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Abstract

Intermetallic compounds (IMCs) play an important role in determining the reliability
of solder joints in electronic systems. In lead free (Pb-free) solder joints such as Sn-
0.7wt%Cu on Cu substrates, the as-soldered microstructure is a combination of the
formation of interfacial CusSns and Cu3Sn layers, primary CusSns, and BSn during
soldering. This thesis explores the evolution of CueSns IMC in the microstructures of
Sn-x wt%Cu / Cu joints (x = 0 — 2 wt% Cu) and their influence on the impact shear
properties of solder joints.

CueSns is the most common IMC in electronics and usually forms as a reaction layer
and a primary phase during solidification of industrial Pb-free solder joints. In this
thesis, the influence of the soldering process parameters i.e. peak soldering temperature,
holding time at peak temperature and cooling rate on the volume fraction and
morphology of primary CusSns has been investigated in Sn-0.7wt%Cu/Cu joints. It is
shown that with higher peak soldering temperature, longer holding time, and faster
cooling rate, the CusSns volume fraction increases and the morphology of primary
CueSns changes from faceted rods to non-faceted dendrites, undergoing an interface
roughening process. Large primary CueSns crystals are shown to grow from the
interfacial CusSns layer and grow to fill the whole joint. At high cooling rate and high
peak temperature, primary CusSns had a faceted to non-faceted transition with growth
distance from the CusSns layer which is discussed in terms of crystal growth into a
negative temperature gradient. A quantitative study of copper substrate dissolution due

to the diffusion of Cu into the liquid and the growth of IMC layers is used to discuss
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the relative importance of these two factors. It is shown that the growth of IMC layers
is the main contributor to Cu substrate dissolution when the peak temperature is low
and when the liquid has become saturated in Cu.

The nucleation and growth of primary CueSns has been explored by in-situ X-ray
imaging at the SPring8 synchrotron for CP Sn/Cu, Sn-0.7wt%Cu/Cu, and Sn-
2wt%Cu/Cu (with large and small initial primary CusSns size) preform joints. No
primary CueSns was observed in CP Sn/Cu joint which is explained based on the
Nernst-Brunner effect, while in Sn-0.7wt%Cu/Cu joint, although it is a hypoeutectic
composition, the primary CusSns nucleated and grew from both pre-existing CusSns
layer and in the bulk solder due to Cu substrate dissolution. In situ imaging confirmed
that the size of primary CusSns can be controlled by using a composition and peak
temperature for which the primary CueSns do not fully remelt. However, small
primary CueSns are shown to settle under gravity to the CusSns layer at the bottom of
the joint, while large primary CueSns tend to remain in the bulk liquid.

Using the primary CusSns size tailoring method, the influence of primary CusSns
size on shear impact properties is then studied while keeping all other microstructural
features near constant. Using ball shear testing of ball grid array (BGA) joints, it is
shown that larger primary CueSns particles have a clear negative effect on the shear
impact properties. Macroscopic fracture occurred by a combination of the brittle
fracture of embedded primary CueSns rods and ductile fracture of the fSn matrix.
Cleavage of the CusSns rods occurred mostly along (0001) or perpendicular to (0001)

with some crack deflection between the two. The deterioration of shear impact
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properties with increasing CueSns size is attributed to (i) the larger microcracks
introduced by the brittle fracture of larger embedded CusSns crystals; and (ii) the less

numerous and more widely spaced rods when CueSns are larger which makes them poor

strengtheners.
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Chapter 1. Introduction

1.1 Introduction

In the electronics manufacturing industry e.g. mobile phones and computers,
soldering is the most common process used to join two metallic conductors together by
reflowing and solidifying a lower melting temperature solder between them. Traditional
electronics solder alloys were based on tin (Sn) and lead (Pb). However, from 2006, Pb
containing solder alloys have been banned in the European Union by the Restriction of
Hazardous Substances directive (RoHS) [1, 2] , because Pb is hazardous to human
health and can introduce serious environmental problems [3, 4].

An example of solder joints in an electronic product is shown in the hierarchy inside

an iphone 4 mobile phone in Fig. 1.

(e)

100pm

processor and RAM package of iphone 4 [6] (c) front and back of apple A4 chip [6] (d)
solder joint (e) primary CsSns (f) IMCs layer
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Fig. 1 (b) shows the processor in the centre interconnected to a printed circuit board
(PCB) with solder joints. The solder joints connect copper tracks that are clearly
visible from their reflectivity and colour. Fig. 1 (c) shows the front and back sides of
the A4 chip used in the iphone, where the shining dots on the back side of the chip are
solder joints used to adhere the chip to the PCB and conduct electricity. Fig. 1 (d) is the
cross section of one solder joint containing primary CueSns in the bulk solder, Fig. 1(e),
and a CueSns layer at the interface between the Cu and solder, Fig. 1(f).

