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Abstract

A direct and deleterious effect on packaging reliability has been observed during
elevated temperature isothermal aging for foiteh ball grid array (BGA) packages with
Sn1.0Ag0.5Cu (SAC105), S8.0Ag0.5Cu (SAC305), and SB7Pb solder ball
interconnets. Package sizes ranging from 19 mm with 0.8 mm [BGKs to 5 mm with 0.4
mm pitchBGAs with three different board finishes (ImSn, ImAg and SnPb) were evaluated.
The aging temperatures were’€555°C, 85°C, and 128C, applied for a period of 6 months.
Subsequently, the specimens were thermally cycled i€ to 125C with 15 min dwell
times at the high temperature. Weibull analysis of failures vs. cycle number show a ~ 50%
reduction in package lifetimes when aged at°C26ompared to room temperagy with
less dramatic but measurable reductions in lifetime ¥t &hd even 5%. In contrast, the
reliability performance of S87Pb is much more stable over time and temperature. The
degradation was observed for both SAC alloys on all tested paskasgeand board finishes.

For the 19 mm SAC105 case, for example, there was a 53% (32%) reduction of characteristic
lifetime at 128C (85°C) compared to room temperature aging. The trends were in the
expected directions; namely, the reliability was reducsben using higher aging
temperatures, smaller solder balls, and SAC105. The dominant failure mode can be
associated with the growth of €2ns intermetallic compounds (IMC) during the aging,
particularly on the pad side.

In a second portion of this wiarlonger aging with more different tygmckagedave

been investigatedihe degradation rate becomes slower compared with 6 months aging, but



continuous reduced lifetime cycles are observed. The microstructures of these packages have

been examined and rcelated to their mechanical properties and reliability performance.
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Chapter 1
General Introduction

1.1 Soldering Alloysin Electronics

Soldering is a metallurgical joining process in which two or more metal items are
joined together by melting a filler metal into the joimhe filler metalwith melting
point below 425! is called soldefl]. As metal joint, the use of solder alloys can be
dated back to thousands of ygaidn the electronics material world, solder
interconnects have three major rold®ermal, electrical, anthechanical The quality
of the solder igrucial to the integrity of a solder joint, which in tueads the overall
functioning of the assembly.

From the history of the electronics industry, the solder used is primarily
63Sn37Pb (a eutectic compositi), or 60SR40Pb & near eutectic compositiojhe
SnPb binary system has a relatively low melting eutectic temperature dfl 188d
is compatible with most substrate materials and devices. According to recent reports,
Pb in SAPb solder contributemany tehnical advantages, [3]:

- Pb improves the wetting ability by reducing the surface tension of pure tin.

- Pb provides ductility to SPb solder alloys.



- Pb prevents t het itmr-t@nahichbwl oaase 26 volumé b
increase and loss of sttucal integrity.

- As a solvent metalPb helps tin and copper to form intermetalionds by
diffusion.

- Pb is inexpensivand readily availableSnPb has relatively low melting
temperature of 183 , which allows low reflow temperature in electronics
packaying process and prevents the high temperategativeeffect on the
boards and components.

However, the harmful effecof lead to humasis well known. Amount of
electronic waste ends up in landfills and ksad will leach into soil [4L3]. More and
more concerns and pengdi legislation push forward lddree solders used in global
electronics markef he Eur opean C adopteddvsidicectidesNasteE C)
Electrical and Electronic Equipment (WEEE) and the Directive of Restriction of the
Use of &rtainHazardous Substance (RoHispthbanthe use of lead from enaf-life
electrical or electronic componeradter Julyl, 2006 in European Union countries.
In Japan, there is no government ban of lead in electronics compahentsjvisory
committee of Japan Institute of Electronicendustry Development Association
(JEIDA) creates a roadmap for lefree solders and gives recommendations for
industry. In the United States, the U.S. environmental Protection AgéaPy®) and
IPC (he Institute oflnterconnecting and Packaging Electrical Circuits) have also
proposed a roadmap fdhe leadfree movement in U.S.Therefore, developing

practical alternative Leaftee solders for electronics packaging is important.



1.2 Performance Characteristics of Salers
The solder alloys used in microelectronics have strict performance requisement
[14]. First,the solder alloy neexthe qualified electrical and mechanigarformance.
Second, the solder must be suitable to all aspects of electronics manufacturing process,
which include: the solder must have desimeelting temperature. It musdequately
wet common PCBhads, form inspectable solder joints, allow high volume soldering
ard rework of defective joints, angrovides reliable solder jots during service
conditions and low assembly co3the properties of solders both for manufacturing
and reliability are summarized in Table 1.1 [14].
There are some basi dreealteindatieefld B6]: f or fAper fec
- Similar melting temperature to existing-Bib solders in order to have similar
reflow manufacturing profile.
- Good wettability to ensure good metallization during manufactyiogess.
- Equal or better electrical properties to efficiently transmit the electrical
signals.
- Adequate mechanical properties to provide the reliability of the electronic
packaging products.

- Non-toxic and relatively low price.



