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The replacement of lead (Pb)-bearing solders used in the
electronic industry with Pb-free solders will become a reality in
the near future. Several promising Pb-free solders have recently
been identified, including Sn–0.7Cu, Sn–3.5Ag, Sn–3.8Ag–0.7Cu,
and Sn–3.5Ag–4.8Bi (in wt.% with slight variations in
composition). These are all Sn-rich solders with melting
temperatures between 2108C and 2278C, and are recommended
for various soldering applications, including surface mount
technology (SMT), plated-through-hole (PTH), ball grid array
(BGA), flip-chip bumping, and others. Although a considerable
amount of information on Pb-free solders has been published in
the last few years, the database on these new materials is still at
an infant stage compared with that for Pb-containing solders.
This paper addresses several aspects of the current fundamental
materials understanding associated with Pb-free solders and
various issues regarding their imminent use in electronic
interconnect applications, including microstructure-processing-
property relations, mechanical properties, interfacial reactions,
and the thermal-fatigue life and failure mechanisms of Pb-free
solder joints.

1. Introduction

Lead (Pb)-containing solders have been used extensively

in microelectronic applications to form electrical

interconnections between packaging levels, to facilitate

heat dissipation from active devices, to provide

mechanical/physical support, and to serve as a solderable

surface finish layer on printed circuit boards (PCBs) and

lead frames. However, the recent trends of worldwide

environmental legislation for toxic materials and

consumer demand for ‘‘green’’ products are accelerating

the transition from Pb-containing solders to Pb-free

solders in the electronic industry, although the Pb metal

used for electronic solders is reported to be less than 1%

of the total Pb consumption worldwide [1].

Figure 1 shows a cross-sectional diagram of a plastic

ball grid array (PBGA) package used for memory or

ASIC applications. Two solder joints are highlighted; C4

(controlled collapse chip connection) solder joints, or

bumps, connecting a silicon chip to a BT-resin-based1

laminate chip carrier and BGA solder joints, or balls,

connecting the module to a PCB. The C4 (or flip-chip)

solder joints have been used to attach flip-chips to

ceramic multichip modules (MCMs) for mainframe

computers or high-end servers for several decades [2]. The

flip-chip has become pervasive because it provides a high-

I/O-count, high-density interconnection scheme with

proven performance and reliability. With respect to

Pb–Sn packaging technology, the C4 solder joints used

in high-performance systems are usually fabricated from

Pb-rich solders such as 95Pb–5Sn or 97Pb–3Sn, while the

flip-chip joints used in consumer products are fabricated

from the eutectic Sn–Pb alloy, 63Sn–37Pb. In some

instances, chips with 97Pb–3Sn C4 bumps are attached

to the module using the 63Sn–37Pb alloy. The typical

dimensions of flip-chip solder joints are of the order
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of 100 lm in diameter and 200 lm or less in pitch. Since

C4 or flip-chip solder joints provide an area array

connection, they yield the highest chip interconnection

density compared with other interconnection schemes,

such as wire bonding or tape automated bonding (TAB),

which provides mainly peripheral interconnections to a

chip. BGA solder joints, which also consist of an area

array interconnection scheme, are usually employed to

assemble plastic or ceramic modules on a PCB [3, 4]. The

composition of solder balls used for PBGA modules

is normally eutectic 63Sn–37Pb, while a high-Pb

composition such as 90Pb–10Sn is used for ceramic BGAs

(CBGAs). The BGA solder balls, with typical dimensions

of the order of 600 to 900 lm in diameter, are joined to a

module or substrate by reflowing the eutectic 63Sn–37Pb

solder paste deposited onto a substrate [3, 4].

Owing to the extensive search for Pb-free solder alloys

in recent years [5–9], several promising candidates have

been identified for different soldering applications, with a

few examples listed in Table 1. Two major Pb-containing

solders, eutectic 63Sn–37Pb and Pb-rich solders used for

SMT and C4 solder bumps, are also included in Table 1.

It is noteworthy that most of the candidate Pb-free

solders are Sn-rich, typically containing more than

90% Sn. This suggests that the physical, chemical, and

mechanical properties of the proposed Pb-free solders

are heavily influenced by the properties of pure Sn, in

contrast to Sn–Pb eutectic, which comprises a mixture

of Sn-rich and Pb-rich phases. Pure Sn is polymorphic,

capable of existing as three crystal structures (a, b, c)
depending on temperature and pressure [10]. Since the

white tin phase (b–Sn) has a body-centered tetragonal

(BCT) crystal structure in contrast to the face-centered

cubic (FCC) structure of Pb, the physical and mechanical

properties of white tin are less isotropic than those of Pb.

Because of its restricted symmetry in crystal structure,

white Sn is more difficult to mechanically deform than Pb.

The white Sn crystal is optically birefringent, meaning

that an incident polarized light beam on a b–Sn crystal

causes the plane of polarization to rotate upon reflection.

The degree of rotation is highly dependent on the

crystallographic orientation of the reflecting surface.

Accordingly, polarized light microscopy can be used to

distinguish the orientation of b–Sn dendrite structures

in Pb-free solders, as discussed later.

The melting point of most Pb-free commercial solders

is within the range from 2088C to 2278C, which is about

308C higher than the melting point of eutectic Sn–Pb,

1838C. The higher melting point, or reflow temperature,

has serious implications for the performance of packaging

materials and assembly processes, and can affect the

integrity and/or reliability of Pb-free microelectronic

packages. Another important issue associated with the

proposed Pb-free solders is the difficulty of maintaining

the type of solder melting-point hierarchy that is well

established for Pb-containing solders. For example, since

the melting point of Pb-rich solders for C4 solder bumps

is separated by more than 1008C from the melting point

of eutectic Sn–Pb used in the next level of assembly, the

C4 solder joints formed at a higher temperature (e.g.,

3508C) do not become molten during the subsequent

eutectic Sn–Pb card assembly reflow operation (e.g.,

2158C). However, the proposed Pb-free solders allow a

maximum possible separation of less than 308C between

the melting points of any two solders. Hence, the process

control, during successive multiple soldering processes

with Pb-free solders, becomes more challenging, and its

Figure 1

Schematic diagram showing a cross section of a plastic ball grid 
array (PBGA) package used for memory and ASIC applications.
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Table 1 Examples of Pb-free candidate solders and Pb-

containing solders.

