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ABSTRACT

Due to pending legislations and market pressure, lead free solders will replace Sn-Pb
solders in 2006. Among the lead free solders being studied, eutectic Sn-Ag, Sn-Cu and
Sn-Ag-Cu are promising candidates and Sn-3.8Ag-0.7Cu could be the most appropriate
replacement due to its overall balance of properties. In order to garmner more
understanding of lead free solders and their application in flip-chip scale packages, the
properties of lead free solders, including the wettability, intermetallic compound (IMC)
growth and distribution, mechanical properties, reliability and corrosion resistance, were

studied and are presented in this thesis.

Electroless nickel {EN) without an immersion gold (Au) coating was used as the under
bump metallization (UBM) in the chips studied, in order to avoid the formation of
AuSny IMCs. The wettability of EN coatings with lead free solders was studied by
means of a wetting balance tester, and the results showed that with the assistance of a
strong flux and nitrogen protection EN coatings maintained good wettability with lead
free solders after long periods of storage. Microstructure analysis and shear tests

showed that the Sn-Ag-Cu solder bumps on EN UBM had good adhesion strength.

Results from reflow and thermal ageing have shown that for the Sn-Ag-Cu/EN solder
bumps the IMC behaviour was quite different from that of Sn-Pb solder. Large Ag;Sn
IMCs broke up into small parts and then coarsened during high temperature ageing.
Kirkendall voids formed at the bottom of Ni;P layer during ageing at 150 and 175°C.
The shear strength degradation during ageing was caused by the coarsening of Agi;Sn
IMC.

The micro-mechanical properties of different phases in solder joints were studied using
nanoindentation. These results were useful for understanding the toughness and

reliability of solder joints and could also be used in finite element modelling (FEM).

Thermal cycling results showed that when immersion Au was used as the surface finish
on a printed circuit board (PCB), the solder joints on the pads with a micro-via had the

poorest reliability and the solder joints on bare pads exhibited good reliability. The



deformation of a PCB during reflow can also greatly reduce the reliability of solder
joints. Potentiodynamic polarization tests showed that Sn-3.5Ag, Sn-0.7Cu and Sn-
3.8Ag-0.7Cu lead free solders have better corrosion resistance than Sn-37Pb i

3.5%NaCl solution.

Keywords: Chip-scale package; Flip-Chip; Lead free solders; Intermetallic Compounds;
Under Bump Metallization; Micro-mechanical properties; Reliability;
Corrosion resistance; Nanoindentation; Kirkendall voids; Thermal cycling;

Shear test
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Context of the Research

The major trend in electronic products today is to make them smarter, lighter, smaller
and faster, and in the meantime more user friendly, functional, powerful, reliable, robust,
creative and inexpensive [1]. To meet the trend for miniaturization and high speed,
increasing package pin counts and higher clock frequencies, i.e. more integrated
electronic devices with smaller interconnection joints, are needed to satisfy market
requirements. The solder joints are created by the reaction between the solder alloy and
the surfaces to be joined together, through the formation of intermetallics (IMCs). Such
solder joints provide the mechanical land and electrical interconnect of the product.
These IMCs are often multilayered or even distributed within the solder joint. When
these solder joints become smaller, intermetallics (IMCs) represent a larger volume
fraction of a joint, and the interfacial reactions, mechanical properties and reliability of

solder joints could be different to those found in larger joints.

Sn-Pb solders have been used in electronic packaging for a long time and Pb is a very
important element in the solders, however, due to the toxicity of Pb, Sn-Pb solders are
going to be banned in electronics industry. In the US, legislation to limit the use of Pb
has been introduced in both Senate and the House of Representatives. Although the
legislation has not been passed, it is likely that some legislation will be passed in the
future. In Europe, the WEEE/RoHS Directives has been passed into legislation that will
ban the use of lead in all electronic assemblies from July 2006 [3]. Legislation proposed
in Japan will prohibit lead from being sent to land fills and other waste disposal sites,
which means that the manufacturers either recycle the lead 100 percent or use the lead

free replacements.

Manufacturers and end-users are therefore increasing concerned with the dual

challenges of the progression in decreasing joint sizes and the step change arising from
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the removal of Pb from the solder joint. Both these challenges affect the IMCs and
microstructure of a solder joint, which in turn dictate the reliability and mechanical
integrity of the solder joints and, as such, these are worthy of research to further the
body of knowledge in this field.

Some lead free solder alloys have already been extensively investigated. In order to
maintain or enlarge their markets, avoid trade barriers, many companies, including IBM,
Compagq, Motorola, Hewlett Packard, and Sony etc., have been involved in this area and

are assessing alternative alloys.

Although a lot of work has been done, there are still many problems existing for lead
free solders. These include the following:

¢ The eutectic temperature of Sn-Pb is 183°C and most of the assembly equipment
in use today is designed to operate using 183°C as a base reference. In addition,
thermoset polymers are currently widely used in electronic packaging, and the
highest temperature that these polymeric materials are exposed to is
approximately 230-250°C for 90-120 s. So the melting temperature of lead free
solders cannot be toc high and needs to be close to 183°C, otherwise new
production infrastructure for lead free solders, such as high glass transition
temperature (Tg) polymeric materials, would need to be established.

e Possible lead free solder replacements for Sn-Pb solders are Sn-rich alloys, and
their costs are higher than that of Sn-Pb.

s The interfacial reactions of lead free solders are different from those of Sn-Pb
solders and different lead free solders may require different under metallurgies
of the surfaces to be joined, i.e. the solder under bump metallizations (UBMs) to
maintain or assure appropriate interfacial strength.

e High reflow temperatures will cause more serious Coefficient of Thermal
Expansion (CTE) mismatch problems, and solder joints will be subject to more
shear and tensile stresses.

e The wettability of lead free solder matenials on the commercial plating finishes
used on PCBs and components is not as good or as well understood as that of
Sn-Pb solders.
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e Many properties of lead free solder matenals, such as mechanical properties,
electrical properties, reliability and corrosion resistance etc., are not as well

understood as they are for Sn-Pb systems.

Based on the requirements for miniaturization and application of lead free solders in flip
chip scale packaging, IMC growth, shear strength, mechanical properties and reliability
of small Sn-3.8Ag-0.7Cw/electroless Ni (EN) flip chip solder joints with small pitch size
have been studied. In order to determine the optimum substrates or UBMs for different
lead free solders, interfacial reactions between different lead free solders and different
substrates were investigated. In order to derive criteria for the production and storage of
EN UBM, the wettability of EN coatings with different lead free solders was tested after
different storage regimes. In the mean time, the morphologies of IMCs, the influence of
cooling rates on the microstructure of solders and the corrosion resistance of Sn-Pb and
lead free solders were studied to improve lead free packaging processes and provide

more understanding about the robustness of lead free solder joints.

In this thesis, Chapter 1 describes the background of electronic packages; Chapter 2
briefly introduces technologies about under bump metallization and solder bumping;
Chapter 3 gives some properties of lead free solders; Chapter 4 reviews the
development and current analysis method for nanoindentation; Chapter S, Chapter 6 and
Chapter 7 present the experiment details, research results and associated discussion,
respectively; finally, Chapter 8 presents the conclusions and possible work for future

research.
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CHAPTER 1

Electronic Packages

In order to satisfy the requirements for the packaging of different electronic devices,
many packaging technologies have been developed and they include ball grid array
(BGA), thin small outline package (TSOP), small outline J-leaded (SOJ), small outline
C-leaded (SOC), tape carrier package (TCP), plastic quad flat pack (PQFP), chip scale
packaging (CSP), flip chip, and direct chip attach (DCA). Different technelogies are
required for different electronic devices and applications, and technologies can overlap,

such as flip chip and CSP.

Fig. 1-1 shows the application regions of different package technologies, with different
package pin counts and clock frequencies. It can be seen that area array flip chip can

deliver to applications that need high performance.

The main feature of BGA is the solder ball connection with the gnd array, and the
substrate is not a silicon chip. The connection method within a BGA could be solder
bonding or wire bonding. There are many kinds of BGA packages, and depending on
their substrate technologies they include: ceramic BGA (CBGA); plastic BGA (PBGA);
metal BGA (MBGA) and Tape BGA (TBGA). CBGA, MBGA, and TBGA can meet
the high pin counts (>500), power, and clock frequency requirements of high-I/O and

high performance application specific integrated circuits (ASICs) and microprocessors,
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but at higher costs. PBGA is cost effective at package pin counts between 250 and 600

due to its low cost relative to CBGA, MBGA, and TBGA [1].

Area Array
Flip Chip

Package Pin Counts

0 T YT
Clock Frequency (MHz)

Fig. 1-1 Application and development trend of IC packages. [1]

PQFP 1s the most cost effective surface mount technology (SMT). It has been widely
used for ASICs and low performance, low-pin-count microprocessors and sometimes
cache memories. The main drawbacks for PQFP are that they are only a peripheral
interconnection solution, possess relatively long lead lengths, are difficult to handle on
account of thetr fragility and have a relatively low board-level manufacturing yield. The
TSOP is a very low-profile package specially designed for static random access memory
(SRAM), dynamic random access memory (DRAM) and flash memory for space-
limited applications. The definition of CSP given by IPC is that the package area is less
than 1.5 times that of the chip area [4]. There are many CSP technologies developed by
different companies, such as: solder-bumped or wire-bonded flip chip; Fujitsu’s small
outline no-lead/C-lead package (SON/SOC) and bump chip carrier (BCC); NEC’s fine
pitch ball gnd array (FPBGA); Tessera’s micro-ball grid array (uBGA) and IBM’s

ceramic mini-ball grid array (Mini-BGA) [4]. CSP is usually used to package memory
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and low power (<1W), low-pin-count (<200) ASICs. The wafer level chip scale
package (WLCSP) is a new technology that adresses the problems facing DCA, i.e., the
Known Good Die (KGD) issues and requirements for high density Printed Circuit
Boards (PCBs). The unique feature of WLCSP is the use of a metal layer to redistribute
the very fine-pitch peripheral-arrayed pads on the chip to much larger-pitch area-array
pads that provide larger solder joints on the PCB. With WLCSP, the requirement for a
high-density PCB is relaxed and no underfill is needed, which makes the KGD issues

much simpler [1].

In comparison with the above packaging technologies, flip chip is a solution to meet the
trend of electronic product development, where the chip faces down, towards the
underlying substrate. There are many bonding methods applicable to a flip chip package,
such as solder bonding, wire bonding, anisotropic conductive film (ACF), anisotropic
conductive adhesive (ACA), anisotropic conductive paste {(ACP), conductive adhesive
polymer and Au stud bumps with conductive adhesive. Among them, solder bonding is
the one that has been used widely due to its low price, high I/O density and good

reliability.

For high-price and high-speed microprocessors and ASICs, the integrated circuit (IC)
design requires very high /O and performance packages. The development of area-
array solder bumped flip chip technology satisfied this requirement. As mentioned
above, CBGA, MBGA, and TBGA can meet the requirements of high-I/O and high
performancc applications, so the arca-array solder bumped flip chip 1s often packaged in

a CBGA, a MBGA, ora TBGA [1].

DCA is one of the most cost-effective packaging technologies. DCA packages the chips
directly to the board and has many advantages, such as high I/O density, low profile,

short lead length and low weight. However, because of the infrastructure and the cost of
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supplying the KGD and the corresponding fine line and space PCB, DCA is still waiting

for the commensurate development of KGD and high density PCB.
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Fig. 1-2 Size and weight comparison of several IC packages. (Source: Motorola/IBM)

A development trend of electronic products is to make them smaller and lighter. From
this point of view, flip chip is one of the best choices. Fig. 1-2 shows the size, weight
and typical board space of several IC packages [5]. It illustrates that, if packaged by
DCA technology, the chip (die) has the lightest weight and needs the smallest space.
However, because of the mismatch of the coefficient of thermal expansion (CTE)
between the silicon chip and the epoxy substrate, an underfill encapsulant is needed to
increase the reliability, which is going to increase the manufacturing cost and reduce the
throughput. In addition, the underfill will make rework very difficult, and as such

further compound the KGD issues.
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CHAPTER 2

Under Bump Metallization and Solder Bumping

Due to its advantages, including miniaturization and high input/output characteristics,
flip chip technology was introduced to electronic packaging. However, by using this
technology, most low cost wafer bumping methods, such as solder dipping, stencil
printing, micro-punching, micro-ball mounting, and jet printing require a pre-treatment
of the Al or Cu bond pads, this being known as the Under Bump Metallization (UBM).
There are many UBM deposition methods that have been used, including electrolytic

plating, sputter deposition and electroless plating.

2.1 Electroless Ni UBM process

During the development of semiconductor technologies, the cost of the electronics has
been a critical factor. Because of its low cost and simple process route, electroless Ni

(EN) is increasingly used as an UBM method.

Due to its minor doping elements, Al is the dominant material for wafer bond pad
metallization. Because Al is not catalytic for EN plating, pre-treatment of the Al pad
before EN plating is necessary. The Zincate treatment is a process that is used to
activate the Al pads for subsequent EN plating. Zincating relies on the electrochemical
reactions between zinc complexes in the solution and the Al substrate to deposit Zn
particles on the Al surface at the expense of Al dissolution [6]. The typical wafer EN
plating process route is shown in Fig. 2-1, and it includes pad cleaning and etching,
zincating, EN plating, and immersion gold plating. Liu et al [7-9] investigated and

compared the morphologies and mechanical properties of the UBMs deposited by single
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and double zincating routes. The results showed that a double zincate pretreatment
produced a thinner, denser and more uniform zincate layer, resulting in more uniform
nucleation and growth of EN coating. For double zincating, another etching process
(50%HNO; solution) and a further zincating step are required after the first zincating

process. The zincating process is shown in Fig. 2-2.

Al pad cleaning and etching Etch - 5%NaOH solution
Zincating Etch - 50%HNO; solution
Second
l ¢ zincating
Electroless Ni plating Zincating
Gold immersion Electroless Ni plating
Fig. 2-1 Process route for electroless Fig. 2-2 Process of zincating for
Ni bumping on Al pads. electroless N1 bumping on Al pads.
2.1.1 Electroless Ni plating mechanism
For the hypophosphite-based EN baths, the overall reaction can be written as:
2H,PO; + Ni** +2H,0 - 2H,PO; + H, +2H" + Ni® (2-1)

From an electrochemical point of view, the reaction above can be further divided into an

anodic reaction and a cathodic reaction, as below [10]:
Anodic reaction: H,PO,” + H,0 - H,PO;” +H+H" +e¢ (2-2)

Cathodic reaction: Ni** +2e — Ni (2-3)

As the anodic partial reaction is the electron source for the cathodic one, it is the driving
force for the whole deposition process. The Ni deposition includes the diffusion
towards and absorption on the catalytic surface of the reactants, the de-absorption and

diffusion of products away from the surface, and the electrochemical reactions on the
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surface. The Ni deposition rate is controlled by the electrode potential and catalytic

activity.

The Ni deposition reactions could happen on the surface of colloid particles present in
the solution when there are little or no stabilizers. As the formation of these colloid
particles is uncontrollable and the Ni deposition process is autocatalytic, working EN
baths may decompose spontaneously by triggering a self-accelerating chain reaction on
those colloid particles. So, in practice, all working EN baths contain some kind of
stabilizer to prevent such spontaneous decomposition. Pb salts were initially used as the
stabilizer; however, due to the toxicity of Pb, thiourea and other lead-free chemicals

were chosen.

The absorption of stabilizer ions on a catalytic surface blocks the catalytic sites from
being used for the absorption of the reactants, and thus impedes the deposition process.
When the surface density of absorbed stabilizer ions reaches a certain level, the
deposition process could be completely inhibited. As the concentration of the stabilizer
in bulk solution is usually in the order of ppm, unlike the absorption of reactants, the

absorption of the stabilizer is diffusion-controlled. [10]
2.1.2 Working mechanism of stabilizer

If the active surface is a large surface, and the concentration gradient of the stabilizer in
the vicinity of the surface 1s laminar, the diffusion of the stabilizer is a linear diffusion

with the diffusion flux perpendicular to the surface. Following Fick’s first diffusion law:
dc

J=-D(— 2-4

( dx) (2-4)
the diffusion flux can be expressed by equation:
J=D(C,~-C,)/ & (2-5)
Here D, Cp, C; and 6 stand for the diffusion constant, the concentration in the bulk
solution, the concentration on the absorbed surface and the thickness of the diffusion
layer, respectively. In the absence of forced convection, the value of 3 is usually in the

order of 100 um. Linear diffusion exists only when the dimension of the active surface

is large enough compared to the diffusion layer, so the boundary effect can be neglected.
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But when the dimension of an active surface approaches the value of 8, the boundary
effect is no longer negligible. In this condition, the diffusion is controlled by a non-

linear diffusion mechanism as below [10]:
J'=4D(C, ~ C) () (2-6)

Where r is the radius of a circular surface. It can be seen from above equation that for
non-linear diffusion, the smaller the active surface, the larger the diffusion flux. Fine
particles of colloid are subject to non-linear diffusion, and thus can absorb much more
stabilizer. As a result, their catalytic activity is poisoned and hence the spontaneous
decomposition of the bath is inhibited. On the other hand, large surfaces (r>>9), as they
are subject to linear diffusion, maintain a much lower surface density of absorbed
stabilizer and thus remain catalytic for Ni deposition. During deposition, the Ni deposits
can also bury the stabilizer, so the dynamic density of absorbed stabilizer is the net
result of two opposite actions: the absorption from the bulk solution by diffusion and
the burying by Ni deposition [10]. Research [11, 12] also shows that the addition of

thiourea stabilizer can decrease the phosphorus content of EN coating.
2.1.3 Stress in electroless Ni coating

The stress in EN coating can come from two sources: the mismatch of the coefficient of
thermal expansion (CTE) between the substrate and the EN coating and the coating

growth. The stress caused by the coating growth is called intrinsic stress.

When EN coating is used as the UBM in electronic packaging, the plating substrates are
Al or Cu. Because their CTEs are higher than that of EN coating, during the cooling of
the samples from deposition temperature, e.g. 85°C, to room temperature, compressive

stress will form inside the coating and tensile stress in the substrates.

The intrinsic stress is connected to many factors during deposition, such as phosphorous
(P) content in the coating, bath pH value, working life of the solution and heat treatment.
When the P content is reduced or the pH value increases, the intrinsic stress in the
coating will change from compressive stress to tensile stress [13-15]. With the ageing of
the plating solution, the intrinsic stress will increase, which is related to the

concentration increase of HPO;” during the working life of the plating solution [13, 14].
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When an EN coating is annealed around 400°C, the amorphous coating will transfer into
a crystalline Ni;P, and the coating will shrink, due to the smaller volume of NisP [13].
This means that, if there is a compressive stress in the coating before annealing, the
stress will decrease, and likewise if there is a tensile stress before annealing, the stress
will increase. So whether annealing is needed or not, and what kind of parameters are

going to be used 15 worth careful consideration before application.

Stress will increase with the growth of an EN coating. Compressive stress can benefit
the adhesion of the EN coating to the substrate; however, a high level of tensile stress

will induce cracks and lead to adhesion failure [13, 16].

2.1.4 Challenges for electroless Ni in wafer bumping

In the process of EN bumping, the zincate pretreatment and EN plating steps are the
most critical steps to ensure high quality products. Although EN plating had been used
for many decades in metal plating industry, when it was introduced as a bumping
method it presented many challenges, and its application in wafer bumping is still
relatively in its infancy and detailed studies and information are lacking. Because the Al
pads are thin and small, approaching or even less than the thickness of the diffusion
layer (about 100 pm), when commercial EN plating solution are used in pad bumping, it

can cause many faults, such as missed plating, due to non-linear diffusion.

If a group of pads were distributed to form an array, depending on the pitch and size of
the array, both linear and non-linear diffusion is possible [17], as illustrated in Fig. 2-3.
If the dimension of the active surface is much larger than the thickness of the diffusion
layer, the boundary effect can be negligible, and the individual diffusion zones of two
adjacent pads can overlap, so that the discrete pads mimic a continuous area and thus
behave like linear diffusion. If the dimension of the active surface is not large enough
and so the boundary effect can’t be negligible, then non-linear diffusion will take place.
The results from Zhang et al [10] showed that when the active surface coverage was
larger than 20%, the deposition was linear diffusion and, when the active surface

coverage was less than 10%, it was non-linear diffusion and, when the coverage was

12
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between 10% and 20%, it depended on marginal conditions, such as the local agitation

caused by the bubbling of evolved hydrogen.
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Fig. 2-3 Different diffusion mechanism for different micropad

arrays, a) and b) linear diffusion, c) non-linear diffusion.

The non-linear diffusion of the stabilizer ions in the bulk solution could significantly
increase the mass transfer towards the pads. Because the surface density of the stabilizer
ions on a continually growing surface is the net result of two opposite actions, as
mentioned above, the non-linear diffusion leads to a higher surface density of the
stabilizer ions. The absorbed stabilizer ions occupy the surface sites required for the
deposition of the reactants and thus impede the deposition rate of Ni, which in turn
reduces the stabilizer ions burying rate by Ni deposition. This is a positive feedback,
and it could easily lead to a quick cessation of local Ni deposition. As a result, in the
wafer UBM process, Ni will not be able to plate on some small pads, which will result
in poor solderability in the subsequent solder bumping and will lead to the ‘missing

bump’ problem.

During the EN plating on wafer pads, when one big pad is connected with ene small pad,
both of the two pads can be plated well, which is caused by potential pinning. The term
‘potential pinning’ means that when two or more surfaces are electrically
interconnected, they will share the same plating potential. Van der Putten and de Bakker
[17]studied the effect of potential pinning in their work. They attributed the result of

potential pinning purely as a galvanic effect. They argued that when a micropad was
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spatially isolated but electrically interconnected with a large surface, non-linear
diffusion of stabilizer toward the micropad would stop the local electroless process
completely; the nickel deposition on the micropad was purely caused by galvanic effects,
i.e., the micropad relied on the large surface for its electron supply. However, the study
of Zhang et al [10] argued that the benefit of potential pinning was not a constant
electron flow from the large surface to the small surface. They thought that at the
beginning of plating there were some electrons flowing from the large surface to the
small surface, at this time the large surface acted as a trigger, so the small surface could
begin plating, and once the plating took place on the small surface, the plating on the

small surface became self-supporting.
2.2 Solder bumping process

Wafer bumping is the heart of solder-bumped flip-chip technology. Today, there are
many different techniques to put tiny solder bumps (usually no larger than 100 pm in
diameter) on a wafer, including evaporation plating, electroplating, solder dipping,
stencil printing, and solder jet printing. The most important task in solder bumping is to
put a controlled volume of solder materials on the pads or UBMSs, so they can act as

connection materials during assembly with other chips or the PCB.
2.2.1 Solder dipping

Solder dipping is a cheap solder bumping method when coupled with a UBM. The
process for solder dipping contains 3 steps and is very simple. The first step is to deposit
a layer of UBM on the Al or Cu pads; the second step is to dip with flux and solder; and
the last step is to reflow the solder to create uniform bumps. The wafer is dipped into a
solder bath, with or without flux depending on the characteristics of the UBM, so that
the solder can wet the pads or UBM on the wafer. After a short dwell time in the solder
bath the wafer is pulled out, with the solder material forming thin solder bumps on the
wafer. After the wafer is subsequently reflowed, well-formed truncated spherical solder

bumps can be obtained.
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One of the drawbacks of solder dipping is that it is difficult to obtain a large volume of
solder material on each of the pads or UBM metallized pads. Another problem is when
the wetting ability of the solder on the pads or UBMs is not sufficient it can cause some
‘missing solder’ defects. Also, when the pitch size of the pads on the wafer is very small,

the pads are easily bridged by the solder, thereby short-circuiting the pads.

2.2.2 Stencil printing

Wafer bumping by the stencil printing method is very popular in electronic packaging
because of its potential low-cost and high production rate. The only limitation is that it
cannot be used for very fine pitch size pad geometries.

Fig. 2-4 shows the key process for stencil printing on the wafer. The first step is to
deposit the electroless Ni on the Al or Cu pads and then immerse a thin layer of

electroless Au; the second step is to stencil print the solder paste on the UBM; the third

step is to reflow and clean the bumps.

Passivation  Ni-P Al or Cu pad

Electroless Ni plating Solder paste printing

Stencil release Reflow

Fig. 2-4 Stencil printing process for wafer bumping.
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Fig. 2-5 is the fishbone diagram for solder paste printing. It can be seen that there are
eight major categories (operator, environment, printing parameter, printer, stencil, wafer,
squeegee, and solder paste) that influence the quality of solder paste printing on a wafer
[1]. For fine pitch stencil printing, the machine, tools and printing precesses have been
improved in recent years. Research has focused on the development of solder pastes,

stencils and squeegees [18].

The rheology of solder paste is critical to achieve sufficient paste deposit without
bridges. An active rosin flux containing halides should be avoided because the halide
residues are detrimental to the long-term properties of the solder joints. Paste containing
chemical components that create difficult-to-remove residues should also be avoided.
Solder pastes with homogeneously distributed small sizes of solder particles are
desirable. An electroformed stencil is better than the chemical-etched and laser-cut
stencils. Although the chemical-etched stencils are cheaper, because of accuracy and
dimension limitations they cannot meet the fine-pitch wafer-bumping requirement and,
although laser-cut stencils are accurate, sequential processing (cutting apertures one-by-
one) could make stencil costs prohibitive for wafer bumping. One advantage of laser-cut
stencils is the tapered wall of the apertures, which can help the release of the solder
paste and this 1s especially helpful in the case of thick stencils [19]. In order to realize
fine pitch stencil printing, the stencils need to have fine pitch and small sized apertures,

good aperture filling properties, a good paste release and a long stencil life [20].

The volume of the printed solder paste is determined by the aperture size, the stencil
thickness and the material of the squeegee [18, 21]; however, a thick stencil does not
mean a tall solder bump. The ratio of the area of the sidewall of the stencil aperture to
the area of the stencil aperture has a critical value. When the ratio is equal to or greater
than this critical value, the height of the solder bump is smaller than the thickness of the
stencil and when the ratio is less than this critical value, the height of solder bump will
equal to the thickness of the stencil. At the same time, the orientation of the aperture in

the stencil and the printing rate will also influence the quality of printed solder bumps.

For the stencil, the limits of the aperture dimension are from the pitch size as well as the
pad arrangement [18, 19, 21]. The apertures in peripheral arrays only have the limit

from one direction, so they could be rectangular; however, the apertures in an area array
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have the limit both from the horizontal direction and the vertical direction due to the

adjacent pads, such that the apertures in an area array have to be symmetric.

Al pad

i
Step 1 Metal distribution Step 5 UBM mask removal
Passivation Heat

}

Bump mask ”

|

u Solder
Step 2 Passivation spread

and distribution

==

Step 6 Mask alignment

UBM mask !'f\\

!y

\ and solder evaporation

-
-

I\\\

Step 3 Mask alignment

and sputter clean

Step 7 Bump mask removal

& o
g

B

c

=
S
—

Step 4 Cr/Cu/Au UBM Step 8 Reflow

evaporation

Fig. 2-6 IBM’s well-known evaporation wafer-bumping process.

2.2.3 Evaporation plating

The most mature wafer-bumping method is by evaporation, which was perfected by
IBM more than 30 years ago [1]. Fig. 2-6 shows the evaporation process. It requires two
metal masks made of molybdenum, whose coefficient of thermal expansion is very
close to that of silicon. In addition, molybdenum has excellent long-term dimensional
stability at high temperatures. The first mask with smaller openings is for the deposition

of the UBM through evaporation, and the second mask with larger opening is for the
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deposition of solder materials. IBM calls these controlled collapse chip connection (C4)
bumps. Since two metal masks and an evaporation process are needed, this method can

be expensive.

Recently, Motorola developed an E-3 (evaporated extended eutectic) wafer-bumping
process that also uses the evaporation method. It creates a bump with a mostly “pure”
Pb column and a small amount of pure Sn at the tip. It is not reflowed prior to die

attachment. Since unreflowed Pb is very soft, shipping of these bumps poses a challenge.

Passivation

Al pad

Step 1 Define passivation Step 5 Electroplate Cu & solder

Cu
Ti

=

Step 2 Sputter UBM Step 6 Remove resist

Resist

I

Step 3 Spread resist Step 7 Remove rest of UBM

Step 4 Pattern for bump Step 8 Reflow
Fig. 2-7 Electroplated solder wafer-bumping process [1].
2.2.4 Electroplating
The second most mature method in wafer bumping is electroplating, which is

considered a wet solder build-up process. Fig. 2-7 shows the bumping process [1}. The

UBM, e.g., Ti-Cu and TiW-Cu, are sputiered over the entire surface of the wafer. A
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layer of resist is then overlaid on the UBM. A mask is used to define the bump pattern,
with the openings in the resist a little wider than the pad openings in the passivation
layer. A layer of Cu is then plated over the UBM, followed by electroplating solder
materials. This is done by applying a static or pulsed current through the plating bath
with the wafer as the cathode. In order to plate enough solder to achieve the final solder
height, the solder is plated over the resist coating to form a mushroom shape. The resist
is then removed and the UBM layer outside of the bump is stripped off with a special
etchant. The wafer is then reflowed, which creates smooth truncated spherical solder

bumps.

This method is very popular today because it can plate solders in any combination. One
of the drawbacks is bump height non-uniformity. Usually, due to the boundary effect,
1.€., current density near the edge of the wafer is larger during the electroplating process,
the solder bumps near the edge of the wafer are taller than those near the centre of the
wafer. The other drawback 1s that the plating rate of 1-2 pm/min is slow. However, this
method is cheaper than the evaporation method, since only one bump mask is needed

and the process is simpier.
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CHAPTER 3

Lead Free Solder Alloys

3.1 The rationale for the development of lead free solders

Sn-Pb solder alloys have been used in electronic packaging on account of their low

melting temperature, good reliability, low cost and compatibility with printed circuit

board assemblies. As one of the primary components of eutectic Sn-Pb solder, Pb,

provides many technical advantages, such as the following: [2, 22]

Pb lowers the surface tension and the interfacial energy. The surface tension of
pure tin is 550 mN/m at 232°C, but the surface tension of 63Sn-37Pb (the
composition of solders in this thesis is based on weight percentage if not
specified) is 470 mN/m at 280°C.

As an impurity in tin, even at levels as low as 0.1 wt.%, Pb prevents the
transformation of white (B) tin to gray (o) tin upon cooling past 13°C. The
transformation, if it occurs, results in a 26% increase in volume and causes loss
of structural integrity.

Pb serves as a solvent metal, enabling the other elements in the joints, such as Sn
and Cu, to form intermetallic (IMC) bonds rapidly, by diffusion in the liquid
state.

The eutectic Sn-Pb solder has a low eutectic and melting temperature at 183°C,
so the reflow temperature is low, typically around 200-225°C, which has little
thermal influence on the printed circuit board (PCB) and electronic components.

The high-Pb solders such as Sn-95Pb, with a reflow temperature of around

350°C, have a very narrow temperature gap of melting, about 10°C, between its

21



Chapter 3 Lead free solder alloys

liquidus and solidus points, so it can be used as a high temperature solder.
Therefore, a high-low combination of the high-Pb and eutectic Sn-Pb can be
applied in a two-level reflow soldering operation. This solder is used extensively
to form the joints in the first level pacakaging, such as processors énd memory
modules, which subsequently experience another soldering operation when

soldered to the PCB.

Despite the above beneficial properties, the toxicity of Pb has resulted in legislation to

eliminate Pb from the electronic industry [3].

The concern about the use of Pb in the electronics industry stems from occupational
exposure, Pb waste derived from the manufacturing process and the disposal of
electronics at the end of useful life. The adverse influence of Pb on the environment
comes primarily from the disposal of electronics. At the end of the useful life Pb
containing electronics are typically disposed of in solid waste landfills. But the
mechanism, by which Pb migrates from disposed electronic products to ground water,
or the animal and human food chain, is not yet clear. When Pb accumulates in the body
over time, it can have adverse health effects. Research shows that when the level of Pb

in the blood exceeds 50mg/dL, Pb poisoning will occur.

In Europe, the WEEE/RoHS Directives have passed legislation that will ban the use of
lead in all electronic assemblies from July 2006 [3]. So lead free solders have to be used

to replace Sn-Pb solders.

Some lead free solder alloys have already been extensively investigated. In order to
maintain or enlarge their markets, avoid trade barriers, many companies, including IBM,
Compagq, Motorola, Hewlett Packard, and Sony etc., have been involved in this area and
are assessing alternative alloys. These efforts have focused on the search for drop-in
replacements, seeking to find low temperature alloys compatible with materials and

production equipment.
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3.2 The properties of lead free solders

3.2.1 Solder alloy cost

The microelectronics industry is extremely cost-conscious due to intense competition.
The history of the industry has been to continuously produce higher performance at
lower cost. Since cost of the product is the result of the cumulative cost of the
components, the cost of lead-free solder alloys can impact the cost of the finished

products.

The lead free solders are Sn-based. Most materials are the eutectic alloys of Sn and
metals, such as Au, Ag, and Cu. Other eutectic elements with Sn are Bi, Zn, In, Sb etc.
Among them Zn is the cheapest metal, and then Cu and Sb, and at the other end of the
scale indium is the most expensive, which is even more expensive than Au because it is
so rare. Another problem with In is supply; only approximately 200 tons of indium are
produced globally each year, which can lead to supply problems and drastic price
fluctuations. In general, all the lead-free solder alloys are more expensive than eutectic

Sn-Pb alloy.

