25 wit.% of -2 pum
magnetic Fe powders into pure Snand eutectic Sn-Bi solder [46] A line. uniform
dispersion of parlicles was oblained by imposing & magnetic field during the
sohdilication process. The composite solder made by adding 2.5 wi.% of Fe poweders
lo pure Sn exhibited 60~100% higher ultimate tensile strength than the dispersion-
free solder materials More importantly, its creep resistance at 100°C showed an
increase by a factor of 20. Fe particles reinforced cutectic Sn-RBi composite solder
exhibited 10% higher tensile strength and five umes improvement in creep resislance

under smmular conditions

Zhong ct al. recently repotted the synthesis of high strength lead-free coOmposile
solder matertals using nano AlQ; as reinforcement [38], Powder melallurgy was
used to synthesize the Sn-based (91.48ndln-d. 1 Ap-0.4Cu) composite  solders
containing differeal volume fractions of nano-sized alumina particulates. Results
showed that the presence of nano Al:O; pamiculates assisted in increasing both the

0.2%YS and UTS of (he solder matrix all extrusion temperamres employed,
1.8 SELECTION OF LEAD-FREE SOI.DER

Starting with the above list, we began to search for the best alloy, the choives of
acceplable elements dwindles rapidly Silver 15 in adequate supply but has a cost
disadvantage. Bismuth poses a podential supply problem sinee 1t is a by-product of
lead mming, and also has combrnittlement probems. Bismuth is also a poor conductar,
both thermally and electrically. Concerning cudmium, toxieimy is the leading reason
not to use {Ing clement. With copper, there s plenty of sapply, and it is soluble in tin

In low percentages, copper works well There i a long history of tin alloys
containing copper Gallium supply and costs are the mam reason not oo use 11, as well
as 1ts brittleness. The cost, madequate supply, poor resistance to corrasion and rapid

oxide formation during melting all eliminate the clement indivm.
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AN+ 30 — 2In, O
Ay Ot T2NCE = 40l + 610

dinC1y - GHLO - G0 = 2T O 00 1 1211

D100+ + GH0 — 600 + 40,

Met reaction $1n + 30+ GEl0 — 4InCC [y

Fiours 2.7 Corrosion of Sn-In cutectic solder and corrosion reaction of Indium

Figure 2.8 shows a solder fillet formed with an indivm eutectic. aged at 90°C and
03% relative humidity, The corrosion ol indinrm can be scen as the dack arcas om the
solder joint. The remaining area is the tin. The reaction that has occurred is also seen
in figure 2.8, For the most part, indiem is safe if kept in low humidity conditions, or
if it is conformally coated, Antimony has an adequate history and supply to be a
viahle solder additive. Tin iz the base of solders, toxiciny is low and supply is
adcquate, Zinc is in adequate supply, but has oxidation problems and also causcs
solder to become Dbrittle. This oxidation problem creates an issue with existing

automatic soldering equipment [59]

Among all thess Sn—Zn eutectic system 15 oneg of the most promsing lead- e
zolders with the advantages of low melting points, excellent mechanical properties
and acceptable costs; whereas 1t's poor wotimg abihily conhmes s applicalions 1o

many substrates, which can be improved by some third particte addition [60].



CHAPTER 3

DEVELOPMENT OF NEW Ph-FREE SOLDER ALLOYS

31 INTRODUCTION

In order to develop new Pb-free solder alloys with beter purformance and relabiliny,
tracc amount of Al and Cu were doped with binary entectic Sn-97n solder Gencrally
speaking. both $n-9Zn-Al and Sn-9Zn-Cu alloys are the composite solder because
the Al reacts with both Sn or #n and form IMC which dispersed in the eutectic solder
matrix. Also, the addition of Al has a grain refincment affoct on the mictostrocture
by restraining ihe sizes of the 3-Sn phase and the IMCs. On the ather hand, Cu {forms
Cu;Zng IMC in the bulk cutectic Sn-9Zn solder which depletes the whole solder alloy

from Zn rch phase resulting lack of strength in the bulk solder. This will he

discussed in the following chapter.
3.1.1 Role of Al and Cu on Sn-¢7n Entectic I'h-Free Sulder

As reported by S, Vavnman ot al [01] Sn-97n ewicclic solders have limited
commercial viability due to its serious oxidation and wetling problems. Addition of

alloying elements is an ¢ffective way lo improve oxidation resistance and welting

behavior of eutectic Sn-92n solder alioy.

Al can improve the oxidaiion resistance of Sn-Zn alloy. According to Chen et al.
[62], the additions of Al can form an oxidation flm, which is relatively stable and
compact, preferentially to the Zn on the solder surface This oxidation [ilm also
prevents solder from further oxidation, As o stable and compact oxide, AlD, is

ditficnlt 1o remove by soldering flux, and as wcll as this exidation film is detrimental

to the weltling properties of Sn-9Zn solder
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Small alloying additions have Hmited effects on the melting point of Sn-97n solder.
From the SEM micrographs it had been found that the addition of small quantities of

alioying clements do not cause preat changes in the microstructure ot thermal

properiies of Sn-9Zn solder [62].

Addition of Al sigm(eontly improves the plasticity of the 36-9Zn solder while
maintaining its tensile strength, It is presumed that addition of Al destroys the coarse
and brittle Zn-rich phasc and forms a much fincr microstrucmre, which benefits
plasticity and results in an improvement on the tensile strength [62]. C. M. Chuany et
al [63] reporred lhat Lhe deterioration of the tensile properties of Sn-9Zn and Sn-
%7n-0.5Al speeimens corresponded to the number of days of naturally aging. Al has
been incarporated with Zn 1o enhance the atmospheric corrosion resistamee of the
conventional galvanizing coatings for stee). Zn-SAl and 55A1-Zn coulings are the
most commonly commercialized Al-Zn sevics of coutings such as GALTFANE and
GALVALUME®R. A series of situdies also tied to incomorale Al with the Sn-Zn
solders. The addition of Al to the Sn-Zn solder is kept at low 1evels in order to keep
the melting point as low as possible. An equilibrivm phasc diagram has been reported
for this particular temary system which has a culectic point at 197°C. The tcmary Sn-
Zn-A] system posscsscs a complicated phase transition behavior based on the

equilibrium studies mentioned above [64].

The solders may encounter a solidification sequence during the fabrication of the
elecironic interconnections, for inslance, the wave soldering or solder reflow. A
detailed understanding of the solidification behavior as well as the phase formation is

ol interest as far as the control of the solder joint property is concerned [65].

The addition of Cu can increase the meiting point of solder alley, as Cu has far
higher melting point than {hat of $n-97n solder alloy, thus increasing the alloy
melting process. The Sn-Zn-Cu (8ZC) solder had a near culcetic reaction in 214.93'C
[06]. By using midely active rosim (RMA) {lux, the wetting angle of Sn-9Zn was
found to be §9", and with addition of 4% Cu wilh 0.05% of rare eanh, the alloy
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wetring anple was found to be minimum 49°[67]. It had been proven that by alloying
Cu with Sn-Zn-Al the melting temperature mereases about 210°C, Cu has the ability
lo stabilize Zn in the solder and controls the growth of the reaction layer [68]. With
the addition of Cu in the Sn-Zn alloy, lhe Cu-Zn compound formed in the selder
matrix prevent the Zn atoms to dilfuse m the Cu foil, which causes the planar rod-
shapc CusZng IMC at the interface change into scallop CugSns IMC. It wis obscrved
that the IMC of Sn-Zn-xCu/Cu joint is mainly CusZng when the conlent of Cu s -
1%, when the content of Cu is 29%-6%, the IMC is CusSns and CusZny together,
when the content of Cu is 8%, the IMC 15 CugSns. Wil the increasing of Cu in the
sn-Zn-xCu solder, the shear strength of the Sn-Zn-xCu/Cu solder joind 15 enhanced

with the transformation of IMC type from planar CusZng to scallop CugSns at the
interface [69].