Composition

(wt.%)

Melting

point

(8C)

Applications Concerns

Sn–3.5Ag 221 SMT,

flip-chip

Cu dissolution,

excessive IMCs,

voids

Sn–3.8Ag–0.7Cu 217 SMT, PTH,

BGA

Cu dissolution,

excessive IMCs,

voids

Sn–3.5Ag–3Bi 208–215 SMT Cu dissolution,

fillet lift,

low mp phase

Sn–0.7Cu 227 PTH,

flip-chip

Cu dissolution,

wetting,

excessive IMCs

63Sn–37Pb 183 PTH, SMT,

BGA

Pb toxicity

97Pb–3Sn 317 Flip-chip, C4 Pb toxicity

IMC: intermetallic compound; mp: melting point.
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impact on solder-joint and package reliability is not yet

well understood.

Among the several Pb-free candidate solders, the near-

ternary eutectic Sn–Ag–Cu (SAC) alloy compositions,

which have melting temperatures around 2178C, are

becoming consensus candidates [8, 9], especially for SMT

card assembly, including BGA solder joints. Accordingly,

extensive research and development activities are

currently focused on the Sn–Ag–Cu system in order to

understand the fundamental issues and to evaluate the

reliability risk factors associated with solder joints formed

from this alloy family, compared with the well-established

Pb-containing solder joints. An in-depth review on

Sn–Ag, Sn–Ag–X, and Sn–Cu solders and solder joints

can be found in a recent publication [11, 12].

The present paper discusses some key aspects of Pb-

free solders and solder joints not covered by earlier

publications, in order to provide a better understanding

of the physical metallurgy fundamentals, and reliability

assessment of the risk factors associated with Pb-free

solders. The topics discussed include the microstructure

of Sn–Ag–Cu alloys, control of large Ag3Sn plate

formation, optimization of Sn–Ag–Cu alloy composition,

mechanical properties of Sn-rich solders, thermal-fatigue

properties of Pb-free vs. Sn–Pb solder joints, fatigue

failure mechanisms of SAC vs. Sn–Pb solder joints,

interfacial reactions of Pb-free solders, spalling behavior

of intermetallic compounds (IMCs), and other reliability

issues associated with Pb-free solder interconnects.

2. Microstructures of Pb-free solder joints

Microstructures of eutectic solders

As listed in Table 1, most Pb-free candidate solders have

either a binary or ternary eutectic composition, since a

eutectic composition provides the benefit of an alloy with

the lowest melting temperature of all alloys comprising

the system, and it melts at a single temperature upon

heating (but not during solidification). This is also true

of eutectic Sn–Pb solder, whose melting temperature is

1838C. A typical microstructure of eutectic Sn–Pb solder

joints found in CBGA modules is a simple mixture of two

phases; a Pb-rich (dark contrast) and Sn-rich (bright

contrast) phase, as noted in Figure 2. The volume fraction

of each phase is proportional to the alloy composition,

while the size (or spacing) of each phase is determined

by the processing (or solidification) condition of solder

joints; rapid heat removal during solidification generally

produces a finer microstructure. The microstructural

features (referred to as its morphology) of a eutectic

solder, such as volume fraction, distribution, and size

or spacing of each phase, determine the mechanical

and physical properties of a solder joint.

For the ternary eutectic Sn–3.5Ag–0.9Cu [13], an

equilibrium microstructure is expected to be a mixture of

three phases—b–Sn, Ag3Sn, and Cu6Sn5—and to have

weight or volume ratios consistent with the eutectic

composition. However, a typical microstructure observed

in a Sn–3.8Ag–0.7Cu BGA joint (Figure 3) is not an

equilibrium microstructure, but rather a group of

complex Sn dendritic arm structures surrounded by a

network in which all three phases are interspersed. In

addition, depending on its cooling rate and composition,

large pro-eutectic Ag3Sn plates and/or Cu6Sn5 rods

may also be found. The formation of this dendritic

microstructure is an indication of non-equilibrium

solidification during the solder joint formation. The

excessive growth of large pro-eutectic phases is

attributable to the fact that pure Sn or Sn-rich solders

require a large amount of undercooling before the Sn

phase nucleates and solidifies [14–16], while pure Pb or

Pb-rich solders require a relatively small amount of

undercooling, as noted in Table 2. A large amount of

undercooling required to achieve solidification suggests a

difficulty in nucleating solid Sn crystals within a liquid

solder. This is also consistent with the observation of

only a few large (several hundred microns in diameter)

b–Sn grains within a SAC BGA solder joint [17].

The ternary phase microstructure in the inter-dendritic

regions consists of fine particles of Ag3Sn and Cu6Sn5 in a

matrix of b–Sn. These regions where all three phases are

present surround regions of essentially pure Sn. The pure

b–Sn regions represent single-dendrite arm structures.

The three-phase regions represent the impingement zones

for the growth of the neighboring b-Sn dendritic arm

structures and are formed in the final stages of

solidification. During solidification at a moderate

Figure 2

Microstructure of eutectic Sn–Pb BGA solder joint processed at a 
cooling rate of about 1�C/s and thermal fatigue tested between 
�40�C and 125�C.
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cooling rate, such as 18C/s, the pro-eutectic phases of

Ag3Sn plates or Cu6Sn5 rods can grow to large sizes

within an undercooled liquid before nucleation of the

b–Sn phase and before the final solidification of the

ternary interdendritic microstructure, as shown in

Figure 4. The growth of large pro-eutectic phases can

be reduced kinetically by a rapid cooling rate [14, 15]

and thermodynamically by reducing Ag or Cu content

[15, 16]. Once the pro-eutectic phases form, they deplete

Ag and Cu atoms from the surrounding Sn-rich liquid

phase, and the composition of the remaining liquid

locally deviates from its initial composition. This further

prevents an equilibrium solidification of the ternary

eutectic microstructure. The microstructures of near-

eutectic ternary SAC alloys are significantly influenced by

the cooling rate during reflow, and thus their mechanical

and other physical properties are significantly influenced

by the cooling rate [14–16].