3.2.2 Microstructure and composition of bulk solder alloys

The lead-free solder alloys currently being studied are mostly eutectic or near-eutectic
alloys. Because a eutectic alloy has a single and low melting point, the entire solder
joint will melt or solidify at a fixed temperature, i.e. partial melting or partial
solidification will not happen. Partial solidification can cause the formation of defects
and stress in the solder joints, which can damage the mechanical properties and

reliability of solder joints.
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Fig. 3-2 Sn-Ag phase diagram.

A large number of lead-free solder alloys have been proposed, and they are binary,
ternary and even quaternary. The most common used lead-free solder alloys are Sn-Ag,
Sn-Cu, Sn-Bi, Sn-Zn, Sn-Ag-Cu. Among them Sn-Ag-Cu seems to be the most

promising alternative for eutectic Sn-Pb. Figs. 3-1 to 3-4 are the phase diagrams of
these solder alloys [23, 24].
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Microstructure can be defined as the combination of the phases that are present in a
material, their defects, morphology, and distribution [25]. The composition and
microstructure of a material determines its properties. The microstructure is in turn a

function of the composition of the material and its thermal, mechanical and chemical

history.
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10 pm 10 pm

Fig. 3-5 Typical solidification microstructure of eutectic Sn-Pb solder, a) lamellar
microstructure formed by slow cooling, b) fine equiaxied microstructure formed

by rapid cooling.

In electronic assembly, the primary processing variable that affects the initial solder
microstructure is the cooling rate. Then the microstructure of bulk solder or solder joints
can evolve during later processes or service life stages. Normally the microstructure of
Sn-Pb 1s lamellar, but if it is cooled quickly the microstructure could be equiaxed, as
shown in Fig. 3-5 [25]. Faster cooling means a finer microstructure because more

nucleation sites exist due to super-cooling and there is less time for diffusion to occur.

Sn:  Sn can exist in two forms, white (B) Sn, which is the stable form at room
temperature, and grey (o) Sn, the stable form below 13°C. White Sn has a tetragonal
crystal structure that is much denser than the diamond cubic crystal structure of grey Sn.
The transformation of f§ to a Sn, also called Sn pest, will take place if the temperature is
reduced below 13°C [2]. A large volume increase will go with this transformation,
which can cause extensive cracking in the Sn structure. Consequently, Sn pest can be a
problem in systems that are exposed to low temperatures in service and can be
particularly problematic for devices that cycle across the 13°C barrier. Because Sn has a
body centred tetragonal crystal structure that is anisotropic and tends to deform by
twinning (Sn cry) [26], the thermal expansion and mechanical properties are also
anisotropic. Sn whisker, single crystal growth in response to stress, is another problem

that Sn solder may encounter.
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Sn-Ag and Sn-Cu: The microstructures of eutectic alloys Sn-0.7Cu and Sn-3.5Ag are
a mixture of Sn and a small concentration of intermetallics (IMCs), which are different
from that of eutectic Sn-Pb alloy. In the eutectic Sn-Cu alloy, Cu is generally found as
scallop-like IMCs CusSns, while in the eutectic Sn-Ag alloy, the second phase is either

the plate-like or scattered AgaSn particles.

Fig. 3-6 Microstructure of eutectic Sn-Bi.

Sn-Bi: The microstructure of eutectic Sn-Bi 1s lamellar, as shown in Fig. 3-6 [25], with
degenerate material at the boundaries of the grain for all moderate-cooling rates.
Increasing the cooling rate refines the microstructure, however there still remains a
lamellar structure, which is different from the eutectic Sn-Pb system. The eutectic
composition in the Sn-Bi system is at 42Sn-58Bi. Bismuth has significant solubility in
Sn at the eutectic temperature; consequently, as the alloy cools Bi precipitates in the Sn
phase. The Bi phase is essentially pure Bi. The volume ratio of the Sn phase to Bi phase
1s 49:51.

Bi does not deform easily because dislocation motion is difficuit. Bi has five valency
electrons per atom and the atoms are bound predominately by covalent bonds. It has a
rhombohedral crystal structure, which can also be viewed as puckered sheets, loosely
bound to each other [27]. The directional nature of the bonding in this structure means

that it is not easy to deform.
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Sn-Bi alloys are an exception to the general rule that solder alloy, like most other metals,
contract during solidification. Although Sn contracts, Bi expands 3.87% in volume
during solidification, which is much more than the contraction of Sn, so the eutectic Sn-
Bi alloy will expand on solidification [25, 28]. When the alloys are cooled rapidly, they

have been observed to grow after solidification.

Sn-Zn: The 918Sn-9Zn is the eutectic composition for the Sn-Zn system, and its
eutectic structure consists of two phases: a body-centred tetragonal Sn matrix phase and
a Zn phase containing less than 1wt.% Sn in solid solution. The microstructure of

cutectic Sn-Zn alloy is a lamellar structure with alternating Sn-rich and Zn-rich phases.

3.2.3 Melting temperature

The melting temperature reported for ternary and quaternary systems is in fact the
liquidus temperature, 1.e. the temperature at which the solder alloys are completely
molten, since it is liquidus temperature that is important to soldening operations in the
microelectronics industry. From a manufacturing perspective the melting temperature,
i.e. the liquidus temperature, is perhaps the first and most important factor. The eutectic
temperature of Sn-Pb is 183°C, and most of the assembly equipment in use today is
designed to operate using 183°C as a base reference. While some temperature variation,
for example 50°C, can be accommodated by the equipment currently in place, if the
melting point of the replacement lead-free solder is significantly higher, then new

equipment will have to be purchased by manufacturers, leading to product cost increase.

Another reason for maintaining the melting point at a temperature close to 183°C is the
broad use of thermoset polymers in microelectronics packaging, such as underfill and
PCB. It is important that these and other materials do not degrade during soldering
operations. Currently, the highest temperature that these polymeric materials can

survive at is 230-250°C for 90-120 s.

For binary and higher systems, only the alloys with eutectic compositions have a
consistent melting temperature. Other compositions can be expected to melt in a
temperature range, with melting beginning at the solidus temperature and finishing at

the liquidus temperature. The eutectic alloys are preferred because they have a single
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melting point and the entire solder joints will melt and solidify at a temperature,
otherwise partial melting or solidification may happen and defects and stress can form

in the solder joints.

The melting temperatures of solder alloys cannot be too high. In order to make sure the
solder can melt completely, there must be some margin as to the processing temperature
relative to melting temperature. When using a eutectic Sn-Pb solder with a eutectic
temperature of 183°C, the typical solder reflow temperature is 220°C, with a margin of

about 40°C. So a high melting temperature means even higher processing temperature.

The solidus temperatures of solder alloys cannot be too low as well. The solidus
temperature determines the homologous temperature (7y), which is obtained by
dividing the alloy’s desired service Kelvin temperature by its solidus temperature in
Kelvin. When Ty > 0.5, then the atoms within the alloy have sufficient energy to
participate in thermally activated processes, such as creep and grain growth. The solder
alloy with low solidus temperature will have a high homologous temperature, which can
result in the alloy being subjected to more severe creep conditions. For eutectic Sn-Pb
and most lead free solder alloys, the homologous temperature is larger than 0.5 at room

temperature.

The melting temperature of Sn-3.5Ag and Sn-0.7Cu is 221°C and 227°C, respectively.
Indium is effective in reducing the melting temperature of Sn-3.5Ag, but the eutectic
temperature of Sn-Ag-In is too low (about 113°C). Besides In is too scarce and too
expensive to be considered for widespread application and it oxidises very easily.
Eutectic Sn-Ag-Cu solder has a melting temperature, 217°C, which is a little lower than
that of Sn-3.5Ag and Sn-0.7Cu, and it is the most promising lead free solder alternative
to Sn-Pb solder.

McCormack and Jin [29] have studied the influence of the addition of Zn to a eutectic
Sn-Ag alloy. The addition of Zn can slightly lower the melting temperature of Sn-Ag
alloy. In the ternary Sn-Ag-Zn alloy, Zn is incorporated into the AgiSn precipitates and
makes the AgiSn precipitates finer and more spherical, and it tends to suppress the
formation of Sn dendrites. In order to find the effects of rare-earth elements on the

bonding nature of lead free solders, Ramirez et al. [30] and Wang et al. [31] studied the
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influence of small additions of rare-earth elements on the properties of Sn-3.5Ag solder.
The results showed that the additions of rare-earth elements did not significantly modify
the solidification microstructure or melting point, but these oxide-bondable solders are
useful for applications in optical fibers for various optical communication devices. The
results of Wang et al. also show that the wettability and tensile properties of Sn-3.5Ag
were improved by a 0.25-0.5wt.% addition of (La, Ce) mixture.

The eutectic Sn-Bi solder alloy has a low melting temperature of 139°C, and Bi has very
good wetting and physical properties [22]. But the alloy has a high Bi content, 58%, and
although the price of Bi is not too high, almost the same as Sn, the availability of Bi
could be limited by the restriction on Pb, because the primary source of Bi is as a by-
product in Pb refining. A more serious problem with Bi is that if a bismuth alloy picks
up any Pb, a secondary eutectic Sn-Pb-Bi phase of 95°C will be formed, resulting in

poor fatigue resistance [25].

Sn-9Zn seems to be an attractive alternative, with a melting temperature of 198°C that is
close to eutectic Sn-Pb, but it quickly forms a stable oxide, resulting in excessive

drossing during wave soldering and possesses a very poor wetting ability,

3.2.4 Wetting ability

To form a strong metallurgical bond between the solder and the substrate, the solder
must wet the substrate. During wetting, the solder will react with the substrate and form
some intermetallic compounds (IMCs) at the interface. So the formation of a certain
amount of IMCs at the interface is desirable for a strong interconnection. The ability of
the molten solder to flow or spread during the soldering process is of prime importance
for the formation of a metallic bond. The phenomenon of spreading is also frequently
referred to as ‘wetting’. By definition, wetting is the ability of a material, generally a
liquid, to spread over another material, usually a solid. The extent of wetting is
measured by the contact angle that is formed at the juncture of a solid and liquid in a
particular environment. In general, if the wetting angle is between 0 and 90° the system

is said to wet, and if the wetting angle is between 90 and 180° the system is said not to
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wet. The contact angle (8) is determined from the balance of surface tension at the

juncture, according to the Young-Dupre equation:

Yes =Yis Hel cosf

where vy 1s the surface tension of the solid in the particular environment, y is the
surface tension between the solid and the liquid, and yg is the surface tension of the
liquid in the same environment. In term of free energy, good wetting can take place only
when the free energy of the system is decreasing, i.e., the surface energy of the wetting

system is lowered by forming an interface.

The surface tension of solder on the substrate 1s one of the critical physical properties
that determine its wetting ability. In addition to wetting, the surface tension also has
influence on the capillary flow for pin-through-hole (PTH) soldering, self-alignment of
surface mounted devices, the capability to keep devices from falling off during second

reflow, and the natural radius of curvature.

The surface tension of a liquid is a thermodynamic quantity and is defined as the
amount of work needed to isothermally increase a unit of surface area. Thermal
equilibrium is seldom reached in the actual soldering process, because normally the
soldering operation is completed before equilibrium is reached. Furthermore,
dissolution of the substrate in the molten solders, the oxidation of the solder, the flux
and the soldering environment etc., also affect the surface tension of solders. Studies
have shown that the surface tension value of solder varies with temperature, flux
composition, and the extent of solder-substrate interaction [2]. For these reasons the
surface tension of solders and most other liquid metals under processing conditions are
not precisely known. The natural radius of curvature can be calculated using the

following equation:

r= B2 G-1)
25

where yis the surface tension, p is the liquid density, B is a shape factor, and g is the

acceleration due to gravity.
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Although surface tension and wetting angle are related, the latter is more specifically
related to the particular materials combination under investigation. The wetting angle is
affected by a variety of factors, including surface roughness, wetting time, the flux used
and its effectiveness and the temperature of measurement. However, in one particular

system, probably only one or two of the factors are determinant factors.

In addition to the sessile drop method for determining the contact angle, and thus the
wettability, a wetting balance that measures the wetting force and the wetting time when
a solid substrate is dipped into a liquid, is also used to determine the wettability. The
wetting force can be correlated to the wetting angle, and higher wetting forces indicate
smaller wetting angles and therefore better wetting ability. While both techniques
permit measurement of the wettability, the wetting force balance also permits the
measurement of wetting time. This is an important parameter for actual manufacturing
operations. Typical processing times for completing soldering operations are 60-90 s.
Solders that might have very good wetting characteristics, 1.e. low wetting angles or
high wetting forces, but require long incubation periods, such as 2-5 min for maximum
wetting to be attained, might be suitable from a scientific perspective, but cannot be
used commercially due to the low productivity. The wetting time can therefore dictate

the industrial acceptability of solders.

The maximum wetting force and wetting time of three Pb-free solders and eutectic Sn-
Pb solder, with Cu substrates, were measured at 240°C using an ‘aqueous clean’ flux
(Kester #2224-25) and a no-clean flux (Alpha Metals Lonco SL5-65) [32]. The Pb-free
solders used in this study were Sn-3.5Ag, Sn-58B1, and Sn-9Zn. The results show that
all three Pb-free solders had wetting forces significantly lower than eutectic Sn-Pb. The
Sn-9Zn solder has poor wetting ability with the Cu substrate, and its wetting force is
much lower than those of other solders, with dewetting occurring when a no-clean flux
1s used. The wetting time of lead free solders was also longer than that of eutectic Sn-Pb,

and Sn-3.5Ag needed a longer time to wet than other solders [32].

The wetting abilities of solders depend on the type of flux used. The use of a more
aggressive flux results in better interaction, as reflected by higher wetting forces. This is
due to the fact that when the flux is more aggressive the reaction to remove surface

oxidation is more effective.
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Collazo has studied the influence of stored surface energies on the wetting force using
both eutectic Sn-Pb solder and 77.2Sn-20Zn-2.8Ag Pb-free solder on Cu coupons [33].
During the experiments, Cu coupons were cold rolled with 10, 20, 30, 40, and 50% of
cold work stored in the surface respectively, then the wetting forces were measured. The
results showed that wetting forces increased with the stored surface energies, over the
range tested. This trend was the same for both solders, although the 77.2Sn-20Zn-2.8Ag
solder had wetting forces that were typically 0.6-0.7mN lower than the Sn-Pb solder.
Concomitant with the increase in wetting force, the wetting time was also found to
decrease. However, all values of wetting time were 0.4 s or less, and therefore have no
influence on industrial soldering operations. Collazzo’s work shows that in cases where
the wetting force is inadequate, cold working of the lead frame might be an avenue of

increasing this characteristic.
3.2.5 Thermal properties

A typical microelectronics assembly usually contains a lot of materials, such as metals,
silicon, polymers, polymer based composites and ceramics, with different coefficients
of thermal expansion (CTE). During the service life of electronic products, every time
the system is powered-on, heat will be generated in the components and their
temperature will increase, which causes different expansion in different materials and

thereby stress accumulates.

Table 3-1 Thermal properties of lead free solders and other electronic materials.

Solders CTE Thermal conductivity | Reference
(10°%K) (W/m-K)
Sn-58Bi 15.0 21 [25]
Sn-52In 20.0 34 [25]
Sn-3.5Ag 2230 33 [25]
Si 2.8 150 [34]
Cu 17 391 [25]
Al 223 237 [34)
FR-4 (x,y; T<Tg) 15-18 035 [25]

The heat generated by the components needs to be dissipated by the substrates,

encapsulation materials and solders in order to keep the components in suitable service
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environment. The ability of materials to diffuse the heat away depends on their thermal

conductivity, so the thermal conductivity of these materials is very important.

Table 3-1 lists the thermal properties of some lead free solders and other electronic

materials summarized by Glazer [25] and Winterbottom [34].
3.3 Sn whisker

Most lead-free solder alloys are Sn-rich alloys, so the problems that occur with pure Sn,

such as Sn pest, Sn cry, and Sn whisker, can also easily happen with these alloys.

The whisker growth is thought to be a result of compressive stress relaxation; however,
compressive stress is not enough on its own. Tu et al. [22, 35-37] showed that Sn
whiskers can grow over 0.3 mm at room temperature and there are three necessary and
sufficient conditions for the growth of Sn whisker: a fast atomic diffusion source, a
compressive stress and a protective film on the surface. The growth process is believed
to be diffusion controlled. Sn has a low melting temperature of 231°C, so it can diffuse
fast at room temperature with the grain boundary diffusivity about 10® cm?s. The
compressive stress for Sn whisker growth comes from the formation of a CugSns IMC.
Research from Tu [35] shows that Sn can react with Cu to form CugSns IMC at room
temperature, resulting in whisker growth at room temperature. A protective film is
needed for the stress gradient and the localized Sn whisker growth site. A free surface of
Sn in ultra-high vacuum will not have Sn whiskers, because the free surface is a good
source and sink of vacancies and the compressive stress can be relieved uniformly in
each of the Sn grains. Hence, only those metals that can have a prbtective oxide, such as

Sn and Al, are known to have whisker or hillock growth.

Sn whiskers can grow to over 10 mm in length and they can be many different shapes,
e.g., filament, nodule and hillock [38]. Some research [39, 40} has shown that a high
humidity environment can increase the whisker growth. The research of Winterstein [41]
shows that room temperature ageing can increase the whisker density and high
temperature annealing can cause a retardation to whisker growth. After annealing, the

stress inside the system 1s relieved, so the whisker growth loses the driving force and
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will stop. But the Sn will react with Cu continually and form new compressive stress,
and then the whisker will resume growth. It is evident that stress is the driving force of

whisker growth.

Whiskers do not influence solderability nor do they cause deterioration of the Sn

coatings. However, longer whiskers may cause electrical shorts in PCBs.
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CHAPTER 4

Nanoindentation

4.1 Introduction

Nanoindentation has been used in the mechanical, creep and fatigue property testing of
materials. Due to its precise control and measurement of load, depth and displacement
of a small testing head, it is useful for testing the mechanical properties of thin films,

multi-layered components and other materials with small volumes.

Development has been made over the past few years to the techniques of probing the
mechanical properties of materials at the sub-micron scale. The advances have been
made possible by the development of instruments that continuously measure load and
displacement as an indentation is made. The techniques rely on the fact that the
displacements recovered during unloading are largely elastic, in which case elastic
indenter theory can be used to determine the modulus, £, from the unloading curve,
which can be used to determine mechanical properties even when the indentations are
too small to be imaged conveniently. Since the indentation positioning capability is also
in the sub-micron regime, nanoindentation can be used to map the mechanical

properties of a surface with sub-micron resolution.

4.2 Initial idea of nanoindentation

The elastic contact problem, which plays a key role in the analysis procedure, was
originally considered in the late 19" century by Boussinesq and Hertz [42]. Boussinesq

developed a method and a potential theory for computing the stresses and displacements
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in an elastic body loaded by a ngid, axisymmetric indenter. His method has
subsequently been used to derive solutions for a number of important geometries such
as cylindrical and conical indenters. Hertz analyzed the problem of the elastic contact
between two spherical surfaces with different radii and elastic constants. His now-
classic solutions are based on much experimental and theoretical work in the field of
contact mechanics and provide a framework by which the effects of non-rigid indenters
can be included in the analysis. Another major contribution was made by Sneddon [43],
who derived general relationships among the load, displacement and contact area for
any indenter that can be described as a body of revolution of a smooth function. His
results, which form one of the foundations of nanoindentation, show that the load-
displacement relationships for many simple indenter geometries can conveniently be
written as

P=an” 4-1)
where P is the indenter load, # is the elastic displacement of the indenter, and o and m
are constants. The exponent m is geometry dependent, and for some common indenter
geometries values of it are m = | for flat cylinders, m = 2 for cones, m = 1.5 for spheres

in the limit of small displacements, and m = 1.5 for paraboloids of revolution.

Sneddon’s analysis also leads to a simple relation between P and 4 over the initial

portion of unloading curve

P=4ﬂh (4'2)
1-v

where a is the radius of the cylinder, u is the shear modulus, and v is Poisson’s ratio
[44]. Because the projected contact area, 4, is ma’, based on a flat cylinder indenter and
the shear modulus can be related to the elastic modulus through £ = 2(1+v), Eq. (4-2)

can be written as

_J— 4-3
VAT (4-3)
Differentiating P with respect to / leads to
S= J_ (4-4)

dh Iz

here, § = dP/dh is the experimentally measured stiffness of the initial portion of the
unloading data. It is thus seen that the modulus can be computed directly from the initial

unloading slope, provided a reasonable estimate of Poisson’s ratio and an independent
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measure of the contact area are available. In the case that the indenter itself has finite
elastic constants, £; and v;, such that the influence of the indenter deformation on the

measured displacement cannot be ignored, a reduced modulus, E,, needs to be defined

2 .2
EL-__IEV +IEV,. (4-5)

r i

where E and vare Young’s modulus and Poisson’s ratio for the specimen. Thus Eq. (4-4)

becomes

2
S = dh J_J_ E, (4-6)

By measuring the initial unloading stiffness and assuming that the contact area is equal
to the optically measured area of the hardness impression, the modulus can thus be

derived.

Although Sneddon derived the Eq. (4-4) through a conical indenter in 1965, later Pharr,
Oliver and Brotzen [44] found that the equation is suitable to any indenter that can be
described as a body of revolution of a smooth function. By finite element calculation,
King [45] studied the load-displacement characteristics of elastic half spaces by flat
punches with circular, triangular and square cross-sections, and the results present that

the unloading stiffness can be given by:

S= ,BJ_J—E (4-7)

The values for the constant § are 1.000 for circular, 1.034 for triangular and 1.012 for
square. The latter two geometries, which cannot be described as bodies of revolution,
are equivalents of the Berkovich and Vickers indenters. It means that Eq. (4-4) does not

have any significant limitation on application to Berkovich and Vickers indenters.
4.3 Indenter area function

In the initial stage of a nanoindentation, the projected contact area is measured through
optical methods. Since imaging very small indentations is both time-consuming and
difficult, Pethica, Hutchings, and Oliver [46] suggested a simple method based on
measured indentation load-displacement curves to determine the indenter area function,

that is, the cross-sectional area of the indenter as a function of the distance from its tip.
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The method is based on the notion that, at peak load, the material conforms to the shape
of the indenter to some depth; if this depth can be established from the load-
displacement data, the projected contact area can be estimated directly from the shape
function. Two observation choices for the depth are the depth at peak load, Ay (i.€. the
maximum displacement in the loading cycle), and the final depth, A; (i.e. the residual
depth of the hardness impression after final unloading), both of which are easily
determined from indentation load-displacement data. Using TEM replication methods to
establish the shape function, Oliver et al. found that the final depth gives a better

estimate of the contact area than the depth at peak load.

Doerner and Nix [47] subsequently put together many of these ideas to produce the
most comprehensive method to date for determining hardness and modulus from
indentation load-displacement data. Their approach is based on the observation that
during the initial stages of unloading, the area of contact remains constant, as the
indenter is unloaded. To independently evaluate the contact area, Doerner and Nix
proposed a simple empirical method based on extrapolating the initial linear portion of
the unloading curve to zero load and using the extrapolated depth with the indenter
shape function to determine the contact area. With the contact area so determined, the
modulus can be computed from Eq. (4-7) and the hardness from its normal definition:

P
H = Lo 4-8
A (4-8)

where P 1S the peak indentation load and A is the projected contact area of the

hardness impression.

4.4 Stiffness measurement

Doerner and Nix [47] have reported that linear unloading is observed in metals over
most of the unloading range and in silicon for at least the first one-third of the unloading
curve. They used linear unloading to calculate the stiffness. However, there are many
materials, particularly ceramics and glasses, for which unloading curves are not linear,
and even in metals, the results of Oliver et al. {42] show that their unloading behavior
are best descnibed by nonlinear relation. After four sets of loading and unloading (three
partial unloading to 10% maximum load and one full), they tested the unloading

behavior of fused silica, soda-lime glass, (001) sapphire, (001) quartz, tungsten, and

39



Chapter 4 Nanoindentation

aluminium by using a Berkovich indenter, and plotted the data on logarithmic axes. The
results show that the load-displacement relationship can be described reasonably well
by power law relations with exponents greater than 1. For the six materials studied, the
power law exponents range from 1.25 to 1.5]1. The representative material for Doerner
and Nix’s theory is aluminium. When the data is plotted on a single set of axes, the
unloading curve is very steep and gives an appearance of being linear. This is the reason

that causes the difference between the two observations.

4.5 Current analysis method

The current analysis method for nanoindentation was proposed by Oliver et al. Because
a flat punch approximation is not an entirely adequate description of the behavior of
materials when indented by a Berkovich indenter, Oliver et al. [42] proposed a new
analysis method based on analytical solutions for other indenter geometries. In addition
to accounting for curvature in the unloading data, the method also provides a physically
Justifiable procedure for determining the depth that should be used in conjunction with

the indenter shape function to establish the contact area at peak load.

The new method is based on the conical and paraboloid indenter geometries. The
conical indenter is a natural choice since, like the Berkovich indenter, its cross-sectional
area varies as the square of the depth of contact and its geometry is singular at the tip.
The paraboloid indenter, whose behavior is the same as that of a spherical indenter in
the limit of small displacements, is also a potentially useful geometry in that no real
indenter is ever perfectly sharp; i.e., at some scale the tip exhibits some rounding. In
addition, because of plasticity, an elastic singularity cannot really exist at the tip of the
indenter, and the paraboloid geometry potentially accounts for this. For both geometries,
the load-displacement relationships are nonlinear and the contact area changes

continuously during unloading.
An important fundamental assumption in the development is that Sneddon’s solutions,

which describe the elastic unloading, apply equally well to a flat surface and a surface

with a hardness impression.
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Fig. 4-1 A schematic diagram of a section through an indentation

showing various quantities used in the analysis [42].

Fig. 4-1 shows a cross section of an indentation and identifies the parameters used in the
analysis [42]. At any time during loading, the total displacement /4 is written as

h=he+ h (4-9)
where A is the contact depth, and 4, is the displacement of the surface at the perimeter
of the contact. At peak load, the load and displacement are Py, and hyax, respectively,
and the radius of the contact circle is @. On unloading, the elastic displacements are
recovered, and when the indenter is fully withdrawn, the final depth of the residual

hardness impression is .

The experimental parameters needed to determine hardness and modulus are shown in
the schematic load-displacement curve, Fig. 4-2 [42]. The three key parameters are the
peak load (Pr.x), the depth at peak load (/1max), and the initial unloading contact stiffness
(Smax). It should be noted that the contact stiffness is measured only at the peak load,
and no restrictions are placed on the unloading data being linear during any portion of

the unloading.

As mentioned above, Eq. (4-6) is suitable to any indenter that can be described as a
body of revolution of a smooth function and not limited to a specific geometry. Thus, by
measuring the initial unloading stiffness the reduced modulus can be calculated if the

contact area at peak load can be measured independently.
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Fig. 4-2 A schematic diagram of load and displacement curves showing quantities

used in the analysis as well as a graphical interpretation of the contact depth [42].

The area of contact at peak load is determined by the geometry of the indenter and the
depth of contact, . Oliver et al. [42] assumed that the indenter geometry can be
described by an area function F(/), which relates the cross-sectional area of the indenter
to the distance from its tip, 4. Given that the indenter does not itself deform significantly,
the projected contact area at peak load can then be computed from the relation

A=F(h) (4-10)

The functional F must be established experimentally prior to analysis.

The contact depth can be got through

he = hmax — A5 (4-11)
which follows directly from Eq. (4-9). Since Amax can be experimentally measured, the
key to the analysis then becomes how the displacement of the surface at the contact

perimeter, A, can be ascertained from the load-displacement data.
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The deformation of the surface at the contact perimeter depends on the indenter
geometry. Sneddon’s analysis [43] shows that the shape of the surface outside the area
of contact can be expressed as
P
h =g-ma 4-12
s < (4-12) \
and the geometry constant € for conical indenter, flat punch and paraboloid indenter is

0.72, 1 and 0.75, respectively.

The graphical interpretation of Eq. (4-12) is shown in Fig. 4-2. For £ = 1, the value for
the flat punch, A; = Pma/S, and the contact depth 4, is given by the intercept of the initial
unloading slope with the displacement axis. Interestingly, this is precisely the depth
used by Doemer and Nix in their analysis based on the flat punch approximation. Thus,
the current method is consistent with the Doerner and Nix’s approach when the flat
punch geometry is assumed. For the conical and paraboloid indenters, however, the
contact depths are greater than those for the flat punch, and this must be accounted for

in analyses using these indenter geometries if accurate measurements are to be obtained.

In addition to the modulus, through Eq. (4-8) the data obtained using the current method
can be used to determine the hardness, A, which is defined as the mean pressure that the
material will support under load. It should be noted that hardness measured using this
definition may be different from that obtained from the more conventional definition in
which the area is determined by direct measurement of the residual hardness impression.
The reason for the difference is that, in some materials, a portion of the contact area
under load may not be plastically deformed, and as a result, the contact area measured
by observation of the residual hardness impression may be less than that at peak load.
However, for most of the materials that have been studied, the contact areas computed
using the procedure outlined here compare favorably with residual contact areas

measured in the SEM, and the two definitions of hardness give similar results.

The important limitations of the current analysis method include potentially large errors
associated with the application to the data obtained from inhomogeneous samples or
from materials that generate significant pile-up at the perimeter of the indenters [48, 49].
Another problem is the accuracy of determining the point of contact. The indenter needs

to contact the surface of a sample and then draw back before the penetrating of the
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indentation to determine surface position; however, the contact point has some depth
and this point may not be the real indentation point. Because the indentation depth is
tested based on the surface position, any error in the point of contact will strongly affect

the results.

4.6 Implementation of the method

4.6.1 Choice of indenter geometries

The analyses mentioned above are from flat punch, conical and paraboloid revolutions,
in order to implement the analysis method with Vikers and Berkovich indenters, one
needs to find out which of the indenter geometries can best describe the experimental
data. Although it is easy to think that the best description varies from one material to
another, the data from Oliver et al. [42] suggest otherwise. They re-plotted the
unloading curves with the loads and displacements normalized with respect to their
maximum values. When plotted this way, it is apparent that the unloading data are all
remarkably similar in form. In fact, with the exception of fused silica data, which are
slightly higher than the rest, the curves for the materials are so similar that they can
hardly be distinguished. This suggests that unloading behavior of a wide variety of

matenals can be described by one single indenter geometry.

Table 4-1 power law exponents predicted by Sneddon’s analyses and the

relevant geometry constants

Indenter geometry £ m
Flat 1 1
Paraboloid 0.75 1.5
Conical 0.72 2

The power law exponent m, which describes the unloading behavior, has been used to
find out which indenter geometry works best. Table 4-1 summarizes the power law
exponents predicted by Sneddon’s analyses and the associated geometry constants [43].
The experimental results from Oliver et al. show that the value of m for all the materials
they studied range from 1.25 to 1.51 with a mean value of 1.40. Comparison of these

two results shows that the unloading behavior is best described by the paraboloid
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geometry, and the geometry constant ¢ to be used is 0.75. Why the parabolloid is a
better description of the unloading behavior is probably due to the fact that the elastic
singularity characteristic of the conical geometry is not physically realizable when
plasticity occurs, and the pressure distribution, which actually forms around the tip of
the indenter, is more like that predicted by the paraboloid indenter. It is notable,
however, that even had the conical geometry been chosen, the only difference in the

analysis would have been to use a slightly smaller value of ¢, i.e., £ = 0.72.
4.6.2 Measurement of the initial unloading stiffness

One important practical question that arises in the analysis procedure is how the initial
unloading stiffness, S, should be measured from the unloading data. One simple way to
accomplish the measurement is to fit a straight line to a fraction of the upper portion of
the unloading curve and use its slope as a measure of the stiffness. The problem with
this is that for nonlinear unloading data, the measured stiffness depends on how much of

the data is used in the fit.
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Fig. 4-3 The peak load stiffness of a 120 mN indentation in tungsten computed using

linear and power law fitting of different proportions of the unloading data [42].

Oliver et al. [42] studied the influence of the proportion of data used in the fit on the
value of measured stiffness. They plotted the stiffness measured for tungsten as a
function of the fraction of the unloading data used in the fit in Fig. 4-3. Two features are

worthy of note. First, the stiffnesses obtained from the first and last loadings are very

45




Chapter 4 Nanoindentation

different based on linear fit. The reason for this is that there is a significant amount of
creep during the first unloading, causing the slope of the upper portion of the unloading
curve to be abnormally high. Because of this, there is no way that the proper unloading
stiffness can be identified from the first unloading data from this technique if the creep
influence cannot be removed. These effects can be minimized by the inclusion of peak
load hold periods in the loading sequence to diminish time-dependent plastic effects.
Second, it can be seen that even in the final unloading data, there is a significant
variation in the measured stiffness, depending on how much of the unloading curve is

used in the fit. So another better procedure is needed to get a reasonable stiffness.

This procedure is based on the observation that unloading data are well described by a
simple power law relation, as directly evidenced by the excellent correlation coefficients.
The relationship used to describe the unloading data for stiffness measurement is
P=A(h-h)" (4-13)
where the constants A, m, and ks are all determined by a least squares fitting procedure.
The initial unloading slope is then obtained by analytically differentiating this

expression and evaluating the derivative at the unloading point.

Results for tungsten are shown in Fig. 4-3 as horizontal dashed lines. It is seen that the
stiffness computed from the final unloading curve is very close to that of the linear fits
obtained using small fractions of the last unloading data. Interestingly, when applied to
the first unloading data, the power law method produces a stiffness that 1s only slightly
greater than that derived from the last unloading curve, thereby implying that the power
law method is less sensitive to creep. For these reasons, the power law method is

preferred.