CueSns is a common intermetallic compound (IMC) in most Pb-free solders, which
can form both in the bulk solder and as a reaction layer between the bulk solder and the
copper substrate. Due to the increasing demand to minimize the size of solder joints,
the volume fraction (vol%) of IMCs is increasing [7, 8]. For example, ball grid array
(BGA) solder joints typically have up to ~2 vol% of primary CueSns crystals in the bulk
after solidification and CusSns rods can span nearly the entire diameter of the ball [9,
10]. As the joint size decreases, the fraction of CueSns increases until, in 10-30 pm
microbumps, the entire joint can become CusSns. Therefore, CueSns is increasingly
important to the reliability of electronic devices since solder joints are one of the
weakest parts of an electronic system, e.g. during drop impacts or thermo-mechanical
fatigue etc. To optimise joints containing a higher volume fraction of CueSns, it is
necessary to deepen the understanding of the factors that control the morphology and
size of CusSns and to understand how these microstructural features affect solder joint
reliability.

A large body of research has focused on the morphology development of the
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interfacial CusSns reaction layer for different thermal histories. Many fewer studies
have focused on the formation of primary CusSns in the bulk solder. Those studies that
have been performed have either been fundamental studies on the CusSns growth
transition from faceted rods to nonfaceted dendrites [11]; or have studied the role of
trace element additions including Al [9, 12, 13], Zn and Ni [14-19], and La [20]; or
have explored the influence of reinforcements e.g. SiC [21-23], Al>O3 [24], and TiO2
[25, 26] on the CusSns microstructure. However, it is also important and necessary to
gain a deeper understanding about the influence of reflow process parameters on the
size and morphology of primary CusSns i.e. peak reflow soldering temperature, the
holding time at that peak temperature and the cooling rate.

In recent years, there have been major developments in the real time in situ
synchrotron X-ray radiography of alloy solidification [27-35] that enable investigations
of the dynamic development microstructure and the detailed quantitification of kinetics.
These synchrotron imaging approaches have been applied recently to solder
solidification of primary CusSns during soldering [27]. There is now an opportunity
to use real time in situ synchrotron X-ray radiography to gain deeper insights into
primary CusSns development as a function of process parameters and other variables.

A large body of research has considered how the interfacial CusSns reaction layer
[36-39] affects the performance of solder joints where it has been found that, if fracture
occurs through the CusSns layer, the thickness influences the fracture toughness and
generally the thicker the interfacial layer, the lower the fracture toughness [40-48].

However, much less research has explored the role of primary CueSns crystals on solder
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joint performance and has generally focused on the role of primary CusSns in tensile
fracture. For primary CusSns with long rod morphology some researchers have reported
no apparent influence on the mechanical properties [43, 49], while other research
reported the its influence depends on the temperature [50]. Therefore, it is needed to
research how the size of primary CusSns influences the mechanical behaviour to
understand the optimum primary CueSns size and morphology to improve the reliability
of solder joints.

To address the demands pointed out above, this thesis focuses on the (i) the influence
of solder process parameters on the primary CueSns morphology and volume fraction
(1) in situ real time imaging of the influence of Cu content and pre-existing primary
CueSns on solder joint microstructure formation, and (iii) the influence of primary

CueSns size on the shear impact properties of BGA solder joints.
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1.2 Aim and objects

The aim of this work is to achieve a deeper understanding of the formation of primary
CueSns, and to explore the influence of primary CueSns size on the shear impact
properties of ball grid array solder joints.

These aims led to the following objectives:

(1) Understand the influence of soldering process parameters i.e. peak reflow
temperature, holding time under peak temperature and cooling rate on the
morphology and volume fraction of primary CueSns and the amount of
interfacial CueSns formed.

(2) Investigate the relationship between Cu dissolution from the Cu substrate and
the Cu gained by interfacial IMCs layer and primary CueSns during reflow
soldering.

(3) Dynamically observe the formation of CusSns during soldering of various Sn-
Cu solders on Cu substrates by in-situ real time synchrotron radiography to
explore the effect of Cu content and CueSns size on microstructure development.

(4) Develop a method to manipulate the mean primary CusSns size in solder alloys
and solder joints while keeping other microstructure features (fSn and
eutectic) near constant to enable a study of primary CueSns size on mechanical
performance.

(5) Use the method developed in objective (4) and conduct ball shear testing on
BGAs to investigate the influence of primary CueSns size on the impact shear

properties of BGA joints.
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The objectives above are approached with the following experimental
characterization techniques: imaging by optical microscopy and scanning electron
microscopy, electron backscatter diffraction (EBSD), synchrotron radiography, and ball

shear testing

1.3 Thesis structure

Chapter 2 is a literature review overviewing the background theories and published
papers about CusSns, with a focus on CusSns nucleation, growth of CueSns crystals in
liquid, and the fracture of brittle and ductile crystals.

Chapter 3 investigates the influence of reflow soldering process parameters i.e. peak
soldering temperature, holding time under peak temperature and cooling rate on the
morphology of primary CusSns in solder joints.

Chapter 4 is a real time X-ray observation study of primary CueSns formation in
solder joints by in situ synchrotron radiography. This Chapter also details the
development of a method to manipulate the primary CusSns size in solder joints.

Chapter 5 involves manipulating the primary CueSns size in BGA joints while
keeping other microstructures near constant and investigating the influence of primary
CusSns size on the impact shear properties using ball shear of BGAs.