Effects of cooling rate

The SMT or BGA solder joints (as-joined condition)

generally have the characteristics of a rapidly solidified

microstructure, since the solder volume is normally small

and the joints are thermally well connected to dissipate

the latent heat released during the solidification process.

The microstructure of solder joints is significantly

influenced by reflow conditions such as peak temperature,

cooling rate, solder volume, package and substrate size,

and by other factors. The microstructure that results is

affected by the nucleation and growth phenomena of

constituent phases.

Figure 5 shows an example of the microstructure of

SAC (Sn–3.8Ag–0.7Cu) BGA solder balls solidified at

two different cooling rates: (a) a very rapid cooling rate

(approximately 1008C/s) in an oil medium, and (b) a very

slow cooling rate (0.028C/s) in an air oven. In the rapidly

cooled SAC BGA solder ball [Figure 5(a)], the fine,

primary b–Sn dendrite structure is well developed, and

the ternary microstructure is solidified in the inter-

dendritic region; no pro-eutectic phases are noted. In the

very slowly cooled solder ball [Figure 5(b)], the dendrite

structure is coarsened into a rather large round shape.

The spacing between the ternary phase structures

becomes coarser compared with the rapidly cooled

structure, because of the reduced Ag and Cu content

and because of a slow rate of heat removal during the

solidification process. A more rapid rate of heat removal

increases the thermal gradients at the dendritic growth

fronts and gives rise to finer dendritic branching. Since

the eutectic structure containing the hard dispersion of

Ag3Sn or Cu5Sn5 is the major hardening agent of the

ternary alloys, a high strength and high resistance

to creep deformation are expected with the fine

microstructure of the rapidly cooled solder shown in

Figure 5(a). In addition, large pro-eutectic Ag3Sn or

Cu6Sn5 precipitates are commonly observed in the slowly

cooled microstructure shown in Figure 5(b). The growth

of the large Ag3Sn plate and Cu6Sn5 rod structures in the

Figure 3

Microstructure of near-ternary eutectic Sn–3.8Ag–0.7Cu BGA 
solder joint processed at a slow cooling rate (approximately 0.5�C/s). 
(Courtesy of T. K. Hwang.)

Table 2 Undercooling required for the solidification of b–Sn
in Sn-rich and Sn–Pb solders.

Solder

composition

(wt.%)

Melting temp.

during heating,

T1 (8C)

Peak temp.

during cooling,

T2 (8C)

Required

undercooling,

DT (T1 � T2)

(8C)

Sn–3.8Ag–

0.7Cu (SAC)

217.0 187.2 29.8

SAC þ 0.1Zn 217.7 213.3 4.4

SAC þ 0.7Zn 217.2 213.6 3.6

Sn–8Zn–3Bi 193.7 191.8 1.9

100Sn 232.6 217.5 15.1

95Pb–5Sn 305.6 302.4 3.2

100Pb 328.5 324.1 4.4
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early stages of solidification, associated with slow cooling,

diminishes the quantities of these constituents that can be

incorporated in the inter-dendritic zones, thus reducing

the dispersion-hardening effects of the inter-dendritic

zones.

Thus, moderate or slow cooling rates have a significant

effect on the microstructure of SAC alloys, forming large,

pro-eutectic Ag3Sn plates [14–16]. The growth of such

plates can be suppressed by employing a rapid cooling

rate, such as 1.58C/s or higher, during a reflow process of

solder joints. However, providing a rapid cooling rate is

not always practical, especially with substrates that have

a large thermal mass. The rapid-cooling-rate operation

can also produce some unwanted side effects, such as

thermal stress or strain in a substrate or package. Hence,

a rapid-cooling-rate process is not recommended for

controlling the microstructure of SAC solder joints. As

discussed in the next section, it was found that reducing

Ag content in SAC alloys was a more effective and

practical means of controlling the formation of large

Ag3Sn plates.

Effects of alloying elements

The microstructure of Sn-rich eutectic solders is strongly

influenced by alloying elements, such as Ag, Cu, Sb, Bi,

In, Zn, and Co. For example, the dendritic growth of the

primary b–Sn crystal structure is quite common in binary

or ternary Sn-rich solders such as Sn–0.7Cu, Sn–3.5Ag,

and Sn–3.8Ag–0.7Cu, while a dendritic structure is

difficult to observe in pure Sn, after solidification, because

the dendrite arm impingement zones are not decorated

[19]. However, the growth of Sn dendrites in a pure Sn

system has been directly observed.

The effects of Ag content in near-ternary eutectic SAC

alloys were investigated for Ag content ranging from

3.8% to 2.0% [14–16]. For Ag content between 2.0 and 3.8

wt.%, the melting point and the amount of undercooling

of SAC alloys essentially remained the same as for the

ternary eutectic. Under an intermediate cooling rate of

18C/s, the pro-eutectic Ag3Sn phase can easily grow into

large plates for Ag contents higher than 3 wt.%. When

the Ag content is less than 3 wt.%, the formation of

large Ag3Sn plates is substantially reduced even under

extremely slow cooling conditions, such as 0.028C/s. The

b–Sn dendrites and ternary eutectic structure appear to

become finer as Ag content increases. The microstructural

effect is probably derived from the effects of the growth-

induced compositional gradients at the dendrite growth

Figure 4

Microstructure of Sn–3.8Ag–0.7Cu BGA solder joint processed at 
a cooling rate of about 1�C/s and thermal fatigue tested between 
�40�C and 125�C.