4.6.3 Determination of load frame compliance and diamond area function

Another important practical consideration is how well the load frame compliance and
area function of the diamond indenter are known. The load frame compliance is
important because the measured displacements are the sum of the displacements in the
specimen and the Joad frame, and, thus, to accurately determine specimen displacements,
the load frame compliance must be known with some precision. This is especially

important for large indentations made in matenials with high modulus for which the load
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frame displacement can be a significant fraction of the total displacement. The area
function 1s equally important since computation of both the modulus and the hardness

depend on the contact areas through Eqgs. (4-6) and (4-8).

The standard procedure used in the past for determining area functions was to make a
series of indentations at various depths in materials in which the indenter displacement
1s predominantly plastic and measure the size of the indentations by direct imaging.
Using the contact depths computed from the indentation load-displacement data, an area
function is then derived by empirically fitting a function to a plot of imaged areas vs.
the contact depths. Clearly, the imaging technique must have sufficient contrast,
resolution and precision to accurately determine the area. Optical imaging works well
for larger indentattons, but cannot be used exclusively since it is usually necessary to
characterize the area function well into the sub-micron range. Scanning electron
microscopy is also of limited value for small indentations because the shallowness of
the hardness impressions results in very poor contrast. TEM replication methods have
proved useful, but they are tedious, time-consuming, and require equipment and

expertise that may not be available in all laboratories.

Oliver et al. [42] propose a method for determining area functions that requires no
imaging at all. The method is based on the assumption that the elastic modulus is
independent of indentation depth. It is important to note that specific values for the

modulus are not assumed.

The method relies on modeling the load frame and the specimen as two springs in series,
in which case

C=C+C (4-14)
where C 1s the total measured compliance, C; is the compliance of the specimen, and Cy
is the compliance of the load frame. Since the specimen compliance during elastic
contact is given by the inverse of the contact stiffness, S, Egs. (4-6) and (4-14) combine
to yield

Nz 1

T
C=C,+—2——— 4-15
7 2BE, A (*-15)
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It is thus seen that if the modulus is constant, a plot of C vs. A2 is linear for a given

material, and the intercept of the plot is a direct measure of the load frame compliance.
The best values of C; are obtained when the second term on the right-hand side of Eq.

(4-15) is small, i.e., for large indentations.

Aluminium was chosen to find the area function and frame compliance, because it has a
low hardness, and relatively large indentations can be made. For the largest aluminium
indentations, the area function for a perfect Berkovich indenter,

A(he) = 24.5h° (4-16)
can be used to provide a first estimate of the contact area. Initial estimates of Crand E,
were thus obtained by plotting C vs. 4% for the two largest indentations in alumiﬁium.
Using these values, contact arcas were then computed for all six indentation sizes by
rewriting Eq. (4-15) as

_r 11
48 E} (C-C,)?

(4-17)

from which an initial guess at the area function was made by fitting the 4 vs. A data to

the relationship
Ah) =245 +Ch +C,h"* + C,h* + ...+ C B (4-18)

where C through g are constants. The lead term describes a perfect Berkovich indenter;

the others describe deviations from the Berkovich geometry due to blunting at the tip.

Because the area function influenced the values of Crand E;, in order to get the accurate
load frame compliance and area function, the procedure needs to be applied again using

the new area function and iterated until convergence was achieved.

To extend the area function to smaller depths and to check the validity of the constant
modulus assumption, the procedure was subsequently applied to all the other materials.
In these analyses, the load frame compliance was held constant at the value determined
from the aluminium. The area of the largest indentation in each of the other matenials
was computed using the aluminium area function, and the modulus for each material
was estimated using Eq. (4-6). The areas needed to produce a constant modulus as a
function of depth for each material were then computed using Eq. (4-17). The resulting

areas and the corresponding contact depths for all materials were fitted as a group using
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Eq. (4-18) to define a new area function. The process of determining E, at the largest
depth for each material (using the latest area function), recalculating areas and contact
modulus, and re-determining the area function, was then repeated iteratively until the
area function accurately described the data for all of the materials at all depths. Note
that nowhere in the procedure was a specific value for a modulus assumed, and the only

assumption is that the modulus is independent of depth.

Oliver et al. [42] drew the computed contact area vs. contact depth for all the materials
and the fitted result showed that all the data were lying in the same line, which means

that one single area function adequately describes the data.

Oliver et al. [42] then assessed the predictive capability of the new method using the
load-displacement data from the six materials: fused silica, soda-lime glass, (001)
sapphire, (001) quartz, tungsten, and aluminium. The results show that the contact areas
calculated from the load-displacement data and measured by direct imaging in the SEM
matched well, except for the aluminium at the high loads, for which the calculated areas
are slightly greater than imaged areas. This may be related to the fact that aluminium is
the only material studied that has a significant pile-up around the indentation. The good
agreement in contact areas also suggests that the peak load contact areas computed
using the new method and the imaged residual contact areas are much the same in most
materials, and thus the definition of hardness given in Eq. (4-8) is consistent with the
conventional definition. It should be noted that for materials with significant elastic
recovery upon unloading, such as ceramics and glasses, because during unloading the
sides of the indentation elastically recovered but the comers did not, the imaged areas
need to be computed according to the triangle defined by the impression corners. The
data also show that the hardness and modulus computed using this method remain more
or less constant over the entire range of load, i.e., the indentation size effect is very little.
For materials with isotropic elastic properties, the moduli computed from this method
are all within 4% of the literature values. But for anisotropic materials, the measured
moduli are higher than the Voigt/Reuss average values by about 9% for the sapphire
and about 30% for the quartz. The reason that causes this difference is still not clear,
and the influence of elastic anisotropy on the measurement of modulus in

nanoindentation is an area that requires further study.
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CHAPTER 5

Experimental Programme

5.1 Introduction

The lead free solders studied in this research included Sn-3.8Ag-0.7Cu, Sn-3.5Ag and
Sn-0.7Cu, and in some cases eutectic Sn-Pb was used as a reference. For the corrosion
tests and some of the nanoindentation tests and in studying the influence of cooling rate,

bulk solders from Multicore were used.
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Fig. 5-1 Geometry of ASH wafer.

The silicon wafers (ASH wafer) for the experimental programme were fabricated by a
commercial organization, with die on the wafer designed with a peripheral array of
datsy chain interconnected bondpads with the pitch sizes of 225 pm and 300 pum as
shown in Fig. 5-1. The bondpads were octagonal in shape measured 90 um across the
opposite two sides, but had circular openings in the silicon nitride passivation layer of

75 pym in diameter. Al-1wt.%Cu bond pads were deposited by sputtering with a
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thickness of 1 um. The lead free solder used in the flip chip solder joints was Sn-

3.8Ag-0.7Cu, and the schematic structure of these solder bumps 1s shown in Fig. 5-2.

Sn-Ag-Cu

Fig. 5-2 Schematic structure of solder bump after reflow.

The under bump metallization (UBM) used was electroless Ni without immersion gold.
Studies of the IMCs formed as a result of the interfacial reactions of Sn-Ag-Cu solders
and different UBM, such as AI/Ni(V)/Cu [22, 36, 50-52] and AVNi(PYAu [22, 53-55],
have been reported, but there has been little study about the IMCs formed between Sn-
Ag-Cu solders and Ni(P} UBM without Au. Although Au has been widely used to
protect the Ni and improve wettability, Au can react with solder material rapidly to form
a brittle AuSny phase [56, 57] resulting in inferior mechanical properties. In the Sn-Pb
system, the AuSn4 phase firstly forms in the bulk solder, but after ageing it aggregates at
the interface of solder and Ni;Sny layer, which can seriously degrade the mechanical
properties of solder joints. In Pb-free solder systems, normally AuSn, stays in the bulk
solder, which doesn’t influence the mechanical properties of solder joints greatly [58].
However, this study showed that when the solder volume was restricted in the joints and
the immersion gold content is relatively high, especially in the case of a micro-via, the
AuSns IMC had a greater fraction compared to the other IMCs and tended to grow into
large phases with some of them aggregating at interfaces. Because the AuSn, IMC is
brittle and when it grows into a large phase, it can cause stress concentration and crack
initiation, which can greatly damage the mechanical integrity of the solder joints. Fig.5-
3 shows a Sn-3.8Ag-0.7Cu solder joint formed on a board. The UBM on the chip was
electroless Ni, and the pads on the PCB were micro-via with electroless Ni immersion
Au surface finish. The white phase in the joint was AuSn,, and it can be seen that a

crack formed along the solder/AuSn, interface and across the AuSny phase. So one
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intention of this work was to study the properties of Sn-Ag-Cu solder joints with
electroless nickel (EN) without immersion gold on the UBM, such that the negative
influence of immersion gold on the mechanical properties of solder joints can be
eliminated. In addition, to have more understanding about lead free solders, the
wettability of EN coating with several kinds of lead free solder alloys, the corrosion and
mechanical properties of bulk solders and the interface reactions of different lead free

solders with different substrates were also studied.

00 k' Detsctor = QBSD Dty 1€ Jan 2004
i Phota No. = #5486

Fig. §-3 Sn-Ag-Cu solder joint formed on the pad with micro-via.

5.2 Under bump metallization - Electroless Ni plating

Under Bump Metallization (UBM) of flip chips provides an electrically conductive, but
chemically inactive interlayer to enable the minimum interaction of the bondpad metals
(e.g. Al or Cu) during soldering processes and interdifussion in subsequent service life
of the components. Electroless Ni (EN) plating, is a low-cost maskless process for under
bump metallization (UBM) of fine pitch flip chips, and is suitable for mass production.
With chemically inert characteristics and excellent conductivity, Ni metal has a low
diffusion rate in solder materials; it can thereby act as a diffusion barrier to resist the
formation of extra intermetallics (IMCs). Electroless Ni coating has been reported to be

much more effective than electroplated Ni in preventing Cu diffusion [59].

The electroless Ni plating process used in this work is a procedure developed for the

UBM of flip chip wafer bumping [7-9]. The samples used for electroless Ni plating
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were half-hard Al foil with the original surface finish and a purity of 99.0%. The size of

the coupon used in this test was 250 um thick, 20 mm long and 7 mm wide.

Table 5-1 Formulation of electroless Ni plating solution.

NiSO,7TH,0 28.8g/L
NaH,P0O,-H;0 27g/L
CH;COONH, 20.3g/L
C:HNa,0,6H,0 6.8g/L
CeHsNa;0,2H0 3.5g/L
CH;COOH 15.3mL/L
NH,CSNH, < lmg/L
pH 4548
Temperature 85°C

During deposition the samples were held using clips with plastic protection. Zincate
pre-treatment was used to activate the surface before the Ni deposition. Firstly, the
samples were etched in 5% NaOH solution for 20 s at room temperature to remove the
oxide film on the surface. They were then cleaned with de-ionised (DI) water and
dipped into 50% HNO; solution, again for 20 s. The concentrated HNO; solution was
used to remove the metal “smut” and organic residues on the surface left behind by the
NaOH etching. Following the HNO; cleaning, the samples were moved to the zincate
solution for 20 s to activate the surface by depositing clusters of zinc particles on the
surface. After this, they were etched in 50% HNO; solution for 10 s to completely
remove the zinc layer and then reacted again with zincate solution for 20 s to form the
final zinc layer. After every process step, the samples were rinsed with DI water. The
results show that a second zincate pre-treatment could produce a more repeatable zinc
layer with finer particles than achieved with a single zincate process. Finally, The
samples were immersed into an electroless Ni plating solution for 20 min. Following Ni
deposition the samples were thoroughly rinsed with DI water and then dried with a cool
air blower. The Al coupons with the electroless Ni finish were stored in different
environments for later tests. The formulation of electroless Ni plating is shown in Table
1. The stabilizer used was thiourea (NH,CSNH;), and its concentration was less than 1
mg/L. The thickness of the Ni-P layer after the electroless plating was approximately 6

pum and based on this procedure the P content of Ni-P coating was about 7.3wt.%.
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5.3 Wettability testing

5.3.1 Storage effects on wetting and wetting environment specification

Lea and Dench [60-63] from National Physical Laboratory (NPL) studied the
solderability measurement of electronic components intensively, and it seems that
wetting balance is a good method that can be used to study the wettability of
components. In this research, the solderability of electroless Ni was tested with the RPS
6-SIGMA Wetting Balance Tester equipped with lead-free solder baths as shown in Fig.
5-4. The fluxes used in these tests were Multicore ACTIEC 5 (rosin strongly activated),
ACTIEC 2 (rosin mildly activated) and SM/NA (non-activated), and the lead free
solders were Sn-3.8Ag-0.7Cu, Sn-3.5Ag and Sn-0.7Cu. The bath temperature for
wetting tests was controlled to 240°C. Nitrogen was available to provide an inert
environment. The oxygen concentration in the wetting environment was controlled
through the nitrogen flow and tested using Z210 Oxygen Analyzer. During the
wettability tests, after the coupons were dipped with flux they were preheated for 20s
over the solder bath at a distance Imm from the bottom of the coupon to the top of the
solder. Then the coupons were dipped 8 mm into the solder bath for 25 s. The
wettability was evaluated from the wetting curves obtained with the specific solder

material.

Fig. 5-4 RPS 6-SIGMA Wetting Balance Tester.
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Different fluxes, with and without nitrogen protection, were used to explore which kind
of flux and wetting environment were needed for different lead free solders to wet the
EN coating. When strong flux was used, different nitrogen flows were applied to learn
the requirement to oxygen concentration in the wetting environment. During these tests,
the nitrogen pressure was controlled at 1.5 bars and nitrogen flow was controlled by

turning the valve.

The EN plated samples were also stored prior to testing in an ambient environment and
a freezer for different periods of time before the wetting tests, to examine the influence
of storage on the wettability. Multicore ACTIEC 5 flux was used in these tests and
some samples were tested under nitrogen protection with the concentration of oxygen

about 210 ppm.

5.3.2 Surface roughness effects on wetting

In order to study the influence of surface roughness on the wettability of the EN coating,
the electroless Ni was plated on Al substrates with different surface roughnesses. Before
plating the Al coupons were ground with different silicon carbide papers, comprising of
grit 240, 400, 600, and 1200. The samples were turned about 90° after grinding in one
direction and then ground until the primary grinding tracks were removed completely.
Several grindings were conducted on each sample. Before and after the EN plating, the
roughness of the samples were tested with a TAYLOR-HOBSON Talysurf 4 Machine
in both the directions parallel and perpendicular to the rolling direction of the Al foil or
the final grinding tracks.

The wettability of EN coatings on Al substrates with different surface roughness were
tested and compared immediately after the EN plating. Multicore ACTIEC 5 flux and
nitrogen protection were used during these tests, and the solder materials used were Sn-
3.8Ag-0.7Cu and Sn-3.5Ag.

SEM and AFM were used to study the microstructure and morphology of Al coupon
before and after the electroless Ni plating. After storage in the ambient environment for
different periods the coupons were analysed by XPS to study the oxidisation behaviour

of the electroless Ni coating.
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5.4 Stencil printing

In order to form the solder bumps after the electroless N1 UBM, solder dipping was
attempted, but it proved difficult to achieve a sufficient solder volume to form adequate
solder joints during assembly with the PCB or other components. Because stencil

printing is potentially low in cost, it was used in the study to form the solder bumps.

Fig. 5-5 DEK 265 stencil printing machine.

The equipment needed in stencil solder bumping includes: a wafer holder to locate the
wafer in the machine during printing, a suitable stencil with the requisite apertures and,
a printing machine with adequate accuracy and repeatability. The printing machine used
in this research was DEK 265 Horizon, as shown in Fig. 5-5, and the stencil had the
required pattern of apertures to match the wafers or other components (e.g. PCBs). This
pattern of apertures was formed of many small holes, which can be produced through
electroplating (Ni stencils), chemical etching and laser cutting (stainless steel stencils).
The solder material used was Sn-3.8Ag-0.7Cu solder paste, type 6 and type 7, with very

small particle sizes.

Before printing the wafer was held in a wafer holder with vacuum, and the stencil was
fitted to the printing machine. By using the fiducials on both the wafer and the stencil
and a two-way digital camera, the wafer and stencil were aligned to each other. The

solder paste was dispensed onto the stencil, and by means of the squeegee the printing
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machine rolled the solder paste and pressed it through the small holes in the stencil,
such that the solder paste was deposited on the wafer pads. Some parameters could be
chosen before the printing, such as squeegee pressure, printing speed and gap between
stencil and wafer, which could influence the solder volume and the quality of solder

bumps formed on the wafer.

Fig. 5-6 T-Track reflow oven.

5.5 Reflow

After stencil printing, the wafers with the solder paste were reflowed in a convection
oven with a nitrogen inert environment. The oven used was a Planer T-track reflow
oven, as shown in Fig. 5-6. The reflow profile (temperature vs. time history) was
controlled by a pre-set program. Because the melting temperatures of lead free solders
are higher than that of eutectic Sn-Pb solder and a certain margin is needed to melt the
solder completely during reflow, the reflow profile for lead free solder materials is
critical to successful bump formation. To maintain compatibility with current assembly
facilities, the top reflow temperature cannot be too high. Currently, it is thought that
240°C is necessary for lead free reflow soldering. Another issue that can influence the
reflow profile is the thermal properties of PCB materials, such as FR-4. The polymeric
materials can withstand a maximum temperature of 230-250°C for 90-120 s without
onset of degradation. It is thought by industry that the time above the melting
temperatures of lead free solders, such as 217°C for eutectic Sn-Ag-Cu solder, needs to

be controlled between 30-90 s. Following these criteria, the reflow profile used is shown
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in Fig. 5-7 with two ramp stages and one soak stage during the temperature-time regime.
The top temperature was 246°C and the durations for temperature above 217°C and
240°C were about 86 s and 15 s respectively. After reflow, truncated-sphere solder

bumps formed on the substrates.

During reflow the solder was heated past its melting temperature and then reacted with
the connection pad and UBM whilst in its liquid state. IMCs formed at the interfaces to
give good adhesion strength. The time for the solder to be kept liquid is very important
for the liquid reactions, and different reaction times would produce different volumes
and thicknesses of the IMCs.
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Fig. 5-7 Lead free reflow profile.

5.6 Assembly and underfill

Two kinds of assembly machines, a Karl Suss FC6 and FineTech Electronic pick and
place machine, as shown in Fig. 5-8 and 5-9 respectively, were used to assemble the
chips and PCBs together. Both of these machines have a two-way camera, and the FC6
has a semi-automated alignment function, but the pick and place machine required
manual alignment. Indalloy Tacflux, specific to lead free assembly, was used. This
semi-solid flux was spread on a tray to form a thin layer about 10-20 um thick and the
chip touched to this flux layer to pick up some flux before the assembly stage. The chip
and the PCB were then aligned using the two-way camera and assembled. After the
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assembly was finished, the components were reflowed again in the reflow oven to form

the joints.

Due to the substantial difference in the coefficient of thermal expansion (CTE) between
the chip and the substrate, strain and stress can accumulate when the components are
subjected to thermal shock or cycling, which may result in failure of the solder joint. An
effective solution is to encapsulate the chip and the substrate with an underfill material,
which can reduce the deformation of the chip and substrate and improve the long-term
reliability of flip chip. Underfill materials used in flip chip assemblies consist of a
composite of polymer and filler particles (e.g. silica). The underfill must have low
viscosity, good thermal and chemical stability, good adhesion to the interfaces after
curing, a CTE close to solder, and high modulus and strength. It has been reported that
the fatigue life of solder joints improves when the underfill has a lower CTE, a high

Young’s modulus and a high glass transition temperature [64, 65].

Fig. 5-8 Karl Suss FC6 assembly Fig. 5-9 FineTech Electronic pick and

machine. place machine.

The underfill used in this study was Loctite Hysol FP4527 with a low viscosity and
small filler particles, which can fill a gap as small as 25 pm. The components were
heated to 70-80°C using a hot plate, and then the underfill was injected from two

perpendicular sides of the connection gap between the chip and the substrate until the
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underfill could be seen from the opposite sides. The assembly was then cured in an oven

at 150 = 3°C for 40 min.

5.7 Thermal ageing and thermal cycling

When an electronic device is switched “on” and “off”, and when the operational
temperature is changed from high to low and vice versa, it may suffer thermal shock and
cycling. These operational conditions can change the microstructure of solder joints and
cause the stress concentration, resulting in deformation and crack propagation. When an
electronic device is exposed to a high temperature for a long time, the properties of the
solder joints are affected due to IMC growth and microstructure evolution. As such, it is
necessary to assess the properties of electronics materials through thermal ageing and

thermal cycling.

Thermal ageing was used to study the influence of temperature and time on the
microstructure evolution and IMC growth. In order to study the influence of
temperature on thermal ageing, three different temperatures were used, these being 80°C,
150°C and 175°C. The ASH chips were put inside a convection oven that could control
the temperature within +1°C at these temperatures for up to 45 d, 18 d and 30 d,
respectively. In order to study the influence of ageing time, some of the chips were
taken out after ageing for certain periods. The kinetic mechanism of the IMC growth

was analysed according to the ageing data from the three different ageing temperatures.

Thermal cycling is an accelerated test for the reliability of assembled components that
may be applied in both high temperature and low temperature regimes. Due to the
substantial difference in CTE between the chip and substrate, stress and strain can
accumulate in the solder joints during thermal cycling and cause the initiation and
propagation of cracks, resulting in joint failure. There are many different temperature
ranges that are currently used in thermal cycling, such as -25~125°C, -40~125°C,
-55~125°C, and -20~110°C. The upper temperature for thermal cycling cannot be too
high, because the glass transition temperature of the PCB is about 120°C and the PCB
cannot survive for long in high temperatures. The conditions for thermal cycling are

decided by the temperature profile. Even the same temperature range can have different
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influences on the solder joints, as they can be applied with different dwell times and

different temperature increment and decrement rates.

Bare pads

Pads with

micro-via

Fig. 5-11 CTS thermal cycling machine.

The samples used for the thermal cycling tests were ASH chips assembled with MT030
boards as shown in Fig. 5-10. The surface finish on the boards was electroless Ni with
immersion gold (ENIG); however, the pads on the boards were produced by different
methods as indicated in Fig. 5-10, i.e., by means of microvia, solder mask, and bare
pads. The pads were formed as a peripheral daisy chain with test pads that can be used

to assess the electrical resistance of the whole chain and individual connects. Isolated
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pads were also provided on the boards for solely studying the microstructure of the
solder joints. Some of the boards were cut with a low speed diamond saw into small
pieces with single flip chip pad array and then assembled with one ASH chip. Both the

whole boards and boards with single device pad arrays were studied.
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Fig. 5-12 Temperature profile of thermal cycling.

The thermal cycling machine used in this study was a CTS cycling machine, as shown
in Fig. 5-11. After assembly and underfill, the components were put into the thermal
cycling chamber. The temperature range used was from -40 to 125°C, and the
temperature profile is shown in Fig. 5-12. The ramp rate was about 11°C/min, and the
temperature increasing and decreasing between -40 and 125°C took about 15 min. Due
to the slow cooling rate in the low temperature range the dwell time at -40 and 125°C
was set as 40 min and 15 min respectively in the designed profile to keep the actual
dwell time at high and low temperatures about 15 min. The time for one cycle was
about 90 min. Before the thermal cycling and after 50, 100, 200, 300, 400, 500, 750,
1000 and 1500 cycles, the electrical resistance of the samples were tested and after 100,
500 and 1000 cycles some of the samples with the three kinds of different pads on the
PCB, i.e., microvia, solder mask and bare pad, were taken out for analysis. Several

samples remained in the chamber for up to 1500 cycles.
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After thermal ageing and thermal cycling, the samples were mounted, cross-sectioned
and polished. SEM with EDX and/or EBSD was used to analyse the microstructure and

IMC evolution.

5.8 Interfacial reactions between different solders and substrates

In order to study the interfacial reactions between different lead free solders and
different substrates and to grow large IMCs for nanoindentation to test their mechanical
properties, different lead free solders were exposed to several long-duration reflow
cycles and ageing regimes on different substrates, with the intermetallic compounds

(IMCs) and microstructure then analysed using SEM with EDX.

The lead free solders, Sn-3.8Ag-0.7Cu, Sn-3.5Ag and Sn-0.7Cu, used in this study are
solder pellets, and the substrates include Cu, electroless Ni (EN), immersion Ag on Cu
(CulmAg) and electroless Ni immersion gold (ENIG). The electroless Ni was coated on
Al foil with a thickness of 250 um following a procedure developed for the UBM of flip
chip wafer bumping [7-9], and the thickness of the EN coating was about 7 um. The
ImAg and ENIG substrates were taken from a series of test boards. Before reflow, the
substrates were cleaned in acetone with ultrasonic assistance for 2 min and rinsed with

isopropanol (IPA).

The reflow was conducted in T-Track reflow oven with a nitrogen inert environment.
After being dipped with flux, the solder pellets were put on the substrates and heated to
270°C for a duration of 8 min (T-Track oven does not support long dwell times at high
temperature). The temperature in the chamber was then dropped to 40°C, and then
increased again to 270°C again for another 8 min dwell. 10 such reflow cycles were
applied on each sample with the total time at 270°C amounting to 80 min. The flux used
was specific to the different substrates because they have different solderabilities with
lead free solders. For Cu, CulmAg and ENIG substrates, Multicore rosin mildly-
activated flux ACTIEC 2 was used, and for the EN substrate, the Multicore rosin
strongly-activated flux ACTIEC 5 was used. After the reflow cycles the samples were
aged at 80°C for 10 days and then 150°C for 18 days.
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To avoid thermal shock caused by the T-Track oven during the multiple-reflows, which
may cause the formation of cracks in the IMCs, the samples for nanoindentation tests
were reflowed in a furnace with ventilation and without nitrogen protection. These
samples included Sn-3.8Ag-0.7Cu and Sn-0.7Cu on a Cu substrate and Sn-é.SAg on an
EN substrate. For Cu and EN substrates, the fluxes ACTIEC 2 and ACTIEC 5 were
used, respectively. The furnace was preheated to 250°C prior to loading the samples.
After the solder pellets were dipped with flux and put on the substrates, the samples
were put into the furnace, and the temperature of the furnace was increased to 270°C.

The samples were kept at this temperature for 90 min and then cooled inside the furnace.
5.9 Solidification with different cooling media

In order to study the influence of cooling rate on the microstructure and mechanical
properties of lead free solders, both ASH wafer bumps and bulk solders were melted

and cooled in different media.

The ASH wafer bumps were produced by a commercial organization. In this study, the
second reflow stage was conducted and then cooled in different media. The reflow was
carried out in the T-Track oven with a nitrogen inert environment. After the temperature
was stable at 272°C, the chips were kept in the chamber for about 2.5 min, and the top
temperature of the reflow was about 280°C. For furnace cooling, the chips were cooled
inside the chamber; for air cooling, the chip was taken out immediately and cooled in
the ambient environment and for water cooling, the chip was taken out and immediately

quenched in cool water.

For the bulk solder experiments, solder bars were cut into small parts and put into
crucibles of 20 mm in diameter and 25 mm in height. The crucibles were put into a
ventilated furnace. The temperature of the furnace was increased to 330°C and kept
there for half an hour, and then the crucibles were cooled with the same regimes as

applied to the ASH chips.
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5.10 Shear tests

When an electronic device is in operation, the solder connections are subjected to
mechanical stresses and strains due to the different coefficients of thermal expansion
within the board and the component. An example of how these stresses are generated, in
the case of flip chip packages, between the silicon die and the substrate, is shown in Fig.
5-13 [2]. Normally, the melting temperature of solder material represents the unstrained
condition. When the operational temperature is beyond or below this temperature,
because the board and the component will expand or contract to different degrees, the
solder ball connection is subjected to a shear strain. As the system is switched “on” and
“off”, 1t is subjected to thermal cycling, resulting in the solder connection being
subjected to cyclic shear stresses. The residual shear-strain will be determined by the
shear modulus of the particular solder materials. The solder connections may fail
because of fatigue after some cycling. Plastic deformation is also possible, if the shear

stress exceeds the yield shear strength.

Solder Bump (a;)

Shear Fosce

Fig. 5-13 Solder joints subjected to shear strain during thermal cycling due to

CTE mismatch between the Die (), the solder (a;) and the substrate (o3) [2].
There are two kinds of tests that can be done to measure the shear strength of solder

joints: one is to shear the solder bumps directly, and the other is to shear the samples

after assembling the chips on board. Different shear heads and shear rates can be used in
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shear tests. Because some mechanical properties are rate sensitive, i.e., they may change
greatly with different shear rates, the shear rates need to be specified for the shear tests

for later comparison with the results of other authors.

In this study, bump shear was used to test the shear strength of the Sn-Ag-Cu solder
bumps, and the shear test facility used was the Dage Series 4000 Bondtester, as shown
in Fig. 5-14. The shear head used was BS250. The shear height and shear speed can
influence the measured shear strength of the solder bumps and joints, so in these tests,
for the as-reflowed ASH chips, different shear heights were examined, 1.e., 10 um, 15
pum, 20 pm and 25 pm, and different shear speeds were used, i.e., 50 pm/s, 100 pm/s,
150 um/s and 300 pum/s. For the aged samples, the shear speed was kept as 150 pm/s.
The other parameters for the shear tests were kept consistent for all the tests, and they
are: test load, 100 g; load speed, 100 pm/s and overtravel, 100 um. For statistical

purposes, at least 15 bumps were sheared for each testing protocol.

Fig. 5-14 Dage Series 400 Bondtester.

The fracture surface and cross-sections of the sheared solder bumps were studied using
an SEM to locate the position of the fracture surface and to analyse the fracture

mechanism.
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5.11 Nanoindentation tests

With the miniaturization of electronic packaging, solder joints are becoming smaller.
The solder connections form a multi-layered structure and the IMCs formed inside the
solder joints are normally in the scale of several microns or even less than one micron.
As such, conventional testing methods cannot be used to study the interfacial properties
of solder joints. Nanoindentation can provide some information about the mechanical
properties of different layers by measuring the force and the depth of indentations made
in the actual solder joints because nanoindenters have small testing heads and high
position resolution. Nanoindentation can put the first indentation within a few microns
of a given location and the remaining indentations of the array can be placed with

respect to the first with a resolution of 0.5 pm.

In this research, nanoindentation was used to study the solder joint properties, including
the mechanical and creep properties of bulk solders, small solder joints from flip chips,

and large phases formed with different lead free solders and substrates.

Fig. 5-15 Micro Materials NanoTest 600 nanoindentation.

Fig. 5-15 shows the Micro Materials NanoTest 600 Nanoindentater used and Fig. 5-16
is a schematic diagram of the functional parts. A diamond indenter is fixed to the end of
a load shaft that is connected to a pendulum. The pendulum is the heart of

nanoindentation, which can rotate around a frictionless pivot. A coil next to a permanent
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magnet 1s mounted at the top of the pendulum. When the coil is supplied with a current
it will be attracted towards the permanent magnet, producing motion of the diamond
indenter towards the samplé and into the sample surface. The displacement of the
indenter is measured by means of a parallel plate capacitor. Motion of the indenter
toward the sample is measured by a capacitance displacement gage with a displacement
resolution of 0.2 nm. The indentation made by the indenter is not observed but rather is
determined from the measured depth of the indentation and the known shape of the

indenter.

Permanent Coil

magnet

o~ Limit stop

——

Frictionless L
— Indenter

pivot
Capacitor Sample stub or
plate hot stage
Balance
weight
Damping plate

Fig. 5-16 Schematic diagram of nanoindentation.

The test was conducted in a chamber that can control the temperature and humidity, and
during the test the temperature is controlled at 22 + 0.1°C. Before the test, samples were
ground and polished and finished with 0.02 pm silica suspension. For the tests at
ambient temperature, samples were directly mounted onto a metal stub by cyanoacrylate
adhesive. The tests at elevated temperature were conducted at 80°C, 115°C, 125°C,
150°C and 175°C and for this the samples were mounted onto a hot-stage using a special
type of cement. Before the temperature was increased to the test temperature, the

cement was heated to 100-110°C for at least 12 hours for the cement to cure. The hot-
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stage can control the temperature of samples within 0.1°C, and the maximum
temperature that it can reach is around 500°C. In all the tests, a three-faced Berkovich
diamond indenter was used, which has the same area-to-depth relationship as a four-
faced Vickers indenter. For the tests at the elevated temperature, after the temperature of
samples reached the test temperature and became stable, the indenter was pre-contacted
with the sample for 5-10 min to warm up the indenter. With this enabled, during the
subsequent tests the indenter remained at almost the same temperature as the sample. A
load-control method was used during the nanoindentation tests. The maximum loads
used in this test were 3 mN, 5 mN and 10 mN and the loading rate was set as 0.15 mN/s,
0.25 mN/s and 0.5 mN/s respectively for the different maximum loads. When the load
reached the maximum value, 1t was held for a certain period (dwell time) to reduce the
influence of creep on the hardness and modulus measurement. Different dwell times

from 10 s to 120 s were used for different phases, due to their different creep properties.

The creep property of Sn-3.8Ag-0.7Cu, Sn-3.5Ag and Sn-0.7Cu lead free solder
materials was also tested. Again, the indenter pre-contacted with the sample for 5-10
min. The creep loading used was 3mN, 5mN or 10mN. In these loads the indenter was

held for 30 min to fully develop the creep behaviour.

Prior to nanoindentation, the samples were analysed by SEM with EDX to examine
microstructure and phase distribution, so that during nanoindentation interesting phases
can be targeted to explore the mechanical properties. Because some of the samples were
tested at elevated temperatures and the testing could last several days, during the tests
the microstructure of the samples could evolve. Therefore, after nanoindentation, the
samples were again analysed to compare differences in microstructure before and after
testing. The positions of indentations in the solder joint were confirmed by SEM and for
some of the samples EDX mapping was used to reveal the composition in different

mndentations.