3.2 THE MANUFACTURE OF T'b-FREE SOLDER ALLOYS

3.2.1 Raw Maierials

The Pb-ltee alloys were prepared from commercially pure Sn inrol (99.39%), Zn
(99.99%), Al1({99.99%) and Cu (99.99%).

3.2.2 Ingot Preparation

The clemental ingols are placed e a pil fumace under controlled atmosphere
accotding 1o the binary eutectic composition to prepare the masicr alloy. They wers
melted in a pit furnace al a lemperature of 500°C. ‘Then (he molten metal was chill
cast I o stecl mold, The ingots of Sn-9Zn-0 5AY and Sn-97n-0 7Ck were also
prepared [oilowing the same procedure, For Sn-94n-0.5A1 and Sn-%70-0.2Cu alloy
preparation the furnace temperaiure was kept at 500°C for some tme to homopenize
the stricore and also to enhance Al and Cu dissolution in the soider matrix.

Consequently, wet chemical analyses were done to determime the exact compasition
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of the casting ingots and also with the energy dispersive x-tay (EDX) analysis. The

chemical compositions of the alloys are listed in Table 1.

Table 3.1 Chemical composinon of staring materals (wt. %)

Alloys S Zn Al Cu h sh B
sn Ingot Bal. - - - 0346 | 0253 0 009
Sn-94n Bal. 5.683 - - (.343 0.251 G012
Sn-9Zn-0 5A] Bal. 8.601 0.520 - 3346 | 0232 | 0.010
Sn-9Zn-0 7TCu Bal. 8.620 - 0.682 | 0340 | 0260 | 0.008

These chill-cast ingots were used for following purpescs.

I. Cut small pieces for microstructure examination and also for micro-hardncss

tcat.

2. Ceollect very small sample ol 10-20 mg to conduct DSC.

3. Prepare tensile specimens by mechanical machining,




CHAPTER 4

EFFECT OF ADDITION OF A4 THIRD ELEMENT ON
MICROSTRUCTURE OF Sn-9Zn Pb-FREFE, ALLOY

4.1 INTRODUCTION

The chilled-cast ingofs are used to siudy the mucrostructure of the Pb-fiee solders,
The ingots were cut and mounted in rosin, cured at room temperature, mechanically
ground with sand papers. After that, each sample was polished with 0.5pm A1O,
particles in order to obluin the microstructure, Alter cleanming with acclone angd
alcohel, the sample was investigated by oplical microscope (OM) and followed hy
seamning electron microscope (SEM). Also, energy dispersive x-ray (EDX) analvss
was used to determine the clemental compositions at sclected spols and areas. The
chemical analyses of the EDX spectra were cotrected hy standard ZA I soflware. The

backscattered elcclron imaging mode of the SEM was used Lo study the
microstruchire.

4.2 MICROSTRUCTURE OF $n-5Zn LEAD-FREE ALLOYS

Figure 4.1a shows the microstructure of 4 pure as casl St under OM examination. As
it is pure tin, thus only plain singlc Sn phase is observed fvom the nicrograph. Figure
4.11 shows ihe microstruclure of the culcetic $n-97n, It has been mentioned that the
eutcciie Sn-97n alloy consists of 5-Sn and Zn-rich phases. In the micrograpli, the
bright regions are the 5-Sn phase and the daek regon hetween (he A-8n groins is the

Zn-nich phase. With the addition of 0 5% Al in the eutectic Sn-9Zn, the Zn-rich phase
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decreance drastically and nlso become finer than before, As Zn is n VETY recaclive

material {electro negativity: -1.65), it forms compound with the aluminum {Al).
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Figure 4.1 Optical micrographs of the chill-cast samples of (s} Pure Sn, {b) Sn-9Zn.
() Sn-9Zn-0.5Al, and (d) $n-97n-0.7Cu (ali images taken at 200X).

The compounds of Zn-Al-Sn are dispersed in the whole mntrix. Figure 4.1¢ shows
the microstrueture of the $n-57n-0.5A1 observed under OM. Again with the addition
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of 0.7% Co with the cutectic Sn-9Zn, the coarse o-Zn phases became smaller, as

shown in Fipure 4.14.

The microstruciures of Sn-%Zn and Sn-92n-X altovs anc also cxamimed under SEM
m the Back Scatiered Electron (RESE) mode, an displayed 1in Tigure 4.2 a-d. Figure
4 2a shows the mictostructure of pure chill-cast Sn, which contains only single Sn
phase and some porcs in ik Fipure 4.2b0 shows the typical lamella of eutcclic
microstructure. The primarily solidificd phase, the dark phasc of Sn-9Zn
microsiruclurs consists of fine needichke Zo-nch phase in 5-50 matnx. Also some
Zine spheroids arc observed i the microstructure, With the addition of 0.5% Al the
eutectic 5n-97n alley shows small precipitates distnbuted m the eutectic phase
When 0.7% Cu s added with the cutectic 5n-9Zn alloy, the microsiructure changes
with some planar and Hower shaped intermetallic compeund distributed 1n the ypical
cutcctic lamella as shown in Figune 4.2d. For both cases when a (hurd element (Al or
Cu} added with the 3n-%7n eutectic alloy, the o-Zn phases decreased and changes to
finer strueture. Also 1l meacts with the turd element and form intermetallic
compounds duc to 118 very reactive natere. And due to the Tugh resctivity of Cu, the
microstructwe of Sn-97n-0 7Cu deprived of thick Zn-rich cutcctic lamella and

consists of [ine cwleeue colomes dispersed with both Sn-Cu and Zon-Cu TMCs.
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Figure 4.2 SEM microstructure of chill-cast }.amp!c: of {8} Ture Sn, (b) $n.9Zn, {c)
$n-97Zn-0.5Al, and {d) Sn-9Zn-0.7Cu (a1l images Laken at 500X).
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It 15 ¢lear from the above discossion that a lhied clement eTectively chanpes the
microslructure of cutectic Sn-9Zn solder alloy In order to analyze the distribution of
different elements in different phascs and IMCs. EDX analysis is used to detormine

the elemental composition at seleeted arcas and spots of Sn-%4n-X alloy. Figure 4.3

shows the microstructure of 4 pure tin with EDX spectrom analysis,
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In Figure 4.4, the platelet-shaped Zn-rich phase is discretely dispersed in il 5-Sn
matrix. The EDX result shows that small amount of $n present 1o the Zn-rich phase,

while no Zn iz detected from the 5-5n mateix,

Figure 4.5 shows small precipitales distributed in the cutectic phase. The primarily
solidified phase, the dark phase in Figure 4.5, of the culestic stucture was analyzed
and consisls of Sn, Zn and Al while the composition of the secondarily sahdificd
phase, the while phasc of Figure 4.5, was (-Sn phasc. This is reasonable as the phase

wilh preater contents of Al and Zn is expected to solidify irst.

The composition, analyzed wilh EDX, of this small precipitates, Fig. 4.5, is
{42.16~49.25)A1-(15.22~-20.343Zn-(37. 543 06)5n, comesponding |11 the
stonchioeatry of AlgZnySn. The ligh Al and Zn contents of this precipitate arc

indicative that it precipitates prior to the eutectic reaction.
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Figure 4.6 SEM micrastructure of chillcast $n-9Zn-0.7Cu with EDX spectrum of
Cu-Sn nch phase.
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Figure 4.7 SEM microstructure of chill-cast 5r-97n-0.7Cu with TDX spectrum of
Cu-Zn rich phnse.