Cu6Sn6

Ag3Sn

Figure 5

Microstructure of SAC BGA solder balls solidified at (a) very fast 
cooling rate, such as 100�C/s; (b) very slow cooling rate (0.02�C/s). 
Reproduced from [18] with permission.

(a)

(b)

40   m�
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fronts and their effect on dendrite branching. Both the

fine dendrite and finer ternary phase structures provide

a higher microhardness value compared with a coarse

microstructure. A higher hardness usually means less

ductility and therefore shorter thermal fatigue life;

accordingly, SAC alloys with less than 3 wt.% were

recommended in terms of their microstructure and

mechanical properties [14–16].

A similar conclusion was reached in a study of tensile

properties of near-ternary eutectic SAC alloys, where the

strength of the alloys was found to depend strongly on

the area fraction of the ternary phase network and the

dispersion morphology of fine Ag3Sn in that eutectic

network [20]. Although a ternary alloy close to the true

eutectic composition had the highest strength, it had a

propensity to form large Ag3Sn plates. Consequently, a

ternary SAC alloy of Sn–3.0Ag–0.5Cu was recommended

as the optimum alloy, with the lowest Ag and Cu content

among the SAC alloys investigated [20].

The effects of Cu content on microstructure were

investigated in near-ternary eutectic SAC solders [21, 22].

It was determined that the pro-eutectic phase formed

in Sn–3.6Ag–1.0Cu is Cu6Sn5, which is consistent with

the ternary phase diagram of the initial solder alloy

composition. In a study of mechanical properties of

Sn–Ag–Cu alloys [23], the effect of Cu content was

investigated by systematically varying Cu content from

0.2 to 0.7 wt.%. It was found that the microstructure

was likely to produce a dendritic growth of b–Sn as

the Cu content increased. The effect of Cu content on

the formation of the primary Ag3Sn phase was also

investigated [15]. The presence of Cu in the solder appears

to promote the formation of large Ag3Sn plates in the

early stages of solidification, possibly by assisting the

nucleation of these plates. Another important effect of Cu

content reported is on the pasty range of SAC solder

joints [15]. (The pasty range is defined as the difference

between the liquidus and solidus temperature of a given

alloy composition. It is desirable to have the smallest

pasty range possible to reduce the defect rate in solder

joints.) The pasty range of SAC solder joints is quite

sensitive to Cu content above the eutectic composition,

but not to Ag content. For Ag content ranging from 2.1%

to 2.7%, the pasty range is estimated to be 28C to 48C for

0.7%Cu and 158C to 178C for 0.9%Cu. In comparing the

microstructure of Sn–3.5%Ag [24] with those of the near-

eutectic ternary SAC alloys [23], it is noted that the

presence of Cu in SAC alloys promotes more dendritic

growth of b–Sn.
The effect of adding Zn to SAC to control the

formation of large Ag3Sn plates was investigated [18, 25].

It was also reported that Zn additions modified the

microstructure of the b–Sn dendrite as well as the ternary

eutectic microstructure. Figure 6 shows a microstructure

of SAC (Sn–3.8Ag–0.7Cu) with 0.7 wt.% Zn in which no

large Ag3Sn plates were observed, even at a very slow

cooling rate. In addition, the matrix microstructures

of both b–Sn dendrites and eutectic structure were

significantly modified in comparison to the corresponding

SAC without Zn addition. The effect of Zn addition on

the microstructural modification of SAC joints was

explained by the reduction of undercooling required

for the solidification of b–Sn dendrites, as noted in

Table 2 [18].

An addition of minor alloying elements of Co

and Fe to SAC [22] was found to control the matrix

microstructure by producing more ternary phase regions.

This addition also suppresses the interfacial reactions on

Cu substrates and is discussed in more detail later, in the

Figure 6

Microstructure of SAC � 0.7Zn BGA solder balls solidified at (a) 
very fast cooling rate (100�C/s); (b) very slow cooling rate 
(0.02�C/s). Reproduced from [18] with permission.

(a)

(b)

40   m�

40   m�
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section on interfacial reactions in Pb-free solder joints

during solder reflow.

3. Mechanical properties of Pb-free solders
and joints
Several Pb-free solder alloys have been investigated in

order to understand the microstructure-property relations

in terms of alloying composition, plastic deformation,

and annealing condition [19]. The microstructure of

as-cast Sn-rich solder alloys is strongly influenced by

alloying elements (Ag, Cu, or others). The Sn dendrite

structure is commonly observed in binary or ternary Sn-

rich alloys. The strain hardening of Sn-rich solders is also

affected by the amount of alloying elements and degree of

plastic deformation. More plastic deformation and higher

alloying additions result in more hardening in Sn-rich

solders, but not much hardening is observed with pure

Sn. This is consistent with the recrystallization and grain-

growth process of pure Sn observed during deformation

at room temperature. The recrystallization and grain-

growth processes occur in deformed and annealed Sn-rich

solders, depending on plastic deformation and annealing

conditions. Pure Sn undergoes recrystallization and grain

growth even at room temperature during plastic

deformation, while Sn–0.7Cu recrystallizes after

annealing at 1508C for 48 hr, with a small amount of

deformation (e.g., 20% or less). For Sn–3.5Ag and Sn–

3.5Ag–0.7Cu, considerable deformation (30% or higher)

is required for recrystallization during annealing at 1508C

for 48 hr. Accordingly, it is found that Sn–3.5Ag–0.7Cu

has the highest microstructural stability during

deformation and annealing among the leading Pb-free

solder candidate alloys.

Figure 7 compares the microhardness of several Pb-free

solders with eutectic Sn–37Pb solder as a function of

testing temperature. The solder samples were prepared

as pellets measuring 5.1 mm (0.200 in.) in diameter and

3.2 mm (0.125 in.) in height, solidified in a graphite mold

at a cooling rate of 48C/s [19]. The microhardness was

measured at an elevated temperature between 258C and

1308C by heating a polished pellet sample on a solid-state

heater attached to a platform of a microhardness tester.