69




Chapter 5 Experimental programme

5.12 Corrosion tests

Solder alloys could be exposed to air, moisture, air pollutants from industry and oceanic
environments, depending on their application, so they must be resistant to such
corrosion media. The potenticdynamic polarization test has been widely used to study
the corrosion properties of materials [66-70]. In order to test the corrosion resistance of
solder materials, the potentiodynamic polarization test was conducted to test the
polarization curves using an ACM AutoTafel HP testing machine. A 3.5wt.% NaCl
solution was used to simulate the use environment of electronic components in oceanic

environments.

The solders used for corrosion tests were Sn-3.8Ag-0.7Cu, Sn-3.5Ag and Sn-0.7Cu lead
free bulk matenals, and eutectic Sn-Pb solder was used as reference. The solder
materials were cut into blocks and soldered with copper wire with a plastic insulating
layer and then mounted with SAMPL-KWICK mounting material, presenting an
exposed area of about 100 mm®. The cell consisted of solder material as a working
electrode, a platinum foil as counter electrode and a saturated calomel electrode (SCE)
as a reference electrode with a Luggin capillary bridge connected with the testing
solution. The distance between working electrode and counter electrode was about 35-
40 mm. The first sample was tested from -2000 to 4000 mV to check the activation area
and passivation area, and then the potentiodynamic polarization experiments were
conducted from -800 to 2500 mV at room temperature. Prior to the polarization
scanning, the samples were cathodically treated at -1000 mV for 5 min in 3.5wt.% NaCl

solution. At least three samples were tested for each testing condition.
The microstructure and composition of the corrosion products were analysed by SEM

with EDX, and XRD was also used to identify the corrosion products of different solder

matenals after the potentiodynamic polanization testing.
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5.13 Analysis techniques
5.13.1 SEM, EDX and EBSD

Several Scanning Electron Microscopes (SEM) were used to examine microstructure
and morphology, analyse the surface compositions and identify the phases of solder
joints and other samples. A Zeiss LEO 440 SEM without the Energy Dispersive
analysis of X-ray (EDX) function can only take static images; A Zeiss LEO S360 SEM
and Zeiss LEO 1530VP Field Emission Gun SEM (FEGSEM) can both do the EDX
analysis, and the LEO 1530VP FEGSEM also has the Electron Back-Scatter Diffraction
(EBSD) function. The secondary electron (SE1) image or backscatter electron (QBSD)
image was taken for different samples. Before the SEM analyses, some of the sample
were etched, with the etching solution consisting of 1 part of acetic acid, 1 part of nitric
acid and 4 parts of glycerol. The etching took 20 s and then the samples were cleaned in
DI water with ultrasonic assistance to remove the residues of the corrosion products, or

the samples were etched 20 s with ultrasonic assistance and then cleaned with DI water.
5.13.2 X-ray photoelectron spectroscopy

The degree of oxidation of EN coating was analysed through X-ray Photoelectron
Spectroscopy (XPS). In XPS analysis, Al K, radiation was used as the x-ray source and
a 90° take-off angle is applied to maximize the depth of analysis. The pass energy and
dwell time used were 85 eV and 3ms for the XPS survey scan, and 25 eV and 20ms for
individual scans. The charging during the analysis caused the shifting of the binding
energy, and the energy scale was calibrated using C s peék coming from the

contamination.
5.13.3 X-ray diffraction

X-Ray Diffraction (XRD) was measured using a Bruker D§ x-ray diffractometer. The
samples were scanned in 2-theta angle from 5° to 100° with a step of 0.02°/s. The x-ray
source used was Cu K, radiation (A=0.15406 nm), with an anode current of 40 mA and

a tube voltage of 40 kV.
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5.13.4 Atomic force microscopy

A Dimension 3100 Atomic Force Microscope (AFM) was used to analyse the surface
morphology of samples to understand the mechanism of wetting and the factors that
influence wettability. The surface morphology and roughness of the electroless Ni
coating were analysed by AFM with the Tapping Mode. AFM was also used to analyse

the pile-up and sink-in phenomena for nanoindentations in different phases.
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CHAPTER 6

Results

In order to have more understanding of lead free solders and their application in flip-
chip scale packages, the properties of lead free solders and solder joints were examined
and are presented in this chapter, including the following studies:

e Wettability of electroless Ni with lead free solders;

e Microstructure evolution of Sn-Ag-Cu solder joints;

e Intermetallic Compound (IMC) growth and distribution in solder joints, and,

¢ The mechanical properties of lead free solders.

These results of these studies are discussed in detail in Chapter 7.

6.1 Wettability of electroless Ni with lead free solders

In order to use the EN coating without immersion Au as the UBM in lead free solder
packages, the wettability of EN coating on Al substrate with lead free solders was
studied. Figs. 6-1 and 6-2 show the microstructures of an Al substrate after a second
zincate process and subsequent EN plating, respectively. It can be seen that after the
zincate process some Zn particles were deposited on the Al surface, which act as active
points for EN plating and that, after EN plating the Ni-P coating is present on the

surface of Al as a cluster of nodules.
The concentration of oxygen in the wetting test environment was controlled by

adjusting a nitrogen flow. In order to study the influence of oxygen concentration on the

wettability of EN coating, the oxygen concentration with different nitrogen flows was
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tested. Fig. 6-3 shows the relationship of oxygen concentration with the nitrogen flows.
[t can be seen that the oxygen concentration dropped parabolically with the increase of

nitrogen flow.

ENT 14 i kW

I —— Phota Ko, 7Bmn  Uotector SE1

Fig. 6-2 Microstructure and morphology of EN coating.

6.1.1 Wettability with different storages

Fig. 6-4 shows the maximum wetting force and time to wet (the time for the wetting
force to reach zero again) for an EN coating in Sn-Ag-Cu solder after storage in an
ambient lab environment for different periods of time. There was some variation in the
wettability of EN coating due to the minor difference of surface condition. However, it

can be seen that the storage in an ambient lab environment did not influence the
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maximum wetting force for the EN coating, although the time to wet did increase with

storage duration.

450 ~
400
350 |
300 i }
250 P—

200

0O, concentration, ppm

8 10 12 14 16 18 20
Nz flow, L/min

Fig. 6-3 The oxygen concentrations with different nitrogen flows.
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Fig. 6-4 The maximum wetting force and time to wet of EN coatings in

Sn-Ag-Cu solder during the storage in lab ambient.

Fig. 6-5 shows the wetting force and time to wet of EN coatings in Sn-Ag-Cu solder

after storage in a freezer for different periods of time. It can be seen that whether from
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the point of view of maximum wetting force or time to wet, the storage in the freezer

did not significantly influence the wettability of EN coatings with Sn-Ag-Cu solder.
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Fig. 6-5 The maximum wetting force and time to wet of EN coatings in

Sn-Ag-Cu solder during the storage in freezer.
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Fig. 6-6 The maximum wetting force of EN coatings in Sn-Ag solder without

nitrogen protection during the storage in ambient environment and freezer.

Fig. 6-6 shows the maximum wetting force for an EN coatings in Sn-Ag solder without

nitrogen protection after storage in the ambient lab environment and freezer for different
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periods of time. It can be seen that the storage in both the ambient lab and freezer did
not influence the wettability of EN coatings. The maximum wetting force showed
similar results after the storage in ambient lab and freezer, which meant that the storage
environment also did not influence the wettability of EN coatings with Sn-Ag solder

when a strong flux was used.
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Fig. 6-7 The maximum wetting force and time to wet of EN coatings in

Sn-Ag solder during the storage in lab ambient.

Fig. 6-7 shows the wetting force and time to wet of EN coatings in Sn-Ag solder after
storage in ambient lab environment for different peﬁods of time. It shows a similar
result as that for Sn-Ag-Cu solder. The maximum wetting force was of the same level,
but the time to wet increased gradually during storage. Compared with the results
without the nitrogen protection, it can be seen that the nitrogen did improve the

wettability.
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Fig. 6-8 The maximum wetting force and time to wet of EN coatings in

Sn-Cu solder during the storage in lab ambient.
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Fig. 6-9 The maximum wetting force and time to wet of EN coatings in

Sn-Cu solder during the storage in freezer.
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The wettability of an EN coating in Sn-Cu solder after storage in an ambient lab and
freezer can be seen from Figs. 6-8 and 6-9, respectively. It can also seen that when the
samples were stored in the ambient lab environment the maximum wetting force did not
change, but the time to wet increased gradually, and when the samples were stored in a

freezer, the storage did not influence the wettability.

6.1.2 Wettability with different substrate roughness

Fig. 6-10 shows the roughness of Al coupons after different polishing regimes before
and after the electroless Ni plating in the directions both perpendicular (A) and parallel
(B) to the polishing or rolling track directions. It shows that after different polishing
regimes the Al coupons, before and after EN plating, had different surface roughnesses

and the roughness of the samples after EN plating was higher than that before EN

plating.
16|
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Fig. 6-10 Roughness of Al coupons after different polishing before and
after the electroless Ni plating in testing direction, A, perpendicular and

B, parallel to the polishing or rolling track direction.
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Fig. 6-11 Maximum wetting force of EN coating in Sn-Ag solder with different
substrate roughness and dipping direction, A, perpendicular and B, parallel to
the polishing or rolling track direction.
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Fig. 6-12 Maximum wetting force of EN coating in Sn-Ag-Cu solder with
different substrate roughness and dipping direction, A, perpendicular and B,
parallel to the polishing or rolling track direction.

Fig. 6-11 shows the maximum wetting force of an EN coating in Sn-Ag solder with
different substrate roughnesses and test directions. It can be seen that the wetting force
for the EN coating increased a little with the decreasing of surface roughness except for
the EN coating on the original Al surface when the dipping direction was parallel with

the polishing or rolling track direction, but this influence was not significant. It can also
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be seen that all samples had a higher maximum wetting force when the dipping
direction was parallel with the polishing track direction. For the EN coating on the
original Al substrate, the maximum wetting force in the A and B directions was similar.
Fig. 6-12 shows the maximum wetting force of an EN coating in Sn-Ag-Cu solder with
different substrate roughnesses and test directions. It shows the same results as that with

Sn-Ag solder.

6.2 Microstructures of lead free solders

6.2.1 Microstructures of bulk solders

In order to examine the microstructures of bulk solders and to provide a comparison
with those of small solder bumps/joints, the microstructures of lead free bulk solders
were studied. Fig. 6-13 shows the microstructure of Sn-3.5Ag bulk solder. Some
clusters of AgiSn small particles were distributed randomly in the -Sn. Fig. 6-14 shows
the microstructure of Sn-3.8Ag-0.7Cu bulk solder. Many AgiSn and CusSns small
particles were distributed evenly in B-Sn, which were larger than those found in Sn-Ag
solder. Fig. 6-15 shows the microstructure of Sn-0.7Cu bulk solder. The CugSns IMC
particles were too small to be seen at this magnification. In all three alloys of solder,
there were different areas showing different optical contrasts. EDX analyses showed
that these phases were all B-Sn and the different contrast might be caused by different

crystallographic orientations.

Fig. 6-13 Microstructure of Sn-Ag from solder bar.
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Fig. 6-15 Microstructure of Sn-Cu from solder bar.

6.2.2 Microstructures with different cooling media

82

Different cooling media can provide different cooling rates. A faster cooling rate can
cause more nucleation sites and as a result a finer feature. During the solidification of
solder materials, different phases will form inside the solder or at the interfaces,
including brittle IMCs. When these IMCs are too large and when the component suffers
thermal shock or external forces, stress will accumulate at the solder/IMC interface,
resulting in the initiation and propagation of cracks, which may greatly degrade the
mechanical properties of solder joints. In order to avoid of the formation of large IMCs,
the influence of cooling media on the microstructure and mechanical properties was

studied for the ASH wafer bumps and bulk lead free solders.
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Fig. 6-16 Microstructure of ASH bump cooled in furnace.

6.2.2.1 ASH bumps

Figs. 6-16 to 6-18 show the microstructures of Sn-Ag-Cu solder bumps after cooling in
furnace, air and water media, respectively. Because the second reflow temperature (top
temperature 280°C) was much higher than the first reflow temperature, the
microstructure of these solder bumps was different from that of solder bumps with only
an initial reflow. The (Cu,Ni)¢Sns IMC layers were thicker and rougher than those with
the single initial reflow process and the Ag;Sn IMCs increased in number and became

much smaller.

Fig. 6-17 Microstructure of ASH bump cooled in air.
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Fig. 6-20 Microstructure of Sn-Ag bulk solder cooled in air.
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6.2.2.2 Bulk solders

The bulk lead free solders studied include Sn-3.5Ag, Sn-0.7Cu and Sn-3.8Ag-0.7Cu.
Fig. 6-19 shows the microstructure of Sn-Ag bulk solder cooled in the water medium.
EDX analyses showed that two kinds of microstructures existed in the solder: one was
the B-Sn with distributed small Ag;Sn particles or plates and the other was [B3-Sn.
Because of non-equilibrium solidification, the phase distribution in the solder was not
even. Fig. 6-20 shows the microstructure of Sn-Ag bulk solder cooled in air medium.
Small plate-like AgiSn IMCs were evenly distnbuted in the B-Sn matrix. Fig. 6-21
shows the microstructure of Sn-Ag bulk solder cooled in a furnace. The Ag;Sn IMCs
existed in the solder as plate-like phases. It can be seen that these phases are much
larger than the AgiSn formed in the solders after they were cooled in air and water. In
fact, some of these phases were as large as 50 um thick and 1 mm long. However, the
distribution density of Agi;Sn was much lower than that for the solders cooled in air and

water.

Fig. 6-21 Microstructure of Sn-Ag bulk solder cooled in a furnace.
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Fig. 6-22 Microstructure of Sn-Ag-Cu bulk solder cooled in water.

Fig. 6-22 shows the microstructure of Sn-Ag-Cu bulk solder cooled in a water medium.
Two kinds of microstructures existed in the solder: B-Sn and 3-Sn with distributed small
Ag;Sn white particles, similar to but much smaller than those formed in Sn-Ag solder.
EDX analysis also showed that there were a small number of CusSns IMCs distributed
around the grain boundaries of -Sn. However, due to their small size and poor contrast
with B-Sn, they cannot be seen clearly in the images. Fig. 6-23 shows the microstructure
of Sn-Ag-Cu bulk solder cooled in the air medium. Two kinds of phases were
distributed in the B-Sn, AgzSn and CueSns. The grey phases were Ag;Sn with a plate-
like shape. Some of the Ag:Sn phases were as large as 20 pum thick and 1 mm long. The
dark phases were CugSns, and they existed as small plate-like phases or small particles.
Fig. 6-24 shows the microstructure of Sn-Ag-Cu bulk solder cooled in a furnace. Two
kinds of phases were distributed in the [-Sn, these being a grey Ag;Sn and darker
CueSns. The AgiSn phases had the plate-like shape. Some of the CusSns phases were
plate-like, but others presented as a hollow hexagonal shape. The plate-like CusSns

phases were not as straight as the Ag;Sn phase.
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Fig. 6-23 Microstructure of Sn-Ag-Cu bulk solder cooled in air.
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Fig. 6-24 Microstructure of Sn-Ag-Cu bulk solder cooled in furnace.
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Fig. 6-25 Microstructure of Sn-Cu bulk solder cooled in water.
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Fig. 6-26 Microstructure of Sn-Cu bulk solder cooled in air.
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Fig. 6-27 Microstructure of Sn-Cu bulk solder cooled in fumace.

Fig. 6-25 shows the microstructure of Sn-Cu bulk solder cooled in the water medium.

Small CueSns particles were distributed around B-Sn grain boundaries. Figs. 6-26 and 6-

27 shows the microstructure of Sn-Cu bulk solder cooled in the air medium and furnace

respectively. In these solders, plate-like and pebble-like CugSns IMCs were distributed

in the B-Sn matrix.
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Fig. 6-28 Microstructures of Sn-Ag-Cu solder bumps after vertical cross-section

and etching.

6.2.3 Morphologies and distributions of IMCs Sn-Ag-Cu solder joints

Due to the brittle nature of IMCs, the existence of large IMCs can be detrimental to the
mechanical properties of solder joints, especially when these large phases form at the
interfaces or at the corner of the solder joints. As such, understanding of the
morphologies and distributions of these IMCs derived from both modelling and

experimental activities is important with regard to the reliability of solder joints.
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Fig. 6-29 Morphologies of (Cu,Ni)sSns and AgiSn IMCs in Sn-Ag-Cu solder bumps.

From the vertical cross-section of the ASH bumps (Fig. 6-28), it can be seen that for the
Ag3Sn IMC, there are four kinds of morphologies and distributions, shown in Fig. 6-
28a-d respectively. In Fig. 6-28a, the AgsSn IMC existed as small particles or small
plate-like phases around the B-Sn dendrites; in Fig. 6-28b, the AgiSn IMC existed as
middle size plate-like phases throughout the solder bump; in Fig. 6-28c, the morphology
of the AgiSn was the mixture of the first two types, small particles and plate-like phases
around the -Sn dendrites and middle size plate-like phases in the solder; in Fig. 6-28d,
the AgisSn IMC existed as a large plate-like phase. The solder bumps in Figs. 6-28a-c
were etched for 20 s with 1 part of acetic acid, 1 part of nitric acid and 4 parts of
glycerol without ultrasonic assistance during etching and some of the corrosion residues
can be seen beside the IMCs. The solder bumps in Figs. 6-284d, e and f were etched 20 s
with ultrasonic assistance and the boundaries of the IMCs are very clear, but many
cracks were created in the remaining solder. When the plate-like phases were large
enough there would be only a small number of Ag;Sn particles existing in the rest of the
solder bumps, which could be seen through Figs. 6-28b, d and f. From Fig. 6-28d and f,
it can be seen that the middle and large size AgiSn IMCs are plate-like, and not stick-
like or needle-like. Fig. 6-29 shows the morphologies of (Cu,Ni)Sns IMC at the
solder/EN UBM interface. Fig.6-29b is the zoomed image of Fig.6-2%a at interface. It
can be seen that this IMC is facet-like or needle-like and the IMC layer is not compact
and there could be more (Cu,Ni)sSns IMC at the corner of the solder bumps than in the
middle.
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In order to derive more understanding of the morphologies and distributions of IMCs in
the ASH solder bumps, the bumps were cross-sectioned and studied in the horizontal

direction.

Figs. 6-30a-d show optical images of ASH solder bumps after the horizontal cross-
section. They confirmed that the morphologies and distributions were the same as that

in the vertical direction.

Fig. 6-30 Microstructures of Sn-Ag-Cu solder bumps after horizontal cross-section.

The solder bumps were cross-sectioned at two different levels, with the distance
between them of about 10-15 um, to get some stereoscopic idea of the morphologies
and distributions of the Ag;Sn IMCs. Fig. 6-31 shows the images of the same solder
bumps viewed from the different level. Figs. 6-31a, c and e are from the top layer, and b,
d and f, the respective lower layer. Comparing these two layers, it can be seen that the
morphologies and distributions of the AgzSn IMC are the same in different layers.
When there is a large plate-like Ag;Sn phase in one layer, there is normally a large

plate-like AgiSn phase in the next layer. This means that the Ag;Sn phases were not
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branch-like but plate-like. Additionally, these cross-sections indicate that the large
AgsSn plate is trapezoidal or polygonal in shape. However, for the small particles and

middle size plate-like Ag;Sn phases, they could be discontinuous.

(Top level) (Bottom level)

Fig. 6-31 Microstructure of the same Sn-Ag-Cu solder bumps after horizontal cross-

section at different level.
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6.3 IMC growth during reflow processes and thermal ageing

6.3.1 Thermal ageing at 80°C

During reflow soldering and subsequent ageing, solder reacts with the UBM and forms
the IMCs at the Sn-3.8Ag-0.7Cu solder/UBM interface and in the solder. Fig. 6-32
shows the microstructure of solder/EN UBM interface in the solder bump as-reflowed.
Some small Ag;Sn particles formed in the solder and (Cu,Ni)¢Sns IMC formed at the
solder/EN interface. Fig. 6-33 shows the microstructure of the solder/EN interface after
ageing at 80°C for 50 h. Many small Ag;Sn particles formed in the solder bump.
However, from the images of other bumps, it can be seen that the Ag;Sn IMC could
exist as distributed particles and large plate-like phase features in both the as-reflowed

and aged states, and their morphologies could vary between different bumps.

Sorml A = QBSD  Date 113 May 2003
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Fig. 6-32 Microstructure of solder bump interface as-reflowed.
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Fig. 6-33 Microstructure of solder bump interfaces after ageing 50h at 80°C.

Fig. 6-34 presents the microstructure of the IMCs along the solder/EN interface after
ageing 440 h at 80°C. Some of the facet-like IMCs, identified as (Cu,Ni)sSns, were
observed to separate from the main IMC layer into the bulk solder, but no de-wetting

occurred at the interface between the (Cu,Ni)sSns IMC and EN UBM at this stage of

ageing.
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Fig. 6-34 Microstructure of solder bump interfaces after ageing 440h at 80°C.
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Fig. 6-35 Microstructure of solder bump interface after ageing 750 h at 80°C.
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Fig. 6-36 Microstructure of solder bump interface after ageing 1080 h at 80°C.

Fig. 6-35 and Fig. 6-36 show the IMCs formed at the interface of solder bumps after
ageing 750 h and 1080 h (45 d) respectively. It can be seen that even after ageing at
80°C for 1080 h, the microstructure of the solder bumps did not change significantly.
The results show that when the chips were aged at 80°C, the IMCs formed in the solder
bumps were the same as those in the as-reflowed samples. Although the IMCs were
growing during ageing, compared with the solder bumps as-reflowed, the thickness of
the (Cu,N1)sSns IMC at the interface did not increase significantly during ageing at
80°C.
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Fig. 6-37 Microstructure of solder bump interface after ageing 2 d at 150°C.
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Fig. 6-38 Microstructure of solder bump interface after ageing 10 d at 150°C.

6.3.2 Thermal ageing at 150°C

Figs. 6-37 to 6-39 show the microstructures of solder bumps after ageing at 150°C for 2,
10, and 18 d, respectively, with (Cu,Ni)Sns at the interface and Ag;Sn in the bulk
solder. Compared with the solder bumps aged at 80°C, however, the thickness of the
main IMC layer at the interface was more uniform and the growth of the IMCs became

more obvious. It could also be seen that the Agi;Sn IMC particles in the solder bumps
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were much larger than those in the solder bumps as-reflowed and aged at 80°C, but

these particles did not grow further after the initial stage ageing at 150°C.
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Fig. 6-40 Microstructure of solder bump interface after ageing 3 d at 175°C.

6.3.3 Thermal ageing at 175°C

Figs. 6-40 to 6-42 show the microstructures of solder bumps after being aged at 175°C
for 3, 15, and 30 d, respectively. Compared with the solder bumps as-reflowed, the main
IMC at the interface grew significantly, becoming much thicker. The growth of AgiSn

IMC particles was obvious in the initial stage of ageing and almost kept the same size
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during further ageing. Another important feature in the solder bumps aged at 175°C is
the formation of Kirkendall voids at the top of the EN layer. EDX analysis showed that
the top layer of EN UBM was crystallized into Ni3P, and a large number of Kirkendall
voids formed at the bottom of this layer. It can be seen that these voids were growing

during ageing at 175°C and after 15 d a lot of quite large Kirkendall voids formed.

1pem ENT = 2000kY  Owtector = QESD DOate 30 v 2004
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Fig. 6-41 Microstructure of solder bump interface after ageing 15 d at 175°C.
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Fig. 6-42 Microstructure of solder bump interface after ageing 30 d at 175°C.
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6.4 IMCs formed with different solders and substrates

In order to study the interface reactions between lead free solders and different
substrates, different lead free solders were soldered on different substrates through long-
time reflow and ageing, and the microstructures of solder joints, IMC growth and IMC

morphologies were studied.
6.4.1 Compositions and microstructures of IMCs

Fig. 6-43 shows the microstructures of solder joints formed at the interface of Sn-
3.8Ag-0.7Cu solder and different substrates. Fig. 6-43a shows the microstructure of the
solder joint formed on Cu. It can be seen that there were two continual IMCs formed at
the interface, CugSns and CusSn, which were identified by EDX analyses. The thickness
of CugSns IMCs was not uniform with the average thickness abqut 6 um. The CusSn
layer exactly followed the morphology of the Cu substrate and the thickness was
uniform and about 1.5 um. The white phases were large plate-like AgsSn IMCs formed
ncar the CugSns IMC. Fig. 6-43b shows the microstructures of a solder joint formed on
the electroless Ni substrate, which indicates the IMC formed at the interface was
(Cu,Ni)¢Sns. This IMC layer was not continual and the thickness was about 7 pm. Fig.
6-43c shows the microstructure of a solder joint formed on the CulmAg substrate. The
IMCs formed in the solder joints were similar to those formed on Cu. However, there
were many Kirkendall voids formed in the CuiSn layer. Fig. 6-43d shows the
microstructures of a solder joint formed on ENIG substrate. The IMCs formed at the
interface were (Cu,Ni)sSns, but the IMC layer was much thinner than those formed on
Cu and CulmAg, being only 2 um thick. The top layer of the EN coating crystallized
into Ni3P with some Kirkendall voids. When Sn-3.8Ag-0.7Cu solder reacted with
different substrates, small particles and large plate-like Ag;Sn IMC could also form in
the solder joints. Table 6-1 and Table 6-2 show the compositions of phases formed in
the solder joint of Sn-Ag-Cu on Cu and EN substrates, respectively. It can be seen that
most phases are consistent with their stoichiometry, but sometimes the compositions of
the phases were different from the stoichiometry due to the influence of surrounding

elements.

99



Chapter 6 Results

— A _ PR - e ——

i
!
|

EHT 2000w Detscir 2 ORID Dums 25 My 2004
WO 12w Phche Nm_ = 1302

BWT + 22000V Durcres » OREG Dot 25 Sy 2004
VWO= il Phow e, = 1334

H

! -

1, o <
i g
!

SAC on ImAg

WD 1 Zrm Fhoie Hn - 1300 WO ¢ Prom No. = 132

| [ EHT e X000 W  Demcur=CUSD  Duin 2% Ry 2004 BreRgNY  Odaisr s ORZ0  Dess 25 Moy 2504

Fig. 6-43 Microstructure of IMCs formed at the interface of Sn-Ag-Cu solder

and different substrates.

Fig. 6-44 shows the microstructures of solder joints formed at the interface of Sn-0.7Cu
and different substrates. Fig. 6-44a shows the microstructure of solder joint formed on
Cu. The phases formed in the solder joints were similar to those formed in Sn-3.8Ag-
0.7Cu solder on Cu system, with CusSns and Cu3Sn at the interface and Ag;Sn in the
solder. The CugSns IMC hadA a facet-like shape. Fig. 6-44b shows the microstructure of
a solder joint formed on the EN substrate. The IMC formed at the interface was facet-
like (Cu,Ni)6Sns, and the thickness was about 2 um. There was some (Cu,Ni)sSns IMC
formed in the bulk solder as well. Fig. 6-44¢ shows the microstructure of a solder joint
formed on the CulmAg substrate. The IMCs formed at the interface were CugSns and
Cu3Sn, and these two IMC layers were quite uniform with the thickness about 4 pm and
1.5 pm, respectively. There were many Kirkendall voids in the Cu;Sn layer. Also, there
were some CusSns and AgiSn IMCs formed in the bulk solder. Fig. 6-44d shows the
microstructure of a solder joint formed on an ENIG substrate. The IMC formed at the

interface was (Cu,Ni)sSns, which had a facet-like shape. The top layer of the EN coating
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crystallized into Ni3P with some Kirkendall voids. There were some (Cu,N1)¢Sns IMC
formed in the bulk solder and a few AuSns small particles formed in the solder near the

IMC layer with a white colour.
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Fig. 6-44 Microstructure of IMCs formed at the interface of Sn-Cu solder

and different substrates.
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Fig. 6-45 Microstructure of IMCs formed at the interface of Sn-Ag solder

and different substrates.

Table 6-1 Compositions of phases formed in the solder joint of Sn-Ag-Cu on Cu.

Phases | Cu,at.% | Ag,at.% | Sn,at.%
CueSns | 55.6 - 44.38
Cu;Sn 76.0 - 24.0
AgiSn - 73.6 26.4

Table 6-2 Compositions of phases formed in the solder joint of Sn-Ag-Cu on EN.

Phases Cu,at% | Ag,at.% | Sn,at% | Ni,at%
(Cu,Ni)eSns | 38.1 - 43.8 18.1
Ag;Sn - 57.18 42.82 -

Table 6-3 Compositions of phases formed in the solder joint of Sn-Ag on ENIG.

Phases | Ni,at.% | P,at.% Ag, at% | Sn,at% | Au,at%
Ni;zSny 43.7 - - 56.3 -

NiP5n 65.9 16.8 17.3 -

AuSn, - - 6.0 75.2 18.8
Ni;P 75.0 25.0 - - -

AgiSn - - 57.5 42.5 -
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Table 6-4 Summary of phases formed in the solder joints of different solders on

different substrates.

IMCs at interface . Kirkendall | Ni;P

Systems IMCs in solder

Phase Thickness Voids layer
SAonEN Ni;Sny 4 Ni3Sny, Ag;Sn Many Thick

CugSns 6u .
SA on CulmAg CugSns, Ag;Sn A few

CusSn 2p

CUGSI’IS 8 H
SA onCu CugSns, Ag;Sn No -

Cu;Sn 2.5
SA on ENIG Ni3Sn, 4 AuSny, Ni;Sn,, Ag;Sn | Line voids Very thick
SACon EN {(Cu,Ni)eSns | 7 p (Cu,Ni)sSns, AgiSn No No
SACon Cu,Sn; 4

CugSn;, Ag;Sn Man -

CulmAg CusSn L5 p p o 4

CugSn 6
SAC on Cu : a CugSns, AgsSn No .

Cu;S8n 15 p
SACon ENIG | (Cu,Ni)Sns | 2u (Cu,Ni)sSns, AgiSn A few Very thin
SC on EN {(Cu,Ni)eSns | 2n (Cu,Ni)sSns, CuNiSn | Many Very thin

CuySn; 4
SC on CulmAg CugSns, Ag;Sn Many -

Cu3Sn 1.5p

CusSn 7
SC on Cu : a CusSns No ;

Cu3Sn 2u
SConENIG | (CuNi)Sns | 2p AuSng, (Cu,Ni)Sns | A few Very thin

Fig. 6-45 shows the microstructures of solder joints formed at the interface of Sn-3.5Ag

and different substrates. Fig. 6-45a shows the microstructure of a solder joint formed on

Cu. The IMCs formed at the interface were CugSns and Cu;Sn. Fig. 6-45b shows the

microstructure of solder joints formed on the EN substrate. The IMCs formed at the

interface were Ni3Sns. Fig. 6-45¢ shows the microstructure of solder joints formed on

the CulmAg substrate. The IMCs formed at the interface were CugSns and Cus;Sn. There

were some Kirkendall voids in the CusSn layer. Fig. 6-45d shows the microstructure of

solder joints formed on ENIG substrate. The IMC formed at the interface was Ni3Sny,

and some of the white phase near the interface was AuSns. Almost the entire EN layer

crystallized into the Ni;P layer with a column structure and between the Ni3Sns and
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Nis;P there was a NiPSn layer. When Sn-Ag solder reacted with different substrates,
small particles and large plate-like Ag:Sn IMCs could also be seen in the solder joints.
Table 6-3 shows the compositions of phases formed in the solder joint of Sn-Ag on
ENIG substrate. It can be seen that the AuSny IMC contained some Ag.

The results also show that when CulmAg and ENIG substrates were used, the Ag and
Au layer was completely dissolved by the solder and could no longer be seen. Table 6-4
summarises the phases and their features formed in the solder joints of different solders

on different substrates.
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Fig. 6-47 IMCs formed in the solder of a Sn-Ag-Cuw/ENIG solder joint.
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Fig. 6-48 IMCs formed in a Sn-
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6.4.2 Morphology of IMCs

Figs. 6-46 and 6-47 show the IMCs formed at the interface and in the solder of a Sn-Ag-
CwENIG solder joint after etching the solder away. From Fig. 6-46, it can be seen that
the (Cu,Ni)Sns IMC formed at the interface 1s needle-like, but the bottom of the IMC
layer is very compact and the individual needle cannot be seen. In the solder, the CusSns
IMC formed as a hexagonal prism shape with some of these. appearing hollow; the
AgiSn IMC formed as the platelet-like or needle-like shapes, which can also be seen
from Fig. 6-47.

Fig. 6-48 shows the morphologies of IMCs formed in the Sn-Ag-Cu/Cu solder joint
after etching the solder around the IMCs away. The IMCs formed at the interface were
CugSns and Cu3Sn, and CueSns had a facet-like shape and the CusSn was a uniform
layer following the topography of Cu substrate. It can be seen that the Agi;Sn IMCs
formed in the bulk solder were pebble- or needle- or plate-like. The CueSns formed in
the bulk solder was prismatic in shape, and some of the CugSns IMCs was hollow with

solder and Ag;Sn IMC existing inside the chamber.

H WDs Smm Phato No. = 8547

Fig. 6-49 IMCs formed in a Sn-Ag-CwEN solder joint.