Table 1.1 Important Characteristics of Solders Alloys

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

1.3Component Finish-Lead Free Solder Candidate

Thereare a large number of Akee optionsand these solder alloys include binary,
ternary and some quaternary alloydore than 70 alloys were identified in the
literature [14].Among these alloys, a large number are based on Sn as the primary or
major constituent.
1.31 Pure Tin

Sn becomes the principal components of most solder alloys because Sn can wet

and spreadn a wide range of substratddemental Sn has melting temperature at

23IN and existsin t wo f or ms wi t h di f f etindast a cr yst al



bodycent ered tetragonal crystal Sttmhast ur e an
a diamond cubic cryal structure and is thermodynamically stable below 1[34].
The transformation frorb-tin to U-tin happens when the temperature falls below 13
whichisr ef erred as dtseapesdt ol or wiitli nl ead t o
cracking in the tin strcture. For most of the devices, the cycle is cross tiné,13
therefore, when tin is exposed to thermal cycles, plastic deformation and cracking at
gain boundaryhappens. Also Tin is prone to whisker growth, elements (Bi and Sb)
can suppress whisker growthtin [17-19].
1.32 SnZn

SnZn wasone choice to replace SnPb due to its cheaper and low melting
temperature of around 198, and the processing temperature bareven lower by
addition of bismutFSn8Zn3Bi to 192N . The eutectic structure consists of two
phases: a body centered tetragonal Sn Matrix phase and a secondary phase of
hexagonal [20]SnZn is reactive because both Sn and Zn interact with Cu to form
intermetallic phaseddowever, SnZn solders are prone to form hard paste to oxidation
and some issues including wetting probtem
1.33 SnCu

The SnCu binary alloy solder has a ewtee compositon of Sr0.7 wt, Cu
with a eutectic temperature of 2RF. The lowprice of this alloy is attractive, but in
the reflow process, ltaspoor properties anid prone to whisker growth.
1.34 SnBi

The eutectic SiBi of 42Sn58Bi is potential alternative for SBb with its low



melting temperature of 139 [21-23]. Wettability of 42SR58Bi is acceptable and its
low temperature mechanical properties are better thalRS&lloy. It is reported that
cracking in the alloy may occur at slow cooling rate since Bi in Sn will precipitate in
the Sn phase as the alloy coolarge grains forms during slow cooling rate, and
crack occurs between these large grain boundaries.

1.35 SnAg

The SnAg (Sn3.5 Ag) binary system has eutectic temperature ofI21IThe
microstructure consists of Sn ands8g. Addition of 1  Zn is shown tomprove the
solidification microstructure by introducing finer and uniform dispersion ofSig
However, the poor performance on thietting Hocks its wide use in industry.

1.3.6 Sntin

The eutectic composition of 449.1Sn has eutectic temperature is ML.7Due to
the low melting temperature, Sn has been used in SMT applications. However,
Indium price is evermore expensive than silver, and low availability. The-18n
solder alloys are not populartine electronics packaging industry.
1.4SnAg-Cu (SAC)

The SnAg-Cu (SAC) alloy has beenthe prevailing alloys system in major
electronics manufacturing4-27]. There alloys [28] include 96.5Sh0Ag-0.5Cu
(SAC 305) in Japan, 95.5§h9Ag0.6Cu (SAC 396), and 95.58n0Ag-0.5Cu (SAC
405) used foBGA solder joint, in additionrecently for patable electronigsmore
and more manufacturers are using SAC I% benefits of SAC over other Riee

alloy systems include relatively low melting temperatugeod mechanical and



solderability propertiesSoldertec surveys [29] show 70 of the leadfree alloys
market is SAC series, Figll.There are still some changes for SAC series alloys
First , SAC series alloys have higher melting temperature arountl 2ivhich need
higher reflow profile in processnd leads to reliability issues. Second, the excessive
formation of intermetallic compounds at the interface between solder joints and

copper pad can cause reliability problems. Thirds, SAC alloys cost more tHaim Sn

/r|:| SnAgCuBi
@ SnAgCuShb

@ SnAgCu O SnAg

0O SnAgBi
| L@sncu
| Lmsnzngi

L|3 others

Fig.1.1 The Market Share of Different Lead-free Solders [29]
1.4.1 Sn-Ag-Cu Solder Alloys
In the SRAg-Cu eutectic or near eutectic series allogaC alloys contain 3.0

-4.0

(

of Ag and 0.51.0, of Cu. Theeutectic melting temperature 217N with

4.7 wt, Ag and 17 wt, Cu.Loomans and Fine [30efined the composition as

3.5 wt, Agand 0.9 wt. Cu. Figure 12 shows one D ternary phase diagram.
The lowest point or temperature in the isothermal lines is the eutectic composition.

The eutectic reaction formulatios:



,01 31 #0371 31-AOQOEQ®D
The 2D of the ternary phase diagram of-8g-Cu shows in Figure B. The red
region is near eutectic regiollost popular SAC alloys is in this region with around

melting temperature of 21V .

Binary Eutectics

1190

Ternary Eutectic

Binary Eutectic

A
Figure 1.2 Typical 3-D Ternary Phase Diagram

(http://www.tulane.edu/*sanelson/geol212/ternaryphdiag.htm

Sn and Ag react to formi C3 Tand Sn an€u react to form# O3 1 (Fig.
4-5), theseintermetallic compounds have much higher strength thafl&Gnwhich
block the fatigue movement of dislocation. SAC alloys havetBnes better fatigue

properties than SRb eutectic solders [32].
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Figure 1.3 Sn-Ag-Cu Ternary Phase Diagram

(http://www.meallurgy.nist.qgov/phase/solder/agcusn.Btml

Figure 14 (a) Top view of Sn3.9Ag-0.6Cu [31] (b) Front View of

Sn3.8Ag-0.7Cu Solder Bimps (T.Y. Lee at UCLA).



Figure 15 Microstructure of SAC Alloy

1.5Mechanical Properties of Solder Joint

The solder joints of electronic device are subjected to mechanical stresses and
strairs during operation.The primary cause of the stresses and strains is due to
different coefficient of thermal expansion between electronic component and the
board and between die and packaging bdthe failure of the solder connections can
be classified into three parts: diecal, mechanical and corrosion failurédssummary
of the failure mechanisms in electronicgcgaging is shown in Figure 1.Batigue
and fracture of solder joints lead to most failure of electronic devices.

When operationtemperaturechangesthe solde balls are subjected to shear
strain which isbecause of the difference of CTAs the operation temperature cycles,
the solder balls are subjected to cyclic shear strain. The CTE mismatch factors include:

the range and frequency of the temperature dégsgn of the component and solder
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joint distribution, the solder joint geometry, and the solder alloy elpsdistic and
creep constitutive relationships.