Chapter 6 concludes on the main findings of the whole work and suggests future

research directions.
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Chapter 2. Literature review

2.1 The CusSns phase

The most common solder alloys used in the electronics industry are Sn-rich alloys
soldered onto Cu substrates. The peak reflow soldering temperature is typically in the
range ~230-300°C and solder joints can be expected to operate at -70 to 120 °C. From
the phase diagram in Fig. 2 [51], the corresponding stable phases are [Sn, high
temperature CueSns phase (1)- CueSns), low temperature CusSns phase ('- CueSns) and
CusSn. BSn usually occupies the largest volume fraction of as-soldered joint due to the
shape of the phase diagram; CusSns can form both a layer at the interface between the
solder and Cu substrate, large crystals in the bulk solder as a primary solidification
phase [27], and smaller eutectic particles in the 3Sn matrix; and CusSn usually appears
as a thin layer between CusSns layer and the Cu substrate during soldering or
subsequent solid state aging. Primary CusSns will form for most solder alloys soldered
onto Cu substrates, due to the dissolution of Cu into the solder which will increase the
liquid composition into the hypereutectic region (the primary CueSns phase field). The
eutectic point is ~0.89wt%Cu and 227°C, so the eutectic mixture contains ~98% [BSn

and only ~2% CusSns.
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Fig. 2 Sn-Cu phase diagram by National Institute of Standards and Technology [51]

Fig. 2 considers the compositions of n- CusSns and 1n'- CueSns as fixed at
~38.5wt%Cu (a line compound). However, it is more accurate to give them
composition ranges. Fig. 3 shows the phase diagram from ASM handbook [52] which
gives the composition ranges for 1- CusSns to be 59-60.9wt%Sn and for n’- CueSns to
be 60.1-60.9wt%Sn. Note that the composition of the eutectic point in Fig. 3 is 0.7

wt%Cu which, in more recent thermodynamic work has been corrected to 0.89 wt%Cu

[51].
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Fig. 4 gives the composition for 1- CueSns and 1'- CueSns are 43.4-44.6 at% Sn

[53]. Both Fig. 3 and Fig. 4 are based on experimental results.
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2.1.1 Crystallography of the CusSns polymorphs

80

L L

90

100
Sn

The high temperature n- CusSns phase has a hexagonal unit cell (Fig. 5) with lattice

parameters: ap,, = b = 4.19A and ¢ = 5.086A [54]. The black spheres represent

positions fully occupied by Cu, while the mixed black-white spheres are positions 20%

occupied by Cu and 80% vacancies. Red spheres are positions is fully occupied by Sn.

Thus, the CusSns composition comes from three lattice sites occupied CuiCuo2Sn;

giving Cui2Sn.
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Fig. 5 unit cell of high temperature n- CusSns (generated in Crystal Maker) [54]

The c/a ratio of hexagonal n-CusSns is 1.214 which is smaller than many hexagonal
crystals. CusSns can be considered to be pseudo-cubic since it can be represented by a
rhomobohedral unit cell with parameters a,, = 2.954A and o = 90.34° with the

transformation formula [13]:

1 2¢c? —3a?
an, = |=(3a?,. +c?), a=cos™ ! hex
rho j g (3hex ) (2c2 + 6a2,,

Fig. 6 is reproduced from the work of Xian et al. [11]. It summarizes the important
atomic planes in - CueSns (first column), with corresponding atom locations (second
column) with the planar atomic density written below [11]. It can be seen that the
{1102} planes have the highest atomic density. The third column presents the stacking
sequence according to the planes in the first column and most of the planes having
stacking sequence as ‘ababab’, while the atoms on the 1% order pyramidal planes have

a complex zig-zag structure.
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Fig. 7 shows the monoclinic unit cell for low temperature 1’- CusSns phase where
the lattice parameters are a = 11.022A,b = 7.282A, c= 9.827A,O( =90°B =

98.84°,y = 90° [55].

0 . : °~:°°.::'°¢+ . o o
i > @ 00— . bc

Fig. 7 unit cell of low temperature 1'- CusSns red ball: Sn atom, black ball: Cu atom
(generated in Crystal Maker) [55]

n'- CueSns is stable below ~186°C [56]. The transformation from 1- CusSns to 1'-
CueSns can be during cooling or in the service of electronic devices due to ordering of
Cu atoms at previous 20% occupation Cu sites which reduces the symmetry of the
crysta [57-59]. However, three more low temperature CueSns phase structures have
been reported which are n**!(a=9.224A,b =7.3114,¢ = 9.884,a = 90°,B =
118.95%,c=90°) [60], 1m® ( a=12.64,b=7.274,¢c=10.24,a=90°pB =
90°c =90°) [61] and 1® (a=9.9214,b = 7.3524,c = 9.9214, a = 90°,f =
117.46°,¢c = 90°) [62].