Fig. 6-49 shows the morphologies of IMCs formed in the Sn-Ag-CuwEN solder joint
after etching the solder around the IMCs away. The IMC formed at the interface was the
needle-like (Cu,Ni)sSns, and some plate-like Agi;Sn IMCs formed in the solder, which
could be as long as 500 um. Other AgiSn IMCs in the solder were pebble- or needle-
like phases.
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Figs. 6-50 to 6-52 show the morphologies of IMCs formed in the Sn-Ag-Cu/CulmAg,
Sn-Ag/EN and Sn-Ag/CulmAg solder joints, respectively. The CusSns and NiiSny
IMCs formed at the interface were facet-like and Agi;Sn IMCs in the solder were

pebble- or needle- or plate-like.

Fig. 6-53 shows the morphologies of IMCs formed in a Sn-Cw/Cu solder joint after
etching away the solder around the IMCs. The CueSns formed at the interface was a
facet-like phase, which had a larger length/diameter ratio than the CusSns formed in Sn-
Cu/CulmAg solder joints, and the CusSns formed in the solder had hollow prismatic
shape.

Sigrad A » QBSD  Date 20 Jan 2005
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Fig. 6-51 IMCs formed in a Sn-Ag/EN solder joint.
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Fig. 6-52 IMCs formed in a Sn-Ag/CulmAg solder joint.

Fig. 6-53 IMCs formed in a Sn-Cuw/Cu solder joint.
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Fig. 6-54 shows the morphologies of IMCs formed in a Sn-Cu/ENIG solder joint after
etching away the solder around the IMCs. It can be seen that the (Cu,Ni)sSns IMCs
formed at the interface could be needle-like or facet-like phases. When the IMCs were
needle-like, the thickness was greater than that of IMCs with facet-like phases and the
top of this IMC layer was not compact. EDX analysis shows that the compositions of

these IMCs with different morphologies did not have great difference.

. . . Sy A » CBED Dnm
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Fig. 6-54 IMCs formed in a Sn-CuwENIG solder joint, a) thick IMC and b)
thin IMC.

Only the typical results are shown above, and in general at the interface, the (Cu,Ni)sSns
IMCs formed were needle- or facet-like phases and the CusSns and NisSny IMCs were
facet-like phases; in the solder, the CugSns IMCs had a prism-like shape with some of
them appearing hollow and the Ag;Sn IMCs existed as plate- or pebble- or needle-like

phases.
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6.5 Micro-mechanical properties

The mechanical properties of individual phases in a solder joint may dictate the
mechanical properties of the whole solder joint and the reliability of the electronic
assembly. Due to the small size of the phases, these properties are quite hard to study

using conventional methods and are instead studied in this research using

nanoindentation techniques.
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Fig. 6-55 Indentations of line 2 in a solder bump after ageing at
80°C for 50 h.
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Fig. 6-56 Indentations of line 2 in a solder bump after ageing at 80°C for 50 h.
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6.5.1 Mechanical properties of ASH solder bumps

Fig. 6-55a shows the indentations in a solder bump after ageing 50 h in 80°C and Fig. 6-
55b is the hardness and elastic modulus profiles of phases along line 2 in Fig. 6-55a.
The indentations are numbered from the top to the bottom in the image. It can be seen
that in different layers the indentations had different sizes. Indentation No.10 probably
was in the Al layer because it presented much lower hardness and elastic modulus than
the EN UBM and Si. It was very clear that indentation No. 4 was just in the middle of a
AgiSn IMC. The hardness and elastic modulus of AgiSn were higher than those of the
Sn-Ag-Cu solder material but smaller than those of (Cu,Ni)¢Sns IMCs (indentation
No.7).

Fig. 6-56 shows indentations and mechanical properties of phases across the interface of
the solder bump after ageing 50 h in 80°C. The indentations in the solder show high
depth and the indentations in (Cu,Ni)sSns IMCs, EN UBM and Si are too small to be
seen at this magnification. Indentation No.13 (line 2, counted from top) is in the Al pad

and shows a low hardness and modulus.

Table 6-5 Mechanical properties of solder bumps after ageing at 80°C for 50 h.

Phases Hardness/GPa Elastic Modulus/GPa
Sn-3.8Ag-0.7Cu 027+£0.03 39.55+£ 849

Ag;Sn* 1.04 £ 0.13 48.47 £ 0.85
{Cu,Ni)sSns* 5.40 + 0.69 116.77 £ 1.64

Ni-P 7.18+0.41 139.93 + 13.67

Al** 1.45 91.56

8i 10.75 £ 1.36 126.79 £ 12.51

* Only two indentations located on this phase

** Only one indentation located on this phase

Table 6-5 shows the mechanical properties of different phases in the ASH solder bumps
after ageing at 80°C for 50 h. The results illustrate that the Si and EN UBM have the
highest hardness and modulus and (Cu,Ni)6Sns and Ag;Sn IMCs are harder than Sn-Ag-

Cu solder.
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6.5.2 Mechanical properties of ASH solder joints after assembly

After ASH chips were assembled with test boards, the mechanical properties of solder
joints were tested to have a comparison with those of ASH bumps before assembly. Fig.
7

6-57 shows the room temperature indentations and element mapping of solder joints

after assembly. There were some AuSny IMCs distributed in the solder joint. Fig. 6-58
shows the hardness and modulus of different phases along indentation line 2 in Fig. 6-
57. Indentations No. 5 and 11 were in the EN UBM presenting high hardness and
modulus. Indentations No. 6 and 10 were in the solder near (Cu,Ni1)sSns IMC and they

presented higher hardness than those in the solder but away from the IMCs. Indentation

No.12 was at the Al/S1 interface.

Fig. 6-57 Room temperature indentations and element mapping of

solder joints.
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Fig. 6-58 Mechanical properties of line 2 in a solder joint at room

temperature.

Fig. 6-59 Creep indentations in Sn-Ag-Cu solder and normal indentations in

AgiSn IMC tested at room temperature.

Table 6-6 Room temperature mechanical properties of phases in solder joints

after assembly.

Phases Hardness/GPa Elastic Modulus/GPa
Sn-3.8Ag-0.7Cu 0.23+0.04 45.51 £97.93

Ag;Sn 1.8 7+ 0.08 71.06 + 6.53
(Cu,Ni)eSns 5.37 = 0.67 108.27 + 6.60

Ni-P 7.65+0.27 136.10 + 5.56

Al 1.32+0.10 93.48 + 8.70

Si 10.57 = 0.28 139.66 +4.43

Cu 1.18 £ 0.07 106.44 +9.73
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Some indentation lines were put in (Cu,Ni)sSns and Ag;Sn IMCs over several trials, and
Fig. 6-59 shows the SEM micrographs of the indentations on a Ag;Sn phase tested at
room temperature. The size of indentations on Ag;Sn was much smaller than those at
the AgiSn/solder interface. Table 6-6 shows the room temperature mechanical
properties of different phases in the solder joint after assembly. Fig. 6-60 shows the
nanoindentation loading and unloading curves of different phases in solder joints at
room temperature. Due to the scatter in hardness for different phases, different
maximum loads were used. From the curves, it can be seen that when the same
maximum load was used the indentations in different phases showed different depths

and the slope of the unloading curves was different.

— O
——— Ni-P
(Cu,Ni) Sn,
—— Ag,Sn
Cu

Ni‘P (Cu,Ni)bSnj

Load, mN

0 100 200 300 400 500 600 700 800
Indentation depth, nm

Fig. 6-60 Nanoindentation loading and unloading curves of different phases

in solder joints at room temperature.

Fig. 6-61 shows the nanoindentations across the solder joint after ageing at 150°C for 24
h, and Table 6-7 shows mechanical properties of different phases in solder joints after
ageing at 150°C for 24 h. Compared with the solder joints as-assembled, the mechanical
properties of the phases did not change during ageing. Fig. 6-62 shows the
nanoindentations across the solder joint after ageing at 150°C for 80 h, and Table 6-8
shows mechanical properties of different phases in solder joints after ageing at 150°C
for 80 h. Although the hardness of most phases was a little higher than that in the solder

joint after ageing 24 h, the value was still of a similar level.
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Fig. 6-61 Nanoindentations across a solder joint and ageing at

150°C for 24 h.

Table 6-7 Mechanical properties of phases in solder joints after ageing at 150°C

for 24 h.
Phases Hardness/GPa Elastic Modulus/GPa
Sn-3.8Ag-0.7Cu 0.23+£0.02 4897+ 7.44
(Cu,Ni)Sns 6.05+ 025 94.99 + 3.54
Ni-P 9.16 +0.72 137.86 £ 10.26
Al 1.29 + 0.02 110.54 £ 0.75
Si 12.89 « 1.32 146.66 = 8.56
Cu 1.58+0.17 101.77 £8.91

EHT = 2000 &V
WD= 10mm

SqndA-QBSﬂz Dete 5 Jan 2005

Fig. 6-62 Nanoindentations across a solder joint after ageing

at 150°C for 80 h.
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Table 6-8 Mechanical properties of phases in solder joints after ageing at 150°C

for 80 h.
Phases Hardness/GPa Elastic Modulus/GPa
Sn-3.8Ag-0.7Cu 0.26 = 0.04 50.09 = 8.66
AgiSn 2.84 +0.43 90.36 + 6.68
(Cu,Ni)sSns 6.98 + 1.98 98.72 £ 10.53
Ni-P 10.64 + 1.47 149.33 + 26.23
Al 1.64 £0.29 106.62 + 14.42
Si 12.94 + 1.52 143.21 £9.24
Cu 1.80 £ 0.27 111.47+17.00

6.5.3 Mechanical properties of phases formed in long-time reflow

6.5.3.1 Properties at room temperature

The IMC phases formed after a long period of reflow were much larger than those in

as-reflowed solder bumps, and in this case the influence of materials around the phases

on the mechanical properties will be alleviated and the test will be more accurate. Figs.

6-63 to 6-67 show the indentations on Sn-0.7Cu, Sn-3.5Ag solders, Ni;Sns, CusSns and

Ag3;Sn IMCs, respectively. It can be seen that the indentations in solders were of a much

smaller size than those in the IMCs, and there were large margins around the

indentations in IMCs.

WOD= Smm

EMT=2000kV  Delector = SE1 Dute 26 Nov 2004

Photo No. = 5408

Fig. 6-63 Indentations on Sn-Cu solder in a Sn-Cu/Cu solder joint.
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— WOs Timm  PhoioNo = 8432

Fig. 6-65 Indentations on Ni3Sns IMC in a Sn-Ag/EN solder joint.

Fig. 6-66 Indentations on CusSns IMC in a Sn-Cu/Cu solder joint.
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EHT = 2000V

F‘-—| WO= 10mm
Fig. 6-67 Indentations on Ag;Sn IMC in a Sn-Ag-Cu/Cu solder joint.

Sigral A= 0BSD  Date 20 Jan 2006
Phota No. = 6892

Fig. 6-68 shows the nanoindentation loading and unloading curves for different phases
in solder joints at room temperature. It can be seen that due to the different hardness,
when the same load was applied, different phases had different penetration depths.
Table 6-9 shows the hardness and modulus of different phases from different kinds of
solder joints at room temperature. It can be seen that the Ni3Sns and CugSns IMCs had
the highest hardness followed by the Cu;Sn IMCs. The mechanical properties of
different solders were of the same level, although Sn-Ag-Cu and Sn-Pb were a little
harder than Sn-Cu and Sn-Ag. Compared with the mechanical properties of phases in

small solder joints, it can be seen that the properties presented some variation.

Sn-0.7Cu

——— 8n-3.8Ag-0.7Cu
Sn-3.5Ag

— Ni Sn, in SA/EN
Ag,Sn in SAC/Cu
Cu,.Sn, in SC/Cu
~— Cu,Snin SP/Cu
Sn-63Pb

10 F usSns

Nt;Sm

Load, mN

1 N 1 " 1 . 1 L 1 . S
0 200 400 600 800 1000

Indentation depth, nm

Fig. 6-68 Nanoindentation loading and unloading curves of different phases.
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Table 6-9 Mechanical properties of different phases at room temperature.

Phases Hardness/GPa Elastic Modulus/GPa
Sn-3.8Ag-0.7Cu 0.23 +0.03 56.44 + 6.90
Sn-3.5Ag 0.18 +0.02 54.87 + 15.38
Sn-0.7Cu 0.14 £ 0.01 66.06 + 12.96
Sn-63Pb 0.20 = 0.02 54.82 + 7.81

Ag;Sn in SAC/Cu joint 1.58+0.25 61.97 = 590

CugSns in SC/Cu joint 6.17 +0.41 114.79 + 5,97
Ni;Snyin SA/EN joint 7.08 +=0.29 128.53 + 10.77

Cu;Sn in SP/Cu joint 5.59+0.83 138.35+ 8.47

Table 6-10 Mechanical properties of different phases at elevated temperatures.

Hardness/GPa Elastic Modulus/GPa
125°C 150°C 175°C 125°C 150°C 175°C

Ag:Sn | 1.47+0.17 | 0.42 0.02+0.00 | 47.15+3.32 | 8.44 0.55+0.08
gg'éf"cu CueSns | 3.19+0.05 | - 0.14£0.01 | 66.09+1.00 | - 0.89+0.07
SAC | 0.05£0.01 |- 0.01£0.00 |23.74+3.63 | - 0.38+0.26

Ag:Sn | 5.29:0.75 | - 3 78.44+2.35 | - -
g‘r‘;"‘g on | NiSn, | 4432011 |- 0.89:0.07 | 74.8827.17 | - 8.1840.66
SA 0.05£0.01 | 0.03£0.00 | 0.0120.00 | 16.95:1.73 | 4.75:0.37 | 2.06+0.36
Sn-Cuon | CueSns | 2382027 | 1.04£0.18 | 0.58£0.05 | 52.59:6.01 | 35.93+1.63 | 11.5120.79
Cu sC 0.054£0.01 |- 0.0320.00 | 15.47+2.09 | - 5.39+0.57

6.5.3.2 Properties at elevated temperatures

Table 6-10 shows the hardness and modulus of different phases from different kinds of

solder joints at elevated temperatures. It can be seen that the hardness and modulus of

IMCs were lower at 125°C than at room temperature.

However, the hardness and

modulus of IMCs at even higher temperatures (150°C and 175°C) became too low to

accurately represent their mechanical properties. It is possible that the mechanical

properties of IMCs from nanoindentation were not reliable due to the strong influence

of the surrounding solder materials. For the lead free solder materials, their hardness

and modulus at elevated temperatures were much lower than those at room temperature,

and the decrease of hardness was more evident than that of modulus. It can be seen that
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the higher the melting temperature of the solder, the smaller the influence of test
temperature on the mechanical properties, such that the moduli of Sn-Cu and Sn-Ag
were higher than that of Sn-Ag-Cu at 175°C. Another result noticed is that the same
kind of IMC formed from different solder/substrate solder joints had different
mechanical properties, which may be caused by the different element contents in these
phases. From table 6-1 to 6-3, it can be seen that when the substrate was Cu the element
contents of Ag and Sn in Agi;Sn was about 75at.% and 25at.%, respectively, and when
the substrate was EN the element contents changed to about 57at.% and 43at.%,
respectively. It seems that the existence of Ni may change the element content of AgiSn

although Ag;Sn phases normally do not contain any Ni.

Fig. 6-69 Indentations and element mapping in Sn-Ag bulk solder cooled in air.

Element mapping, red: Ag, green: Sn.

Fig. 6-70 Indentations and element mapping in Sn-Ag bulk solder cooled in

furnace. Element mapping, red: Ag, green: Sn.
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6.5.4 Mechanical properties of bulk solders with different cooling media

Fig. 6-69 shows the indentations and element mapping of Sn-Ag bulk solder cooled in a
free air environment. The middle size plate-like Ag;Sn IMCs were distributed evenly in
the solder, and the size of the indentations was uniform. For each indentation, there is
also a smaller adjacent indentation, which was caused by the pre-contact of the indenter
with the sample. For Nano Test 6000 nanoindentation, before the indentation
penetration the indenter needs to pre-contact the sample surface to get a depth reference.
Due to the pendulum mechanism, the pre-contact point is different from the test point,
and for soft materials a smaller indentation will appear beside the testing indentation.
Fig 6-70 shows the indentations and element mapping of Sn-Ag bulk solder cooled in a
furnace environment. The middle size plate-like AgiSn IMC was distributed throughout
the solder, but compared to the solder cooled in free air, the size was larger and the
number was smaller. Some indentations were on the AgiSn IMC, and their size was
smaller. Fig. 6-71 shows the indentations and element mapping of Sn-Ag bulk solder
cooled in water. It shows that many small AgiSn particles were distributed around the

grain boundaries of B-Sn and the size of the indentations was very uniform.

Fig. 6-71 Indentations and element mapping in Sn-Ag bulk solder cooled in

water. Element mapping, red: Ag, green: Sn.
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Fig. 6-72 Indentations and element mapping in Sn-Ag-Cu bulk solder cooled in

air. Element mapping, red: Ag, green: Sn, blue: Cu.

Fig. 6-72 shows the indentations and element mapping of Sn-Ag-Cu bulk solder cooled
in a free air environment. The middle size plate-like Ag;Sn and CugSns IMCs and some
large Ag;Sn IMC were distributed in the solder. Some indentations on the large AgiSn
IMC were much smaller and could almost not be seen at this magnification. Fig. 6-73
shows the indentations and element mapping of Sn-Ag-Cu bulk solder cooled in a
furnace environment. Both large and middle size AgiSn and CusSns IMCs were
distributed in the solder and the indentations on the large IMCs were much smaller. Fig.
6-74 shows the indentations and element mapping of Sn-Ag-Cu bulk solder cooled in
water. The Ag;Sn and CusSns IMCs were too small to be seen, but they caused the
optical contrast in the image to be different from that of B-Sn without IMC distribution.

It can also be seen that the indentations were quite uniform for this cooling regime.

Fig. 6-73 Indentations and element mapping in Sn-Ag-Cu bulk solder cooled in

furnace. Element mapping, red: Ag, green: Sn, blue: Cu.
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Fig. 6-74 Indentations and element mapping in Sn-Ag-Cu bulk solder cooled

in water. Element mapping, red: Ag, green: Sn, blue: Cu.

Fig. 6-75 Indentations and element mapping in Sn-Cu bulk solder cooled in

furnace. Element mapping, red: Sn, green: Cu.

Fig. 6-75 shows the indentations and element mapping of Sn-Cu bulk solder cooled in a
furnace environment. Some plate- and facet-like CusSns IMCs were distributed in the
solder. When the indentations were in the IMCs, their size was much smaller than that
of indentations in solder. Fig. 6-76 shows the indentations and element mapping of Sn-
Cu bulk solder cooled in water. It can be seen that the very small CusSns IMCs were

distributed around the -Sn grain boundaries and the indentations were very uniform.
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Fig. 6-76 Indentations and element mapping in Sn-Cu bulk solder cooled in

water. Element mapping, red: Sn, green: Cu.
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Fig. 6-77 Hardness of Sn-Ag, Sn-Cu and Sn-Ag-Cu lead free solders cooled in

different media.

The hardness and modulus from all the indentations were calculated and the
indentations on the IMCs were removed from the statistics. Fig. 6-77 and 6-78 show the
average hardness and modulus of Sn-Ag, Sn-Cu and Sn-Ag-Cu lead free solders cooled
in water, air and furnace regimes respectively. They illustrate that the hardness and
modulus of these lead free solders were similar, and the solders cooled in water and air

had higher hardness and modulus than those cooled slowly in a furnace environment.
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Fig. 6-78 Modulus of Sn-Ag, Sn-Cu and Sn-Ag-Cu lead free solders cooled in

different media.

6.6 Creep properties

Due to the low melting temperature of solder materials, creep deformation of solder
joints is critical, even at room temperature. The creep property of Sn-Pb has been
studied widely [71-76]; however, Sn-Pb solder will be replaced by lead free solders due
to impending legislation. As such it is worthwhile understanding the creep properties of

lead free solders.

During nanoindentation tests, if the load is held constant, the indenter will continue to
travel into the material in a time dependent manner, since creep flow under the indenter
load occurs. This allows a study of the creep properties of very small quantities of
material [77]. Creep rates of a given alloy are dependent on stress and normally the
steady-state creep rate of metals is affected by a power function of the stress. This can

be represented as:

E=ko" (6-1)
where & is the creep rate, o the stress, » the stress exponent and & is a constant, from

this, the stress exponent can be expressed as:
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— d(Ing)
d(Ino)

(6-2)

For nanoindentation, the creep rate and stress can be expressed as the following

equations respectively [77, 78]:

. 1dh

& == 6-3
h dt 6-3)
P

=— 6-4

e (6-4)

where 4 is the indentation depth, 7 the creep time, 4 contact area and P is the load. The
indentation depth is used to approximate the effective indentation depth during the

calculation.
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Fig. 6-79 Creep stress exponent of Sn-Ag-Cu solder at room temperature.

6.6.1 Creep property of solder joints

The creep property of Sn-Ag-Cu solder in flip chip solder joints was tested at room
temperature. Curves were fitted to the data and the creep exponent was calculated using
the method described above. Fig. 6-59 shows the indentations on solder after creep
testing at room temperature. When there were some IMCs in the solder, the creep marks
of the indentations became smaller due to the influence of the hard IMCs. Fig. 6-79

shows that the creep exponent of Sn-Ag-Cu solder at room temperature is 12.3.
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Fig. 6-80 Creep exponent of Sn-Cu at room temperature.
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Fig. 6-81 Creep curves of Sn-Ag-Cu at different temperatures.

The creep properties of lead free solders in much larger solder joints, formed with

different lead free solders and substrates after long periods of reflow, were also

conducted and compared. Fig. 6-80 shows the creep exponent of Sn-Cu at room

temperature. Due to the curve quality, fitting accuracy and problems inherent in

nanoindentation test (steady state creep cannot be reached when sharp indenters are

used [79]), the curve was not a perfect line, and the creep exponent was derived through

a linear fitting of this curve.
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Fig. 6-81 shows the creep curves of Sn-Ag-Cu solder in Sn-Ag-Cu/Cu solder joints at
different temperatures under a load of 3 mN. It can be seen that the higher the test
temperature the deeper the indentations and the larger the strain rate (slope on the
curves). Fig. 6-82 shows the creep exponent of Sn-Ag-Cu at different temperatures. It

can be seen that at higher temperatures the creep exponent of the solder would become

smaller.
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Fig. 6-82 Creep exponent of Sn-Ag-Cu at different temperatures.
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Fig. 6-83 Creep curves of Sn-Ag at different temperatures.

Fig. 6-83 and 6-84 show the creep curves and creep exponents of Sn-Ag solder in Sn-

Ag/EN solder joints, respectively. It can be seen that the creep curves and exponents
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changed with the temperature in a similar manner to those of Sn-Ag-Cu solder.
Comparison of the creep properties of these two lead free solders shows that the creep

exponents of Sn-Ag solder was a little higher than those of Sn-Ag-Cu solder.
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Fig. 6-84 Creep exponent of Sn-Ag at different temperatures.

6.6.2 Creep property of bulk solders

Creep testing was also conducted on lead free bulk solders solidified in different cooling
media, in order to find the influence of solder volume and cooling rate on the creep

properties of lead free solders.

Figs. 6-85 to 6-89 show the curves of In(¢£) vs. In(o) of different lead free solders
solidified in different cooling media and Table 6-11 shows their creep exponents. It can
be seen that the creep exponent of lead free solders ranged from 7.5 to 11.5, and the
creep exponent of Sn-Ag solder with small distributed IMCs was higher than that of a
solder without IMCs. It seems that the distribution of small IMCs can improve the creep
properties of a solder. It can also be seen that the creep properties of the studied lead
free solders were similar, and the variation might be caused by the IMC distribution,
since the selected point for creep testing could be in an area with small IMCs or an area
without IMCs. Generally, the cooling media did not change the creep properties of

solders.
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Fig. 6-85 Creep exponent of Sn-Ag solder cooled in ambient air.
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Fig. 6-86 Creep exponent of Sn-Ag solder cooled in water.
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Fig. 6-87 Creep exponent of Sn-Ag solder cooled in furnace.
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Fig. 6-88 Creep exponent of Sn-Ag-Cu solder cooled in water.
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Fig. 6-89 Creep exponent of Sn-Cu solder cooled in water.

Table 6-11 Creep rate of lead free solders with different cooling media.

Sample Creep exponent (n)
Sn-Ag solder Small IMC area 943
furnace cooling | No IMC area 7.5
Sn-Ag solder air cooling 7.5
Sn-Ag solder water cooling 73
Sn-Ag-Cu solder furnace cooling 9.5
Sn-Ag-Cu solder water cooling 11.3
Sn-Cu solder furnace cooling 10.4
Sn-Cu solder water cooling 89

6.7 Shear strength of ASH solder bumps after thermal ageing

Electronic components may suffer shear

stress due to large CTE differences and/or

external forces. As such, the shear strength of solder joints is important for the lifetime

of components. Fig. 6-90 shows the shear force of ASH solder bumps after ageing at

80°C for different periods of time. It can b

e seen that when the shear height was 15 um,
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during the early stages the shear force almost remained the same and only after the

solder bumps were aged for 18 d did the shear force decrease gently.
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Fig. 6-90 Shear force of ASH bumps after ageing at 80°C for different

periods of time.
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Fig. 6-91 Shear force of ASH bumps after ageing at 150°C for

different periods of time.
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Fig. 6-91 shows the shear force of ASH solder bumps after ageing at 150°C for different
periods of time. It can be seen that the shear force of the solder bumps dropped during

the first stage of ageing, about 2 d, and then the shear force almost kept the same during

further ageing.
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Fig. 6-92 Shear force of ASH bumps after ageing at 175°C for different

periods of time.
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Fig. 6-92a and b show the shear force of ASH solder bumps after ageing at 175°C for
different periods of time, when the shear height was 10 and 15 pm, respectively. It can
be seen that when the shear height was 10um, the shear force did not change during
ageing up to 30 d. However, when the shear height was 15 pm, the shear force dropped

in the first 3 d’s ageing and kept stable during further ageing.

6.8 Reliability

Reliability 1s a major concern with electronic components. In order to study the
reliability of Sn-Ag-Cu solder joints, thermal cycling was conducted on devices
compnising flip chips assembled on PCBs. The Cu pads on the PCB had an immersion
Au finish but with different physical constructions, i.e., bare pads, pads with solder
masks and pads with a micro-via, and the UBM used in the chips was EN without

immersion Au.
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Fig. 6-93 Microstructure of solder joints (pads with solder mask in the PCB side) after
thermal cycling, a) 100 cycles, b) 500 cycles, ¢) 1000 cycles, and d) 1500 cycles.
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Fig. 6-93 shows the microstructures of solder joints on the pads with solder masks after
thermal cycling for different cycles. In such a case, the alignment of chips with the PCB
was good. CugSns IMCs formed at the solder/pad interface and (Cu,Ni)¢Sns IMCs
formed at the solder/UBM interface. AuSns IMCs were found in the bulk solder and
near the interfaces. Small Ag;Sn IMCs were distributed in the solder joints and some
large plate-like AgiSn formed in the solder. It can also be seen that after long period of

cycling some cracks existed in the solder joints (Fig. 6-93c and d).

Fig. 6-94 shows the microstructures of solder joints on the bare pads after thermal
cycling for different cycles. It can be seen that when the bare pads were used, al?gnment
of chips with the PCB could be a problem. The IMCs formed in the solder joints were
similar to those formed in the solder joints formed on the pads with solder masks. It was
interesting that in these solder joints even after 1500 cycles no evident cracks were

found.

Fig. 6-94 Microstructure of solder joints (bare pads in the PCB side) after thermal
cycling, a) 100 cycles, b) 500 cycles, ¢) 1000 cycles, and d) 1500 cycles.
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Fig. 6-95 Microstructure of solder joints (pads with micro-via in the PCB side)
after thermal cycling, a) 100 cycles, b) 500 cycles, ¢) 1000 cycles, and d) 1500
cycles.

Fig. 6-95 shows the microstructures of solder joints on the pads with a micro-via after
thermal cycling for different cycles. When the pads had a micro-via in them, the solder
volume would not be sufficient, resulting in a low joint height or irregular shape.
Because the pad with the micro-vias had a larger surface area, more immersion Au
existed in this region. In the mean time, the micro-via in the pads would consume more
solder. Therefore, the immersion Au to solder ratio in these joints with micro-vias
became much higher compared to the joints without micro-vias, leading to the
formation of large amounts of AuSns IMC, which can be seen from Fig. 6-95. Because
AuSny IMCs are brittle, the formation of large amount of AuSn4 can be detrimental to

the mechanical properties of solder joints.
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Table 6-12 Number of couples failed after different cycles for different type of pads.

Couples failed after different cycles

50 100 200 300 400 500 750 1000 1500
Bare pads 0/40 0/40 0/36 0/36 0/36 0/36 0/32 0/32 0/28
Pads with
. . 0/50 0/50 1/46 2/46 7/46 11/46 | 10/38 | 22/38 | 22/30
micro-via

Pads with solder

0/25 1/25 2/23 2123 4/23 4/23 5/19 5/19 3/15
mask

Failure condition: electrical resistance increases 30%.

One testing couple includes two solder joints,

Table 6-13 Cycles when 1% and 50% couples failed for different type of pads.

Cycles to 1% failure Cycles to 50% failure
Bare pads > 1500 > 1500
Pads with micro-via 200 1000
Pads with solder mask 400 > 1500

Table 6-12 shows the number of couples failed after different number of cycles among
those tested. Once the electrical resistance of a couple increased 30%, this couple was
considered to have failed. It can be seen that after 1500 cycles no couples with bare
pads failed. However, after only 100 cycles and 200 cycles, some couples with solder
masks and micro-vias began to fail, respectively. The solder joints with micro-vias
showed the poorest reliability with more than half of the couples failed after 1000 cycles.
It was interesting that the reliability of solder joints with a solder mask was poorer than
that of solder joints with bare pads. Table 6-13 summaries the cycles to failure of these

solder joints.

6.9 Corrosion properties

6.9.1 Potentiodynamic polarization curves

Potentiodynamic polarization testing is a method that can be used to study the corrosion

properties of materials. Fig. 6-96 shows the potentiodynamic polarization curves of Sn-

Ag solder in 3.5% NaCl solution with different scanning rates. When the scanning rates
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were 60 and 300 mV/min, the corrosion potential of Sn-Ag in the salt solution was
about -750 mV, and when the scanning rate was 30 mV/min, the corrosion potential was
about -700 mV. During the potentiodynamic polarization, the samples started from
cathodic polarization, then reached the corrosion potential and began the anodic
polarization. When the samples reached the passivation potential, they began to form a
passivation film on the surface, and the current density at this point is called the critical
current density. After this point the corrosion current density began to drop. When a
compact passivation film was formed on the surface, the corrosion current density
became stable and this current density is called passivation current density. At this point
the corrosion would remain at the same level and potential of the samples increased
continually until the potential reached the breakdown potential. Then the passivation
film began to break and lost its protection to the materials underneath, resulting in an
increase of corrosion current density. The results show that when the scanning rates
were 30 and 60 mV/min, the samples could reach the stable passivation state and the
passivation current density was about 0.49 and 1.58 mA/cm®, respectively and that,
when the scanning rate was 300 mV/min the passivation film on the samples was
broken before it could reach the stable state, such that no stable passivation stage can be

found on the curve.
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Fig. 6-96 Potentiodynamic polarization curves of Sn-Ag solder in salt solution.
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Fig. 6-97 shows the potentiodynamic polarization curves of Sn-Ag-Cu solder in salt
solution with different scanning rates. When the scanning rate was 30 mV/min, the
corrosion potential and passivation current density were -720 mV and 1.07 mA/cm’,
respectively, and when the scanning rate was 60 mV/min, the corrosion potential and
passivation current density were -760 mV and 2.24 mA/cm’, respectively, and when the

scanning rate was 300 mV/min the samples could not reach the stable passivation stage.
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Fig. 6-97 Potentiodynamic polarization curves of Sn-Ag-Cu solder in salt solution.

3000
2500 |-
2000 |-
1500 L Sn-Cu _
= I 30 mV/min
E. 1000 }- —— 60 mV/min
... — 300 mV/min
c
500
3
o ol
L
-500 ___7
-1000
1 1 1 1 1 1 1 1 1 ]
-8 -5 4 3 -2 -1 0 1 2 3

Logi, mA/cm’

Fig. 6-98 Potentiodynamic polarization curves of Sn-Cu solder in salt solution.
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Fig. 6-98 shows the potentiodynamic polarization curves of Sn-Cu solder in salt
solution with different scanning rates. When the scanning rate was 30 mV/min, the
corrosion potential and passivation current density were -690 mV and 0.74 mA/cm’,
respectively, and when the scanning rate was 60 mV/min, the corrosion potential and
passivation current density were -730 mV and 1.62 mA/cm?®, respectively, and when the

scanning rate was 300 mV/min the samples could not reach the stable passivation stage.
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Fig. 6-99 Potentiodynamic polarization curves of Sn-Pb solder in salt solution.

Fig. 6-99 shows the potentiodynamic polarization curves of Sn-Pb solder in salt solution
with different scanning rates. When the scanning rate was 30 mV/min, the corrosion
potential and passivation current density were -590 mV and 4.17 mA/cm’, respectively,
and when the scanning rate was 60 mV/min, the corrosion potential and passivation
current density were -650 mV and 8.10 mA/cm’, respectively, and when the scanning

rate was 300 mV/min the samples could not reach the stable passivation stage.