The Vickers hardness number (VHN) reported is an

average value of ten indentations made on each pellet

using a 50-g load. The room-temperature hardness value

is in good agreement with the results reported previously

[19]. Sn–3.5Ag–0.7Cu has the highest hardness among the

solders tested, regardless of test temperature. Sn–37Pb

is slightly lower than Sn–3.5Ag–0.7Cu in hardness,

and pure Sn exhibits the lowest hardness at all test

temperatures. As the test temperature increases from

258C to 1308C, there is a trend of gradual reduction in

hardness for each solder composition. At 1308C, both

Sn–3.5Ag–0.7Cu and Sn–37Pb exhibit about the same

hardness, suggesting that the hardness reduction is

greater for Sn–3.5Ag–0.7Cu than eutectic Sn–Pb.

The mechanical and electrical properties of Pb-free

solder joints, fabricated from three solder alloys (Sn–

3.5Ag, Sn–3.5Ag–0.7Cu, and Sn–3.5Ag–4.8Bi) and two

surface finishes [Cu and Au/Ni(P)], were evaluated in

terms of reflow time, IMC thickness, and morphology

[26]. The shear strength of Pb-free solder joints on a Cu

surface finish is not significantly affected by the reflow

time or IMC thickness. However, when IMCs occupy

approximately two thirds of a joint gap, there is a

significant reduction in the shear strength in the case of

Cu. The shear strength of Au/Ni(P) joints is much lower

than that of Cu joints and decreases steadily with reflow

time or increased IMC thickness. The electrical resistance

of Pb-free solder joints increases initially and then

decreases for an extended reflow or aging time for both

Cu and Au/Ni(P). This trend was explained in term of the

growth behavior of IMCs in the solder joint [26]. For an

extended reflow time, a large Ag3Sn plate can short two

interfaces, resulting in a reduction of the electrical

resistance of the joint.

Mechanical properties are much more difficult to

determine for solder joints than for bulk solders. For a

given solder composition, many variables, such as joint

geometry, solder volume, and joining process, affect

solder joint properties. Table 3 compares the shear-

strength measurements reported for several Pb-free solder

joints. For example, the shear strength of Sn–3.8Ag–

0.7Cu joints has a wide range from 12.5 to 47 MPa,

depending on strain rate, solder-joint gap, and test

Figure 7

Vickers microhardness numbers of Pb-free and Sn–Pb solders as a 
function of testing temperature. Solders were solidified at 4.0�C/s, 
and the testing was conducted using 50-g load.
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method. This clearly demonstrates that care must be

exercised in utilizing data reported in the literature.

In addition, it was recently reported that traditional

mechanical testing conducted at a slow strain rate in

conjunction with lap shear or ball shear tests may not

provide adequate information regarding the joint

integrity or impact reliability of solder joints. This

subject is discussed further in Section 5.

4. Thermal-fatigue properties of Pb-free vs.
Pb-containing solder joints
Good thermal-fatigue life of solder joints is a

critical reliability requirement for high-performance

microelectronic systems, in which solder joints provide

electrical and thermal paths in addition to physical

support. Thermal-fatigue behavior of selected Pb-free

BGA solder joints (Sn–3.8Ag–0.7Cu and Sn–3.5Ag–

3.0Bi) was investigated in comparison with conventional

eutectic Sn–Pb joints using ceramic BGA modules

attached to an organic card [30]. It was determined that

the thermal-fatigue behavior of Pb-free solder joints is

dramatically more sensitive to the choice of accelerated

thermal cycle (ATC) temperature range and peak

temperature than eutectic Sn–Pb controls. Figure 8

compares the thermal-fatigue behavior of Pb-free solder

joints on a 625-I/O CBGA (module size 32 mm by 32 mm

by 0.8 mm) with eutectic Sn–Pb, exposed to ATC test

conditions. For 08C to 1008C ATC testing (30-min cycle),

the thermal-fatigue performance of two Pb-free solder

joints, Sn–3.8Ag–0.7Cu and Sn–3.5Ag–3.0Bi, was

determined to be superior to that of the eutectic Sn–Pb

control alloy, as shown in Figure 8(a). For�408C to 1258C

ATC testing (240-min cycle), both Sn–3.8Ag–0.7Cu and

Sn–3.5Ag–3.0Bi were inferior to the eutectic Sn–Pb,

indicating the sensitivity of ATC test conditions with

Pb-free solder joints, as shown in Figure 8(b). In further

experiments, high peak temperatures such as 1258C were

determined to have a significant effect on reducing fatigue

resistance, but this effect was not observed at low peak

temperatures. This observation is consistent with other

mechanical behaviors of Pb-free solders at an elevated

temperature, such as creep sensitivity and the high-

temperature hardness data discussed earlier.

Thermal fatigue behavior of SAC solder joints was also

investigated in terms of Ag content, in particular to assess

any beneficial effects of a low Ag content in SAC alloy (for

example, the reduction of large Ag3Sn plate formation)

[31, 32]. The Ag content in BGA solder balls was

investigated in the range from 2.1% to 3.8%. Two different

cooling rates (0.58C/s vs. 1.78C/s) during reflow were used

to control the joint microstructure. Three ATC test

conditions were chosen, with two temperature ranges (08C

to 1008C and�408C to 1258C) and two thermal cycle

frequencies (30 min and 120 min). The low-Ag joints (Sn–

2.1Ag–0.9Cu) assembled at the slow cooling rate (0.58C/s)

exhibited the best thermal-fatigue life compared with

high-Ag joints tested at 08C to 1008C ATC with a 120-min

cycle time. The thermal-fatigue life of low-Ag-content

solder alloys was determined to be less dependent on

cooling rate than that of high-Ag joints. The high-Ag

joints (Sn–3.8Ag–0.7Cu) assembled at 0.58C/s exhibit the

best thermal fatigue life of all the joints for the 08C to

1008C ATC with a 30-min cycle time. A slow cooling rate

is beneficial for enhanced thermal-fatigue resistance

Table 3 Shear strength of Pb-free solder joints (to Cu substrate).