Figure 4.6 shows "fower shaped” precipitales in the cutectic Sn-Zn phase, where
figure 4.7 shows plannr shaped [MC in the Sn-Zn mattix. Now 1t is clesr that the Sn-
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9Zn-0.7Cu alloy was consist of four dilTerent phases: 8-Sn matrix, ceZn phase with
some flower shaped CngSns and planar shaped Cus¥ns IMCs. The composition,
analyrel with EDX, of these flower shaped precipitate {(Fig. 4.6) is {38.62-43.3)Cn
and {39.13-63.534)8n, corresponding to the stoichiceatry of CugSns, whereas (ho
planar shaped precipitate (Fiz. 4.7} is (42.16-49.25)Cu and {19.22~-20.34)Zn.
comesponding to the stoichioeatry of CusZug. ‘the high Cu comtent of (hese

precipitates are also indicative that thesc IMCs precipitatc pror to the cutecl

Tedction.

Based on OM and SEM miceographs, the addition of Al and Cu in Sn-9Zn alloy is
able to restrain the 5-Sn phase and cutectic lamella, Also. the small platclels of Zn-
rich phase are uniformly distnbuted in the $-Sn matrix. For the Sn-9Zn-X alloy, the

finer oeZn phase and the new IMCs are observed in the 5-8Sn matrix.

4.3 CONCLUSIONS :

With the addilion of the Al and Cu, the microstructures of eutectic Sn-9Zn Pl-lree
solders become more uniform than their respective microstmictures without the
addition of these clements. The size of cutectic lamella iz decrcased and the
AlgZna s, CugSng and CusZng IMCs formed in the cutectic colonies, when Al and Cu
are added m 5n-9%n alloy respectively, Both So-rich and Zn-rich phase are also
teduced in size after the addition of Al and Cu, The reasen of uniform microstruciure
obtained by the addition of a third clement is that these elemcents form IMCs in the
molten solder and promote a high nucleation densily of the second phasc in the

sutectic colony durieg solidification.



CHAPTER 5

MECHANICAL PROPERTIES OF Pb-FREE SOLDER ALLOYS
5.1 INTRODUCTION

Modern ¢lectronic assemblies are made vp from materials with 3 wide range of
thetmal expansion coefficients. When an electrenic device is m operation, it normally
penerates heat, As these materials are packaged together in the device, internal
thermal stresses and strains will tesult under temperature excursions dunng
operation. This 1s why one of the main focuses in material selection [or electronic
assembtly is to provide the least amount of thermal nusmateh. However, in practice,
this cannot be fully achieved and the themmal stresses in an assembly are
unaveidable, I is therefore important [or solder alloys, as ponme mterconnection
muatenals, to be able to withstand the high thermal stresscs. It is alse known that the
absolute operaling temperature, T, i8 vory close to absolute melting lcmperature,
Ty, of the solder. As a result, the hontologous lemperature, (=T Tm), 15 usnally
greater than 0.6 when the assemnbly is operated at room temperature. Henee, the
solder material is normally suhjected to creep during operation even at wwom
temperatare, This means that the Pb-free solders should have their melting point low
cnough to be comparble wilh that of Sn-37Pb and as well as high enough for the
solder joint to bear the operating t(cmperalures. Besides, the Pb-free solders should
have and retain adequate mechanical strength soch as tcnsile and creep resistance
during their operation. As the mechanical strenpth and melting behavior of sotder

alloys are important for & suceesaful solder alloy, this chapter discusses maimly these

issues



5.2 MELTING BEITAVIOR

Soldering, a joimng process of two substrates. 15 a very important technique in the
packamng of electronic products, As por the temperature profile of the teflow
furnace, the solders are first heated up, then become molten, react with the suhsnates;
cool down, and lastly solihilv. The temperamice profile of the reflow furnace is the
key process controller for oblaining a good assembly. Insufficient heating can result
in non-wetling at the solder jount, whereas excessive heating mntroduces enhanced
mierfucial reactions and possible religbafity problems [703. The knowledge of melting
and solidificalion characteristics of solders is crucial in the selection of the

temperature profile for the rellow fumace.

A differential scanning calonmeter (DSC Q-10) is used n the present study 1o
determine the melting and solidification characlenslics, such as the onset
temperatures of phase transformation and the enthalpy of fasion of the different *h-
free alloys. The heating rate for the DSC test is 10°C/min in nitrogen atmosphere.
The temperamre range was from 30°C o 230°C doring the analyses. The first onscl
temperatue is the temperature at which the sample heging to mell, and is tegarded as
the solidus linc {71]. The peak temperatire occurs at the end of melting range of
sample, and is regarded as the liquidus line. So the DSC can be used to find the

melting temperature and as well as the melting range of Ph-free solder alloy.

5.2.1 Melting Temperature of Sn-9Zn-X Alloy

Figure 5.1a shows the DSC carve for the Sn and the melting temperature was found
at 229.23°C. Tigurc 5.1b shows Lhe DSC curve for the eutectic Sn-8Zn alloy and here

the melting temperature was observed at 197.55"C.
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Figure 5.1 The DEC curves on heating {a) Mue Sn, (0) 5n-9Zn, (¢} Sn-0Zn-0.5A1,
and (d) Sn-9Zn-0.7Cu.

With the addition of 0 5% Al the melting temperature changes only slightly. As
illustrated in the Fipure 5. l¢, the melting temperatore is 197.48"C for Sn-9Zn-0.5A1.
Il indicates that the addition of amall amounl of Al inlo Sn-92n alloy docs ol causc
sigmficant mercase of the melbng lemperature, Bul, when small amount of Cu is
added to the Sn-9Zn eutectic solder alioy, the melting temperature increases slichtly.
Figure 5.1d shows that the melting temperature for S1-94n-0.7Cu is 199.33%C which
{s 2°C higher than the eutectic solder alloy. Table 3.1 shows the melting and liguidus

temperature for dillerent solder alloys.
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Iahle 5.1 Melting and Liquidus Temperature for dilferent solder alloys

Material Melting Temp “C | Liquidus Temp, "C |  Heat Flow. Wig

Pure Sn 279 23 239,38 6.594

5n-9Zn 197.59 201.77 1763
Sn-9Zn-0.5Al 197.48 203.26 0.8431
Sn-97n-0.7Cu 19433 207.11 2.293

5.2.2 Effect of Various Cooling Rates on Sp-9Zn Selder Alloy

Almost all soll solders are of binary or temary allovs of Sn. Elemental Sn melts at
231°C and is alloyed with other metals to create both lead-based and lead-free solduts
with the desirable mechanical properties. White, or 3-5n, haz a body-centered
letragomal ervstal structure and is stable at room temperature. The culcclc
composition of the Sn-Zn binary gystem occors at Sn-9Zn. The cutcclic temperaturs
is 198°C. The microstruciire consists of 8-5n and e&Zn nich phases in the form of
thin platelets or needles. The impact of cooling rate chanpes the phascs present in the
solder mucrosirueture, The shear sirength is generally improved by a fast cooling rate,
stow cooling produces a ncar cquilibeium. vniform lamellar euteclic stmcture that
tends to increase the ductility The impact of work hardening resuling from higher

stran rafcs iends 1o hasve a larger impact on the fast cooling samples [72 |

The impact of conling rate was observed on Sn-9Zn binary culectic solder alloys.
The cooling rates were varied from 5'C, to 25"C/munules Tor this experiment. First
the samples were heated up to 250%C in a differential scanning calorimeter and then
eooled with yvanous tales 1o observe the effecls. A summary of the cooling history s
listed in the table 5.2, As the cooling rate slows down fom 23 to 3, the under-coolmg

also decreases from 11.82"C to 9.20°C and as well as the energy absorhed decreases
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from 7.221 Wig to 2.271 Wig. For 'C/minutes the onset point found at 191.81°C,

whereas the onset point (or 25°C/minutes was at 186.9°C

Table 5.2 Effect on melting behavior for tiflerent cooling rates

Conling {Onset point, Peak point Peak point Under Heal Tiow
Rate Om cooling o cooling on heating Coohing | on cooling
"C/min C 'C c "C Wim
5 19] 8] 195.20 201475 2.20 2271
10 19017 194.00 205.65 11.63 3802
25 156,90 192,32 204.14 1182 7.221