The corrosion of a material consists of many processes, such as mass transition and
electromigration. Corrosion can only reach the equilibrium state after all the processes
reach equilibrium. Since corrosion of a material normally happens in an equilibrium
state, and only the reactions in this state represent the corrosion resistance, then during
potentiodynamic polarization tests the scanning rate needs to be slow enough to ensure
the reactions can reach the equilibrium state. Figs. 6-96 to 6-99 show that when the

scanning rate was 30 mV/min and 60mV/min the polarization curves were quite close.
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It seems that for these testing regimes, when the scanning rate was 30 mV/min, the

polarizations were in a near-equilibrium state.

Fig. 6-100 Microstructure of the corrosion products on Sn-Ag solder after the

test with scanning rate 30 mV/min.

Fig. 6-101 Microstructure of the corrosion products on Sn-Ag solder after the

test with scanning rate 300 mV/min.
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Fig. 6-102 Microstructure of the corrosion products on Sn-Ag-Cu solder after the

test with scanning rate 30 mV/min.
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Fig. 6-103 Microstructure of the corrosion products on Sn-Ag-Cu solder after the

test with scanning rate 300 mV/min.
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Fig. 6-104 Microstructure of the corrosion products on Sn-Cu solder after the

test with scanning rate 30 mV/min.
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Fig. 6-105 Microstructure of the corrosion products on Sn-Cu solder after the

test with scanning rate 300 mV/min.
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Fig. 6-106 Microstructure of the corrosion products on Sn-Pb solder after the

test with scanning rate 60 mV/min.

Fig. 6-107 Microstructure of the corrosion products on Sn-Pb solder after the

test with scanning rate 300 mV/min.

6.9.2 Microstructures of corrosion products

Figs. 6-100 to 6-107 show the microstructures of corrosion products on different solder
materials after the potentiodynamic polarization testing with different scanning rates.
The results show that the corrosion products of Sn-3.8Ag-0.7Cu, Sn-3.5Ag, Sn-0.7Cu
and Sn-37Pb had similar microstructures. The corrosion products had a platelet-like
shape and were loosely distributed on the surface with different orientations. It can also
be seen that when the test was conducted with lower scanning rate, the size of the
corrosion products was a little larger and that the corrosion products arising with lead

free solders were larger than those of Sn-Pb solder.
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CHAPTER 7

Discussion of Results

The purpose of this research is to contribute to the knowledge for the successful
application of lead free solders in flip-chip scale packages. A series of experiments have
been presented up to Chapter 6, with their results consolidated into this discussion

chapter.

7.1 Wettability of electroless Ni with lead free solders

The wettability of EN coatings depends on many factors. In this section, the influences

of flux, wetting environment, storage and roughness are considered.

7.1.1 Influence of flux and wetting environment

One function of flux is to remove the oxidation, or other films, that may be present on
the surface of a material and hence expose a fresh surface to the reacting liquid. The
flux can also change the wetting environment and thereby the interacting surface
energies at the wetting front and the solid-liquid contact angle. The role of flux is very
important for the wettability of electroless Ni (EN) coating, because the EN coating can
readily form a surface oxidation layer, which has a poor wetting ability with solder
materials. Sattiraju et al. [80] studied the influence of surface finishes and fluxes on the
wettability of lead free solders and the results showed that water soluble flux yielded
better wettability than the non-clean flux and that, the wettability of Sn-3.5Ag was a
little better than that of Sn-3.8Ag-0.7Cu and Sn-0.7Cu. Elbert et al. [81] showed that
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nitrogen protection could reduce the formation of dross and decrease the soldering

temperature.

Figs. 7-1 and 7-2 show the wetting curves of an as-plated EN coating with Sn-Ag-Cu
and Sn-Cu solders when different fluxes and wetting environments were used,
respectively. Different fluxes were used during the tests, these being Multicore ACTIEC
5 (rosin strongly activated, strong), ACTIEC 2 (rosin mildly activated, mild) and
SM/NA (non-activated, weak). When nitrogen was used to provide inert soldering
environment, the concentration of oxygen was about 210 ppm. If the time when the
wetting force reaches zero again is defined as ‘time to wet’, which indicates wetting
speed, the results show that when the strong flux was used the wetting had large
maximum wetting forces and needed a short time to wet, but when the weak flux was
used the solders either needed long time to wet the EN coating and had a small
maximum wetting force or could not wet the surface on the whole. When the mild flux
was used the maximum wetting force was smaller and time to wet was longer than those
when strong flux was used. In the mean time, it can be seen that the nitrogen can
increase the wettability, i.e., increasing the maximum wetting force and shortening the

time to wet.
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Fig. 7-1 Wetting curves of EN coating in Sn-Ag-Cu solder with

different fluxes and wetting environment.
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Fig. 7-2 Wetting curves of EN coating in Sn-Cu solder with different

fluxes and wetting environment.
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Fig. 7-3 EN plated samples after the wettability tests in Sn-Ag-Cu and Sn-Cu solders.
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Fig. 7-3 shows EN plated samples after wettability tests with Sn-Ag-Cu and Sn-Cu
solders when different fluxes and wetting environments were used. It can be seen that
when the flux was not strong enough or, when no nitrogen was used, there were some
non-wetted or poorly-wetted points remaining on the surface. Based on the wetting
curves and the wetting results, it can be seen that a strong flux and nitrogen protection
are needed for Sn-Ag-Cu and Sn-Cu solders to ensure the EN coating to perform good

wettability.

7.1.2 Influence of oxygen concentration

As mentioned in Section 7.1.1, nitrogen protection can increase the wettability of EN
coating. When nitrogen flows into a chamber, the oxygen concentration is reduced. In
order to know which oxygen concentration level is acceptable to improve wettability,
the influence of nitrogen flow on the wettability was studied. Fig. 7-4 shows the
maximum wetting force and time to wet of an EN coating in Sn-Ag-Cu solder with
different nitrogen flows. It shows that when the nitrogen flow increases, i.e., the oxygen
concentration decreases, the maximum wetting force will increase and the time to wet
will decrease. It seems that the wettability of EN coatings changes greatly with the N»
flows when the O, concentration in the wetting environment getting lower (e.g. less
than 400 ppm according to Fig. 6-3). Fig. 7-5 shows the maximum wetting force and
time to wet of EN coatings in Sn-Ag solder with different nitrogen flows. It can be seen
that the influence of nitrogen flow on the wettability of EN coating with Sn-Ag solder
was similar to that with Sn-Ag-Cu solder. Fig. 7-6 shows the maximum wetting force
and time to wet of EN coatings in Sn-Cu solder with different nitrogen flows. It seems
that small amounts of nitrogen can greatly increase the wettability of Sn-Cu solder, and
when the nitrogen flow was greater than 8 L/min the maximum wetting force and time
to wet no longer changed to any significant degree. Considering the change of O,
concentrations with different N, flows (Fig. 6-3), these results show that when Sn-Ag
and Sn-Ag-Cu solders are used in soldering packages the O, concentration in the
wetting environment needs to be lower than 210 ppm and, when Sn-Cu is used the O,

concentration in the wetting environment can be kept around 400 ppm.
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Fig. 7-4 The maximum wetting force and time to wet of EN coating

in Sn-Ag-Cu solder with different nitrogen flows.
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Fig. 7-5 The maximum wetting force and time to wet of EN coating

in Sn-Ag solder with different nitrogen flows.
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Fig. 7-6 The maximum wetting force and time to wet of EN coating

in Sn-Cu solder with different nitrogen flows.

7.1.3 Influence of storage

The influence of storage on the wettability of EN coating with lead free solders was
studied to derive some criteria for industrial applications. From Fig. 6-4 to 6-9, it can be
seen that although the wettability of EN coating had some deviation due to the minor
difference of the surface condition, both the storage time and environment did not
influence the maximum wetting force with Sn-3.5Ag, Sn-0.7Cu and Sn-3.8Ag-0.7Cu
solders. It was also seen that when the samples were stored in a freezer, the storage time
did not influence the time to wet. However, when the EN plated samples were stored in
an ambient environment, the time to wet was increased during storage. It seems that the
oxidation film was thicker when the samples were stored in an ambient lab environment

and as such needed more time to be removed by strong flux.
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Fig. 7-7 XPS spectra (normalized) of electroless Ni coating after
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Fig. 7-8 XPS peak of nickel after storage in air for 24 h.

In order to study the influence of storage on the solderability of electroless Ni UBM, the
coupons after different storage times in the laboratory were analyzed by XPS. Fig. 7-7
shows the energy spectra of electroless Ni coating with good solderability after different
storage times in the laboratory. The peak positions are consistent with each other after
different storage regimes, indicating the same compounds formed on the surface. The
carbon peaks appear to be contamination on the samples. The Ni 2p;» peak of the
electroless Ni coating after the storage in the laboratory for 24 h is shown in Fig. 7-8.

This peak was analyzed by an XPS Peak software using a de-convolution procedure.
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The result indicates that the nickel in the surface region of the Ni-P coating can exist in
the forms of Ni (852.3 eV), NiO (853.3 eV) and Ni{OH), (855.8 V) [82]. However,
there may be other nickel species present such as nickel phosphate and phosphite that

could contribute to the XPS spectrum [83].

Table 7-1 Composition analyses of electroless Ni coating
after different storage by XPS.

P content O content Atomic ratio
(at.%) {at.%) O/Ni P/Ni
Lab24 h i2.6 28.6 1.57 0.69
Lab6d 1.4 300 1.61 0.61
Lab13d 9.0 34.6 2.18 0.57

Table 7-1 lists the contents of oxygen and phosphorus and content ratios of
oxygen:nickel and phosphorus:nickel, as analyzed by XPS. The results show that during
storage, the content of oxygen on the surface was gradually increasing and the content
of phosphorus decreased with the storage time. This suggests that the surface of the
electroless Ni coating oxidised continually as the time of exposure increased. XPS
composition analysis seems to show that the content of oxygen on the Ni-P coating
surface was much higher than that in pure NiO oxide, which may be attributed to

organic contamination, phosphate and phosphite formed on the Ni-P surface [84].

The flux was used to remove the oxide film on the surface of Ni-P coatings. If the
original sample has good wettability and the flux can remove the oxide film completely,
the oxidised sample after storage will still have good wettability with the assistance of
flux. In this study, the surface of electroless Ni coating was oxidised continually during
storage, however after storage of several weeks in both environments, it still had
acceptable solderability with lead free solders. This indicated that the oxide film on the
Ni-P coating surface was not too thick to be removed by strong flux, even after a long
period of storage. The results above show that with the assistance of a strong flux, both
the storage time and the storage temperature did not influence the solderability

significantly.

EDX and XPS are two kinds of methods that can be used to analyze surface
composition of materials. The analysis depth of EDX is much higher than that of XPS,
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so the result from XPS analysis better reflects the surface composition. Analysis from
EDX showed that the average phosphorus to nickel ratios (at.%) was 0.149, which is
much lower than that from XPS analyses as shown in Table 7-1. This means that the
phosphorus content on the surface is much higher than that in the bulk Ni-P coating
after it is oxidised. Zhang et al [83] studied the characteristics of Ni-P coatings by ToF-
SIMS and XPS, and the results showed that the Ni-P coating was oxidised and the
oxidised surface had two layers, with the nickel oxide and hydroxide on the top and
nickel phosphate and phosphite (NiH,PO,) underneath. Because nickel phosphate and
phosphite have high phosphorus content, the phosphorus content on the surface is
higher than that in the bulk coating. The high oxygen content in nickel hydroxide,
phosphate and phosphite at the same time makes the surface oxygen concentration

higher than that expected for NiO.

7.1.4 Influence of substrate roughness

Wenzel [85] studied the effect of surface roughness on wetting and showed that a
rougher surface has higher surface energy, resulting in smaller apparent contact angles
to the rougher surface if the contact angle is less than 90°. However, the study of
Shuttleworth and Bailey {86] predicted that the apparent contact angle would increase
with the surface roughness because the local contact line is distorted by the rough
surface. Later, Chen et al. [85] solved this discrepancy by regarding the asperities as a
series of energy barriers that must be overcome as the liquid front spreads over the
surface. Chen et al. considered that the wetting angle was decided not only by the
spreading of liquid but also by the interface reactions. The rougher surface could
increase the surface energy, but in the mean time posed an energy barrier for spreading.
So if the increase of encrgy from the interface reactions was smaller than the spreading
barrier, the apparent contact angle would become larger with increasing of surface

roughness.
By treating the rough surface as a region distributed with many grooves, Shuttleworth

and Bailey [86] pointed out that the apparent contact angle could be expressed as

6 =6ta,
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where &, is the apparent contact angle, & the true contact angle and a, the groove
steepness. They thought that the value of apparent contact angle depended on whether
the liquid was advancing or receding on the solid before the static contact angle was
reached. From Fig. 7-9, it can be seen that if the liquid was receding the apparent
contact angle would be smaller than the true contract angle, otherwise it would be larger
than the true contact angle. For a natural wetting process, the liquid is advancing along
the surface; the receding can only happen when the liquid i1s spread on the solid by some
mechanical means and the true contact angle is smaller than the equilibrium contact

angle.

Receding Advancing

Fig. 7- 9 The relationship between apparent contact angle and true contact

angle on a rough surface.

Fig. 6-11 and 6-12 show that when the dipping direction was in the A direction (dipping
direction perpendicular to the polishing or rolling tracks) the wetting force of an EN
coating increased a little with the decrease in surface roughness and that, the maximum
wetting force of an EN coating in the B direction (dipping direction parallel to the
polishing or rolling tracks) was higher than that in the A direction. For the wetting in the
B direction, the liquid spreads along the grooves and does not need to pass the energy
barrier, so the surface energy will determine the wetting behaviour and the maximum
wetting force in the B direction is higher than that in the A direction. Since the
maximum wetting force of a surface with different roughness in the B direction does not
have great difference, it seems that the influence of surface energy on the wetting due to
the rough surface is not significant. On the other hand, because the spread-energy
barrter to the rougher surface is higher, it is more difficult for the liquid to spread on the
rougher surface and consequently the contact angle will increase. When considering this
1ssue from the viewpoint of the apparent contact angle, the same conclusion can also be
drawn. Because the liquid is advancing on the solid during wetting, the apparent contact

angle on a rough surface in the A direction is larger than the true contact angle (the
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apparent contact angle on a smooth surface). Since the wetting force is caused by the
surface tension y and related to y-cosé,., the maximum wetting force will decrease with
the increase of surface roughness in the A direction. Fig. 6-11 and 6-12 show that for
the EN coating on the original Al substrate, the maximum wetting forces in the A and B
directions were similar. This is because the steepness of grooves on a surface with low
roughness is very small and the difference between the apparent contact angle and the

true contact angle 1s not significant.

7.2 Microstructure of lead free solders

7.2.1 Influence of cooling media

Cooling rate during solidification can influence the microstructure of solder materials,
which in turn will influence the properties of solder joints. The microstructures of both
the ASH solder bumps and bulk solders solidified by water quenching, air cooling and
furnace cooling were studied. The results from Ochoa et al. [87] showed that the cooling
rates of bulk solder from water quenching, air cooling and furnace cooling were about
24°C/s, 0.5°C/s and 0.08°C/s, respectively. In this study, the cooling rate when the bulk
samples were cooled down in a furnace was tested and shown in Fig. 7-10. The rate
0.01°C/s seems much slower than that Ochoa et al. tested. For the small solder joints,

the cooling rate should be much faster than that for bulk solder due to their small size.

From Figs. 6-16 to 6-18, it can be seen that the Agi;Sn IMCs in solder joints with
different cooling media had different sizes, with the order being: furnace cooling > air
cooling > water cooling. However, this influence of cooling media on the IMC size was
not significant for the small Ag;Sn IMC particles. It is not clear what influence the
cooling media had on the size of large plate-like AgiSn phases, because they were not
encountered in the cross-sections of the solder bumps. For the bulk solders, Figs. 6-19
to 6-27 show that the IMCs formed in the samples cooled in a furnace were much larger
than those formed in the samples cooled in water. It seems that the influence of cooling
media on the IMC size in the bulk samples is larger than that in small solder joints, and

this 1s caused by the size difference between these two kinds of samples. Since the size
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of solder joints i1s very small, the cooling rate may be already very fast in the furnace

cooling case and their cooling rate in different cooling media has no great difference.
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Fig. 7-10 Cooling rate of samples cooled down in furnace.

Kim et al. [88] and Ochoa et al. [87] studied the effects of cooling speed on the
microstructure of Sn-3.5Ag-0.7Cu and Sn-3.5Ag solders, respectively. The sizes of
IMCs in this study were larger than those in their studies, and this can be explained by
the different cooling rates and different maximum temperatures of melted solders. The
Sn—Ag solder in the study of Ochoa et al. was cooled in furnace, air and water as well,
but their cooling rates were faster than those used in this research, and the cooling
speeds of Sn-Ag-Cu samples in the study of Kim et al. were 0.012°C/s, 0.43°C/s and
8.3°C/s, respectively. Another difference is the maximum temperatures of molten
solders. In this study, the solders were melted to 330°C for half an hour and then cooled
in different media; however, in the study of Kim et al. the samples were melted at
300°C for 1 h, and in the study of Ochoa the samples were melted at 240°C for only 20 s.
Since the samples were cooled unevenly, i.e., the outer part of the samples will cool
more quickly than the inner part, a temperature gradient within the bulk samples was
inevitable, and the higher the maximum temperature of molten solders the greater the
temperature gradient. Because the outer part of samples cools very quickly, it reaches
the solidification point, and the IMCs solidify and grow from this region first. A larger

temperature gradient will cause longer solidification time, i.e., the IMCs have longer
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time to grow when the maximum temperature of molten solders is higher, resulting in a
larger size of IMCs. The influence of maximum temperatures of molten solders was
relatively insignificant for the small solder joints because a large temperature gradient

could not be set during solidification due to the small size.

7.2.2 Morphology and distribution of IMCs in Sn-Ag-Cu solder joints

Because the IMCs are harder and more brittle than the bulk solder material, different
morphology and distributions of IMCs in the solder joints will have different influences
on the mechanical properties. Table 7-2 presents the data for the existing morphologies
of AgiSn IMC in ASH bumps. As mentioned in Chapter 6, when the plate-like Ag;Sn
phases are large enough, there will be only a small number of AgsSn particles in other
areas. This means that if a cross-section only has a small number of particles, large
plate-like Ag;Sn phases probably exist in the solder bump at other areas. Another
observation is that the large plate-like Ag:Sn in the bottom layer are more abundant
than those in the top layer, and it seems that the large plate-like AgsSn tends to form
near the solder/(Cu,Ni)¢Sns IMC interface. Fig. 7-11 shows the microstructure of a
solder bump at different levels. It can be seen that when a cross section showed the
microstructure as a small number of Ag;Sn particles distributed in B-Sn, there could be
some plate-like Ag;Sn IMCs existing towards the lower levels. If we presume there are
some large Ag;Sn IMCs existing in these solder bumps, it can be seen that the large
plate-like phase is the most popular morphology of Ag:Sn IMC and, the other popular
microstructure of ASH solder bumps is the small particles and plates existing around the
B-Sn dendrites. Although no statistics are presented, from the SEM images the same

result can also be seen for the vertical cross-section microstructure.

Table 7-2 Statistic data of the existing morphologies of Ag;Sn IMC in ASH bumps.

Small particles | Middle size M:x_tu}re olf smalci Large size Sma{)l £
and plates plates particies, plates an plates Tumber o
middle size plates particles
Top layer 20/72* 3/72 2/72 21/72%* 28/72
Bottom layer | 15/67* 2/67 3/67 33/67* 14/67

* 2 and 3 images have both of the morphologies in the top and bottom layers, respectively.
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Fig. 7-11 Microstructure of Sn-Ag-Cu a solder bump after cross-sectioned at

different level, a) top and b) bottom.

The formation of Ag;Sn in the solder bumps is complicated because several kinds of
morphologies can exist in the same sample. The cooling rate is one of many reasons that
could cause this difference in morphology; however, cooling rate cannot alone explain
this issue, since for the peripheral array chips, the cooling rate of different solder bumps
is very close. During reflow the solder reacts with the UBM and IMCs form at the
interface. It 1s possible that in some solder joints, due to the interfacial reactions the
primary Ag;Sn IMCs prefer to nucleate near the solder/EN interface and grow into large

plate-like phases during the subsequent solidification.

Fig. 7-12 Morphology of (Cu,Ni)¢Sns IMCs in a solder bump, a) top layer of
IMCs and b) bottom layer of IMCs.

The (Cu,Ni)sSns IMCs formed in solder bumps had a facet-like shape, which has been
presented in Fig. 6-29. Fig. 7-12 shows the morphology of (Cu,Ni)¢Sns IMCs in a solder
bump from a plan view. It confirms that the (Cu,N1)sSns IMC layer had a loose structure

at the top and a compact structure in the bottom.
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Voids are very easy to form in small solder joints because the small quantity and
sluggish property of solder make the escape of bubbles very difficult. Fig. 7-13 shows
the voids formed in such solder bumps. It can be seen that the voids tended to form at
the solder/EN interface. When there was a large void at the interface, little or no
(Cu,N1)6Sns IMCs would form at these places, because little or no solder was available

to react with the EN UBM.
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Fig. 7-13 Voids formed in solder bumps near solder/EN interface.

The studies and summaries of Wickham [89] and Biocca [90] showed that there could
be many reasons that can cause the void formation during reflow soldering, such as high
surface tension, solder shrinkage, surface contaminants, out-gassing and poor reflow
profile etc. The technical-sheet of AIM [91] mentioned water-soluble solder pastes
were more likely to result in voiding. In this sheet, a new reflow profile called LSP
(Long-Soak-Profile} was suggested, which proved to be able to reduce the occurrence of
voiding. This LSP profile can dry out the solvent in the solder paste before the reflow
zone and is different from the RSS (Ramp-Soak-Spike) and RTS (Ramp-to-Spike)
profiles. It is found that increasing the pre-heat time and the top reflow temperature may
decrease the voiding. The surface tension of lead free solders is higher than that of
eutectic Sn-Pb solder, which can increase the possibility of void formation. During
solidification the solder is shrinking, and if the solidification is not even, voids can form
in the parts that solidify late. This can happen when the solder is not a eutectic alloy or
when the cooling is not even. Out-gassing is the main source of voiding, which can
come from the volatilisation of flux and absorbed moisture, surface contaminants,

micro-vias in the pads and incomplete cure of solder mask etc.
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Yunus et al. {92] studied the effects of voids on the reliability of BGA/CSP solder joints
and their results showed that for voids that were larger than 50% of the solder joint area
they can cause potential reliability problems, resulting in a 25-50% reduction in service
life and for small voids the influence was dependent on the void frequency and location
and, 1f the voids lined up on the component side, they could also significantly reduce the
reliability of solder joints. Voids can accelerate the failure of solder joints by reducing
the distance that cracks have to propagate, although it is also possible that voids arrest
the cracks during their propagation and postpone the growth of cracks. Except for the
detrimental effect on reliability, voids can also cause junction temperature distortion of
solder joints. The study of Ciampolini [93] showed that the junction temperature
distortion peak was proportional to the void area. In order to improve the reliability of
solder joints, the formation of voids need to be avoided. From the causes mentioned
above, it seems that choosing the right flux and reflow profile and avoiding the out-

gassing sources may reduce the formation of voids.

7.3 Interface reactions

During soldering, molten solder comes into contact and reacts with the pad or UBM on
the substrate. The nature of this interaction is dependent on the compositions of the
solder and how each of the constituents interacts with the pad or UBM. Whether or not
the pad is coated can affect the nature of the interaction with the constituents of the

solder.

After assembly, electronic devices may work at a relatively high temperature or need
rework after failure, so solid-state reactions as well as liquid state reactions can happen
in these conditions. Even at room temperature, solid-state reactions can occur. When the
solder is in liquid state, e.g. reflow and rework, interfacial reactions can take place
easily, and IMCs can nucleate and grow quickly. In solid-state reactions, through
diffusion, the solder can react with the pad or UBM materials, so the IMCs will
continue growing. Both liquid and solid state reactions can determine the phase
constituents and the morphology of solder joints and therefore the mechanical properties

and reliability.
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There can be a number of IMCs folrmed at the solder and substrate interface during
soldering. However, only the IMC that forms first, during the soldering process, has a
significant effect on wetting and solderability. When intermetallic compounds are
formed at the solder-substrate interface, the interfacial energy should cons'equently be
lowered, indicating that wetting has taken place, resulting in the reduction of the net free
energy at the interface. Both wetting and IMC formation are driven by interfacial energy
and during soldering the formation of IMCs, which is required for good wetting, is very
important to the adhesion between the solder and the substrate. However, not all wetting
of a solid surface by a liquid will result in the formation of IMCs, and excessive
amounts of IMCs, especially brittle phases, may degrade the mechanical properties and
reliability of the solder joints. Because the pads with a UBM are a multi-layered
structure, when one of the layers is depleted, the condition of the interface can be
changed, and sometimes the free energy could be higher than the stable state. To lower
the free energy of the system, in some conditions the IMCs will de-wet from the

substrate.
7.3.1 IMCs formed in the solder bumps

Research has shown that the IMC formed at the interface between Sn-3.8Ag-0.7Cu {54,
55] or Sn-3.5Ag-0.75Cu [94] solder and Aw/Ni(P) UBM is (Ni,Cuy):Sn4. Tai et al. [95]
also showed that the IMC formed at the interface between Sn-Ag-Cu solder and
AWNI(P) UBM is Ni3Sng, but they did not mention the composition of the solder
material. However, most other research has shown that the IMCs formed at the interface
between Sn-Ag-Cu solder (of varying compositions) and Au/Ni [52, 95-105] or Ni(P)
[106] UBM were typically CusSns with a small amount of dissolved Ni and some small
AgsSn particles distributed in the solder. The results of Luo et al. [107] showed that the
IMCs formed at the interface of Sn-Ag-Cu solder and pure Ni depended on the Cu
concentration in the solder material. When the Cu concentration in the solder was not
more than 0.2 wt.%, a continuous layer consisting of (Ni,Cu);Sny formed at the
interface. However, when the Cu concentration was more than 0.6 wt.%, the formation
of (Cu,Ni)sSns intermetallic dominated at the interface. If the Cu concentration was
between 0.2wt.% and 0.6wt.%, the intermetallics would be a discontinuous (Cu,Ni)sSns

layer formed over a continuous (Ni,Cu);Sny layer.
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I'he results of this research showed that during reflow soldering, Sn-3.8Ag-0.7Cu solder
materials reacted with an EN UBM coating, resulting in a continuous IMC layer i.e.
(Cu,N1)sSns at the solder/EN interface, and AgiSn in the body of solder bumps. These
IMCs were confirmed by EDX analyses and EBSD diffraction patterns as shown in Fig.
7-14 and 7-15, respectively. It can be seen that Ag did not participate in the interfacial

reactions with the Ni or Sn at the interface.
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Fig. 7-14 SEM 1mage and EDX mapping of solder

bump interfaces after ageing 50 hours in 80°C.

Figs. 7-16 shows the EBSD mappings of the interface in a solder bump in the ‘as
reflowed’ state. It shows that a large Ag;Sn single crystal IMC had formed in the bulk
solder next to the main IMC layer at the solder/EN interface. It seems that the large
AgiSn IMC grew from one nucleation point. Because the (Cu,Ni)sSns IMC layer was
not uniform and, after polishing, the surface was not smooth, the signal from this layer

was very weak, such that the (Cu,Ni)sSns IMC cannot be easily identified. The
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existence and diffusion of the amorphous EN layer next to this IMC layer had also
affected its identification. But EDX analysis and EBSD diffraction patterns from some
points in the main IMC layer did confirm there was CusSns containing a small amount
of Ni. It is worth considering the possibility for the existence of the other Ni-Sn based
IMCs, for instance a NiSn, phase was also identified at the interface in the ‘as reflowed’

samples.

Fig. 7-15 EBSD diffraction patterns of different phases after
ageing, a) Ag;Sn, b) (Cu,Ni1)sSns.
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Fig. 7-16 EBSD mapping of solder joint as-reflowed, a) inverse pole figure and

b) phase map and image quality.

164



Chapter 7 Discussion of results

According to research of Li et al. [53], the interface reactions between eutectic Sn-Ag-
Cu and AI/Ni(V)/Cu UBM after one reflow at 260°C consumed the Cu layer completely.
The Ni(V) UBM layer disappeared after 20 reflow cycles, when the (Cu,Ni)¢Sns IMC
began to de-wet and separate from the Al bond pad layer. Once the Ni(V) UBM layer
was consumed completely the (Cu,Ni)sSns IMC began to contact and react with Al,
which had a high interface energy and therefore caused the de-wetting of the
{Cu,N1)¢Sns IMC from the Al layer. In this study, no de-wetting was observed, because
the consumption of the Ni-P UBM layer was very slow and 6 pm of Ni-P UBM was

sufficient to avoid further interactions between solder and Al-Cu bond pad.
7.3.2 IMC growth

Appropriate IMCs formed at the interfaces can enhance the wettability and adhesion
strength of solder joints [108]. However, due to their brittle property, overgrowth of
these IMCs can degrade the mechanical properties of solder interconnections [109, 110].
In the mean time, growth of IMCs may decrease the electrical property of solder joints
due to their low conductivity. Research has shown that the IMC layer increases linearly
with the square root of ageing time [111-115]. It is believed that the growth of the IMC
during ageing is controlled by the volume diffusion or stationary grain-boundary
diffusion, such that:

d=d,+~Dt (7-1)
where d is the IMC thickness, dp the original thickness, D diffusion coefficient and ¢ the
ageing time. It is also believed that Cu diffusion in the EN UBM layer is a kinetically
slow process and, as such, the EN coating acts as a barrier to suppress further reactions
between solder and Al-Cu bondpad. The continual (Cu,Ni)sSns IMC layer formed at the

interface is also expected to prevent inter-diffusion between the solder and EN layer.

Table 7-3 The IMC thickness increase of solder bumps during ageing at 80°C

Samples IMC thickness (um) Thickness increase (pm)
As-reflowed 2.01x0.11 -

Aged 50 hours 2.06x0.09 0.05+£0.14

Aged 750 hours 2.35+0.10 0.34+0.14

Aged 1080 hours 2.40£0.11 0.39+0.15
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Table 7-4 The IMC thickness increase of solder bumps during ageing at 150°C

Samples IMC thickness (um) Thickness increase (um)
As-reflowed 2.01+0.11 -

Aged 2 days 2.19+0.10 0.18+0.15

Aged 10 days 2.61+0.10 0.60+0.14

Aged 18 days 2.99+0.09 0.98+0.14

Tables 7-3 to 7-5 show the (Cu,Ni)sSns thickness increase (with standard error) for
solder bumps during ageing at 80°C, 150°C and 175°C, respectively. The growth of
(Cu,Ni)¢Sns during thermal ageing at 80°C was observed as very slow and relatively
benign. This is probably because the ageing temperature is lower and the diffusion of
Cu in EN UBM and the diffusion of Sn and Ni in (Cu,Ni)sSn;s is very slow, resulting in
a very small diffusion coefficient D. However, when the chips were aged at 150°C and
175°C, the IMC growth became very obvious, although the thickness increase of the
IMC was still very small even after ageing at 150°C for 18 d. Fig. 7-17 shows that the
thickness increase of a (Cu,Ni)Sns IMC during ageing at different temperatures. It can
be seen that the IMC growth was diffusion controlled and the thickness increase was

proportional to the square root of ageing time. Following the Arrhenius equation:
-0
D=D, Exp(—= 7-2
0 p( T ) (7-2)

where D 15 the diffusion coefficient, Dy the diffusion constant, O the IMC growth
activation energy, k£ the Boltzmann constant and 7T the absolute temperature, the
activation energy O can be calculated as shown in Fig. 7-18. The result shows that the
activation energy of (Cu,Ni)¢Sns IMC growth is about 0.59eV and the diffusion

constant is about 8.12x10%cm?/s.

Table 7-5 The IMC thickness increase of solder bumps during ageing at 175°C

Samples IMC thickness (um) Thickness increase (Jum)
As-reflowed 2.01+0.11 -

Aged 3 days 2.53+0.10 0.52%0.15

Aged 15 days 3.99+0.16 1.98+0.19

Aged 30 days 4.90+0.15 2.89+0.22
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Fig. 7-17 IMC growth during ageing at different temperatures.
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Fig. 7-18 Arrhenius plot of (Cu,Ni)sSns IMC growth.

Many people have suggested that the Ag;Sn IMC was predominately formed from the
initial reflow processes and, as such, it did not evolve in the subsequent ageing
processes due to its high chemical stability [105, 116, 117]. However, the results of
Allen et al. [118] showed that during ageing Ag:;Sn IMCs could break up and then

Fig. 7-19 shows that during the initial stage of high temperature ageing (150°C and
175°C) the Ag;Sn IMCs became pebble-like phases and during later ageing they did not
change significantly. There are two possibilities for the Ag:Sn IMC growth: one is that
only the small IMC particles grew into the pebble-like phases and the plate- and
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lamella-like phases did not change significantly; the other is that the small IMC
particles were coarsening and the plate- and lamella-like phases broke up first and then
coarsened. No plate- or lamella-like AgiSn phases were found after high temperature
ageing. A chip after ageing at 80"C for 10 d and 150°C for 18 d was cross-sectioned
from the top to different levels, with no plate- or lamella-like Ag;Sn phases found. It
seems that the second possibility is the growth mechanism of Ag;Sn IMC during high

temperature ageing.