The n —n' transformation is not desired, because it is accompanied by a 2.15%
expansion [58] which can introduce internal stress and cause the formation of

microcracks in the solder joints [63]. Therefore, many researchers have focused on
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adding trace elements to stabilize n-CusSns and prevent or slow down the n—n'
transformation at room temperature. Nogita and Nishimura found that Ni additions
form (Cu,Ni)sSns that stabilises the 1 phase [64]. Zn can occupy the Sn site in
Cue(Sn,Zn)s and up to 0.8-2.1 at% of Zn can stabilize 1 phase [65]. Au has been
reported to have two opposite effects from two intermetallic compounds: (Cu,Au)sSns
can stabilise the m phase, while Au in Sn-Ag-Cu (SAC) solder the formation of
(Cu,Au,Ag)eSns will be unstable [66]. Sb has been found to occupy Sn sites to form

Cus(Sn,Sb)s and only a small amount can stabilize the n® phase [63].
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2.2 Nucleation

The reliability of solder joints has been shown to depend on the microstructure of
the solder joints after solidification e.g. the size of intermetallic compounds in the joint
[67], and the number and orientations of BSn grains [68]. Since solder joints are small
droplets, the most important factor that determines microstructure formation is the
nucleation of BSn [69] and CusSns. Other manipulation methods e.g. heat treatment or
work hardening processes are not suitable to adjust the performance of joints since
joints are used in the as-soldered condition. Therefore, it is very important to control
the nucleation events during soldering.

The nucleation of a crystal is the first step of solidification and involves the
formation of embroys, which are metastable, of atoms of that crystal usually on the
surface of a nucleant particle in the liquid. Embroys with a size larger than the critical
size become stable nuclei and grow [70].

In this section, the theory of homogeneous nucleation and heterogeneous nucleation

is reviewed followed by the nucleation of CusSns.

2.2.1 Homogeneous nucleation theory

Homogeneous nucleation is a process that the long-range ordered stable solid phase
crystals formed from a short-range ordered unstable cluster of atoms in the impurity
free liquid [70]. This transformation requires fluctuation of energy and an undercooling
below the equilibrium melting temperature to compensate for the formation of new

solid-liquid interface. This undercooling can be considered a curvature undercooling or
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Gibbs-Thomson undercooling due to the capillarity effect [70]. As an initially formed
crystal has the size that is similar to the atomic level, having very large curvature, the
pressure difference is built between two phases due to the curvature, and the smaller
the crystal the larger the undercooling required and the lower the melting point [70].

This undercooling can be expressed in Equation 1

AT, = kI Equation 1
where Kk is the curvature and I" is Gibbs-Thomson coefficient and it is defined as if the
curvature is into the liquid the undercooling is positive and the melting point is lower

than the equilibrium melting point, the expression for k and I" are

di 1 1 )
K=W=E+E Equation 2
_r Equation 3
ASf

where 11 and r2 are maximum and minimum radii of curvature on the surface, y is the
interface energy between liquid and solid phases and Asris the volumetric entropy of
solidification. The influence of y is large when the crystal size is below 10nm e.g.
nucleation events.

Assume there is a certain amount of liquid with Gibbs energy Gi, when temperature
reduces below the equilibrium melting temperature Tr, there are some stable clusters

of atoms form as the nucleus with volume Vs and Gibbs energy Gs, while the remaining
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volume of liquid is Vi and the interface formed between the liquid and nucleus has the

interface area Asr. G and Gs can be expressed as:

G, = Vs + V) XGE Equation 4

Gs = Vg X Gj + V), X GE + Ag, X gy, Equation 5

where G% and Gy are the volumetric Gibbs energy for liquid and solid phases and
¥s. 1s the interfacial energy between solid and liquid phases.

From From Equation 4 and Equation 5, the change in Gibbs free energy during

nucleation:

AG = Gs — G, = V(G5 — G}) + Aqys Equation 6
= VAGy, + Ay
where AG, is GS — G}, having a negative value when T<Tm, which is the volumetric
Gibbs energy difference between solid phase and liquid phase and can be understood

from Fig. 8.

Gibbs Energy [J]

Y

Temperature [C]

Fig. 8. Gibbs Energy curves for solid and liquid around equilibrium melting point T,
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Fig. 8 shows the Gibbs energy change of liquid phase, Gi, and solid phase, Gs, as a
function of Temperature. The Gibbs energy curves have been treated as straight line for
simplicity. The difference between the Gibbs energy of two phases, AG, represents the

driving force of the phase transformation.

AG = Gs — G, = AH —TAS Equation 7
where H is enthalpy and AS is entropy of fusion. At Tm, AG equals to 0, therefore,

Equation 7 can be written as

ASf = — = — Equation 8
T T T
where L is the latent heat of fusion, and as the system release heat during solidification,
therefore, L is negative. Ly is the latent heat of fusion per unit volume which can also

be expressed by entroy of fusion ASg, L, = pAS;T;,. Substituting Equation 8 into

Equation 7:

L
AG=AH—TA5=L—T><T— Equation 9

m

T, —T\ LXAT
Tm Tm

where AT is undercooling. Therefore, the driving force for liquid-solid phase
transformation of pure metal depends on the undercooling, the larger the undercooling
gives the larger driving force. Therefore, AG, = pAS;AT.

Returning to Equation 6, assuming the nuclei has the sphere morphology with radius

1, and Equation 6 can be expressed as

4
AG = — gnr?’AGv + 4mr2yg Equation 10
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if there are n nuclei in the liquid, Equation 10 will be change to

AGprom = — gm‘:“AGvn + 4mriygn Equation 11
In Equation 11, the first term is to the power of three and is negative and the second
term is to the power of two and is positive, when r is very small, the second term
dominants so with the increasing r, AG increases. When r reaches the critical value,
the first term dominants, therefore, AG decreases with increasing r. Therefore AG has
a maximum value Fig. 9 (c). The critical value is r*, if r<r*, the decreasing in r gives
the reduction in Gibbs energy of the system, while r>r", the increasing of r gives the

reduction of Gibbs energy.