The microstructure also changes doe 1o the various cooling rates. It is well expectad

that the grain size will be thick for slow cooling rate and will be fine for faster

coolmg rale. In thas experiment. akthough the cooling rales were only 5% apart, there

is a significant change obscrved n the wmcrostructure for differeni soohny rate in

eutechic Su-97n alloy. Uipure 5.2 shows SEM images in SH mode for sanmples cooled

at diflerenmt rales. I s well known that slow cooling produces a near equilibrium

sirucrure which 15 full of thick eutectic lamelia
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Figure 5.2 SEM microstructure of §0-3Zn samples after vanious cooling mies (a)

5°C/min, (b} 10°Crmin, and (c) 25°C/min



S5AMICLO HARDNESS

The measurement of hatdness, especially mwrobardoess, is a wsual method 1o
characlenze the mechameal properbics of solid-state surfaces, The hardness of the
material is often equated with its resistance to abrasion or wear and its characteristic
of mactical interest smce 1l determunes Lhe duralnlily of a material daring use and i
also decides the suntabality of (he matenal lor special applications, Microhardness
lests are made 10 detemunc the hardness of mdividual grains, phase and structural
gomponent of alloys. In this case, the volume deformed through indenting should be
smaller than the volume of the grain to be tested. Tor this reason, a light force is
applied to the indenter. The microhardness of a solder alloy depends on the motion of
dislocation yrowlh and configuration of graoms. The processes are more sensitive to
the mictostruciure of the solder than its chemical composition. Se the mechanical
property such as the microhardness depends especially on the microstruchure,
processing temperature. the composiiion and so on [T3]. In general, the hardness of

the Sn-rich Pb-free soldeis strongly depends on the alloying elements; the more

alloying elements there are, the higher the hardness is

The microhardness measurement 1n the present study was perlommed on the samples
using a Vickers Shimadzu microhardness tester. Before indentation testing, necessary
grinding and polishing were done to oblain a polished. smooth and at parallsd
surface The applied load was 50¢ for 10s and 7-10 readmgs of dilferent indentation

were taken at room temperature to obtain the mean VHN value.

The results obtained of the microhardness at small Toad of the pure metal Sn and the
Sn-07n, Sn-94n-0.5Al, §n-2Zn-0.7Cu solder alloys are presented in Fuygure 5 3 Tohas
been known [74] that the micro-mmdentation hardness of some matertals (e g metals)
1% a constani above a critical size of impression but below tis s1ze a steady inercase
in hardness occurs as load s decreascd. Buckle [75) has sugpested that it is the

presence of covalent regions in such materiabs that 1s responsible for the increase in

hardness wilth deercasing lead.
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Several explanations have heen put forward to account for the higher valucs of
microhardncss al highter loads McClintock and Arpgon [76, 77] argue that ar small
loads, the impression size approaches to the siip band length al the equivalent strain,
which increase the hardness salue, Also, the strain gradicnts around the imp-ressiﬂn
may tequire dislocation densitics larger than those normally encounicred in cold-
worked melals al comparable levels of strain. Meyers and Chalwa [78] point out that
the work hardening intreduces m the surface by polishing may be important at lighter
loads, Theter [79] argues, on the olher hand. that for lighter loads the impression is

considerably affccted by small amount of elastic recovery, which is normally

negligible Tor gher loads.
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Figure 5.3 Microhardness values in terms of Vickers Hardness Numbcer for different

solder alloys

Braunovic [80] proposed that the mechamam lor toad dependence of indentation
hardness is associated with the movement of dislecations introdoced by the mdenter.
The generation of dislocations at a contast surfuce cun be visualized a arising from a

punching and blecking of dislecation may impede (his movement by lattice defects
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such as grain boundames, vacancics, solute atoms. precipitales and  simlar

imperfections in crystalline solids,

As shown i Figure 5.3, an increase in microhardness for Sn-9Zn cutectic snlder than
that [or pure Sn was observed duc to the presence of vod or ncedle-like Zn-tich phasg
i1 the 3-8n matrix. For lh¢ case of Sn-9Zn-0 5A1 and Sn-97n-(.2Cu temary solder
alloys, the microhardness valuc nises slsa due to the presence of AlgZnsSn, CogSn;
and CusZng particulates in the 5-Sn solder matrix. This could be accounted by the
dispersion-sitengthening effect. Again a slight decrease of VIIN is observed for Sp-
9Zn-0.7Cu which may be due 10 the lack of thick eutectic lamella, as some of the 7n

react with Cu to form IMC that left the §8-Sn matex deprive of dark ceZn jhases,

As reported previously [78], the hardness value for the intermetallic particulades and

Zn-nich zome is much higher than 3-Sn matrix.
5.4 TENSILE STRENGTH
5.4.1 Tensile test and specimen

The ultimate fensile smengih (UTSY s the maximum enginesnng stress, which a
material can withstand in tension, on the cngineering stress-strain curve {81]. The
yield stress is the stress level al which plastic deformation begins. For solder alloys,
the vield stress is commonly defined by the stress on the smess-strain curve at 0.2

strain offset. It is also calied the 0.2% proof stress.

The tensile specimens were prepared by Lhe mechanical machining of chill-east
ngots. They have & gauge length marked 25.00mm for each samplcs, the width and
thickness for each samples are 6,00mm and 5.00mm respeetively as shown m Figure
3.4, Tensile tests were canied oul on an Instron testing maching (Instron 3369
Universal Testing Machine) at a rate of 1.00mmfmn at 298K to oblan data on the

stress-strain curves which contain information of elongation at fracrure and the UTS,
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Figure 5 4 Schematic diagram of the tengile speoimen.

5.4.2 Tensile property of the Sn-9Zn-X alloy

With the addition of Al and Cu in the Sn-9Zn alloy, it is expected that its mechanical
properties will be improved duc to the modification of the micrestrucmure as
mentioned m the previous chapter. According to dispersion strengthening theory if o
second reinfoteing phase is present in any structure, then the stress acting on the

particle's surface can be expressed with the piling-vp of hmear dislocation, 1. . [79]

T=nmy

Where 7 is the stress at the particie surface, n 1s the piled-up dislocation numbct, and

fois the yielding siress of the alloy. Meanwhile, the piled-up dislocation number is

Til—u)hT,
Gk

n-=

Where L is the average distance belween the second phase particles, b s the Burgers
Yeolor, v 15 the Powgson's tatio, and (15 the shear elastc moedulus of the substrate.

{1 =Lty 2

Therefore, T = oI
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and the yielding stress of the alloy becomes Ty =

If we assume that 7 is the fracture stress of sccond particles and v as a constant, the
yicld stress of the alloy mcrcases when the average distance between the secondary

particles decreases, Therefore, the fine-disperion of secondary parlicles can enhance

ot
a{l-viL

the strength of the alloys.

stress [MPu)

Figore 5.5 Tensile stress-strain curves of Sn-97n, $n-9Zn-0.5A1, and Sn-97n-0.7Cu

B

A0

30

alloys.