When the boards or substrate are bent during manufacturing process or handling,
the solder joints an also meet tensile loading. Tensile and creep properties are

critically important for the reliability othe electronic device.

INTERCONNECTS |
— v T
WIREBOND TAB and FLIP-TAB FLIP-CHIP
INTERCONNECTIONS| |INTERCONNECTIONS| |INTERCONNECTIONS

|B'3ﬂd wire | |Wirebond| |Sc:1der joint fﬂtigue| |Solder joint fatigue
Flexural Flexural
fatigue fatigue

AMETATLLIZATION | DIE SUBSTRATE

Intermetallic | |Die fatigue Substrate

formation : 2 fatigue r
Dhe fracture Fracture

b
|Elect1’omigr:{tion | Substrate
fracture

Corrosion in
' hermetic and non-
hermetic cases

Figure 1.6 Summary of Failure M echanisms in Microelectronic Packaging
1.5.1 Tensile Properties

The tensile properties df ead fr ee sol der, such as
strength ultimate tensile strength (UTS) are necessary to determine the solder joint
reliability of electronic packagesBGA, CSP, QFN).Yielding is defined as the
material will deform elastically and willeturn to its original shape when stress is

removed. The applied stress that caugelding is defined as the yield stress (YS).
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The ultimate tensile stress (UTS) is the maximum load divided by the initial
crosssectional area of the specimen. Engineestrgss and engineering strain are
defined as followed [38]:

u — (1.1)

U — (1.2)
Where P is applied stress, is initial crosssectional area) is final gage length,

I is initial gage length. A typicadtressstrain curve of éadfree is shown in Figure

1.7.
50
Ultimate Tensile Stress (UTS)
2
e =
©
o
=
= Yield Stress (YS)
-
w
o
1)
- Siress-Strain Cunve

0.02 0.03 0.04

Strain, ¢
Figure 1.7 Typical StressStrain Curve of Lead-free Alloys

The elastic modulus is the slopetbk elastic portion of the stresgain curve.

In engineering practice, 0.2 of plastic deformation is used as Yield Stress.
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1.5.2 Shear Properties

Solder joints of electronic devices have shear loading most of the time, which is
generated by the CTmismatchesin thermal cycling condition, CTE mismatches
lead to cyclic shear stresses on the solder conneckange 1.8shows one example
of flip chip packagesand the stresses are gexted between the silicon and striate
[14]. Figure 1.9shows WSBGA 54, assembled with SAC solder, failed at 1639 cycles
in 0-100 N thermal cycling[100]. Similar to tension properties, shear properties
include shear modulus and shear strengtte shear modulus G can be calculated if

elastic modulusEandPesiosn6s rati o are given [38]:

. (1.3)

Silicon Die _(q.)

Solder Bump (a;)

Substrate (o)

+ Heat @

Silicon Die (o)

Shear Force Solder Bump (o)

Substrate (o3)

Figure 1.8 SolderJoints subjected toShear strain during Thermal Cycling due to

CTE Mismatch
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Figure 1.9WSBGA 54,Assembled with SACSolder, Failed at 1639Cycles in
0-100N Thermal Cycling [99]
1.5.3 Creep

Electronic devices are also subjected to long periods of constant elevated
temperatures. Creep deformation causes the solder joints to fail under a constant load
at elevated temperatureBhe homologous temperature is definedthe ratio of the
temperature of the material and its melting temperatudegrees Kelvin [41].

4 — (1.4)

When 4 is greater than 0% , creep is considered as the daemt solder
deformation mechanism in SMT [4Hor the typical thermal testing profildON to
125N, 4 of SnPbis 0. 51 to 0.874 of SAC is 0.48 to 0.84 , both are in the
rapid creep deformation range.

Creep is timedependent strain plastic deformatiowhen solder material is
exposed with a constant load at a long constant tempeydle creep of solder joints

shows three stages: primary creep, secondary @edptertiary creep. Figure1l
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shows a typical leaftee creep curve, which include the three stages ap®je In

the first stage, thestrain rate decreases rapidly over time due to strain hardening,
which restricts the deformatiom the second stage, # is greater than 0% , most

of the plastic deformtion creep will occur in this stage. In the third staggcking

and micrecracking will occur. Eventually creep rupture will occur.

There are many creep mechanismtsat hawe been studid. NabarreHerring
Creep is believed tbethe dominate deformation mechanism with low stress at high
temperature. If there is no pressure, atomthe lattice will migrate in proportion to
the gradienbf the conentrations.The lattice defects tend to move in directions that
will relieve the imlalance of pressuifd4], then which will lead to creep deformation.
Grainboundary sliding is another creep deformation at high temperatures. It is
associated with other deformation mechanismgl Ifis greater than 0% , the stress
mainly determinsthe creep deformation mechanism. For low level stress, the creep
deformation will be lattice diffusion and graboundary diffusion. At intermediate
stress, di®cation creep will dominate. thigh stress level, dislocation gliding will be
the main contribtion for the creep. Figure 11lshowsthe creep deformation map of

the solder alloys.

15



e Creep Curve Rupture
0.03
w Secondary Creep
= ] (Steady-State) ]
g 0.02 T -
)]
o X
[0 __ | Primary Creep
E = ==
© 01 Tertiary Creep
& =de/dt
| Initial Strain
(Elastic +Plastic)
0.00 T ] T T T T
0 1000 " 2000 3000 4000 5000 6000
Time, t (sec)
Figure 110 Creep Curve of Leadfree Solders
109
Tdeal Strengith
Ddislocation Glide
10" 2f—
Dislocation Creep
Ve . —
Coble Creep
{Grain Boundary Diffusion)
10 -5 }b— Nabarro-Herrving
Creep
(Lattice Diffusion)
10-*° J l ]_ I
0 0.2 0.4 0.6 0.8 1.0

Homologous Temperature T/ Tn
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1.54 Fatigue

Fatigue occurs when a material is subjected to cyclic loading. Fatigue failure is
caused by localized stress concentratidbse to CTE mismatches between two
adjacent materials, displacement leads to crack initiation and crack propagation.
Cracks initiate at the sites of stress concentration such as ma@coks, indents
dislocation slip steps, etd/Me should note that even when the cyclic stress is below
yield stress, fatigue failure still can occur at defects and irregularities in the
microstructure.