I — r —a

Fig. 9 free energy change and energy fluctuation during nucleation [70]. (a)-(c) are
interface Gibbs energy, volumetric Gibbs energy and total Gibbs energy change of the
system versus the radius r of the atom cluster at different temperature (d) is random
addition of atoms onto the atom cluster
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Therefore, the clusters of atoms having radius less than r* will have larger
probability to be dissolved than that of growing, while the clusters having radius larger

than r* will have larger probability to grow.

Atr= r*, turning point can be found by setting the differential of Equation 11 to zero:

—41r**nAGy + 8nr*nys, = 0

.21 2vs

= AG, = pAS;AT Equation 12

substituting Equation 12 into Equation 11, the activation barrier is:

4 AL ¥ A 2
AG; =—n<——) nAG +4n<—> n
hom 3 AGV 14 AGV )/SL
32 3 3
= —?nn ZzL >+ 1lé6mn Vst 5 Equation 13
v v
16  yg3 16 Ys.2 Equation 14

= —7n = —

37 0G,2 3 (pAS,AT)?

It can be seen that AGy,,, is 1/ 3 of the interfacial energy (second term in Equation
13), which means the volumetric Gibbs energy only consume 2/ 3 of the interfacial
energy, the remaining energy peak, AGp,,,, requires the fluctuation of system energy
to overcome which can be explained by Fig. 9 (d) which depicts that the liquid atoms
will randomly add on or leave the solid nuclei, and the continuous growth of the nuclei

requires the fluctuation to make the nuclei larger than the critical size.
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2.2.2 Homogeneous nucleation rate

The nucleation rate is defined as the number of nuclei formed in unit time in unit
volume. If one nuclei has critical size r*, the possibility for it to grow larger or dissolve
is the same, as in both way the Gibbs energy will be reduced. Therefore, the nucleation
rate depends on two factors: one is the amount of atoms clusters, C*, having size r*,
the second is amount of atoms, fo, attached to one cluster in the unit time. Therefore the
nucleation rate can be expressed as [71]:

N=f,xC*

C* depends on the homogeneous nucleation energy AGy,,, and has the relation:

*

Ghom)
kT

C* = Cy X exp(—

where Cy is the total amount of atoms in liquid in a unit volume ~10%/m?® [71], ks is
Boltzman constant.
The rate of attachment of liquid atoms onto clusters with critical size, fo, is a complex
term and it depends on the number of neighbouring liquid atoms to the solid atom
clusters, the vibration frequency of liquid atoms, the activation energy for liquid atoms
jumping out of original positions and the probability for the clusters to accept the liquid
atoms. fo is sufficient to treat as ~10'! [71]

Therefore, the nucleation rate can be expressed as

N = foXC* = focoeXp[—< kT

substituting Equation 14:

16mys, 3 1

N = fy, x C* = f,Coexp[— SkpT  (pAS,AT)?

]
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Therefore, N  exp (%) , which means with increasing the undercooling, the
nucleation rate increases dramatically.

Some parameters of pure Sn have been summarized in Table 1 and Fig. 10 shows the
homogeneous nucleation rate versus undercooling for Sn. Some parameters can be
taken are: T is 505K, Boltzmann’s constant is 1.38 x 10~**m?kgs~2K ™', pAS; =

8.4 x 10°Jm™3K~1, and y,, can be taken as the average from the values in Table 1

which is 0.0595Jm™.
Table 1 summary of data of Sn
System Ty/K Ys.(x 1073)/  Reference
J/m?
Sn 505 [72]
Sn 505 70.6 [73]
Sn 505 54.5 [74]
Sn 505 65 [75]
Sn 505 59.3 [76]
Sn 505 49 [77]
Sn 505 77 [78]
Sn 505 62 [79]
Sn 505 53.6 [76]
Sn 505 60 [80]
Sn 505 44 [81]
Sn 505 66 [80]
Sn 505 62 [76]
Sn 505 50 [82]
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Fig. 10 the homogeneous nucleation rate versus undercooling for 3Sn

From Fig. 10, it can be seen that there is a critical undercooling AT*, below which,
nucleation will not happen, while upon reaching, the nucleation rate will increase

dramatically. The appearance of critical undercooling can be understood from

. 2VsiL 2ys1,
= _

=26, pAS;AT Equation 12

Equation 12, it can be seen that when undercooling AT increases, r* decreases. The
maximum atom cluster, rmax, that can be appear during homogeneous nucleation also
depends on the undercooling, but the relationship is the lower undercooling gives
smaller rmax because at the lower undercooling, the temperature is higher and the
dynamic of atoms is larger. Therefore, the probability to form larger clusters issmaller.