Solder alloy

(wt.%)

Test method

Ring and plug

shear strength

(MPa)

Four-point bend

shear strength

(MPa)

Flip-chip

shear strength

(MPa)

Lap-joint

shear strength

(MPa)

63Sn–37Pb 32.7 29 9.2 50

Sn–3.65Ag 37.2 28 11.4 38

(Sn–3.5Ag) (Sn–3.5Ag)

Sn–0.7Cu 27.0 9.2

Sn–3.8Ag–0.7Cu 35.1 47 12.5 39

(3.6Ag–1Cu)

Sn–3.5Ag–3Bi 49.6

Parameters

Strain rate (mm/min) 0.10 0.10 15 0.25

Solder-joint gap (mm) 175 76 100 20

Reference C. Foley et al. [27] B. A. Cook et al. [28] D. R. Frear et al. [29] S. K. Kang et al. [26]
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regardless of Ag content or ATC test condition. The

fatigue crack propagation pattern in high-Ag joints is

more or less confined to the near-pad-interface region,

while in low-Ag joints the crack propagation is well within

the solder joint, suggesting a greater ductility for the low-

Ag joints compared with high-Ag joints. The role of large

Ag3Sn plates with respect to fatigue life is found to be

a complex issue, being detrimental when the plates are

aligned in the direction of crack propagation. In light

of this effect, the presence of the plates is certainly not

desirable, and it is strongly recommended that the growth

of large Ag3Sn plates be suppressed in order to reduce the

reliability risk factor for SAC joints [31, 32].

On the basis of extensive failure analysis of ATC

samples of Sn–Ag–Cu CBGA solder joints in comparison

with eutectic Sn–Pb joints, the fatigue crack propagation

mechanisms are found to be very different. In the Sn–Pb

samples, because of accumulated strains at the interface

and repeated exposure to elevated temperatures during

ATC, microstructural coarsening of the Sn and Pb phases

occurs near the failing interface, as shown in Figure 9.

This causes localized softening near the interface and

eventually provides an easy path for fatigue crack

propagation. This process has been well known for

eutectic Sn–Pb joints [33]. In the case of Sn–Ag–Cu

solder, under cyclic thermomechanical deformation, the

b-Sn phase is observed to recrystallize dynamically in

regions of high plastic deformation, specifically near the

pad interfaces, as shown in Figure 10. The recrystallized

Figure 9

Thermal-fatigue crack propagation in eutectic Sn–Pb solder joints 
in a CBGA module (ATC testing from 0�C to 100�C, 30-min 
cycle). 

1 mil

Sn–Pb
No. 155
A0-25
Inside

Figure 10

Thermal-fatigue crack propagation in Sn–3.8Ag–0.7Cu joints in a 
CBGA module (ATC testing from �40�C to 125�C, 42-min 
cycle). Reproduced from [17] with permission. 
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Figure 8

Thermal fatigue behavior of Pb-free BGA solder joints and 
eutectic Sn–Pb in ATC testing at (a) 0�C to 100�C, 30-min cycle 
time; (b) �40�C to 125�C, 240-min cycle time. Reproduced from 
[30] with permission.
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regions of fine grains are also expected to be more

susceptible to creep deformation (such as grain boundary

sliding or cracking) than the initial microstructure.

Hence, the recrystallized region provides an easy path for

crack propagation during ATC and shortens the thermal-

fatigue life [17].

The thermal-fatigue behavior of flip-chip joints is much

more complex to evaluate than that of BGA joints; in

addition to being affected by the choice of solder alloy

composition and under-bump metallurgy (UBM), it is

also affected by the bump deposition process, underfill

materials, ATC test conditions, and others. In addition,

because of the small volume of a flip-chip solder bump, the

role of the solder/UBM interfacial reaction becomes

critical in determining the thermal-fatigue failure

mechanisms. Hence, not many investigations on the

thermal fatigue of Pb-free flip-chip joints have been

reported so far. As a screening test, isothermal mechanical

testing under a strain-controlled condition was conducted

with several Pb-free flip-chip solder bumps produced

using stencil-printed solder pastes, without underfill

encapsulation [29]. The Sn–0.7Cu on both Cu and Ni

UBM exhibited the best mechanical-fatigue life of all

of the solder/UBM systems evaluated, including eutectic

Sn–Pb [29]. In a subsequent study, a thermomechanical-

fatigue test (08C to 1008C) was conducted with the same

solder/UBM systems without underfill encapsulation. The

Sn–0.7Cu joints again exhibited the best thermal-fatigue

life [34]. The thermal-fatigue failure mode of Sn–0.7Cu

flip-chip is massive solder deformation without involving

the brittle solder/intermetallic interface. This may well

account for the fact that Sn–0.7Cu alloy performed

the best in thermal-fatigue testing among the solders

investigated [34]. In a recent study, excellent thermal-

fatigue life of electroplated Sn–0.7Cu flip-chip bumps with

underfill encapsulation was reported: 5,322 cycles for Cu

UBM tested at�558C to 1508C, and 6,588 cycles for Ni

UBM tested at�408C to 1258C [35]. In addition, no

electromigration failure was observed with several

Pb-free solder joints when they were tested at up to

2.553 104 A/cm2 at 1508C for 2,338 hr [36].

By using commercially available electroplated SnAg

bumps with Ti/Cu/Ni UBM, a Pb-free flip-chip package

was qualified for chip assembly process [37]. Several

reliability tests were conducted, including thermal cycling,

high-temperature storage, and electromigration. The ATC

testing was performed (�558C to 1258C, two cycles per

hour), and the bump structure was observed not to

degrade appreciably up to 1,500 cycles. It was also

demonstrated that the electromigration lifetime was

longer by more than an order of magnitude in comparison

with eutectic Sn–Pb bumps at a constant-current stress

up to 800 mA at temperatures up to 1658C [37].