Fig. 7-19 Microstructure of ASH solder bumps as reflowed and after ageing at

different temperature. a) as reflowed, b) after ageing at 80°C for 750 h, c) after
ageing at 150°C for 2 d, d) after ageing at 150°C for 10 d, e) after ageing at 175°C

for 3 d, and f) after ageing at 175°C for 30 d.
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The small Agi;Sn particles inside the solder interconnect can be beneficial due to
precipitate strengthening. The AgiSn is more brittle and less ductile compared to the
matrix of the solder alloy and therefore the small, evenly distributed Ag;Sn IMC
particles in the solder may improve the mechanical properties and interconnect integrity
and the solder becomes more compatible with the harder EN UBM. However, the plate-
like Agi;Sn phase across the bump can significantly deteriorate the homogeneity of
mechanical properties in the solder bump interconnect. Figs. 7-20 and 7-21 show the
Ag;Sn IMCs formed at the corner and near the large void of solder bumps respectively,
where stress will accumulate and cracks may initiate and propagate, resulting in failure
of solder joints. Kim et al. [88] studied the influence of cooling speed on the tensile
properties of Sn-Ag-Cu alloys and found that the existence of plate-like AgiSn can
reduce the elongation of bulk solder and cracks prefer to propagate along the
AgiSn/solder interface. Later the study of Henderson et al. [119] showed that not only
crack, but also grain boundary sliding, could form at the AgiSn/solder interface during
thermal cycling. In this case it is perhaps prudent to avoid the formation of these large
AgiSn phases in the solder interconnect. The results of Kang et al showed that the
formation of such large AgiSn phases could be kinetically controlled by employing a

fast cooling rate, such as 1.5 K/s or higher during the reflow soldering process [117].
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Fig. 7-20 Ag;Sn IMC at the corner of Fig. 7-21 Ag;Sn IMC and hole in the
the Sn-Ag-Cu solder bump. Sn-Ag-Cu solder bump.

7.3.3 Formation of Kirkendall voids

During the solid-state reactions, Kirkendall voids may form at the interface of IMCs and
UBM (Cu [111, 115] and EN [22, 114]) due to the different diffusion rates of elements
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in different substrates. This research shows that the Kirkendall voids, if they exist at the
IMC/EN interface after low temperature ageing (80°C for up to 1080 h), cannot be
readily identified by SEM. However, Kirkendall voids were apparent in the solder
bumps after high temperature ageing. Fig. 7-22 shows that Kirkendall voids can be seen
in the solder bumps even when the chips were aged at 150°C and 175°C for only 2 d and
3 d, respectively, and during the further ageing the size and number of Kirkendall voids

were increasing. This is consistent with the research reported by He et al [114].
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Fig. 7-22 Microstructure of IMC/EN interface in solder bump after different
ageing, a) aged 2 d at 150°C, b) aged 18 d at 150°C, c¢) aged 3 d at 175°C and d)
aged 30d at 175°C.

When studied the interfacial reactions between eutectic Sn-Ag-Cu solder and Auw/EN/AI
UBM after different reflows and ageing, Zeng et al. [22] found that Kirkendall voids
formed in the NiSnP layer near the (Cu,Ni)sSns IMCs. It is thought the voids were
generated by the outward diffusion of Sn from the NiSnP layer, because the diffusion of
Sn to NisP layer is faster than that of Sn from the (Cu,\Ni)sSns IMC. He et al. [114]
studied the interfacial reactions of Sn-3.5Ag with AWEN UBM. Their results showed
that the main IMC formed at the solder/EN interface was Ni;Sn; and there were two
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layers of IMCs between Ni:Sny and EN UBM, i.e. NiSnP close to Ni3Sns and Ni;P close
to EN, and Kirkendall voids formed in the Ni;P layer. The formation of NiSnP indicates
that the Sn can diffuse through the Ni;Sny and react with Ni;P. He et al. [18] analysed
the formation mechanism of Kirkendall voids carefully and suggested the diffusion
inside Ni;P was along the grain-boundaries and the formation of the voids was caused
by the net Ni diffusion out from Ni;P layer to NiSnP and Ni3Sny layers while there was

not enough compensation from other elements to fill the vacant sites left by Ni.

In this study, the Kirkendall voids formed in the NisP layer close to the EN layer, which
1s consistent with the results of He et al.,, but no NiSnP layer was found. This is
probably a result of the different IMC formed at the solder/EN interface. The solder
studied in this study is Sn-3.8Ag-0.7Cu and the IMC formed at the solder/EN interface
18 (Cu,N1)sSns. It seems that Sn and Ni diffuse much more slowly in (Cu,Ni)sSns than in

Ni_;Sm.

(Cu.Ni)Sns

As-reflowed state ' After short-term ageing

After long-term ageing Kirkendall voids formation mechanism

Fig. 7-23 Proposed formation process of Kirkendall voids in Sn-Ag-CwEN

solder bumps during high temperature ageing.
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Fig. 7-23 shows one possible formation process for Kirkendall voids in Sn-Ag-Cw/EN
solder bumps during high temperature ageing. During the reflow and initial stage of
ageing, Ni diffuses into and reacts with the solder to form (Cu,Ni)¢Sns IMCs; however,
P does not take part in the interface reactions and will stay in the EN layer, resulting in a
P-rich layer, which subsequently crystallized into Ni;P. During ageing the NisP
decomposes into Ni and P, which diffuse along the grain-boundaries because of the low
activation energy. Ni will diffuse into the (Cu,Ni)sSns IMC and solder resulting in the
growth of (Cu,Ni)¢Sns and P will diffuse back to the Ni;P/EN interface to forrn more
Ni;P, since no P is found in the (Cu,Ni)¢Sns and Sn-Ag-Cu solder. The Ni;P layer has a
columnar structure and there are many vacant sites, such that Ni diffuses faster in the
Ni;P layer, which can cause a net Ni diffusion out of the Ni;P layer at the bottom side,

resulting in the formation of Kirkendall voids in this region.

7.4 IMCs formed with different solders and substrates

Cu, immersion Ag on Cu (CulmAg), electroless Ni (EN) and electroless Ni immersion
gold (ENIG) are several surface finishes normally used on PCBs or chips. The reactions
of Sn-Pb solder with these substrates have been studied widely [99, 120-127], but the
reactions between different lead free solders and different substrates have not been

systemically studied and compared.

7.4.1 Growth and thickness of IMCs

As we know, when the substrates are Cu and CulmAg, during reflow the solders react
with Cu to form the CusSns IMC. Because in the solid state Sn and Cu diffuse very
slowly inside CugSns IMC, Cu will accumulate at the interface of Cu and CugSns
resulting in the formation of Cus3Sn, which will consume some of the CugSns IMC at the
beginning of the solid reactions. During subsequent ageing, the Cu will diffuse towards
the solder and Sn will diffuse towards the Cu substrate, resulting in the growth of both
Cu3Sn and CueSns IMC layers. Lee et al. [128] studied the kinetics and thermodynamics
of solid-state ageing of eutectic Sn-Pb and lead free solders on Cu, and their results
showed that both CusSns and Cu;Sn IMCs formed at the interface of the solder joints
for all the Sn-Pb and lead free solders. The results also showed that the thickness of
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CugSns decreased at the beginning of ageing at 125°C for eutectic Sn-Pb and Sn-3.5Ag
solders and this thickness reduction was due to growth competition with CusSn. It
seems that at the beginning of the ageing, if the consumption rate of CueSns is greater

than the growth rate, the thickness will decrease.

When the substrates are EN and ENIG, during reactions of the solders with the EN layer,
the Ni will diffuse into the solder and form the Ni3Sny or (Cu,Ni1)¢Sns IMCs, but the P
does not take part in the interface reactions and will stay in the EN layer, so the top of

the EN layer will become P-rich and crystallize into Ni;P.

This studies showed that the growth of CugSns IMC was faster than that of (Cu,N1)¢Sns
IMC, which was also mentioned in the study of Yoon et al. [129]. From Figs. 6-43 to 6-
45 and Table 6-4, it can be seen that the thickness of IMCs on Cu and CulmAg
substrates was much thicker than that of IMCs on EN and ENIG substrates. It seems
that the growth of CusSn; is faster than that of Ni3Sns and (Cu,Ni)¢Sns.

For the reaction between lead free solders and EN or ENIG substrates, when there is no
Cu in the solder, the IMC formed at the interface is Ni3Sns and, when the solder
contains Cu as little as 0.6wt.%, the IMC will be {Cu,Ni)sSnsand not Ni;Sn4[22, 107].
This is caused by the different activation energy of these two IMCs. In the Cu-Ni-Sn
ternary system, (Cu,Ni)¢Sns 1s more stable than NizSna, so when there is a certain
amount of Cu in the solder, (Cu,Ni)¢Sns will form at the interface [22]. Ni3Snys can
consume much more Ni than (Cu,Ni)¢Sns, which can-be confirmed by the interfacial
microstructure of Sn-3.5Ag on ENIG substrate, in which almost all the EN layer has
been consumed, but for the Sn-0.7Cu and Sn-3.5Ag-0.7Cu systems the remaining EN
layers are still very thick (Figs. 6-43 to 6-45). Cu and Sn diffuse very slowly in an EN
layer, which acts as a diffusion barrier. If most or the entire EN layer is consumed, the
solder will react directly with Cu or Al. If the metal beneath EN coating is Cu, the
reaction will become stronger and more IMCs will form at the interface; if the metal

beneath EN coating is Al, as mentioned in Section 7.3 de-wetting may happen.

Since the Ni3Sny IMC has more diffusion channels than the (Cu,Ni)¢Sns IMC, the
elements can diffuse more quickly in the Ni3Sng IMC, resulting in a thicker IMC
(Ni3Sny) layer, as shown in Table 6-4. This means that when the substrate used is EN or
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ENIG, a certain amount of Cu can be added into the lead free solders, such that the
(Cu,Ni)sSns IMC will form at the interface and act as a diffusion barrier, resulting in a
slow IMC growth and a thin IMC layer. It is known that too much IMCs formed at the
interface will degrade the mechanical properties of solder joints, so Cu is a very
important element in lead free solders when an EN or ENIG substrate is used. The large
diffusion rate of elements in a Ni3Sn4 layer could also be confirmed by the formation of
the NiSnP layer between Ni3Sny and NisP when Sn-3.5Ag reacted with ENIG substrate,
which meant a large amount of Sn diffused through the N1;Sny layer and reacted with
Ni3P. This NiSnP layer has also been reported by He et al. [114] when they studied the
interfacial reactions of eutectic Sn-Pb and Sn-3.5Ag solders with EN UBM.

7.4.2 Cracks in the IMCs

The IMCs formed in the solder joints are brittle, and when their size becomes large they
can be easily broken by an external force. During the initial stages, after polishing of the
samples, there were many cracks found in the IMCs, as shown in Fig. 7-24. In order to
find the reason for formation of these cracks, the solders around the IMCs were etched
in some of the samples. Fig. 7-25 shows the microstructure of IMCs formed at the
mterface of Sn-3.8Ag-0.7Cu solder and Cu substrate after etching. From this image, it
can be seen that the cracks are shallow and exist only in the top part of the IMC, which
indicates these cracks might be created by the grinding and polishing processes.
Samples were re-polished: starting with silicon carbide paper grit 400 and finished with
0.02 um silica, and in total about 1| mm was removed from the surface. The
microstructures of solder joints after re-polishing are shown in Fig. 6-43 to 6-45 without
or with less cracks, which confirmed that the cracks were caused by grinding. So
grinding and polishing of this kind of sample needs to be careful, and large forces and

small grit silicon carbide papers need to be avoided.
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Fig. 7-25 Microstructure of IMCs formed at the interface of
Sn-Ag-Cu solder and Cu substrates after etching.

7.4.3 Formation of Kirkendall voids

Figs. 6-43 to 6-45 showed that when an EN or ENIG substrate was used, Kirkendall
voids formed inside the NisP layer, except when Sn-3.8Ag-0.7Cu reacted with EN
substrate and, when a CulmAg substrate was used Kirkendall voids formed inside the
Cu3Sn IMC layer.

For EN and ENIG substrates, the formation mechanism of Kirkendall voids is the same,
because during the first reflow the thin immersion Au layer can be dissolved into the

solder quickly and the solder will react directly with EN layer. The top of the electroless

175



Chapter 7 Discussion of results

Ni can crystallize into Ni;P during reflow. The formation mechanism of Kirkendall
voids has been discussed in Section 7.3.3. During high temperature ageing, more and
more voids will form and the small voids will grow into the large voids, and even lines

of voids can be formed as shown in Fig. 6-45d.

The study of Xiao et al. [111] shows that during long-time ageing of Sn-Pb solder on a
electroplated Cu stud, Kirkendall voids formed in CuiSn .layer. The formation
mechanism of Kirkendall voids in Cu3Sn layer appeared to be different from that of
Kirkendall voids in Ni3P. The main diffusion element in CugSns is Sn, but that in Cu;Sn
is Cu {130, 131]. The formation of Cu3Sn results from the interdiffusion of Cu and Sn.
Because Sn diffuses very slowly inside Cu¢Sns, no sufficient Sn is available to react
with Cu in CusSn layer. The lack of Sn in the lattice spaces of Cu;Sn can therefore
result in the formation of Kirkendall voids. However in this study, when pure Cu was
used as the substrate, no Kirkendall voids were found in the Cu;Sn layer, and only when
the CulmAg substrate was used could Kirkendall voids be found. It seems that the
formation of Kirkendall voids is related to the immersion Ag, but the reason is still not

clear at this time.
7.5 Micro-mechanical properties

Although the mechanical properties of individual phases do not represent the
mechanical properties of the whole solder joint, they do influence the mechanical

properties. In addition, such data can be used in finite element modelling.
7.5.1 Influence of assembly and ageing

Comparing the data from Tables 6-5 and 6-6, it can be seen that the mechanical
properties of phases in the solder joints before and after the assembly were similar.
Although a new phase, AuSns, formed in the solder joints after assembly due to the
immersion Au on the PCB side, the composition of other phases in the solder joints did
not change greatly. Since all the tests were conducted at room temperature and the same
atoms before and after the assembly had the same activity, the mechanical properties of

the same phase would be similar.
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During ageing the thickness of IMCs increases and the composition of the IMC may
change. Some researchers have shown that during reflow the content of Ni in
(Cu,Ni)Sns IMCs increases [129]. In this research the compositions of IMCs did not
change greatly during ageing. Table 6-6 to 6-8 show that the mechanical properties of
phases in the solder joints as assembled and after ageing at 150°C for different times
were similar. It seems that ageing did not affect the mechanical properties of individual

phases in the solder joints significantly.
7.5.2 Influence of testing temperatures

Table 6-9 and 6-10 show that the hardness and modulus of phases in solder joints
decreased at elevated temperatures, and that this decrease was very significant when the
testing temperature was higher than 150°C. Since the melting temperatures of solders
are low and the homologous temperatures are greater than 0.5 even at room temperature,
the atoms of solder materials will become very active at high temperatures. In this
condition, the solder materials become very soft, which will greatly degrade the
mechanical properties of solder materials. The mechanical property decrease of IMCs
was not as expected due to their high melting temperature. Since the material
underneath the IMCs was the solder material that was supporting the IMCs when they
were pushed by the indenter and became soft at high temperature, the substantial
mechanical property degradation of IMCs seems to have been caused by the softening
of solder matenial. As a result, the mechamcal properﬁes of IMCs from nanoindentation

at high temperatures are not reliable.
7.5.3 Pile-up and sink-in during nanoindentation

Pile-up or sink-in is often seen when indentations are made in materials. Fig. 7-26
shows the AFM images of nanoindentations on different phases of solder joints on
different substrates after long reflow periods. It can be seen that the indentations in Sn-
Cu and Sn-Ag-Cu solders had some pile-up, which were confirmed by AFM section
analysis as shown in Figs. 7-27 and 7-28. However, for the CugSns and Ag;Sn phases
no clear pile-up or sink-in can be seen. Deng et al. [132] calculated the degree of pile-

up/sink-in of different phases in solder joints using a 2D model developed from that of
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Dao et al. {133] and the results showed that pure Sn and eutectic Sn-Ag exhibited
significant pile-up and AgiSn, CusSns and CusSn IMCs exhibited sink-in, but the
degree of sink-in was very low, which 1s consistent with the results in this study.
Because the sink-in of IMCs was very benign 1t could not be seen clearly in this study.
When pile-up and sink-in existed around the indentations the true contact area will be
larger or smaller than the ideal contact area, respectively. Since hardness is:

H= __PT (7-3)

and reduced modulus is:

S |z

E=25\a (7-4)

pile-up will overestimate and sink-in will underestimate both the hardness and modulus.

Many researchers [132-141] studied the pile-up and sink-in phenomena during
nanoindentation tests. Giannakopoulos et al. [139] pointed out that pile-up occurs when
0.875 < (h/hmax) < 1 and sink-in occurs when 0 < (A/Apma) < 0.875 and no pile-up or
sink-in occurs when (A/hme) = 0.875 (A, is the residual penetration depth). The results
of Cheng et al. [142] and Deng et al. [132] showed that the effect of sink-in was less
pronounced than that of pile-up. Through the dimensional analysis and finite element
calculation, Dao et al. [133] and Cheng et al. [142] proposed one method to calculate
the yield strength, o,, and the work hardening coefficient, n. Based on the value of g,
and n, Malzbender et al. [134] gave one method to calculate the hardness and reduced
modulus, which can take into account the influence of pile-up and sink-in. This method
has not yet been applied in normal nanoindentation tests and calculation and therefore
was not applied to the results presented in this thesis; however, it would be better to

correct for the effect of pile-up and sink-in, especially the former, during the analysis.
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Fig. 7-26 AFM images of nanoindentations in different phases.
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Fig. 7-28 AFM section analysis of nanoindentation in Sn-3.5Ag-0.7Cu solder.
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7.5.4 Influence of cooling media

Fig. 6-77 and 6-78 show that the hardness and modulus of lead free solder materials
cooled in water were higher than those of solder matenals cooled in furnace. The Sn-Ag
solder cooled in air presented the highest hardness and modulus, and the hardness and
modulus of Sn-Ag-Cu solder cooled in air had the largest deviation. The high hardness
and modulus of solders cooled in water were caused by the distribution of small IMCs
in the solder. It seems that a high cooling rate can enhance the mechanical properties of

solders and get them closer to those of large IMCs in the solder joints.

From Fig. 6-69, it can be seen that almost every indentation on Sn-Ag solder cooled in
air was interrupted by the Agi;Sn lamella, resulting in the high hardness and modulus.
Fig. 6-72 shows that there were two kinds of IMCs, CusSns and Ag3Sn, with a different
size for Sn-Ag-Cu solder cooled in air. Although the indentations on the IMCs were
removed, most of the other indentations were still affected by the surrounding IMCs.
Because of the various sizes and types of IMCs, the effect on indentations was different,

resulting in a large deviation for the hardness and modulus values.

7.6 Creep properties

When solder alloys undergo a constant load at an elevated temperature, a combination
of mechanical and thermal effects can lead to creep failure. Creep deformation becomes
critical when the temperature exceeds 0.5 T, (melting temperature in Kelvin) of the
material. As for the most commonly used solders, including the Sn-Pb eutectic solder
and many lead-free solders, even room temperature corresponds to ~0.6 7,,. Often the
service temperature of components can be over 100°C, and the solder joints are
normally under thermal and/or external stress, so it is important to gain an insight into
the creep behaviour of solders at room and elevated temperatures, which will ultimately

influence the rehability of solder interconnections.

Many researchers have studied the creep properties of Sn-Pb and lead free solder
materials [71, 72, 143-148], and some results show that both Sn-Pb and lead free solders

show different creep exponents in low stress and high stress regimes. The results of
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Yang and Li [72] showed that the creep exponent, n, of eutectic Sn-Pb in a low stress
regime ranged from 1.01 to 2.71 and in a high stress regime from 3.31 to 6.01 and, that
the stress exponent decreased with increasing temperature. The study of Goldstein and
Morris [143] showed that the creep exponent of eutectic Sn-Bi was around 3.2 in a low
stress regime and 7.3 in a high stress regime. The creep properties of Sn-Ag solder have
been studied widely, and the creep exponents range from 3 to 5 in a low stress regime
and 7 to 12 in a high stress regime [145-153). The vanation in results from different

researchers may be caused by different microstructures and stress regimes.

As we know, the microstructure of Sn-Pb and some lead free solders (i.e., Sn-Ag, Sn-Cu
and Sn-Ag-Cu) are different: Sn-Pb presents Sn-rich and Pb-rich phases with lamellar
(slow cooling) or equiaxed (fast cooling) structure and the lead free solders exist as B-
Sn matrix distributed with IMCs. Due to the different microstructures, the creep
mechanisms for Sn-Pb and the lead free solders are quite different. The Sn-rich and Pb-
rich phases in Sn-Pb solder have a similar deformation resistance; however, the
deformation resistance of IMCs in the lead free solders, such as Cu¢Sns and AgsSn, is
much higher than that of the B-Sn matrix. The IMC particles act as obstacles and create
a back stress that resists the motion of dislocations and creep deformation cannot occur
unless dislocations are able to escape from the pinning particles by one of the following
mechanisms [146]:

e Particle cutting

s Bowing between particles (Orowan bowing)

¢ (Climb around particles.
Because the IMCs are much stronger than -Sn matrix, the particle cutting mechanism
is impossible, and the mechanism of dislocation climb over the IMC particle seems
reasonable [149]. In order to explain the high creep exponent observed at high stress, a
threshold stress was incorporated into the analysis [144, 145, 149]. The threshold stress

can be expressed as:

2
Oy =Copl—kg (7-3)
where oy, is the threshold stress at certain temperature, representing the stress required to
cause thermally activated detachment of the dislocation segment from the IMC particle,

oos the Orowan bowing stress, and kg the relaxation factor. No high stress creep occurs

when the applied stress is lower than the threshold stress.
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Fujiwara and Otsuka [71] studied the creep properties of B-Sn and eutectic Sn-Pb, and
their result showed that there was a transition temperature where the creep activation
energy would change. This difference of creep properties at a low temperature and a
high temperature was caused by the different creep mechanisms. Research has shown
that the creep at a low temperature was controlled by dislocation-pipe diffusion and that

at a high temperature was controlled by lattice diffusion [71, 144, 149, 154].

From Figs. 6-79, 6-80, 6-82, and 6-84, it can be seen that the creep exponent of lead
free solders in solder joints is around 9.5-12.5 at room temperature, which agrees with
the results from other researchers in the high stress regime as mentioned above. The
results also show that the creep exponent of lead free solder at high temperatures (125,
150 and 175°C) ranges from 2.5 to 5.0, which agrees with the results from other
researchers in the low stress regime. For nanoindentation creep testing the load was held
constant during the dwell time and the stress is the maximum load divided by the
projected area of the indentations. Because the maximum load was similar for the tests
at different temperatures, and the projected area of indentations at high temperatures
was much larger than that at room temperature, the applied stress was much lower at
high temperatures compared with that at room temperature. It seems that when the test
was conducted at high temperatures, the stress was in a low stress regime, resulting in

much smaller creep exponents.

Figs. 6-85 to 6-89 and Table 6-11 show that the room temperature creep exponent of
buik lead free solders after cooling in different media ranged from 7.5 to 11.5 and the
creep exponent of Sn-Ag solder distributed with small IMCs was higher than that of
solder almost without IMCs. It seems that for nanoindentation creep, the cooling rate
did not influence the creep exponent. Because the creep was tested in a very small local
area, the microstructure, i.e. the IMC distribution, around the indentation was the main
factor that affected the creep deformation. According to the particle strengthening
mechanism, if there are no particles close to the indentation, particle strengthening will
not influence the creep property significantly. Huang et al. [149] studied the creep
properties of Sn-Ag at different temperatures, and their results showed that the creep
exponents were 12.3, 11.0 and 10.1 at 30°C, 75°C and 120°C, respectively. By

introducing threshold stress and temperature dependent shear modulus, G, they removed
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the influence of temperature and particle strengthening and got the true creep exponent
as 7. In this study, the low creep exponent was just a little higher than 7, and it seemed
that in these tests the influence of particle strengthening was quite benign because

almost no IMC particles existed around these indentations.

Companson of the creep properties of lead free solders in solder joints and in bulk

solder shows that the solder volume did not affect the creep properties of solders.

Compared with traditional creep testing, the advantages of nanoindentation are that it
can be used to test the material with a small volume and a large number of samples are
not required. However, because nanoindentation can only control the load and not the
stress as constant, when sharp indenters are used, the stress driving the creep process 1s
decreasing and no steady state can be achieved [79]. As a result, the creep curves
obtained through nanoindentation do not follow a power-law very well. Actually, in this
study, only the first 300 s to 800 s of the curves can be used to calculate the creep
exponents. In order to solve this problem, a flat cylindrical punch was suggested to
replace the sharp indenters during the creep testing [84, 145]. Because the tip of this
punch 1s flat, the contact area is constant during the test and thus the applied stress is

constant at a constant load and steady state creep can be easily achieved.
7.7 Shear strength of ASH solder bumps

In order to replace Sn-Pb solder with lead free solders, the shear strength of these
solders have been studied widely [9, 111, 129, 155-159]. Some results showed that the
shear strength of lead free solders is better than that of Sn-Pb solder [160].

Due to the different mechanical properties in solder joints, there are several different
failure modes in shear tests. A failure mode analysis, along with a fundamental
understanding of shear test process and results, is needed to accurately assess solder
joint toughness. Some researchers [111, 161, 162] have shown that there are four typical
failure modes in shear tests. The first one is pad peel. This occurs when the pad peel
strength is lower than the bulk flow stress of the solder. The second one is a ductile

fracture through the bulk solder. This occurs when the flow stress of the bulk solder is
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less than the pad-pee! strength and the interfacial strength of the solder joints. The shear
head ploughs through the bulk solder, leaving the pad covered with the solder after the
ball has been sheared off. This is the expected failure mode and is typical for a robust
solder joint. The third failure method is a brittle fracture at the interface between the
solder ball and the IMCs or in the IMC layer. This occurs when the interfacial strength
is less than the flow stress of the bulk solder. In this case, there is minimal distortion of
the solder ball and the solder ball fractures within the IMC region in a brittle manner.
The fourth failure mechanism is a combination of the second and the third. The failure

surface exhibits properties of both ductile and bnittle fracture.
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Fig. 7-29 Typical force-displacement curve of shear test.

Fig. 7-29 shows the typical force-displacement curve of shear tests. Once the shear head
contacts the solder bump the shear head cuts into the solder bump and the load increases
immediately, and when the shear displacement reaches about 20 pm, the shear load
begins to drop and then the remaining part of the solder bump 1s torn away, leaving a
dimple fracture surface. Many researchers have reported the dimple fracture surface in
lead free solder joints during shear tests [129, 156, 163]. These dimples were caused by
crack propagation following a certain angle at some weak points. The fracture surface of
lap shear samples is different from that of ball shear samples. With a ball shear sample
the first part of the fracture surface is caused by the cutting of the shear head and only

the final part can show the dimple structure.
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7.7.1 Influence of shear parameters on the shear force

The shear parameters, such as shear height and shear speed, can influence the shear
force. The results of Pang et al. [164] and Kim et al. [159, 165] showed that the shear
force of Sn-Ag and Sn-Ag-Cu solder joints increased linearly with the shear speed, and
the result of Liu et al. [9] showed that the solder bumps showed different shear forces
when different shear heights were used and in most studied ranges the shear force

decreased with the shear height.
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Fig. 7-30 The shear force of as reflowed ASH bumps with different shear heights.

Fig. 7-30 shows the shear force of as-reflowed ASH bumps with different shear heights.
The bump height including the EN UBM is about 70 pm, and the thickness of the UBM
is about 6 um. The value of shear height was based on the Cu track connected to the pad,
which was almost at the same level as the bottom of EN UBM. The result shows that
the shear force decreases with the increase of the shear height in the studied range. The
solder bumps have the maximum cross-section area at the height of ~23 um, so the

decrease of shear strength with shear height is slightly larger than shear force.

Fig. 7-31 shows the fracture surfaces of solder bumps as-reflowed with different shear
heights. It can be seen that when the shear height was lower than 25 um the first part of
the fracture surface is smooth and the later part is rough. When the shear height was 10

um the solder bumps fractured both in the solder and at the interfaces. The interfaces
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could be solder/(Cu,Ni)Sns or (Cu,Ni)sSns/Al-Cu or solder/Ag;Sn, which can be seen
more clearly in Fig. 7-32, in which the sample was tilted in the opposite direction. It can
also be seen that when the shear height was higher than 15 pm all the solder bumps
fractured in the bulk solder. The different shear force with different shear héight may be
caused by the different microstructures and shear area of solder bumps at different
heights. Because the interfaces were stronger than the solder material, when the shear
height was 10 um, the solder bumps showed the highest shear force, although the shear

area was smaller than that when the shear height was 15 um.

T 15 im Y
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Fig. 7-31 Fracture surface of solder bumps as reflowed with different shear heights,
a) 10 pm, b) 15 pum, ¢) 20 um and d) 25 pum.
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Fig. 7-32 solder bump as reflowed failed at the interfaces and
bulk solder {shear height 10 um).

Fig. 7-33 shows the shear force of as-reflowed ASH bumps with different shear speeds.
It shows that the shear force increases with shear speed in the studied range. When the
solder bumps were sheared with higher shear speeds, because there was not sufficient
time for creep and stress relaxation to occur, the solder bumps showed higher shear

force.
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Fig. 7-33 The shear force of as reflowed ASH bumps with different shear speed.
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7.7.2 Influence of cooling rate

Kim et al. [88] and Ochoa et al. [87] studied the influence of cooling rate on the tensile
strength of Sn-Ag-Cu and Sn-Ag bulk solders, respectively, and their results showed
that the rapid cooled solder had the highest tensile strength and the slow cooled solder
had the lowest tensile strength, partially due to the formation of a large Ag;Sn IMC.
However, few people studied the influence of cooling rate on the shear strength of lead

free solders.

Fig. 7-34 shows the shear force of ASH solder bumps with different shear heights and
cooling media. It shows that a lower shear height can produce a higher shear force.
However, the cooling media did not influence the shear force greatly. As mentioned in
Section 7.2.1, although the particle size of AgiSn IMC in the solder bumps cooled in
water was smaller than that in the solder bumps cooled in the furnace, this difference
was not significant. It is difficult to say why the shear force of solder bumps cooled in

air is slightly higher than those of the solder bumps cooled in other media.
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Fig. 7-34 The shear force of ASH bumps with different shear heights and

cooling media.
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7.7.2 Influence of cooling rate

Kim et al. [88] and Ochoa et al. [87] studied the influence of cooling rate on the tensile
strength of Sn-Ag-Cu and Sn-Ag bulk solders, respectively, and their results showed
that the rapid cooled solder had the highest tensile strength and the slow cooled solder
had the lowest tensile strength, partially due to the formation of a large Ag;Sn IMC.
However, few people studied the influence of cooling rate on the shear strength of lead

free solders.

Fig. 7-34 shows the shear force of ASH solder bumps with different shear heights and
cooling media. It shows that a lower shear height can produce a higher shear force.
However, the cooling media did not influence the shear force greatly. As mentioned in
Section 7.2.1, although the particle size of AgiSn IMC in the solder bumps cooled in
water was smaller than that in the solder bumps cooled in the furnace, this difference
was not significant. It is difficult to say why the shear force of solder bumps cooled in

air is slightly higher than those of the solder bumps cooled in other media.

I Shear height 10 micron
a I Shear height 15 micron

40 4

(%]
(=]
1

Shear force, g
3
1

10

water air furnace

Cooling media

Fig. 7-34 The shear force of ASH bumps with different shear heights and

cooling media.
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7.7.3 Influence of thermal ageing

Many researchers have studied the influence of reflow time [129, 156, 158, 166] and
thermal ageing [96, 156-158, 163] on the shear strength of lead free and Sn-Pb solder
joints and their results have shown that the solder joints normally fractured in the bulk
solder. Some research showed that multi-reflow or reflow time did not influence the
shear strength significantly [129, 156, 158]. However, Lin and Liu [166] showed that
multi-reflow degraded the shear strength of Sn-Pb/EN solder joints. The results of Lin
and Liu showed that the shape of solder bumps were changed after several reflows and
there were some cracks at the corner of solder bumps after 10 reflows, which might be
the reason that caused the degradation of shear strength. In the mean time, research also
showed that the shear strength of both Sn-Pb and lead free solder joints decreased
during thermal ageing [156-158, 163].

There are several sources that can cause the degradation of shear strength of solder
joints, such as IMC growth, void formation (e.g. Kirkendall voids), coarsening of IMC
particles, and grain growth. During reflow the IMC growth is very quick; however, the
shear strength did not degrade with the reflow time and the solder joints fractured in the
bulk solder as mentioned above. It seems that the IMC and the interfaces are stronger
than the solder materials and the IMC thickness does not influence the shear strength
significantly. Thermal ageing can degrade the shear strength of solder joints and the
research of Deng et al. [156] showed that the shear strength of Sn-3.5Ag solder joints
after reflow was higher than that after thermal ageing at 140°C and 175°C, even though
the IMC thickness after reflow was much thicker. During high temperature (such as 125
and 175°C) ageing, the IMC particles were coarsening, and for lead free solders the
IMC coarsening is the critical cause of strength degradation. Although the shear
strength of Sn-Pb solder joints also decreases during thermal ageing, its mechanism
seems different to that of lead free solders. Because Sn-Pb does not have the IMC
distribution in the solder the shear strength degraded even at room temperature storage
[157, 158]. One possible explanation for the strength degradation of Sn-Pb solder
bumps is the grain growth during thermal ageing.
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Fig. 7-35 Fracture surfaces of solder bumps after different ageing, a) as reflowed, b)
aged 45 d at 80°C, c) aged 10 d at 150°C, d) aged 18 d at 150°C, e) aged 15 d at

175°C and f) aged 30 d at 175°C (shear height 15 um).