The relation between r* and rmax can be seen from Fig. 11 [71].
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Fig. 11 Critical nuclei size r” and the maximum size a nuclei can form rmax versus
undercooling [71]

It can be seen that two curves intercept at critical undercooling AT*, and below AT*,
the maximum clusters that can form is smaller than the critical size r*, therefore,
nucleation will not happen, while beyond AT*, the clusters have probability to be larger

than r*, therefore, homogeneous nucleation can happen.

2.2.3 Heterogeneous nucleation theory

In reality, homogeneous nucleation is very hard to happen, because the impurity
always exists in the melt or on the mould e.g. oxide or nitride, which can be the substrate
for nucleation. Fig. 12 [71] shows a model of a spherical cap nucleating on a pre-

existing solid-liquid interface.

YsL

Liquid

YML Solid

A

>
r Mould
Ysm

Fig. 12 model of heterogeneous nucleation: a spherical cap nucleates on the flat wall
[71]
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In Fig. 12, it can be seen that the spherical cap has a wetting angle 6° with the
substrate. The wetting angle is determined by the surface tension between solid liquid
¥s1» liquid substrate y,,; and solid substrate yg;,. The balance is achieved at the point

where three phases join together:
Ysm + Vs €00 =y Equation 15

The existing impurities have already had interfaces with the melt, therefore if the
solid nuclei is going to nucleate on such interface, the existing impurity/liquid
interfaces will be replaced, so the energy needed to the solid nuclei/liquid interface will
be less. Therefore, the Gibbs energy for such a spherical cap to nucleate can be

expressed by:

AGper = VsAGy, + Aspvsy, + AsmVsm — AsmVmL Equation 16

the V;, Ag; and Agy can be expressed by:

mr3 .
v, = KN (2 — 3cos8 + cos30) Equation 17

Ag, = 2mr?(1 — cos6)
Agy = mr2sin?0

substituting Equation 17 into Equation 16:

(2 4+ cos8)(1 — cos 6)?
4

4 .
AGper = {— §7Tr3AGv + 4nr2y5L} X Equation 18

4 3 2
= {57'[1' AG, + 4nr )/SL}]C(G)
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Comparing Equation 18 with Equation 11, it can be seen that AGy,; is just a fraction
of AGy,m. Therefore, the critical radius for heterogeneous nucleation is the same as

that in homogeneous nucleation, while the nucleation rate has the similar format:

16myg f(6) ) Equation 19
3 kT(pASAT)?

Npee = f1N; exp <—
where f is the frequency factor and N is the amount of heterogeneous nucleant per
unit volume in the melt.

There are several factors may influence the heterogeneous nucleation rate:

(1) undercooling: larger undercooling gives larger heterogeneous nucleation rate

(2) impurity: it can be seen from Equation 19 that smaller f(8) will give larger
heterogeneous nucleation rate, and f(6) depends on 6, smaller 8 gives larger cos6
and smaller f(0) andso yg,, Yur and ysy determine the f(0). Inreality, the yg;,
ymr Will not vary to much, so lower yg, will contribute to the higher nucleation rate.
Two kinds of heterogeneous nucleation site may give lower yg,: first is the site has
similar crystallographic parameters, so the misfit along the interface is low, the second
type is if the site has groove or micro-cracks on the surface.

(3) the number of heterogeneous nucleation site: larger number will contribute to larger

nucleation rate.

2.2.4 Prediction of potent heterogeneous nucleation sites

If added particles and the target phase can form a coherent interface with lattice mis-
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match less than ~10%, the particles are usually effective heterogeneous nucleation sites
for the target phase [83]. Bramfitt developed a ‘planar lattice disregistry model’ to
calculate the linear disregistry [84]. In the model, the ‘linear disregistry’ in three
directions with the lowest index within a perpendicular quadrant are averaged. However

this model does not consider the lattice vacancies.

2.2.5 Nucleation of CusSns during soldering

During soldering of Sn-xCu alloys onto Cu substrate, CusSns may nucleate on Cu
substrate and in the bulk solder.

The nucleation of interfacial CusSns occurs rapidly when liquid solder wets the Cu
substrate [85-87] as the Cu dissolution rate from the Cu substrate into liquid is very
rapid. The morphology of interfacial CusSns may depend on the orientation of Cu grains

on the interface between the Cu pad and the liquid solder as shown in Fig. 13 by Suh et

polycrystalline Cu substrate (b) on single crystalline (001) Cu [88].

It is clearly shown that on polycrystalline Cu substrate, interfacial CusSns nucleated

and grew into scallop morphology while on single Cu crystalline (001) surface,
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interfacial CusSns nucleated and grew into prism morphology. Suh et al. also suggested

six preferred orientation relationships (ORs) between hexagonal CueSns and (001) Cu:

(010)cussns//(001)cu
(343)cusns//(001)cu
(-34-3)cussns//(001)cu
(101)cussns//(001)cu
(141)cussns//(001)cu
(-14-1)cussns//(001)cu

in all the cases above, [101]cyesns is parallel to the [110]cy [88].
The misfit was calculated in order to examine these ORs. The Cu atomic spacing along
[101]cyesns is 2.5573A. The Cu atomic spacing along [110]cu is 3.6078 x g =

2.5511A, the linear misfit between the Cu substrate and interfacial CusSns layer is

2.5573-2.5511

T 0.24% which is very low and same as that stated in [88].