Figure 5 5 shows the typical stress-strain curves of Sn-97n, Sn-9Zn-0 5A1, and Sn-
9Zn-0 7Cu alloys. A significant improvement of the tensile strength is observed for
Al addition. whereas a decrease in the strenglh occurs for Cu addition in Sn-9Zn

binary evteclic alloy. But the ductility decreases with the addition of bolh Al and Cu.
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Figure 5.6 shows the tensilc properties far Sn-92xn, $n-9Zn-0.541, and Sn-92Zn-0.7C0
alloys. An increase in 21% of the proof strength is observed for Al addition in Sn-
9Zn alloy, as well as a 32% drop m elongation s observed for the same. For Cu

additon both the proof steeagth and elonpation decreascs 6 6% and 38%

espectively.
a0 . an
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Figure 5.6: Tensile properties of Sn-9Zn, S1-9Zn-0 SAL and Sn-9Zn-0 7Cu.

As per dispersion strengthening theory. the strength must increase with the addition
ol a second phase particle in the matrix. And for the case of Al addition in Sn-9Zn
the theory proved right, while for Cu addition the theory contradicts with the results,
These contradiction can be cxplained fiom the microstructure and as well s the
icnstle [racture surface of the alloys very clearly As discussed in the previous
chapter, some small precipitates obscrved in the microstructure of Sn-97n-0.5A1,
which arc uniformly distiibuled in the solder matoix und also the palale-like Zn-rich
phase becomes finer. While some flower and 1od shaped larpe intermetallic

¢ompounds were observed in Sn-97n-0.7Cu alley and also the dark Zn-rich phase
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decreases from the matnx, According to Ddeter {79). the sccond phase element
incteascs the lensile strength up 10 a certain extent and beyond that the precipitate
slarts to grow non-coherently which results in the decrease of the overall strength.

And for the case of Sn-%Zn-0.7Cu the IMCs growih is beyond that 1imit which tesalis

in a decrease in the tensile strength,

Figare 57 shows lhe fractograply of the alloys afer tenstle tests. All alloys
displayed a typical ductile fracture mode. The dimpled patern is present in all the
fracture surlaces. The dimple size of the alloys varics for different elemental content,
The dimples size for Sn-9Zn-0.5A8 is much finer than that of other two alloys
Bspecially, in the case of $n-9Zn-0.5A1 and 50-97n-0.7Cu alloys, some Al-Zn-Sn
and Cu—Zn compounds were obscrved n the [racture surfaces The fracture surface
of the 5n-9Zn-0.5Al alley shows many fine dimple structures (Figure 5.7 1} On the
other hand, the fracture surfaecs of the Sn-9Zn-0.7Cu alloy exhibit cleavage patems,
as shown in Figure 5.7 c. Thus, Sn—9Zn—0.7Cu alloy undergoes a complex tracture
pattern. From the results of tensile tests on Sn—2%2n—}.54A1 alloy, the formaiion of Al—
Zn-Sn compounds promote tensile sirengih and deteriorate elenpation slightly, while
the tensite tests for Sn—97n{.7Cu alloy reveal that the Cu—Zn compounds

deteriorates both tensile swength and elongation.
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Figure 5.7: SEM fmactrograph in SE modelor (a) $Sa-9Zn, (b) $n-97n-0.5A] and (c)
Sn-9Y0-0.7Cu
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5.5 CONCLUSION

With the addition of 0.5% Al addilion the melting temperaturc does net change
stgnificantly from that of the Sn-9Zn alloy, as the ternary culcetic Sn-8Zn-0.4541
alloy exhibit its melung point at 197°C. But, when 0.7% Cu is added into Sn-9Zn
alloy, the melting tomperature jumps 2°C higher than the original melung
temperamre of Sno-97n hinary eutectic solder. Thus, adding a small amount o Al; the
soldering temperature can be kept as oviginal one. Cooling rates have significant
cffeet on the microstructure and properties of any alloy. For the case of $n-9Zn
binary eutectic alloy; fast cooling results finer and more uniform microstrucrure with
dispersed needle-like Zn-tich phase in the 8-3n matrix, whereas slow cooling results
in 3 coars¢ dendnle stucture with rod-like Zn-rich piecipitales. Due to the
refinement of microstruchire when adding Al and Co inta the Sn-9Zn solder alloy, it
18 reasonable 1o see an improvement in the microhandness for the temary alloys, The
nctease in microhardness is believed for the IMCs formed by Zn with Al and Cu,
which posses much higher hardness than the eutectic lamella. When the Al is added
the temsile stremgth improved on the other hand elongation decreased. The both
phenomenon can be clearly caplain by the dispersion strengihening theory; ie. the
second phase formed by aluminum generates obstacle for the dislocation al the grain
boundary (the maximum region of mismalch}, dislocation pile up results in a inercase
in tensile sirength, the term also called precipitation strengthening, On the other hand
due o movement restriction of dislocation densities, the slip plancs can't find their
suitable direction to move feely results fack in ductility; Le. slongation decreases.
For copper addition in Sn-97n eutectic solder alloy tensile properties deteriorates.
Both tensile strength and clongation decreases significantly. The tensilc strength falls
due to addition of copper is helieved {or the non-coherent precipitation of CusZng and
Cuesns mtermeiallic compound. This big TMCs show non coherency with the 3-%n
mairix, which 1 lum decrease the tensile strength. Clongation also falls due to the
same reasom of suitable slip planc movement restoction. Thus, both toughness and

elonpation decreascs with the addition of a third element in Sn-9Zn binary eulectic

solder alloy,



CHAPTER 6

COMPOSITE SOLDER

6.1 INTROINMICTION

Composite appmaches have been developed in lead-Tree solder research in an e (fort
lo improve the service temperalure capabilities and thermal stability of the solder
joints. Several challenges are faced in the development of lead-frec solders since they
are not just drop-in subshitules for traditionally uscd leaded solders These challenges
may be related to the selder melt temperature, mocessing lemperature. wetabiliny,
mechanical and thermo-mechanical fatigue (TMF) behaviors. ete. Knowledee base
on leaded sclders pained by cxperience over a long penod tlime is not directly
applicable to lead-free solders. Thus, most of the lead-fice solder developments for

electronic apphcations are aimed at arriviag at suitable alloy compositions.

6.2 EXPERIMENTAL FPROCEDURE

In the present study, the compositions of the composile solder alloys were prepared
were sn-97n with 0 wt. % to 4 wi. %% Ag micro particles. A commercially-available
cutectic Sn-Zn solder paste was mixed with the Ag micro-particles. The averape size
ol the Ag particles were about B-10pm The mixing iechnigue was adopted to add the
Ag micro particles in the Sn-Zn ewtectic solder paste. The composite mixure was
then blended around 30 minutes by hand to achieve a unifomm distdbution of the
reinforcements. Then the mixed paste was screen printed on 4 polished alumina plate.
The alumina plate with the prnted solder paste on it was then refllowed at a

temperature of 240°C in a conveetion rellow oven (BI'U VIP-70N) to prepars the
composiie solder balls,

The thermal analysis of the alloys was carticd ool using a differential scanning

calorimeter (2190-MDSC) in the temperature range from room temperature to 230°C
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in a nitrogen gas [ow of 30 ml‘minute The heating rate was 25Kminute” up lo

150"C which was then cquilibrated there for one minute, [inally 10Kmmute™ up to
230"C.

A solder mask~defined copper bond pad on a BGA package was used as a base for
clectro-deposition of Ni and Au. The solder mask-opening diameler was 0.6 mm
with 7-pm thick Ni on the ball pad. The average thickness of the Au layer was 0.5
pm. The lead-fice composite solder balls with an average diameter of 0.70 mm were
placed on the pre-fluxed AwNIYCu bond pads of the substrates and reflowed at a
temperature of 250°C for 1 minute to cxamine the interfacial reactions between the
solder and the thin-film wnder-bump metallurgy (UBM). The Mux used in this study
was o commercial rosin activated fux (ARE, Alpha Metals LId. HK).