Fig. 6-90 shows that the shear forces of Sn-Ag-Cu solder bumps only dropped after
ageing at 80°C for 18 d and Figs. 6-91 and 6-92 b show that the shear force dropped in
the initial stage of ageing at 150°C and 175°C. Fig. 7-35 shows the fracture surfaces of
solder bumps after ageing at different temperatures. All the solder bumps failed in the
bulk solder and showed ductile fractures with the first part of the fracture surface

smooth and the later part rough.
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Since all the solder bumps fractured in the bulk solder, the (Cu,Ni)sSns IMC growth and
the Kirkendall voids formation did not influence the shear force. As we know, when
small hard particles distribute in a soft material, they can strengthen the material. Small
AgiSn particles coarsened into large pebble-like phases during ageing (Fig. 7-19),
which reduced the strengthening function. It seems that it was the coarsening of Agi;Sn
particles that had caused the shear strength degradation. Because the IMC coarsening at
low temperatures was much slower than that at high temperatures, the shear strength

decreased much slower during the ageing at 80°C.
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Fig. 7-36 Fracture surfaces of solder bumps after ageing at 175°C for different
time, a) 3 d, b) 15 d and ¢) and d) 30 d. (Shear height 10 um)

Fig. 6-92a shows that when the shear height was 10 um the shear strength of solder
joints did not change during ageing at 175°C. Fig. 7-36 shows the fracture surface of
solder bumps after ageing at 175°C for different periods of time. It can be seen that the
fracture surface was in the (Cu,Ni)sSns/solder interface and some of the final failure is

brittle failure. Fig. 7-36 d shows that the IMC layer may crack during shear tests due to
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its brittleness. Since the strength of this interface did not degrade during ageing and the
Kirkendall voids did not form in this region, the shear strength did not decrease during

ageing.
7.8 Thermal cycling and reliability

Due to the high CTE mismatch between the PCB (CTE ~ 15.8) and silicon chip (CTE ~
2.8), the solder joints will be under cyclic stress when they suffer temperature
excursions In service, which can affect reliability. Much research has been conducted on
the rehability of Sn-Pb and lead free solder joints through thermal cycling or thermal
shock [58, 116, 167-178]. Some results showed that the reliability of lead free solder
joints was equivalent to or better than that of Sn-Pb solder joints [116, 169], but others
showed that the reliability of lead free solder joints was a little poorer [170]. The results
of Taguchi et al. [58] showed that the reliability of Sn-Pb and lead free solders
depended on the surface finish on the board. When bare Cu and Alpha level Ag were
used the rehability of Sn-Pb was better, and when ENIG was used lead free solders had
better reliability.

From Figs. 6-93 to 6-95, it can be seen that during thermal cycling the microstructure of
solder joints did not change and the growth of IMCs at interfaces was not significant.
The dwell time at 125°C was about 15 min in one cycle, such that after 1500 cycles the
total time of solder joints at 125°C was about 15 d. At this temperature the diffusion rate
of atoms is not high, so the increase of IMC layer thickness was not significant. It can
also be seen that due to the immersion Au on the PCB pads, AuSn; IMCs formed both
in the bulk solder and at solder/(Cu,Ni)sSns and solder/CUGSns‘ interfaces. When the
pads with micro-vias were used, more AuSny IMCs formed in the solder joints and

accumulated at the interfaces.
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Fig. 7-37 Possible crack initiation positions during thermal cycling, a) sharp points,
b) joint corner and AuSns/solder interface, c¢) voids and joint corner, d) Ag;Sn/solder

interface, e) poor wetted area and voids and f) AuSny/solder interface.

Fig. 7-37 shows the possible crack initiation positions in the solder joints during thermal
cycling. The main crack initiation positions were the corner of solder joint at the chip
side, where the maximum strain normally existed [170, 173]. The cracks may also
initiate at AuSny/solder and Ag;Sn/solder interfaces (Figs. 7-37b, d and f) due to the
high modulus difference, and sharp points, voids and poor wetted areas are the other

possible crack propagation positions as shown in Figs. 7-37a, ¢ and e.

194



Chapter 7 Discussion of results

*

S A» ORLE  Dwte 12 Jun 2006
FProls o = 8834

Gt A» GBSO  Dute 17 Jan 2000
P Ho. = 8540 |

Fig. 7-38 Irregular solder joint shapes after reflow soldering when pads with solder

mask were used, a) b) narrow neck, ¢) UBM lift and d) solder disconnection.

From Tables 6-12 and 6-13, it can be seen that the solder joints with bare pads had the
best reliability and the joints formed on pads with micro-vias had the poorest reliability.
As we know, solder mask can improve the alignment during assembly. However, it was
noticed that the reliability of solder joints with solder mask was poorer than that of
solder joints with bare pads. Analysis of the solder joint cross-section after thermal
cycling showed that for the pads with solder mask there were some solder joints with
irregular shapes, as shown in Fig. 7-38. The solder joints with the narrow necks had
greatly degraded strength. It seems that this is the reason for some test couples to fail
during thermal cycling. Because underfill particles can be seen at the gaps, these
irregular shapes must have formed during assembly. The shape of these solder joints
showed that there was a force dragging the board away from the chip during or after the
solidification of the solder joint, resulting in the narrow neck or UBM lift. The highest
temperature that the PCB material, FR-4, used in this work can resist, is about 240°C for

90 s and in the meantime the maximum reflow temperature for Sn-Ag-Cu solder was
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around 240°C. So the board can be overheated during reflow, which will degrade its
properties or even cause distortion of the circuit board. If the board is distorted, it will
lose its planarity and the distance between some pads and chip will become larger

during solidification, which will lift the solder and UBM to form the irregular shapes.

Weibull analysis has been used to predict the reliability of components for decades
[167-172]. It often reveals the strengths and weaknesses of all kinds of test structures
reliably. The life distribution of solder joints during thermal cycling can be analysed

through the two-parameter Weibull cumulative distribution equation:
t
F()=1- ExP[—(;)” ] (7-6)

where 1 is cycling time (i.e., number of cycles to failure), » is a scale parameter, which
is a characteristic life or cycles to 63.2% fail and £ is a shape parameter (the Weibull
slope). The scale parameter # and shape parameter f for the pads with micro-via were
calculated as 1166 and 1.55 respectively. This analysis was not applied to the solder
joints with bare pads and pads with solder mask since insufficient data were collected

and some solder joints failed due to the irregular joint shape.

Fig. 7-39 shows the failure modes of solder joints when pads with micro-via were used.
It can be seen that the main failure mode was crack propagation along the AuSns/solder
interface and some solder joints may fail in the bulk solder. As mentioned in Chapter 6,
the high Au to solder ratio in the solder joints with micro-via caused the formation of a
large amount of AuSns; IMCs. The modulus of AuSns and solder material is quite
different, so during thermal cycling stress tends to concentrate at their interface,
especially when this interface exists at the corner of solder joint, and a crack may

initiate and propagate along this interface, resulting in the failure of solder joint.
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Fig. 7-39 Failure modes of solder joints when pads with micro-via were used, a)
b) failure at AuSns/solder interface, c) failure in bulk solder and d) failure at

AuSny/solder interface and in bulk solder.
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Fig. 7-40 Failure mode of solder joints during thermal cycling when bare pads

were used, a) failure in bulk solder and b) failure at poor wetted interface.

Fig. 7-40 shows the failure modes of solder joints when bare pads were used. It can be

seen that the main failure mode was crack propagation in the bulk solder and when the

197



Chapter 7 Discussion of results

pad did not have good wettability with the solder the fracture might be at the solder/pad

interface.

To the solder joints formed on the pads with solder mask, the main failure is in the bulk

solder as shown in Fig. 7-42. It is similar to that in the solder joints with bare pads.
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Fig. 7-41 Failure mode of solder joints during thermal cycling when pads

with solder mask were used: failure in bulk solder.

When the cracks propagated in the bulk solder, the fracture could be transcrystalline and
intercrystalline. Fig. 7-39¢ and Fig. 7-41 show that sometimes the cracks propagated
along the grain boundaries of B-Sn, and grain boundary sliding may be its deformation

mechanism.
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Fig. 7-42 Ag;Sn IMCs in the way of crack propagation.

The AgsSn/solder interface can be a weak position for a crack to initiate and propagate,

as mentioned above and in the literature [176]; however, the Ag;Sn IMC can change the
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direction of crack propagation and increase the path length that cracks have to pass
during thermal cycling, as shown in Fig. 7-42, which may improve the reliability of

solder joints in some cases.

Some research showed that the delamination at the underfill/chip and underfill/solder
interfaces might happen during thermal shock testing [167, 170, 173, 177}. The reason
1s that the CTE of underfill is higher than that of solder materials and on the cold side of
thermal cycling the underfill tries to contract more than the solder material, placing the
underfill in tensile stress. However, in this research no underfill delamination was found

after 1500 cycles, which is due to the lower ramp rate applied in thermal cycling.

Of fundamental significance here is the long-term reliability of the solder joint, which is
directly dependent on the quality of the bond formed between the solder and the pad.
With properly designed pads, surface finishes, underfills and UBMs, the lifetime of

solder joints under thermo-mechanical stress can be maintained.

7.9 Corrosion properties

Abtew et al. [2] provided a brief review on the corrosion properties of lead free solder in
microelectronics. Depending on the application and the environment in service,
electronic components may be exposed to corrosion media. In addition, solder alloys are
electrically connected with other metals (pads or UBMSs) and their potential is different.
Table 7-6 shows the standard electromotive force (emf) of metals used in
microelectronics. It can be seen that the standard emf of Sn, which is the main element
in lead free solder alloys, is lower than that of most metals used for solder pads and
UBMs, such as Au, Ag, Cu and Pd. This will cause the galvanic corrosion of solder
alloys. In the mean time, the halide-containing contaminations during assembly, such as
conventional fluxes, can also degrade the corrosion resistance of solder joints [25]. Lin
and Liu [179] studied the corrosion behaviour of Al-Zn-Sn solders in NaCl solution,
and the results showed that the solders had significant galvanic current densities with
respect to electroless Ni-P, electroless Ni-Cu-P and Cu. It shows that if Al-Zn-Sn
solders are connected with these materials corroston will happen to the solders. When

the electrochemical behaviour of Sn-In-Ag alloys in 3% NaCl solution was studied,
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Oulfajrite et al. [180] found that the content of In did not influence the corrosion of
solder alloys significantly, but the increase of Ag addition can increase the corrosion
resistance. Lin et al. [70] also studied the corrosion resistance of XIn-9(5Al-Zn)-Sn
solders in 3.5% NaCl solution, and their results showed that more In addition can

slightly increase the corrosion resistance.

Table 7-6 Standard electromotive force (emf) of metals used in microelectronics.

Metal Standard emf (V) Metal Standard emf (V)
Au +1.50 Sn -0.136

Ag +0.799 Pb -0.126

Cu +0.337 In -0.342

Ni -0.250 Zn -0.763

Pd +0.987 Al -1.66

In this research, the corrosion resistance of lead free and Sn-Pb solders was studied in
3.5% NaCl solution, whose content is similar to that of seawater. Figs. 7-43 and 7-44
show that the corrosion current density of these solders was similar and stable
passivation films formed on all the Sn-Pb and lead free solders, which can protect the
solders and increase their corrosion resistance. The passivation properties of these
solders are summarized in Table 7-7. Lead free solders had a lower passivation current
density and larger passivation domain than Sn-Pb solder. This means that when
passivation films form on the surface of solder materials the films on the lead free
solders were more stable than that on Sn-Pb solder and the corrosion current densities of
lead free solders were smaller than that of Sn-Pb solder. In the mean time, after the
passivation film broke down, the corrosion current density of three lead free solders was
also smaller than that of Sn-Pb solder. All these indicated that the iead free solders had a
better corrosion resistance than Sn-Pb in 3.5% NacCl solution. The results also show that
the corrosion resistance of Sn-Ag and Sn-Cu solders was a little better than that of Sn-
Ag-Cu solder because of the lower passivation current density and larger passivation

domain.
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Fig. 7-43 Comparison of potentiodynamic polarization curves of different

solder materials with the scanning rate 30 mV/min.
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Fig. 7-44 Comparison of potentiodynamic polarization curves of different

solder materials with the scanning rate 60 mV/min.
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Table 7-7 Passivation properties of Sn-Pb and lead free solders.

Solders Passivation current density (mA/cm?) Passivation domain (mV)
30mV/min 60mV/min 3I0mV/min 60mV/min
Sn-Pb 4.17 8.10 368 265
Sn-Ag 0.49 1.58 1766 927
Sn-Cu 0.74 1.62 1560 1442
Sn-Ag-Cu 1.07 224 1089 797

In order to understand the reactions during the corrosion, EDX and XRD were used to
analyse the corrosion products on the surface after the potentiodynamic polarization
tests. Figs. 7-45 and 7-46 show the EDX and XRD analyses of the corrosion products
on the surface of lead free and Sn-Pb solder matenials after the potentiodynamic
polarization testing with the scanning rate 300 mV/min, respectively. They show that all
the lead free and Sn-Pb solder materials had the same corrosion product,
Sn3.20(0OH),Cl,, which is the oxide, hydroxide and chloride of Sn. Fig. 7-47 shows the
XRD analyses of the corrosion products on the surface of Sn-Ag-Cu solder material
after the potentiodynamic polarization testing with the scanning rate 30 mV/min. It
shows the same corrosion product as that after the potentiodynamic polarization testing

with the scanning rate 300 mV/min.
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Fig. 7-45 EDX spectrum of different solder materials after the corrosion tests

with the scanning rate 300 mV/min.
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Fig. 7-46 XRD spectra of different solder materials after the corrosion tests

with the scanning rate 300 mV/min.
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Fig. 7-47 XRD spectra of Sn-Ag-Cu solder after the corrosion tests with the

scanning rate 30 mV/min.

During the potentiodynamic polanization testing, the initial reaction that happened on

cathodic electrode was the oxygen absorption:
0,+4e” +2H,0 - 40H" (7-7)
When the current density reached about 10 mA/cm?, many hydrogen bubbles came out

from the cathodic electrode, which is because the hydrogen ions were absorbed on the

cathodic electrode and reduced into hydrogen gas:

2H +2¢ - H, (7-8)

The reactions on the anodic electrode during the polarization from point A to B, as
shown in Fig. 7-44, are an active process, in which Sn in the solder materials dissolved

into solution and formed Sn(OH);:
Sn+20H™ —2e” =Sn(OH), (7-9
When the polarization reached point B, a passivation film began to form on the surface:

Sn(OH), +20H™ - 2e” = Sn(OH), (7-10)
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Because Sn{OH), is highly insoluble, when it precipitates on the solder surface it can
inhibit the corrosion of solders. In the mean time, Sn(OH); on the solder surface may
dehydrate into SnO: |

Sn(OH), = Sn0O+ H,0 (7-11)

In NaCl solution, the chloride 1on (Cl 7) has a large atomic radius and is weakly solvated,
such that it can be absorbed on the surface of solders, resulting in the breakdown of the
passivation film [180]. When the chloride ion was absorbed on the solder surface a
chloride of Sn might form as a corrosion product. All these reactions made the corrosion

products a mixture of the oxide, hydroxide and chloride of Sn.

Although the main element of Sn-Pb and lead free solders was Sn and all corrosion
happened on Sn, the addition of other elements can still influence the corrosion
resistance of solders. Results showed that the main effects were on the formation and
stability of passivation films on the solders during corrosion. It seems that Pb is

detrimental to the passivation of solder matenals.
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CHAPTER 8

Conclusions and Future Work

In this chapter, conclusions are drawn from the results and discussion presented in
Chapters 6 and 7, and further research is required to further extend the understanding of

lead free flip chip application.

Lead free solders have to replace Sn-Pb solders in electronic industry by July 2006 in
Europe, and a lot of work still needs to be done to further enrich the knowledge base

and satisfy the needs and requirements from industry.

The contributions of this work to the application of lead free solders in flip-chip scale
packages are briefly stated here with contextual relevance and further elaborated upon

in the following subsections:

o The wettability of EN coatings with lead free solders without the protection of
immersion Au was studied with different storage durations and environment,
and results show that storage durations and environment do not influence the
wettability of EN coating with lead free solders significantly; however, strong
flux and nitrogen protection are required to ensure the good wettability of EN
coating. For an end-user, this is important in that it provides a guideline for the
use and storage of EN UBM in production applications.

¢ Microstructures, morphologies, distributions and micro-mechanical properties of
different phases in solder joints were studied. This information enhances the

understanding of solder joint robustness and may also support finite element
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modelling (FEM), which helps industry in addressing the potential reliability
issues for Pb-free solder joints.

The influence of cooling rates on the size of IMCs was studied and fast cooling
during reflow was recommended because this produces a finer grained solder
joint microstructure and more beneficial IMC morphology, thereby optimising
the process set-up for longer term reliability performance.

Interfacial reactions and shear tests were conducted for Sn-3.8Ag-0.7Cuw/EN flip
chip solder bumps after thermal ageing, and results show that solder/IMCs and
IMCs/EN interfaces are stronger than bulk solder and thermal ageing does not
degrade the shear strength of solder bumps significantly. Such information
assures the manufacturer and end-user that these new matenals systems have not
resulted in particularly weak areas at joint interfaces and the weakest point is the
solder itself.

Interfacial reactions between different lead free solders and substrates were
studied, which have provided criteria to allow end-users and manufacturers to
better select solder and substrate for optimised reliability.

Kirkendall voids were observed in Ni3P and CusSn layers during high
temperature ageing, and their possible formation mechanisms were proposed.
This indicates a possible route to a failure mechanism and such understanding
allows the avoidance of such failures by the adjustment of the metallurgy such
that these voids cannot occur.

Nanoindentation was used to study the mechanical properties of different phases
in solder joints with a Berkovich indenter; however, a flat punch is suggested to
replace the Berkovich indenter for creep testing. As such, as a research
instrument, the nanoindentation technique, specifically the indenter geometry,
should be optimised to obtain the desired properties the user wishes to get.

Shear tests show that coarsening of Ag;Sn IMCs can degrade the shear strength
of solder joints during thermal ageing. These IMCs and their evolution overtime
may serve as indicators of the joint reliability in a system.

Results from thermal cycling tests of Sn-Ag-Cu solder joints show that the
application of micro-vias should be considered very carefully, due to relatively
large Au/solder ratio and the requirement for a larger volume of solder and, that

high T, PCBs need to be used with lead free solders to ensure a good reliability.
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This allows the optimisation of micro-via design, specifications for solder alloy
and its quantity, and the selection of suitable PCBs for these high temperature
soldering alloys.

e Lead free solder have been shown to have better corrosion resistance than Sn-Pb
solders in NaCl solution. As such, if the components after assembly have good
hermeticity, corrosion issues with lead free solder will be less significant than
they have been for Sn-Pb solders, which assures better reliability in corrosive
environments and specific maritime applications (e.g. military, defence, aviation,

naval and telecommunications sectors).

The following sections address the detailed academic findings supporting the above

conclusions and their relevance.
8.1 Wettability of EN coatings with lead free solders

1. The P content of EN coating in the procedure used was about 7.3wt.%. The lead
free solders, Sn-3.5Ag, Sn-0.7Cu and Sn-3.8Ag-0.7Cu, did not wet the EN
coating when a weak flux was used, but had good wettability when a strong flux
was used. Nitrogen protection can improve the wettability of EN coating and the
oxygen concentration needs to be lower than 210 ppm.

2. Storage time and environment did not significantly influence the maximum
wetting force of EN coating, but strong flux and nitrogen protection had to be
used. When the samples were stored in a freezer, the maximum wetting force
and time to wet did not change with the storage time; however, when the
samples were stored in a lab ambient environment, time -to wet increased with
the storage time. It seems that the oxidation film was thicker when the samples
were stored in a lab ambient environment and needed more time to be removed
by strong flux. Results show that when strong flux and nitrogen protection are
used an EN UBM can be stored for long periods and still possesses good
solderability without the requirement for an immersion gold protection.

3. The oxygen content on the surface of EN coating increased during storage,

which meant the EN coating was continuously oxidized. The surface of the EN
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coating had a higher P content than the bulk, which might be caused by the
formation of nickel phosphate and phosphite (NiH,PO,) on the surface.

An EN coating on Al with low surface roughness had better wettability when the
dipping (spreading) direction was perpendicular to the polishing or rolled tracks,
and the EN coatings had better wettability when the spreading direction was
parallel to the polishing or rolled tracks than when the spreading direction was

perpendicular to the polishing or rolled tracks.

8.2 Microstructures of lead free solders

1.

The microstructures of bulk lead free solders, Sn-3.5Ag, Sn-0.7Cu and Sn-
3.8Ag-0.7Cu, were B-Sn matrix with distributions of small IMC particle. The
IMC particles in Sn-0.7Cu were much smaller than those in Sn-3.5Ag and Sn-
3.8Ag-0.7Cu. B-Sn grains had different orientations with different optical
contrasts.

Rapid cooling could reduce the IMC size in bulk solders and solder joints. The
influence of cooling media on the IMC size in solder joints was much less
promounced than that for bulk solders due to the small volume of solder joints.
(Cu,Ni)¢Sns IMCs were facet-like phases and Ag;Sn IMCs existed in the solder
joints as small particles around the $-Sn dendrites or lamella- or plate-like
phases. The plate-like phase was the most common morphology of Ag;Sn IMCs
followed by the small particles and plates.

Plate-like Ag;Sn IMCs tended to grow from the bottom of solder bumps and
many voids formed in the (Cu,Ni)sSns IMC layer and at the (Cu,Ni)sSns/solder

interface.

8.3 Interface reactions

The main IMC layer at Sn-Ag-CwEN interface was confirmed as (Cu,Ni)sSns
and the IMC in the bulk solder was Ag;Sn.

The (Cu,Ni)Sns IMC growth is diffusion-controlled and the IMC thickness
increase is proportional to the square root of ageing time with the growth

activation energy about 0.59eV. The IMC growth at high temperatures was
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much faster than that at low temperatures. No de-wetting was observed during
the ageing due to the low consuming rate of EN UBM.

Dunng high temperature ageing, the (Cu,N1)sSns IMC facets become larger and
the IMC layer becomes thicker and more compact. It is proposed tﬁat the small
Ag3Sn particles coarsen, and the plate- and lamella-like phases break up and
then coarsen into pebble-like phases during high temperature ageing. The Ag;Sn
coarsening took place at the initial stage of high temperature ageing and the
particles size did not change significantly during further ageing.

It has been also proposed that Kirkendall voids, formed in the NisP layer above
the EN UBM during high temperature ageing, is attributed to the faster diffusion
of Ni in the Ni;P layer via its columnar structure boundaries, causing a net Ni

diffusion out of the Ni3P layer.

8.4 IMCs formed with different solders and substrates

1.

When the substrates were Cu or CulmAg, the IMCs formed at the interface had
two layers with Cu3Sn next to substrate and CugSns next to solder. The
formation of CusSn is due to the slow diffusion rate of Sn and Cu in the CugSns
IMC, and the growth of Cu;Sn will consume some of CusSns IMC in the initial
stage. The growth of CusSns was a result of growth competition with Cu;Sn.
When the substrates were EN or ENIG, for Sn-3.5Ag solders the IMCs formed
at the interface was Ni3Sns and for Sn-3.8Ag-0.7Cu and Sn-0.7Cu solders the
IMCs formed at the interface was (Cu,Ni)sSns.

The growth of CusSns was faster than that of (Cu,Ni)¢Sns and Ni3Sns. During
interfacial reactions, the formation of NiiSns would consume much more Ni
than that of (Cu,Ni)sSns. A small addition of Cu into Sn-Ag solder can solve this
problem when EN UBM is used.

At the interface, the (Cu,N1)¢Sns IMCs formed were needle- or facet-like phases
and the CusSns and Ni;Sny IMCs were facet-like phases. In the solder, the
CugSns IMCs had prism-like shapes with some of them appearing hollow and
the AgiSn IMCs existed as plate- or pebble- or needle-like phases.

When an EN or ENIG substrate was used, Kirkendall voids formed inside the
Ni;P layer, except when Sn-3.8Ag-0.7Cu reacted with EN substrate. When a
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CulmAg substrate was used, Kirkendall voids formed inside the CusSn layer.
The formation of Kirkendall voids in CusSn layer is related to the immersion Ag,
but the detailed reason i1s still unclear.

The IMCs formed in the solder joints are brittle, and when their size becomes

large they are easily broken by an externally applied force.

8.5 Micro-mechanical properties

1.

Al or Cu has quite different mechanical properties compared to the Si and EN
coating at the interfaces, and Sn-Ag-Cu solder had quite different mechanical
properties compared to the IMCs.

Assembly and thermal ageing did not change the mechanical properties of
phases in the solder joints significantly.

The mechanical properties of lead free solders decreased significantly with an
increase in temperature. The related modulus and hardness of IMCs from
nanoindentation tests decreased as well, which is contributed to the mechanical
degradation of solders at high temperatures.

The indentations in lead free solders showed some ‘pile-up’ and those in IMCs
showed ‘sink-in’, although the degree of sink-in was insignificant.

Solder volume and cooling rate did not influence the mechanical properties of

the phases in solders significantly.

8.6 Creep properties

1.

Sn-3.5Ag, Sn-0.7Cu and Sn-3.8Ag-0.7Cu lead free solders had similar creep
properties and solder volume did not influence the creep property significantly.

A distribution of small particles in lead free solders can increase their creep
property through dislocation climb. Creep exponents showed that the creep
testing with nanoindentation at room temperature presented in a high stress
regime and the creep testing at high temperatures (125°C, 150°C and 175°C)

presented in a low stress regime.
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3. When nanoindentation is used for creep testing, a flat punch is recommended

other than sharp indenters because creep with sharp indenters cannot easily

reach a steady state condition due to the decreasing of loading stress.

8.7 Shear strength

1.

For the ASH wafer solder bumps, when the shear height was 10 pm, solder
bumps failed in bulk solder and at solder/IMC interfaces, and the failure of
solder bumps exhibited mixture of ductile and brittle fracture. When the shear
height was higher than 10 pm, solder bumps failed in bulk solder, and the failure
of solder bumps was solely ductile fracture. When the shear height was lower
than 25 pm and higher than 10 pm the first part of the fracture surface is smooth
and the later part is rough.

The shear force of solder bumps increased both with the increase of shear speed
and with the decrease of shear height. Cooling regimes did not influence the
shear strength of solder bumps significantly.

When the shear height was |5 pum, the shear strength of solder bumps decreases
after 20 days ageing at 80°C; however, it decreases at a much earlier stage
during ageing at 150°C and 175°C. The coarsening of Ag;Sn particles in the
solder caused a decrease of shear strength during high temperature ageing, but
this influence was not significant. When using the shear height of 10 pum, the

shear strength of solder bumps did not change during the ageing at 175°C.

8.8 Thermal cycling and reliability

1.

After assembly, AuSny IMCs formed both in the bulk solder and at the interface,
due to the immersion Au finish on the board side. AuSny IMCs formed in the
solder joints on the pads with micro-via were in greater abundance than those
formed in the solder joints on bare pads or pads with a solder mask.

IMC growth during thermal cycling was not significant.

During thermal cycling, the cracks may initiate at AuSns/solder and

AgsSn/solder interfaces, the sharp points, voids and poor wetted areas.
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4. The solder joints on bare pads had the best reliability and those on pads with

micro-via showed the poorest. The poor reliability of solder joints on pads with
a solder mask might be caused by board distortion during reflow.

The main failure position was at the AuSns/solder interface on the chip side for
the solder joints on the pads with micro-via, and some other failure was present
in the bulk solder. For the solder joints on bare pads or pads with solder mask,
the possible failure position was in the bulk solder, and for the solder joints on
bare pads another failure position could be at the solder/pad interface due to

misalignment and poor wetting.

8.9 Corrosion properties

1.

When passivation films formed on the surface of solders, lead free solders had
better corrosion resistance than Sn-Pb solder in 3.5wt.% NaCl solution, due to
the lower passivation current density, lower corrosion cufrent density after the
breakdown of passivation film and more stable passivation film on the surface.
The corrosion resistance of Sn-3.5Ag and Sn-0.7Cu was a little better than that
of Sn-3.8Ag-0.7Cu.

The corrosion products on the solders after potentiodynamic polarization tests in
3.5wt.% NaCl solution were a mixture of the oxide, hydroxide and chloride of
Sn. They were the same for different lead free and Sn-Pb solders at different

scanning rates.

8.10 Suggestions for future work

8.10.1 Influence of size, morphology and distribution of Ag;Sn IMCs

In this research, the size, morphology and distribution of Agi;Sn IMCs have been

studied and it was shown that the coarsening of AgiSn IMCs during ageing can degrade

the shear strength of Sn-3.8Ag-0.7Cu solder bumps. However, because the formation of

AgiSn IMCs is very complicated, i.e., different sizes and morphologies can exist in

different solder bumps on the same chip, it is difficult to determine the influence of size

and distribution on mechanical properties and reliability.
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Modelling is a useful method that can be used to penetrate these complicated issues,
since each possibility can be studied individually. In addition, other information can be
obtained from modelling, such as distributions of stress, strain and temperature, Some
researchers have studied the influence of thickness and morphologies of (Cu,Ni}sSns
IMCs on the mechanical properties of Sn-Ag-Cu solder joints, both from experiments
and modelling [129, 156, 158, 166, 181, 182}, and this research has shown that the
thickness increase of (Cu,Ni)sSns IMCs did not influence the shear strength of Sn-Ag-
Cu solder bumps during ageing. However, few researchers have studied the influence of
size, morphology and distnibution of Ag;Sn IMCs on the mechanical properties and

reliability of solder joints through modelling.

Based on the mechanical properties obtained here through nanoindentation and the
observed morphologies and distributions of Agz;Sn IMCs in Sn-Ag-Cu solder bumps,
the influence of Ag;Sn IMCs on the properties of solder joints could be simulated. Due
to the complicated morphologies of Ag:;Sn IMCs, a substantial 3D model is required
and the construction of such a model is a significant challenge in itself. However, such a
model would provide a basis upon which the process, alloy, substrate and life time
1ssues could be explored concurrently and as such lead to an optimisation of the Pb-free

solder joint design and manufacturing route.

8.10.2 Influence of surface finishes and pad size

During the migration of solder materials from Sn-Pb to lead free, the surface finishes on
the board needs to be lead free as well. One of the purposes of a surface finish is to
control the surface reactions and improve the pad solderability. There are several kinds
of surface finishes available in PCB manufacturing, such as organic preservatives,
immersion Ag, immersion Sn and immersion Au. Some research has been done
regarding the influence of surface finishes on the properties of solder joints, but few
have studied and compared this influence systematically. There are three areas in which
this work has identified to further the optimisation of alloy, substrate and process. These

are as follows:

215



Chapter 8 Conclusions and future work

Substrate vs. Alloy vs. Size/Geometry effects

In this research, the interface reactions between different lead free solders and different
substrates have been studied. However, the size effects and shear strength of these
solder bumps have not been studied. The size and volume influence is an issue that

causes concern for electronics manufacturers.

In order to understand the influence of pad size and surface finish on the properties of
solder bumps on a board, a test board and relevant stencil with different pad sizes can be
designed and different surface finishes, including immersion Ag, immersion Sn,
electroless Ni and electroless Ni immersion Au, can be used for the pads. The volume of
surface finish will affect the amount and size of IMCs formed in the solder bumps
during interfacial reactions, so different thicknesses of immersion Ag, Sn and Au would
be deposited on the pads. This research has already shown that the amount of AuSn,
IMCs formed in the solder joints 1s critical and control of the immersion Au/solder ratio

becomes very important.

Avoidance of Kirkendall voids: Substrate vs. Alloy vs. Process and Ageing

This study has shown that when immersion Ag on Cu is used as the surface finish, many
Kirkendall voids form in Cu3Sn layer but no Kirkendall voids can be found when bare
Cu pads (99.9%) are used. It seems that the formation of Kirkendall voids in a Cus;Sn
layer 1s related to surface finishes on the Cu. The research of Laurila et al. [130] showed
that the purity of Cu influenced the formation of Kirkendall voids. With pure Cu, no
Kirkendall voids could be observed under SEM inspection; however, when
electrochemically deposited Cu and Cu-laminate with chemical Cu deposition were
used, Kirkendall voids can be detected. It was noticed that the Cu coatings mentioned
above contained various amount of impurities. From this point of view, the trace
elements from surface finishes may exist in Cu;Sn layer as an impurity and stimulate
the formation of Kirkendall voids. Further investigation is needed to study the influence
of surface finishes on the formation of Kirkendall voids, and as such to avoid the

formation of these voids.
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Minimising the influence of PCB materials: Substrate vs. Process

The melting temperature of lead free solders 1s much higher than that of eutectic Sn-Pb
solder, resulting in an even higher reflow temperature, which might not be compatible
with the current infrastructure. The highest temperature that a low T, FR-4 can survive
in an air atmosphere is about 230°C for 90 s. This research has shown that a PCB made
from low T, FR-4 material can become overheated easily during reflow and result in the
deformation of board during processing and the early failure of the solder joints. In
order to avoid this kind of problem and improve the reliability, a high T, PCB should be
used. A systematic study of substrate and lead free solders for optimisation of substrate
properties (e.g. percentage glass fibre weave, resins etc.) and behaviour during different
reflow processes (inert vs. normal atmosphere, heating and soaking times and cooling

curves) is valuable at this time.
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Appendix 1

Gerber files of MTO030 test board
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