Fatigue failure is sudden, catastrophic, and involves little plastic deformation.
Ductile materials often behave as if they were brittle when subjected to faligae.
fatigue damage is cumulative, and the materials can not recover when load is removed.
There are three stages for a fatigue failure to fully develop and occur [99]:

Stage 1: Crack nucleation

Cracks initiate at the sites of stress concentration (Ru@oks, scratches,

indents, interior corners, dislocation slip steps, etc).

Stage 2: Crackropagation occurs in two steps:

I: Initial slow propagation along crystal planes with high resolved shear stress.

Fracture formed in this step features flat surface.

II: Faster propagation perpendicular to the applied str€sacks grow by

repetitiveblunting and sharpening process at crack tip.

Stage 3: Ultimate failurewhere cracks eventually reachtical dimension and

propagatevery rapidly.
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1.6 Lead-Free Printed Circuit Board Surface Finishes
From July 1, 2006 RoHS compliance has establistiatew set of regulations

restricting circuit board manufacturers to wddeadfree finishes. There are various

protective finishes availabl€onsidering cost and availabyli there are some finishes
popular in industry, which inclie: Organic Solderalily Presevative (OSP)Hot Air

Solder Leveling (HASL), Immersion Silver ImAg and Immersion Tin ImSn,

ElectrolessNickel Immersion Gold (ENIG).

- O S Bié designed to coat a thin, uniform protectiageron the copper surface of
PCBOs. O S P @&es inekpensivegnd pravide good surface oxidation,
coplanarity and good process contr ol
life, degrades with high temperature, poor wettability and very poor electrical
testability.

- LeadFreeHASL is the predoninant surface in industry foa long time. The
process consists of immersing circuit boards in a tin/lead alloy and the excess
solder is removed by blowing hot air across the board. It is the lowest cost, but
lead process is banned from 200&affree HAS. experiences difficulty n
controlling thickness andasthermal shock the boards during process.

- ImAg offers good wettability, good shelf life, good coplaaad is suitable for
multi-process reflow. The only problem for ImAg is slow uptake of technology

- ImSn is another alternative surface finish. Similar to the advantages of ImAg,

ImSn is very poor for reflow cyek.
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- The properties of ENIG are the best among these-fled board finishes.

Excellent wettability and coplanarity, excellent surface oxaatand electrical

testability. Th e

di sadvantage

of ENI G is higher

referred as the nickel layer is prone to break up during mechanical stress.

There is table 1.2 shown properties of different surface finigkres NEMI Users

Group h& published a PCB finish rating Table 1.348].

Surface Cost | Corrosi | ICT Hole Comments
Finish on Res Fill
Imm Silver | Low Poor Good Mod Good surface finish for soldering and testing,
. C\I creep corrosion is the only major weakness
- (microvoiding resolved)
HT OSP Low Mod Poor Mod Requires pasting of test pads/vias. Difficult to
. ( () achieve LF hole fill, especially on >0.062
= ~/ boards with no-clean flux.
LF HASL Mod Good Good Good Phenolic laminate recommended. New
O . . ‘ equipment required. Flatness is better than
SnPhb (limits are being investigated).
Imm Tin d Good od Solderability/hole-fill may be a problem on
L ;\ 8 Y, double sided PCBs. Shelf life.
ENIG Hi M}ld\ od Good Galvanic driven creep corrosion can occur if
L\j 8 copper is exposed.
Table 1.2 Comparison of Surface Finishes
Finish Recommend Risky Not Acceptable No Vote
Immersion Ag 6 2 0 1
Immersion Sn 5 3 0 1
OSP 5 2 1 1
ENIG 4 2 2 1
HASL (SnCu) 2 4 0 3

Table 1.3 NEMI Users Group PCB Finish Rating
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1.71ssues in developing Leadree SMT Assembly Process

Figure 1.2 shows the impact of using ledicke on the SMT assembly process

[45]. Most popular leadree alloys have a melting temperature of 88 N higher

than eutectic S#b, which is melting at 18R . According to Kester report, the key

process varialels for Leaefree SMT assembly atested below.

- Melting temperature of solderlay

- Flux Chemistryi activation, temperature effects

- Wetting and surface tension properties of the alloy

- Solder balling and bridging potential increase

- Component/ board reliability

- Compatible rework / repair

Lead-Free Impact on SMT Assembly

Surface Finish No Major
Comp. /Boards Issues -
Moisture Sensitivity Solder Joint Shape Change
PB-Free Marking Poorer Solder Wetting
No Major Auto Inspection System Retuming|
Issues Inspection Standards Updates
i
\ \
|I .I
. Solder .
Incoming SMT Thru-Hole Wave Inspection .
) Paste Reflow Repair
Materials Printing Placement Placement Solder and Test P

Flux Formulations
(Printing Performance

Figure 1.12 Lead-Free Assembly Process Impact

‘ Altemnative Flux Systems Elevated

Elevated Peak Temperature Rework

Tighter TimeTemp Profile Control Temperatures
Broader Reqt For Nitrogen

0
|\

Elevated Solder Bath [ ]

Temperature
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The high reflow profile shrinks thgrocess widow dramatically in Figure 131
Reflow profile significant impacts wetting and microstructure of the solder joint,

which is critical to the performance of le&@e solder joints.

_ Component Danger Area -
SRT __}AT-1012
Q
@ 23
22T o
e ey Nt s O
8 AT =15 /v
S 200- -
'—
180 -

= AT is dependant on min.
temp for good wettability.