5. Interfacial reactions in Pb-free solder joints

During solder reflow

The interfacial reaction between molten solder and a

surface finish on a PCB or UBM in a flip-chip is essential

to provide proper wetting of the solder, to achieve a

metallurgical bond at the joint, and to provide necessary

joint strength. However, excessive interfacial reactions

can cause poor joint strength and degrade the long-term

reliability of solder joints. Several interfacial reactions

have been identified during soldering, such as dissolution

of a surface finish layer into a molten solder [38–40],

concurrent formation of intermetallic compounds (IMCs)

at the interface [40–42], and spalling (or separation) of

IMCs [43–45]. When interfacial reactions are likely to be

excessive, a reaction (or diffusion) barrier layer such as a

Ni layer (electroplated or electroless) is employed over the

Cu base metal to control its dissolution and IMC growth.

Interfacial reactions can continue in the solid state during

thermal exposure, when testing or in service. However,

the kinetics of reaction in the solid state are much slower

than the liquid state.

In Pb-free solder joints, the interfacial reactions are

known to be more severe (rapid and copious) than in

eutectic Sn–Pb, because of their high Sn content and high

reflow temperature. In general, Sn-rich Pb-free solders

exhibit faster kinetics of Cu or Ni dissolution and

IMC growth than eutectic Sn–Pb [38, 39]. Numerous

investigations with Pb-free solders have recently been

conducted to understand the mechanisms of their

interfacial reactions. Several important factors identified

include solder composition [38, 39], minor alloying

elements [21, 22], ratio of solder volume to solder pad

area [41], diffusion barrier layer (thickness, deposition

method) [42, 43], solder application method (paste vs.

plating) [39, 43], and reflow conditions [40].

Since the molten Sn is the most active metal to react

with the surface finish layer during reflow, the amount

of base metal dissolution and IMC growth are strong

functions of the Sn content of a solder, reflow

temperature, and time. It is interesting to note that a

small addition of alloying elements such as Cu, Ni, Fe,

and Co can significantly change the characteristics of

IMC growth [21, 22]. In a study involving the reaction

between pure Sn and Cu or Ni, it was demonstrated that

IMC growth is significantly affected by the ratio of solder

volume to solder pad area, which determines the total

amount of base metal to be dissolved at a given reflow

temperature [41, 42].

The nature of a diffusion barrier layer, such as

electroless vs. electroplated Ni, also determines their

interfacial reactions; electroplated Ni generally dissolves

and reacts more slowly than electroless Ni into Sn-rich

solders [39]. Recently, electroless Ni(P) metallization has
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received great attention as a reaction barrier layer for

Pb-free solder joints because of its low cost and simple

processing steps. However, the interfacial reactions with

Ni(P) are more complex, because of the formation of a

P-rich layer between the Ni–Sn IMC and Ni(P), created

during reflow and solid-state annealing [43–45]. As the

interfacial reaction progresses with Ni(P), spalling of

Ni–Sn IMCs from the interface is commonly observed

because of the formation of P-rich compounds during

reflow or annealing at an elevated temperature [43, 44]. It

has also been demonstrated that the P content is a critical

factor in determining the IMC spalling and formation of

P-rich layers; high P content increases the propensity for

IMC spalling [43]. It was also determined that the solder-

deposition method (plating vs. solder paste) is important

to the IMC spalling behavior. Upon reflow, solder paste

reflowed causes more spalling than electroplated solder

under equivalent conditions [43]. The IMC spalling from

a Ni(P) layer is also closely related to the crystallization

process. A Ni–Sn–P layer forms between Ni3Sn4 and

crystalline Ni3P, causing Ni–Sn IMC spalling to occur

from the Ni–Sn–P surface [43]. The IMC spalling becomes

less severe from a Ni(P) layer when Sn-rich solders

contain a small amount of Cu, possibly by altering the

structure or composition of Ni–Sn IMCs [39, 42, 44].

During annealing at elevated temperature

It was recently reported that interfacial reactions of

Sn–Ag–Cu joints subjected to long-term annealing at

an elevated temperature (such as 1508C) cause serious

reliability concerns under impact loading conditions.

This is attributed to the formation of voids between the

interfacial IMCs and Cu base metal, particularly through

the growth of the second IMC layer, Cu3Sn [22, 46]. The

void formation may be caused by an imbalance in atomic

flux across the diffusing interface; that is, Cu atoms

diffuse out faster across the Cu–Sn IMC layer(s) toward

the solder than Sn atoms diffuse through the IMCs from

the Sn-rich solder. This phenomenon, known as the

Kirkendall effect, was originally observed to occur during

an interdiffusion experiment between Cu and Cu–Zn

alloy, where Zn atoms diffuse more rapidly than Cu

atoms across the interface [47]. Upon an extended

annealing of SAC joints in contact with Cu at 1508C,

voids are observed at the interface between Cu and IMCs,

and with continued annealing can grow and coalescence

into a void layer as the annealing time increases. This

void structure can drastically reduce the joint strength of

Pb-free solder joints [46]. At an early stage, however, the

presence of voids is difficult to detect by conventional

mechanical testing such as the lap shear or ball shear test,

normally conducted at a slow strain rate. However, a

drop or impact test that results in a high strain rate

is reported to be effective in detecting joint strength

degradation and the presence of voids [46, 48]. The recent

proliferation of mobile electronic devices that may be

inadvertently dropped requires an enhanced reliability

criterion for impact-related failures of Pb-free solder

joints to be used in consumer electronics. Accordingly,

several approaches have been proposed to improve the

impact reliability of Sn-rich solder joints. Among these

are the placement of a diffusion barrier layer over Cu,

such as electroless Ni(P) or electroplated Ni [48]; or the

addition of minor alloying elements into the SAC alloys

to control the IMC growth [22, 48].