Further detailed investigations of the different single Cu surface substrate on the
morphology of the interfacial CusSns layer was reported by Zou et al. [89]. They studied
four Cu single crystals with different surface planes: (001), (011), (111) and (123),
facing the molten solder. The isothermal reaction temperature was 260°C.

They found that on (001)cu, CusSns grains form a prism texture aligned with two

perpendicular directions (Fig. 14a).

e e

Fig. 14 Morphologies of prism interfacial CusSns on (001) single crystal Cu substrate
at 260°C for 60s (a), on (111) single Cu substrate at 260°C for 60s (b) [89]
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On (111) of Cu, the CusSns grains also form as prism morphology, however aligned
with three directions forming 60° to each other (Fig. 14b).
By analyzing the Kikuchi bands from EBSD experiments, the preferred ORs are

presented as below:

ORI : (Olo)Cu65n5 | | (001)Cu

[_201]Cu65n5 | | [110]Cu
[_201]Cu65n5 | | [_110]Cu

OR 2: (010)¢yysns|1(111)e,
[_201]Cu65n5”[1 - 21]Cu

[_201]Cu65n5 | | [_211]Cu
[_201]Cu65n5 | | [11 - 2]Cu

Note that on (001),, [110]s, and [—110]., are perpendicular to each other,
while on (111)cy, [1 — 21]cy, [—211]¢cy and [11 — 2], areat 60° to each other.
Lattice misfits are examined with the help of crystal maker. On (010)¢y, sp., the Cu
atom spacing is 0.25478nm along [-201] (Fig. 15(a) and (b)). On (001),, the Cu atom
spacing is 0.2556nm along [110] and [-110], which are perpendicular to each other (Fig.
15 (a)), while on (111),, the Cu atom spacing is 0.2556nm along [-110], [0-11] and
[-101], which are 60° to each other (Fig. 15(b)). The misfit between Cu atoms between
the direction on (010)cy sn, and the directions (001)¢, and (111)¢, are
calculated to be % = 0.32% which is low enough for nucleation of
interfacial CusSns . This explain the 90° and 60° morphologies of interfacial CusSns
on (001) and (111) surface of single crystal Cu. Those orientation relationships are

drawn in Fig. 15, and FCC Cu and monoclinic CueSns with C12/C1 structure are

selected [55].
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Fig. 15 schematic drawing of planner lattice match of (010) ¢y, sn, with (001), and
(010) cygsns With (111)¢, (Generated in Crystal Maker) [55]

Fig. 15(a) shows a good lattice match along [110](001),, and
[—201](010) ¢y, sn,» however, the planar disregistry is not good. Fig. 15(b) shows both
a good lattice match along [0 — 11](111)¢, and [—201](010)¢y s, and a good
planar match with a planar lattice disregistry of 4.1% which is calculated below. This
means the  orientation  relationship  between [0—11](111)¢y and
[-201](010) ¢y, sn, probably has the lower interfacial energy and is expected to be
more favourable for the nucleation of CusSns crystals.

In order to calculate lattice disregistry, an area where Cu atoms in (010) ¢y, sn and

(111), match well is selected (blue circle in Fig. 15). The area is shown in Fig. 16.

0.4093nm 0.4428nm

- ®

0.4913nm

0.5112nm

0.2537nm 0.2556nm

Fig. 16 enlarged area of blue circle in Fig. 15. Blue represents Cu atoms on CusSns
while red represents Cu atoms on Cu. (generated in Crystal Maker)
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The planar lattice disregistry can be calculated according to data from Fig. 16 with

the Bramfitt model [84]:

|0.4428 — 0.4093| " |0.5112 — 0.4913| n |0.2556 — 0.2537
0.4428 0.5112 0.2556
3

=41%

On (011) and (123) of Cu, the CusSns grains form scallop morphology. After aging
or with prolonged isothermal reaction time, the morphologies of CusSns change to
scallop in all cases.

The CueSns structure Zou et al. used is monoclinic 1’, while from the works of Tian
et al. [8], they found two ORs between hexagonal nCusSns and single Cu crystal (001)

and (111) surfaces:

ORI : (2 =1 —=10)cussnsl1(001)cy
[0001] cygsns|1[110]cy
[0001]cygsns|I[=110]cy
OR2: (2 =1 —=10)cuesnsl1(111)cy
0001] cugsng1[=110] ¢y

[0001]Cu65n5 I I [01 - 1]Cu
[0001]Cu65n5 I | [_101]Cu

The ORs shown by Zou et al. and that shown by Tian et al. are equivalent, as [0001]
in hexagonal nCusSns is equivalent to the [201] direction in monoclinic 1’CusSns.
Actually it is more accurate to use nNCusSns instead of using 1’CusSns, because the
nucleated phase upon liquid solder touching the Cu substrate is hexagonal nCuesSns.

Beside their nucleation and growth on the Cu substrate, primary CusSns crystals also
form in the liquid solder in cases where the liquid composition is hypereutectic due to
Cu substrate dissolution. Primary CusSns may form by growth from the pre-existing

CueSns interfacial layer [10, 50, 90, 91].  Primary CuesSns can also nucleate and grow

53



in the liquid away from the layer [27, 91]. Fig. 17 [91] presents nine typical frames
from synchrotron radiography of Sn-0.7wt%Cu paste soldered onto Cu substrate and
Fig. 17 (e) shows the first observation of primary CusSns in which there are two very
small primary CueSns crystals just after nucleation that have started to grow and in Fig.
17 (1) four primary CusSns labelled A,B,C and D after solidification which all nucleated

in the liquid.