Figure 1.13 Comparing Sn-Pb and SAC Process Window
The flux in higher temperature issues include increased paste slump and charring
of the slump. Solder paste manufacturers are using resins and gelling agents, which

are stable at higher preheats and higher peak reflow tempsasnd offer good hot

slump resistance and activators.
1.8 Background of Electronic Packaging Evolution

Electronic Package is defined as an electronic structha¢ protects an
electronic or electrical element and é@avironment from each other [BFrom the
silicon to the printed wiring board leyetechnologiesall belong to packaging
hierarchy. One packaging evolution is shown in Figurd.1Sllicon efficiency is the

percentage of the functional Printed Circuit Board (PCB) area taken by the .silicon
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The function of an IC package is to protect, power, cool the microelectronic device
and play a role as a bridge for electrical and mechanicalemion asn Figurel.b.

The trends of higher speed, small package size with higher 1/0O, and low cost
requirrments push peripheral array evolve into area array package like Pin Grid Array
(PGA).

Surface mount technology uses solder joints directly to attach the package on the
board, which saves more surface area for additional components and reduce the
electrial parasitic because of shorter interconnect length. Ball Grid Array (BGA) and
Chip Scaé Package (CSHyeet most of the requirement of todaynicroelectronics
industry CSP and BGAs artéhe most prevalent package types in portable hand held
consumer eldoonics. CSP can even achieve the package size to silicon size ratio of
1.2. BGAshave become popular because they have robust balls at higher pitches
instead of fragile leads like QFP. And BGAre selfalignmer during reflow even if
they are misplaced by 50, i.e. during reflow, an BGA that has not been properly
placed, will float back to its optimal position on the solder lands thanks to surface
tension forcesasshown in Figure 1.16They can obtain higher@ count for a given
substrate area, reduce component size, weight and cost, easier manufacturing process
especially for placing machine, furthermore, they can extend to multrobigtules
like 3-D Packaging. Figure 17 showsrecenttrends & the BGA techntogy. Fine
pitch, even micro pitch BGAscan meet the demand aiftérconnect density increas
with pitch size reduction

QuadFlat No Leads (QFN) is another surface mount technology, similar to CSP,
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with a planar copper lead frame substrate. ComparedB@ths and CSPs, QFN has

better thermal performance due to exposed coppguatigechnology.

1970s 1980s 1990s 2000s 2010s =
Ax Higher Mobility Multi-Chip Package
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IC Packaging I/O Density LB
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Figure 1.14 Evolution of Electronic Packaging Technology [36]
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Figure 1.16BGAs Are Correctly Positioned During Reflow Soldering
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Figure 1.17 ITRS: Trend of BGA Technology

1.8.1 Plastic Ball Grid Array Packages

Plastic ball grid array (PBGA) islow cost and low profile package. The plastic
ball grid aray (PBGA), shown inFigure 1.B, is made of high temperature PCB
laminate. Bismaleimide triazene (BT) resin has a high glass transition temperature and
is the mo st commonly used resin for PBGA.
advantagedhowever, there are some major issues with PBGA. First, PB&tRkages
are extremely moisturesensitiveand larger PBGAs are susceptible to warpage.
Second, it is difficult to rework for the underneath balls.

The low coefficient of thermal expansion (CTd)silicon die contributes greatly
to the failure of he solder balls failure of PBGACTE mismatch between die and
packaging bodycan cause solder joint$o fail. Solder mask defined (SMD) and
nonsolder mask defined (NSMD) are two solder mask desigrad with PBGAS.

Each design has its own advantages and drawbacks. But the biggest issue for SMD is
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the sharp edges formed in the solder balls where stress concentrations can occur.

Examples of these two types of det mask pads are in Figure 1.19

Mold

Compound i
Die Die Attach Au Wire

Solder Ball Rigid
rea Via Laminate

Figure 1.18 Cross-section of PBGA [Courtesy: Amkor]

SMD Pad NSMD Pad

Figure 1.19Solder Mask Defined and Non Solder Mask Defined

1.90utline of the Dissertation

The dissertation is divided into the following chapters:

Chapter lintroduction to electronics packaging evolution andfifele soldering

technologyalloys and board finish.

Chapter 2: Present literature survey on leahde assembly process, room

25



temperature aging effects, elevated thermal adiiegts.
Chapter 3Desciption of the testing vehiclpart land manufacturing process and
the experimental procedures.

Chapter 41L.ong term of ging effects on théhermalreliability of Pb-free BGAs,

CSP and QFN and microstructure evolution analysis.

Chapter 5:Description ofthe testing vehicle part Il and manufacturing process

and the experimental procedures.
Chapter 6: Short term of aging effects on the thermal reliability effébBGAsS,

CSP and QFN and microstructure evolution analysis.

Chapter 7: Summary and conclusiaighe dissertation.
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Chapter 2
Literature Review

2.1 Introduction

Leadfree soldeing of electronic packaging hasttracted more research and
development from bothndustry and academiastituteswith the agreement on the
implementation of the WEEE/ROHS legislation in Eurapel market trendSurface
mount technology changed the function of solder joints from simply sungptize
electrical connection to offeincluding the mechanicalehliability. Most lead free
alloys reaqiire higher reflow temperatures, which needs different assembly processes.
Not only the package level reliability but also board level reliability is a primary
concernA lot of solder alloys have been examined, onfgwa can meet the baseline
requirements of manufacturability, cost, availability and reliabilEgen though
thousands of technical papers have tried to discover the mechanical properties of
leadfree, the actual impact of these lead free replacement syisigms on the board
level is not well understood, especially acrdes different package types [47]here
are a variety of main causes. Firdye to different leadree solder joints in real
electronic packages, and package variables include diepsickage size, ball count,

pitch, mold compound and substrate materialis difficult to obtain mechanical
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properties from bulk soldeSecond, due to complex material properties of solder
joints in electronic packages, the impact of different environatestresses on the
microstructure anthermomechanical reliabilityhas discrepancy.