6. Optimization of Sn–Ag–Cu alloy composition

Ag and Cu composition

The beneficial effects of a reduced Ag content in

Sn–Ag–Cu alloys are well demonstrated in the literature

[16, 31, 32], especially for Ag contents less than 3 wt.%,

in minimizing the formation of large Ag3Sn plates. This

situation becomes more critical when the solder volume

becomes smaller, for example in flip-chip solder bumps.

In electroplated Sn–Ag bumps to be used for flip-chip

applications, the high Ag content has caused the growth

of large Ag3Sn plates that often physically connect

neighboring bumps [49]. In addition, a large volume

fraction of Ag3Sn plates within a single solder bump

could significantly alter the mechanical properties and

thereby affect the long-term reliability of the solder

joint or the reliability of the package to which it is

attached. Considering the high material cost and the

potential impact to the environment during the extraction

of its constituent elements [50], a low Ag content is much

favored over the high Ag content currently used for card

assembly as a leading Pb-free solder.

The influence of Cu content on the formation of large

Ag3Sn plates in Sn–Ag–Cu alloys appears less sensitive

than the influence of Ag content on Ag3Sn plate

formation. However, it has been shown that a high Cu

content can lead to the formation of large quantities of

Cu6Sn5 rods, especially when Cu metallization is used in a

solder joint. Additionally, a high Cu content, above the

eutectic composition of 0.9 wt.% Cu, in SAC alloys

increases the pasty range (the difference between the

liquidus and the solidus temperature of the SAC alloy)

[15]. A large pasty range may not be acceptable, because

the ‘‘fillet-lifting’’ solder defect rate in solder joints may

rise dramatically. Thus, depending on how significant

the pasty range is in an intended application, it may be

desirable for the Cu content in the SAC alloy to be no

higher than 0.7–0.9 wt.%.

Tin pest

The allotropic transformation of white tin (b–Sn,
tetragonal structure) to gray tin (a–Sn, cubic structure)

IBM J. RES. & DEV. VOL. 49 NO. 4/5 JULY/SEPTEMBER 2005 S. K. KANG ET AL.

617



at temperatures below 138C to form tin pest is another

serious reliability issue associated with Sn-rich, Pb-free

solders. The formation of tin pest has been reported in

bulk samples of Sn–0.7wt.%Cu [15, 51], but not in Sn–

Ag–Cu subjected to �408C for approximately two years,

with one solder lot having been evaluated to date [15].

Since the tin pest transformation to gray tin causes a large

volume change and concurrent cracking on the surface, it

is desirable to modify the composition of Sn–Ag–Cu

alloys in order to retard the transformation. This has

been demonstrated by adding minor elements such as Bi,

Sb, or Pb [52]. Combining our experimental results and

information from the literature, a new series of modified

Sn–Ag–Cu alloys has been proposed, of which the Sn–

2.3Ag–0.5Cu–0.2Bi (wt.%) BGA alloy for card assembly

using standard Sn–3.8Ag–0.7Cu solder paste is an

example [53]. A small amount of Bi content in the alloy is

intended to retard the gray tin transformation, as claimed

in the literature. However, the thermal-fatigue life of Bi-

added SAC joints was not favorable compared with that

of other SAC joints, possibly because of a hardening

effect of Bi [31, 32].

Addition of minor alloying elements

A small Zn addition to SAC alloys was reported to cause

a drastic reduction in the formation of large Ag3Sn plates

regardless of cooling rate [16, 25]. The role of Zn

additions to the SAC alloy is explained through the

reduction in the amount of undercooling during the

solidification of tin dendrites, which shortens the time

available for the growth of large Ag3Sn plates in the

cooling process. Since the Zn-modified SAC is not much

affected by the cooling rate during reflow, it has a

practical advantage over the standard SAC alloy, whose

microstructure (especially the growth of Ag3Sn plates) is

very sensitive to the cooling rate, with higher-Ag-content

SAC alloys. In addition, the Zn-modified SAC alloys

have different interfacial reaction characteristics with Cu

and Ni metallization [18, 54]. It was also observed that

a small addition of Zn (0.7 wt.%) to SAC significantly

reduced the growth of a Cu3Sn IMC layer that is believed

to be responsible for Kirkendall voids during the solid-

state annealing of Sn-rich, Pb-free solder joints, when

in contact with Cu metallization [54].

To enhance the impact reliability of Sn–Ag–Cu joints

in conjunction with Cu metallization, several other minor

alloying elements have been proposed, including Co, Fe,

Ni, and In [21, 22, 46, 48]. Some disadvantages of adding

more alloying elements into ternary SAC alloys would be

expected—for example, difficulty in composition control,

high-temperature melting process required for dissolution

of high-temperature-melting metals, hardening of the

alloys, and possible materials cost increase.

7. Summary
Since the enforcement date (July 1, 2006) of the European

legislation to eliminate Pb from various microelectronic

applications including solders is rapidly approaching, the

need to understand the fundamental issues associated

with the leading Pb-free candidate solders is becoming

increasingly important. A better understanding of the

physical metallurgy of the Sn–Ag–Cu alloy system is

critical in reducing the reliability risk factors when this

solder is used in actual products. Several fundamental

issues discussed in the paper include the microstructure

evolution of near-ternary eutectic Sn–Ag–Cu solder

joints, the factors affecting the microstructure, the

microstructure-property relations, especially mechanical

properties, thermal-fatigue mechanisms of Sn–Ag–Cu vs.

eutectic Sn–Pb joints, and the interfacial reactions of Pb-

free solders with the proposed surface finish layers on

PCB or under-bump metallization in flip-chip solder

bumps. Several factors affecting the thermal-fatigue

reliability and impact reliability of the Sn–Ag–Cu solder

joints have also been discussed. Finally, a possible

solution to improve the reliability of Pb-free solder

joints has been proposed by suggesting a modified

alloy composition of the Sn–Ag–Cu alloy system.
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