Shear tests were perormed for the as-reflowed samples using a Dage (Dage
Holdings Ltd., Aylesbury, UK) Scries 4000 Bond Tester. The shear tool height and
ihe test speed of lhe shear test in this study weee about 20 pm and 350 umis,
respectively, The test load for shear was 5000 ¢ for every test. About 40 randomly

chosen solder balls were sheared to obtain the average and the extent of deviation far

gach composition.

Anolher set of compoesite solder balls were placed on a highly polished pure copper
sheet and reflowed at 250°C to find the wetting behavior. Finally, the spread of
differcnt solder balls was measured under an optical microscope with digital a

cameny (LEICA-MZFLII) to find the cifect of the Ag particles on the spreading
behavior.

The fracture surfaces afler the ball shear tests were investigated thoroughly using a
Philips scanning eleclron mictoscops (Eindhoven, he Netherlands) XI. 40 FEG
{SEM) in the sccondary and backscattered electron mode as well as by enerpy
dispersive X-ray spectroscopy (EDX). Te investigate the microstructires and
intermedallic layers at the interface, the as-reflowed samples were roounted in resin,

cured at room lemperature. mechanically ground, and then polished with 0.5 pum
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Al:Ch powder in order (o obtain the cross sections of the solderTUJDBM interfaces, The
chemical and microstructural analyses of the gold-coated cross-sectoned samples
were obtained using the SEM equipped with an EDX spectrometer. The accuracy of
the compasitional measwement was about +5%. To determine the foomula
composition of the intermemllic compounds (IMCs), the chemical analyses of the
EDX spectra were corrceled by standard ZAT software. The backscatiered cleelron

imaging mede of ihe SEM was used for the interfacial stdy
6.3 RESULTS AND DISCUSSION

6.3.1 DSC analysis

DSC analyses were camied oul in order to investigate the fundamental thermal
reactions on heating of the composite solder alloys and alse to find the sustainable
range {or these composite solders. Fig 6.1 shows bpical DSC curves obtained for

Sn—92Zn based Ay particulate composites on heating

{n heating, the prominent endothermic peak for all composite solders appearced at
around 201°C, which cortesponds to the culectic temperature of the Sn—Zn binary
syslem. An additton of Ag particles shifted the endothermic peak from 199°C 1o
slight higher temperalure. 1t has already been proven that the liquidus line of the Sn—
Zn eutectic alloy nses with an increase in the Ag content [82]. It is notewority that
the hewght of the Grst peak decreases with an increase in the Ag content. [t i5 also

intercsting, that a shoulder was ohserved at avound 210°C for 3% and 4% Ag

contaiming solders.
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Figore 6.1 DSC curves of Sn-Zn-Ag micto-composite solder alloys on heating,

6.3.2 Shear Strength

The interfacial reactiens between the Pb-free solders and the electrolytically
deposited Aw/NifCu bond pads were conducted by holding at 250°C for 1 minute.
The mechanical strength of the interface was measured for each ditferent solder

compasition. The change of the average shear loads and their siandard deviations are

shown in Fig, 6.2,
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Figure 6.2 Variation of average shearing forces with standard deviation of solder

Joints for diflerent proportion of Ag micro-paicles in Sn-Zn composite solder.

1t may he noted that the average shear strength of joinls increased with the Ag micro-
particle content up 1o a certain limit Beyond this limil, the addition of Ag paricles
actually decreased the joint strength. Overall the composite solders showed a higher
shear strength than the cuteetic Sn-Zn selder. The average shear loads of (he solder
jeints were arcund 1,53 kgf, 1.51 kg, 1.63 kef, 1.56 kgt and 148 kpl for 4, 3, 2, 1
and { wt. % Ag content in the Sn-Zn eutectic solder, respectively. For Lhe 2 wit % Ag
paricle content in the Sn-Zn eutectic snlder, the shear load was higher than the rest
of the compaositions in the as-bonded condition on the electrolytic Aw/Ni surluce

finish. With more than 2% addition of Ag, the joint strength decreased again.

The fractured surfaces of the pads and shearcd balls were immediately studied by

SEM. The results reported here (from flacture surface and cross-seclional studies) are

bascd en the highest number of similar oceunrences from cach readout point of shear
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sirenglh data. In most cases ductile fracture occuwrred within the solder for the
retlowed samples. Tor 1% and 2 % Ag containing composiic solder alloys, the
fracture occwired at a location near bul lower than the shearing height (200 pm),
leaving a ihick layer of solder on the pad. This indicales that the solderpad homd (s
stronger than the bulk soider. Thg, 6.3 shows a {racture surface of the intcrisce
formed bebween a 2% Ag containing compuosile Sn-Zn sofder alloy and a clectrolytic
Au/Ni/Cu bond pad after rellow at 250°C for 1 minute.

The EDX analysis from these surfaces proved that fracmore occurred through the
solder alioys, From the EDX analysis (T1g. 6.3d) 1t iz also confirmed that the dark
spots shown in Fig 6.3c are actually AgZng IMCs and the bright trregular surfuces
arc mostly & Sn-rich phase. In the case of Sn-9Zn eutectic soider the fracwre
morphology was also similar, but from the EDX analysis of the fracture surface it

was clear that here the Zn content was higher comparcd 1o the other composite

solders.
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Figure 6.3 {a} Schematic drawing of the sheanng fracture mode of a DGA solder
Joinl, {B) Fracture surface of the Sn-Zn-2Ag solder joint after 1 minute of reflow at

250°C. () Golarged view of the fracure surface showing AgZnidMC. {d) The EDX

of the black spots inside the mamix.

For compozile solders containing more than 2% Ay, the ractures were mamly ductile

with few oceurrences of a mixed mode of hoth ductile and brittle fracture as shivwn in
Fig. 6.4,



' : 75

.

: jEimsii 5

e D : S

Aasit . FLH P
L - GiEimmas
et cpm s T e A R

rh

' M genss 5T
:..._—"..-a-"i“- i
i Giiiid:

L]
4
b
4 &
-
-

gy
fhiil
ity

i

Figurc 6.4 Fracture surface for (a) Sn-Za-3Ag; (b} Sn-Zn-4Ar, compositc solder

joints afier 1 minute of reflow at 250,

6.2.3 Bulk Solder Matrix . 3

The distobutien of Ag nch-particles in the Sn-Zn matrix was found to be reasonably
homopeneous in the composite solders prepared from the Sn-Zn paste and the Ag

particles (Fig. 6.5). The Ag micro particles in the bulk solder reacts with the Zn
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surrounding to them and form dark e-AgZn; “flower” like IMC compound particles
on Lhe surface of the Ag micro particle es shown in Fig. 6.5.