Accelerated testing is mostly used in finding the reliability of {&ad solders.
Thermamechanical solder fatigue is the mainldie@ mechanism in solder joints,
which isthekey failurefor those applications whose servidetime isexpected to be
a few years or longeiThe nost common accelerated relibtyi test is temperature

cycling. And for the typical thermal testing prddil[49], here is shown in table 2.1.

Electronics Operating Temperature
Consumer 0OCto+70C

Industry -40Cto85C
Automotive -40Cto+125C
Military -55Cto+125C

Table 2.1Typical Thermal O perating Environments [49]

There are few previoustudieson the impact of isothermal aging on board level
solder jointsHowever, nost solder alloys hava high homologous temperature even
in room temperatureUnlike eutectic tiAlead, the microstructure and mechanical
behavior of SPAg-Cu serial alloys degradeover time at room temperatuand
especially more rapidly during elevated temperatiknen dectronic devices are
subjected to long periods of constant elevated temperatineegnicrostructure and
mechanical behavior of sa@d alloys can change significantly over time during long

term isothermal aging.Most manufacturing components are stored at room
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tenperature for a prolonged periodf time before assembly, and during
manufacturingassembly, theolder alloys are exposéd elevated temperature, which
results in aging of the second level solder joints [E2jen though some researche
havebegun to study the isothermal aging on solder joints, more accelerated tests and
field data are necessary before getting conclusionstabe longterm reliabilty of
lead-free solder material and the trend of effects of thermal aging on different package
desigrs.

It is useful to set up reliable constitutive models for solder alloys in order to
assess solder joint stress/ strain analgsid predict solder joint lifeSolder joints
show complicated creeplasticity interaction and temperatusgain rate dependent
material characteristics during operati@urrent finite element models do not evolve
with material aging. There will be sidiwant errorin calculations with the new free
SAC alloys.lt is indeed necessary investigate constitutive modeling of solder alloys.
2.2 Effects of Aging on Solder Joints

The microstructure, mechanical, response, and failure behavior offrésad
solder pints in electronic assemblies are constantly evolving when exposed to
isothermal aging and/ or thermal cycling environmpt, 47, 5£59]. And most
common reliability threat comes from strestaxation, whichis based on thermal
fatigue damageAnd the most common accelerated reliability test is elevated
temperature isothermal aging and/ or thermal cycling. And the material behavior [51]
during test includes reduction in stiffness, yield stress, ultimate strength, strain to

failure and accelerated creepnd even room temperature aging can affect the
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behavior of leadree solder jointsq1,59, 6Q 61].

For tinlead solder joints, in 1976, Lampe reported that wherAPiSnand
SnPb-Sb solder alloys stored for 30 days at room temperature, losses in shear
strength and hardness were up2@%, as shown in Figure 2.and Medvedev [61]
found 30 %loss of tensile strength of bulk SRb solder compared to 23Bdss for
solder joints for 435 daysThe aging effect ora specific operating conditioand
solder jointis different.Lee et al. also observed ttairing3 days room temperature
aging after reflow the shearing stress of solder joints decreased by up to 1(®%,[62
which is shownn Figure 2.2
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Figure 2.1 Room Temperature Aging Effects on SiPb Solder Joints
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Xiao studied the stressstrain curve of SAB96 during different durations of
room temperature aging, and there are losses of ultimate tensile strength up to 25 % at
room temperaturever dayg§64, 65] Xiao elevated SAC396 temperature aging at 180.
At this highly elevated temperature, they observed a quick softening of the material
during the first 24 hours followed by a gradual hardening with time.

2.2.1 Thermal Aging Effects

There are widelypublished studies about thermal aging effects at elevated
temperaturg they found dramatic changes in the microstructure and mechanical
properties. Darveaux [6T performed an extensive experimental study on the
stressstrainand creep bedvior of area array solder balls subjectedhear. He found
that aging for 1 day at 128 causedsignificant effects on the observed stresain
and creepbehavior. The aged specimens were also found to creep fasten than
un-aged ones by a factorf ap to 20 times for bottSAC305 and SAC405 solder
alloys.

Some studies [58, 6071] have been performed on the degradation of BGA ball
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shear strength with elevated temperature aging atNL.26r 150N . And all these
studies documented microstructure cearsg and intermetallic layer growtturing
theaging period. Chiu found significant reductions in drop reliabilityirty elevated
temperature aging58], voids formation and coalesce is to be the dominant
mechanism for solder joint strength and board level reliability degradation. And Ding,
et al. [68] explored the evolution of fracture behavior of SnPb tensile samples with
elevated temperatureraks propagated across the-&ndrites and SAg eutectic
structure.

Some papers have studiender aging effects the relationship between solder
joint and substrate finislh.ee et al. in Cisco [72hvestigatedhe interaction between
isothermal aging andhe longterm reliability of finepitch ball grid array (BGA)
packages with SB8.0Ag-0.5Cu0.5Cu solder interconnectsTwo different surface
finishes with 0.4mm fine-pitch packages with 30€ rrdiameter SpAg-Cu solder
balls were used. During thermal cyslom ON to 100N with 10 min dwell time,
they found package lifetime was reduced by around 44% by aging & 1B@ing at
100N showed smaller impact but similar trend.