Figure 6.5 Mntricea of composite solder alloys with uniformly distributed "Nower”
ke AgZny IMCs (a) Sn-9Zn-Ag, (b} Sn-9Zn-3Ag. (€) Sn-9Zn.2Ag, {d) Enlnrged
view of 2 “Mower” like IMC pamicle inside lhe bulk solder mairx compesition Sn-
9Zn-JAg.
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Figure 6.6 Matrices of compasite ‘solder atlays at higher magnification showing
depletion of o-Zn phases {which is the phase in :i_qucr gray conirms1) (a) Sn-97n-
dAg. (b) Sn-9Zn-2Ag, () Sn-9Zn. : | .
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The core of the compound parlicle remains as pure Ag (lighter gray contrasl-Fig
6.5d) As a result; the bulk solder matrix becomes depleted m Zn-rich phase with an

inereasing m e Ag micro particle content in the Sn-Zn cutectic solder as shown in
the Fig. .54,

The addition of largoe amount of Ag nlo the solders resulted in the formation of
larger amount of AgZn: compound. This reaction reduced the Zn content of the
gwlcctic Sn—Zn compositon wlich fonned a hypoeutectic 5-Sn structuee [53], Thos,
the cndothermic peal: of the solders invesligated resulted hlom two transfonmations,
One was the melting of the eutectic Sn—Zn and the other was the melting of the
hypoculcetic £ -5n. In the DSC curves in Fig. 6.1, the appearance of the shouwlder for

3 and 4% Ag containing solders was the result of the {ormation of this hypoculeelic
3-5n.

6.3.4 Interface between Composite Solder and AwNi/Cu Bond Puds

Detailed cross-sechional studics were camied out to investigate the relationship

between the sheoar sirenpth and the interfacial momphologies of the solders witle fhe

Avfelectrolytic Ni/(n pads.

All interfaces, to a preator or leaser cxtent, roveal similar fCatures-solidified solder,
reaction zene, original clectrolytic Ni layer. and Cu pad. Most interestingly, a layer-
bpe spalling at the interface was cleatly obscrved in the Sn-Zn solder system {rom
the initial refiow (Fig, 6.74). EDX analysis of this spalled IMC laver revealed that the
IMC was composed of Au and Zn and the Au percemtage of this laver was about 25
at. %o, Thas ghscrvation implics that the spalled TMC layer is made up of the AuZm
compound. A very thin layer of IMC was also noticed at the milerface of the Sn-Zn
solder system The active nature of the Zn confirmed an mstant reaction zene at the

micrlace to maintain the bonding between the salder and the subsirale.
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Figure 6 7 (a) Spalling of the initial TIMC for the Sn-9/4n culectic solder alloy sample,

(b} A two-layered IMC strucmire a1 the mterface for the Sn-97n-1Ap

composite solder alloy sample.

With the addition of 1%Ag, no severe spalling ol the initial TMC from the pad
surface was noticed at the interlace of the Sn-7n composite solder/Ni system. O he
other hand, there were places along the interface with no spalling . But some spalling
of the IMCs was conlirmed at some other places along the interface (Fig, 6.7b). A

two-layered 1MOC structure was observed on the clectmolytic Ni layer. The while thick
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layer was compused of Aw, Zn and Ni. The uppor prey layer was composed of Ay

and Zu with a small armount of Au

With 2-4% Ag, no spalling of the iitil IMCs was observed at the interluce. On the
otherhand, three distinct TMC layers were finmed at the BGA bond pad and
composite solder interface. These three different IMC lavers were also dillerent in
chemical composilion. Another importanl thing is that the Au does not dissolve mio
Lhe Sn-Zn hased solders. [nstead. Aw Moomed an 1MVO layer i the interface. The T
analysis of the three TMC laycrs revealed that in the lower ™o IMC layers Au

reacted with Sn & 7 to form dilferent compounds which form different compounds
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Figure 6.8 Three distinet IMC layers a1t the interface for composile solder alloys with
thickness as marked; (a) Sn-9Zn-4Ap, (b) Sn-9Zn-3Ag, (¢) Sn-97n-2Ap,
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Fig. 0.8 shows the three distinet IMC layers produced by the AwNi/Cy bond pad
with 2-4% Ap additions Sn-Zn-solder alloys From this figure it is clear that the top

most layer towards the bulk solder is comparatively darket (in contiast) (han the

other two IMC layers. The DX results show that this layer 1s mainly composed of
Ay and Zn

Fmimn the ELDX analysis the percentage of Ag found here is also ahout 25 at.% This
observation implics that this IMC layer is the ¢-Ag¥n; compound The maorpholowry
ol these layets 15 mainly scallop type, As the Ag content increascs m the Sn-7u
euteetic solder, the thickness of this scallop type TMC tayer also increascs. The

topmost Ag-Zn IMC layer thickness for 1 wit.% Ag was 2.65um, which sraduaily

increases to 4.54pm for a 4 w1.% Ag micto patticle addition.

The inlcrmediate white IMC fayers 1n Fig. 6 8 are made of Au and 2. From (he
EDX analysis the percentage of Au found here is about 25 at.%. The thickness of
these white Tayers emains almost the same for all the CoMmpositions at around 15
prn. Finally the (hird Hght dark IMC layer in Fig, 6 8 which is wljacent to e
AWNCu bond pad contams Zn, Au. Sn and a small amount of Ni. From the EDX
analysis the average compesition of the intertacial IMC layer ncar the substrale side

was determined 1o be 55-637n. 14-23Au, 17-195n, and 3—931 {al%0).

It wags conlirmed that the Au-n IMC layer began to spall-off from the interface of
the Sn-Zn eutectic solder and Aw/electrolytic NifCu system afler the imtal reflow
[R4]. During soldering. Zn atoms start immediately 10 react with Au atoms at the
interface. The high surfice tension of the Au-Zn compounds with the clectrolylic Ni
layer in the Sn-Zn solder may cause the Au-Zn laver 1o spall off ffom the interlace m
the molten state. 'The Ag particles in this experiment reacted with the molten solder
{more precisely with the Zn therein) twice ([firstly during Dball preparation and
secondly dering the rellow soldering with the Auf Ni pad) During these reactions, i
Ag-Zn IMC formed on the cutermost surface of the Ag particles which ends to

dissolve away from the surface of the Ag particles, These dissolved Ag-Zn IMCs

ultimately redeposiled over the Au-Zn compound particles to prevent the whaole 1IMC
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laver lifting-off during reflow., With a 1% Ag addiuwn, the formation and the
redeposition of the Ag-Zn IMCs were msufficient to fully prevent the Au-Zn IMC
layer spalling.



6.1.5 Spreading of Compositr solder

The wetting/spreading behavior is also o very important issue for a solder. Thus, o
campantive study spreading was carried oul for the difTerent eolderx. From Fig. 6.9
it is clear that the spreading of Sn-Zn eutectic solder decrenscs slightly with an

increase the nddition of Ap micro pamiches.

e 1 1 3 4
Wt.% Ag Present i Solde

Figere 6.9 The solder balls after reflow at 250°C for | minuic en Cu-shects: {a) Sn-
9Zn, (b) 5n-9Zn-2Ag, {c) Sn-9Zn-d4Ag. and (d) Variation of their spreading behavior

with an increase in the Ag content in the solder.
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6.4 CONCLUSIONS

The addition of Ay particles in the Sn-Zn solder fave o major conscquences. W ith
the increase in Ag content, the upiformly distributed ApZng coated Az particles act
as a reinforcing agent m the Sn-Zn mamix, The dissolved Ag-Yn IMC particles may
sl play some parl In the composile struclure,  As a result the addition of Ag
pardicles in the Sn-Zn alloy increased the shear strength of solder joints. On the other
hand, with gruler Zn coensumplion in the fomukion of Ap-Zn compounds, the bulk
solder matrix became depleted in the cuteelic e-Za rich phase and resulting in more
Sr-rich phase in the bulk solder. Again the initial gpalling of the interface AuZng
IMC layers can be stoppad by addition of Ap particles imte the Sn-Zn eutcetic solder
which Forms ApZng IMOC on the surface of the Ay nuero particles in the bolk solder
matrix which surfaces in ums redeposited on the former AuZng layer. Thos the
addition of Ap parcles beyond o certam luml m odhe Sn-Zn systers aclually
decreased the strength of the solder joint. he Ap micro particles have almost no
effect on the melting temperature of the Sn-Zn eutectic solder TFrom the above
considerations. the Sn-Zn eotectic alloy with a additions of 2% Ag particles can be

recommended as a possible replacoment of the conventional Sa-Pb oalloy for

soldedny in microelecrome applicatons.