In Auburn CAVE Research hastudied aging effects on solder more than 10
years The microstructure mechanical response, and failure behavior of lead free
solder in electronic assemblies are constantly evolving when exposed to isothermal
aging and/or thermal cycling environmentéa, et al. [51, 66demonstrated thahe
observed materiabehavior variations of SAC305 and SAC 405 lead fsellers

during isothermal aging at 12% were unexpectedly large and universally
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detrimental to reliability. The measured stresgrain data demonstrated large
reductions in stiffnes yield stress, ultimate strength, and strain to failure (up to 50%)
during the first 6months aftethereflow processAfter approximately 1000 hours of
aging, the lead free solder joint material properties were observed to degrade at a slow
but constanhrate.Even more dramatic evolution was observed in the creep response
of aged solders, where up to 500X increases in the secondary creep rates were
observed for aging up to 6 monthAnd the degradatio of lead SAC solder joints

much larger than theocresponding changes occurring in traditiodSn-37Pb
assembliesMost important observation from Ma, et al. research is the cmss

point. For 125N aging of leaedfree and lead, this croswer point occurred after
around 50 hours of aging, and madkthe point where lead free solders began to creep

at higher rates than 63S7Pb. But such phenomenon was not observed for solder
joints aging at room temperature.

Zhang.et al [103demonstrated the significant effects of elevated temperature
exposure orthe creep behavior of solder joints. And the creep rates evolved more
dramatically when temperature was increasadaddition, the effects of aging were
shown to be significant even for aging temperature slightly above room temperature
(e.g. T = 75°C). In addition, the lower silver content alloys (e.g. SAC105) were
observed to be much more sensitive to aging (have greater changes in the creep rate
for a given aging time) than the higher silver content alloys (e.g. SAC405).

Ma.et al [104] investigated agj effects in solders for aging durations of up to 6

months.Thermal aging significantly decreases the mechanical properties of both SAC
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and SAPb solder alloys. Compared to the room temperature aging desiritiezl
previous study, the aging at elevatedhperatures has a much more significant effect
on the mechanical properties (strass®in and creep). The aging effects are more
significant at higher aging temperatures and for longer aging durations. There is a
crossover point at about 200 hours afing at elevated temperatures where the creep
resistances of the SAC alloy becomes lower than that-&ftsn

Zhang.et al [105] continued to exam the effects of aging on mechanical behavior of
lead free solders by gderming stressstrain andthe effects of aging on mechanical
behavior of lead free solders have been examined by performing-sti@ssand
creep tests on four different SAC alloys (SAC105, SAC205, SAC305, SAC405) that
were aged for various durations-§0months) at room temperagu (25 °C), and
several elevated temperatures (50, 75, 100, and °C35Analogous tests were
performed with 63S137Pb eutectic solder samples for comparison purposes.
Variations of the mechanical and creep properties were observed and modeled as a
function of aging time and aging temperature.  In addition, the chosen @eletti
SAC alloys has allowed us to explore the effects of silver content on aging behavior
(we have examined SACNO5 with N= 1%, 2%, 3%, and 4% silver; with all alloys
containing 0.5% copper).The results obtained in this work have demonstrated the
significant effects of elevated temperature exposure on the stess and creep
behavior of solder joints. As expected, the mechanical properties and creep rates
evolved (degraded) more dramatically when the aging temperature was increased. In

addition, the #ects of aging were shown to be significant even for aging temperature
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slightly above room temperature (e.g. T =°8)). The recorded data demonstrate that
the material property (stiffness and strength) degradation becomes linear with aging
time. The cree rate evolves (increases) in an exponential manner, and the behaviors
oflead freeandtth ead s ol der s eoxvpear ipeonicnet 0a wheerroes st h ¢
solders begin to creep at higher rates than standard-H33m solder for the same
stress level. f addition, the creep behaviors of the lower silver content alloys (e.g.
SAC105) were observed to be much more sensitive to aging (have greater changes in
the creep rate for a given aging time) than the higher silver content gdays
SAC405). The timesrequired before the croswer occurred were reduced when
considering higher aging temperatures or SAC alloys with lower silver content. It
was also observed that lowering of the silver content of a SAC alloy leads to increases
in the creep rates for alging conditionsHowever, the addition of dopants was also
shown to lessen the aging effecite degradations of the mechanical and creep
properties of lead free SAC solders during aging are cabgedicrostructural
evolution. In particular, there isrdmatic coarsening of the sexary intermetallic
particles.When the particles are small and fine precipitations, they can effectively
block the movement of dislocations and reduce grain boundaries sliding, thus
strengthening the materials and enhancirggpg resistancaVhen the second phase
particles grow larger, their ability to block the dislocation movements and grain
boundary sliding are significantly reduced leading to reduced strength and to
degraded resistance to creep deformations.

Zhang,et al[50] extended to include a full test matrix of aging temperature and
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solder alloys.The different alloysrom SAC105 to SAC405 were aged for various
durations (612 monthg at 25N, 50N, 75N, 100N , and 125N . And the resultsn

this work have demonstrateithe significant effects of the eslated temperature
exposure on the creep behavior of solder joints, the effects of aging were shown to be
significant even for aging temperaturegbtly above room temperature.g¢. T=75N ),

as shown 2.3 In addition, thdower silver content alloys (e.g. SAC105) were much
more sensitive to agingdh high silver content alloyg(g. SAC 405). And the times
required before the crosser occurred were reduced when considering higher aging
temperatureor SAC alloys with lover silver contentTable 2.2 shows ratio of creep

rate to noraged creep for 4 months at temperature 25

101
i o
o Aging at 75 °C
103 SAC105 e
——— Increasing
10+ . —— . Silver
o = SAC205 Content
-Q« = /
P 10 4 i AC3_0_§___=_,_,
% o SAC405
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(‘5 10'7 X
108 4 m SAC105
& SAC205
10° - A SAC305
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Figure 2.3 SAC Creep Rate comparisons (Aging at 71§ )
SAC Alloy Maximum Aging Induced Increase