CHAPTER 7

CONCLUSIONS AND SUGGESTIONS FOR FURTHER STUDY

7.1 CONCLUSIONS

The aim of thus study was 1o improve the propeities of Sn-9Zn culectic solder which
can be uscd as a replacement to conventional Sn-Pb solder. For this purpose smaf!
amount of Al and {u were added to the Sn-Zn culectic selder. The newly developed
termary solders were investigated for migrostructural, mechanical, thermat and
interfacial smdy for long-term soldering application. It was found that the newly

developed Fh-free ternary solders had better performances than the eutectic binary
Sn-94n solder.

Thie mechanical properties of solders were found 1DI1‘|L: highly dependent on their
microstracture. It was found that the microstruchne of the Ph-free solders studied in
this research became refined by the addibon of a third clement through the size
reduction of o-£n phases and TMC paricles. With the additiom of the Al and Cu, the
microstructutes of eutectic Sn-97n Ph-free solders become more umform than its
ongmnal merostruciure. The AlZmSn and Cus?ng IMC were formed 1o the cuteclic
colonies when Al and Cu were alloyed with dn-2%4n alloy, respectively. The meason
for obtaining the wniform microstructure by the addition of a third clement is thal
they promote a high nucleabien density of the second phase in the cntectic celony
during solidification. As a result, the refined microstructure exhibited beticr
mechanical propermies, such as igher uliimate tensile strength and microhardness.

The improvement in tensile strength has to be traded off with the decrease in

elongation,

To understand the melting behavier of the nowly developed lemary Ph-lree solder
alloys, DSC analysizs were camied out. It was found that with the addition of & trace

amount of Al the melting temperature docs nol change sipnificantly for 5n-9Zn alloy,
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But, when o trace amount of Cu was added o the Sn-9Zn alluy the melting
temperalure increases about 2'C compared to the original melting temperalure of Sn-
4Zn binary eufectic solder. Thus, adding a small amount of Al the soldenug
temperalures can be maintained as its onpginal one. We know that the coolmg mles
have sigmificant effect on the microstructure and properties of any alloy, thus Sn-9Zn
sutectic a'loy was cooled at various rates with a differential scanning caloiimeter and
their microsiructures were observed. It was found that Tasl cooling resubts in finey and
mote uniform microstructure with dispersed needle-like Zn-rich phase in the 5-Sn

marrix, whereas slow cooling results in a coarser dendnte struciure with rod-like Zo-

rich precipitates.

Mow-a-days the composite appreach is much popular in Pb-free solder development.
Thus to understand the microstructural and mechanical properies, as well as (he
thermal behavior of the ¢comiposite solder based on Sn-97n hinary cutcctic alloy, up
to 4 wi % Ag micro padicles woere mixed with it The addition of Ap particles m the
Sn-Zn solder has two major advanfages. With the morease in Ap content, the
uniformly distributed AgZn; coated Ag particles act us a remloreing apent in the Su-
Zn matrix. The dissnlved Ag-Zn IMC particles may also play some part in the
composite structure. As u resubt of the addition of Ap paricles w0 (e So-92n alloy
the shear strength of solder jownts is incrcased  On the other hand, with greater Zn
consumption in the formation of Ap-Zn compounds, the bulk solder matrix beeame
depleted in the eutectic o-Zn rich phase and resulting in more Sn-rich phasc in Lhe

halk aalder.

Interfacial study 18 the most imporant task in the soldering application. thws the
interfacial reactions of Sn-Zn micro-composite culeetic solders with AwNICu ball
grid array (BGAY pad metallizations were systematically investigated. Results show
that three distingt intermetallic compound (IMC) layers were formed at the inlerface
of the Aw/electrolytic Ni/Cu bond pads with the Sn-Zn composite solder alloys. The
more Ag particles that were added to the Sn-Zno solder, the more Ag-Zn compound

formed to thicken the uppermiost IMC layer, The dissolved Ap-Zn IMCs formed 1o
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3
the bulk solder redeposited over the imitially formed interfzcial Au-Zn IMC layer,
which prevenied the whole IMC layer fiam Tifling-ofT the pad surface, The addition
of Ag particles beyend a certain limit in the Sn-Zn system actually decreased he
strength ol the solder joint duc to the depletion in the eulectic o-Zn phase and the Ay

micro panicles have almost no cfleet on Lhe melting tempuerature of the Sn-Zn

_eutectic solder. Thus, the Sn-Zn culectic alloy with an addition of 2% Ag particles

¢an be recommended as o possible replacement to the eonventional Sn-1"b alloy for

soldering in microelectranic applications,

The abowe wotk shows thal the Pb-free 5n-97n entectic solder with o third ¢lement
could be suitable for practical applications. However, there still exists some minor
concem or limitations in using these lermury Pb-fiee solders in practical applications.,
First. the melting point of the Ph-[ee solders does not reduce with doping (e
amount of Al and Cu. Soldering at high temperatire may brcak down unprotected
electronic companents, Cost is another possible concern against the use of Ap-doped
migto composiie solders Although the amount of Ag miceo pacticles doped mnto Ph-
free Sn-9Zn cutcetic solder 15 very small, this would stll increase the matenals and

production costs. It is becanse of the fact that additional processes are involved

Since both the Al and Cu both react with oxygen casily to {formmg oxides, it is
difficult to use them i a selder bath [or wave soldering and screen-printing in hip
chip packaging. If the ahove-mentioned problems arc improved or solved, it would

be easicr to adopt their use m ndustry.
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7.2 SUGGESTIONS FOR FURTHER WORK

7.2.1 Applying Pb-free Ternary Solders on Flip Chip Packaging

Tt 15 sugpested thal Ph-free Sn-0Zn Wnary ¢utcctic solders doped with Al and Cu
could be successfully used as solder bumps on chip surface with UBM layer, The
size of the solder bump is about 100, The reaction between Al and Cu wiih UEM
plays an imporant role at this level, which detenmines the reliability of the packaged
IC. The effect of Al and Cu on electromigration and the oxidation behavior that may

Izad to failure 18 unknown as well.

1.2.2 Determine §he Creep Property tor Ph-tree Ternary Sodders

For a low melung point alloy, its cieep behavior s important because it is used at
high homolegous temperatare. Solders used in avtomohiles cxperience a temperature
variation between -40°C and 200°C in winter. Solders in this case are subjected to
thermal stress induced by the temperature eycling. Sometimes, creep deformation at
ihe service temperature occwrred due to grain-boundary shding, Thus, 11 1s necessary
to check the thermo-mechameal fatigue (TMF) or creep 1esistance of newly

developed lermary and composite solders, to be feasible in long-term usc for

microclectronic applications.
7.2.3 Reliability Test for Pb-tree Ternary Solders

For the lonpg-term reliability of the solder joints in electronic products, ano
inappropriate joint shape can result in stress concentration at weak points. A
deviation from nommal soldesability can cause severe problems during critwcal
assembly processes Thus. the solderability of the newly developed Pb-free solders

must be mvestigated in order to prevent the loss or need to rework entire preduction
batches.
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1.2.4 Doping of Al and Cn

Since Al and Cu both are easily oxidized and have high melting poini. one should
think about how to dopi: these two elements inlo solder by other melhods, rather than
alloving. Electroplating and plasma immeision jon implantation may e polssihle
methods to dope these elements into solder. If the doping of Al and Cu into solder
bumps can be made practical, then it would increase the feasibility of using Ph-free

Sn-97n-X temary solders in the foturc.
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