Creep Rate

36



SAC105 5500X

SAC205 1000X
SAC305 220X
SAC405 220X

Figure 2.4 Ratio of Maximum Creep Rate to NorAged Creep Rate for Each
SAC Alloy

The relationship between solder ball reliability and substrate pad finish under
aging conditions has also been studi¢thsegawa, et al. [101] observed the
relationship of thermal aging at 199 for prolonged time othereliability of SnPb
and SACalloyson substratewith different PBGA surface finishekittle change was
observed in the mechanical strength (shear stinegugd elastic modulusZhou, et al.
[102] studied the SAC 387 solder joint on both Cu and Ag substrate at an aging
temperature of 170N, and there was little effect on the SAC/Ag interface, but
dramatically softened the SAC/Cu joint, which was due toelomesidual stresses at
the SAC/Ag joint interface.
2.2.2Thermal Aging Microstructure Evolution

Thermal Aging effects reduce the mechanical strength of solder alfoyd
some studiesHl, 67, 69 73 shows it is related t@ micro-structure coarsening
processWhen the gain structure is coarser, there are fewer gain boundaries to block
the dislocation movement, causing strength loss of matefiaé continuous
degradation of the mechanical properties is caused by the dramatic coarsenig of th

secandary intermetallic particle$¥hen the particles are small and fine precipitations,
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they can effectively block the movement of dislocations and reduce grain boundaries
sliding, thus strengthening the tedals. When the second phagarticle grows
coarser, their ability to block the dislocation movements and grain boundary sliding,
which ae known to be the major reastor creep failure, are significantly reduced.

the SAC solder coarsening is shown in Figure 2.5.

Fan [74] investigated Aging effectsn the microstructures of 63SYPDb,
Sn3.5Ag and SAC405 solder balls on Cu/Ni/Au surface finish. The thickness of the
IMC layers all increased with aging time and temperature. &% has the larger
diffusion coefficient and the IMC thickness grow rdigi

Li et al [75, 76]studied microstructure of flipchip packaging with SAC387
solder joints aging at different temperature. The fdiket morphology of interfacial
IMC (Cu,Ni)6Sn5 remained unchanged during aging, but its thickness increased
considerably by a volume diffusion mechanism. TheCSn IMCs existed as
platelike or lamellal i ke phases or as sSnddndritegpirathet i cl e s
bulk solder. Two different! C Sn coarsening processes took place under high
temperature aging: firssmall ! CSn particles directly coarsenedto pebblelike
phases and secotide plate and lamella Ag3Sn phases broke up into small parts and

then coarsened into pebHike phases.
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(@) (b) (c)

Figure 2.5 (a)SAC Reflowed, No aging (b) 50 hours at 12N (c) 100 hours at
125N

2.2.3Kirkendall Voiding and Effect on Reliability

The formation of Kirkendallvoids at the solder/Cinterfacehas been reported
for many years. The interdiffusion of Cu and Sn leads to void in solder jdimése
are two steps fothis process. (1) Cu atoms leave the Cu pad and diffusion towards
the solder, which generated vacasc near the# OSn layer. (2)The vacancies
coalesce into voids with time and higher temperature.

Chiu et al. [58]reported tests of ball grid arrays (BGAs) with-8g-cu solder
balls with Cu pad thermal aging at 180, 125N, 150N , and 175\ for 3, 10, 20,
40 and 80 days. They found extensive Kirkendall voids at the interface of solder joint
to Cu substrateThe voiding process is activated even ad N). And after 10 days
aging at125 N . The drop performance degraded 80BRigher temperature will

geneate more voids during the samging time, as shown kigure2.6.
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Figure 2.6 (a) 3 days aging at 12N (b) 40 days aging at 12Bl

Date et al. [78ktudiedminiature Charpy tests on solder balls of eutectid’Bn
and neareutecticSn-Ag-Cu bounded to Cuand aged at 150 for up to 1000 h.
After 500 h aging at 150N a lot of voidswere observed ithe # OSn phase at the
interface between solders and GAnd with aging time increased, transition from
ductile to brittle associated withe fracture inside the solder to within the interfacial
intermetallic compound (IMC) phase was reported.

Ahat el al [79] did a study of interfacaicrostructureand shear strength of
96.5Sn3.5Ad and 63S#86Pb2Ag on Cu after aging at 158 for 0, 50, 250 500
and 1000 hThe voids formed in thet (Sn phase with the &g time increasedlhe
shear strength of both Skg and SAPb-Ag decreased with the aging timEhey also
studied the fracture mode change from the mixture of solder and IMC at zero aging
time, to complete fracture within IMC layer after 1000 h aging.

Mei et al. [77] studies conditions for voids formation and voids effects on the

electronic reliability.And from 9 cases studies, voids were found in high, low even
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zero densities in samples different cases after aging either for 20 days at W25or
for 5 days at 145\ . Voids were seen in thermal cycled assemblieseemed that
the Cu plating process and the small concentration of Ni in either the solder or the
substrate influences the vaiénsity and distribution.
2.3Impact of design and material choices

SAC305 was once dominated for-Rbe assembly. SAC305 is starting to lose
favor with increased need for shock resistance consumer products. Some
manufacturerareswitching to SAC105SAC105 melts at about 220 about 10N
higher than melting temperature of SAC305 at 217and also performs poorly in
thermal cycle testingln the leadfree manufacturing process, the most challenged
issue is requiring peakemperatureto reflow the solde which did more hostile
environment tothe components on the boarddloisture of BGAs can further
aggravateomponent reliability with leafree reflow solderinglnternal delamination,
cracks, bond lifting, die lifting and even paprning effects canazur. Kester have

recommended the profile in figure 2.7 [80].
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Figure 2.7 Reflow Reommended for Leadfree Packags

2.3.1 Impact of reflow profile

The basic requirement of the reflow solder must wet and bound to metallic
substrates, which means thatbstrates implies that a constituent of the solder must
form intermetallic compounds with copper, nickel and other metals platnthe
boards.The second requirement is that the solder must have a melting point low
enough to be reflowed as a paste dmdh enough to stand up to operating
temperature.

As Li [81] reported, the reflow temperature, reflow time and number of reflows
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