Cu Substrate

227.0°C

112s 244.0°C 118s 240.9°C 123s  238.4°C

130s 234.9°C 135s 232.5°C

Fig. 17 in-situ observation of soldering reaction of Sn-0.7wt%Cu paste/Cu at (a) O s,
(b) 10, (c) 11, (d)112 s, (e) 118 s, (f) 123 s, (g) 130 s, and (i) 143s [91]

Fig. 18 [27] presents another image sequences of soldering of SAC305 solder on Cu

from synchrotron radiography. It clearly shows in Fig. 18 (b) a primary CueSns was
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growing from upper right of the solder ball. Meanwhile, it also records the growth of

primary CusSns from the interfacial layer.

-- i) I’ & - i J,,,‘G__..J... ~FiP] IJ i

Fig. 18 image sequences of the formation of primary CusSns in SAC305/Cu joint
from synchrotron radiography (modified from [27])

CueSns nucleation can be promoted by dilute addition of Al in the liquid solder in
which y; — CugAl, and & — Cuz3Al;; phases act heterogeneous nucleation sites

(Fig. 19 [13]) for primary CusSns which give similar lattice match.

Fig. 19 Backscatter images of CuxAly with increasing growth distance in (a)-(d) in Sn-
4Cu-0.2Al where the primary CusSns were attached on. (e) CusSns grew on CuzzAlyr.
[13]
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The orient relationship between y; — CugAl, and 6 — Cuz3Al;; and CueSns are
the same [13]:

(12 10)Cu65n5//(101)CuxAly or (1TOO)Cu65n5//(2H)CuxALy

[0001] CugSns //[1 1 1]CuxAly

The orientation relationships between CusSns and Sn has been measured by Xian
et al. to be [92]:
OR1:[0001]//[112],(0100)//(241)
OR2:[0001]//[112],(1010)//(111)

which are shown in Fig. 20 and the same ORs were measured by Ma et al. [93].
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Fig. 20 (a)(c) Schematic representation of OR1 and OR2 between CusSns and (Sn.

(b)(d) Planar lattice match for OR1 and OR2 [92].
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2.3 Growth of Crystal in liquid
It has been found the morphology and size of CusSns can influence the reliability of
the Sn-xCu/Cu solder joints e.g. during shear impact test, tensile test, thermal
mechanical fatigue etc. [49, 67, 94]. Thus, it is important to investigate under what
conditions the CusSns will grow to what morphology and how to control the crystal size.
This section overviews the theory of S-L interface morphology, non-faceted and
faceted growth, the transition between the non-faceted and faceted S-L interfaces, the

FDR model for CusSns layer growth during liquid state and primary CusSns growth.

2.3.1 The morphology of solid liquid interface (S-L) interface

The growth of crystals is the process of a S-L interface propagating into a liquid by
the attachment of liquid atoms onto the S-L interface. The attachment of atoms depends
on the S-L interface roughness which depends on the Gibbs energy of the interface i.e.
whether the interfacial Gibbs energy can be minimized by roughening the interface (to
maximize entropy) or by creating an atomically smooth interface (to minimize the
number of high enthalpy S-L ‘broken’ bonds). This can be estimated using Jackson’s

alpha parameter, also known as the dimensionless entropy of fusion (solidification):

L _AS _ AT,
R R

where AS; is the entropy of fusion, AH; is the latent heat of fusion, T, is the
melting point, and R is the gas constant. The Jackson parameter predicts two types
of S-L interface depending on whether ¢ <2 or a > 2. CusSns hasan a value of

approximately 2 and can grow with both types of interface as shown in [11].
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(1) atomically rough S-L interfaces (Fig. 21(b)):
When a < 2, the minimum S-L interface energy is when half of the atomic positions
are occupied by solid atoms, another half are occupied by vacancies. This S-L interface
is rough at the atomic level, having an interface width of several atomic planes, and is
macroscopically smooth.
(2) atomically smooth S-L interfaces (Fig. 21(a)):
When «a > 2, the minimum S-L interface energy appears when the fraction of solid
atoms on the interface approaches 0 or 1 when the S-L interface is atomically smooth
and the thickness of the interface is one atomic plane with a sharp boundary between
the solid and liquid.

Those two types of interface lead to the different growth mechanisms and
morphologies which are non-faceted and faceted interfaces.

faceted nonfaceted

10pum

Gehesen

A

Fig. 21 (a) faceted interface and (b) non-faceted interface [70]
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2.3.2 Growth of non-faceted S-L interfaceas

Attachment of atoms onto an atomically rough S-L interface will create a non-faceted
interface because every atomic position along the S-L interface has a similar probability
for attachment, which makes the S-L interface energy a weak function of the crystal
orientation. The atom attachment onto non-faceted interfaces is relatively easy and the
kinetic undercooling, AT}, is very small which means that the growth is mainly
controlled by the interaction between the diffusion of heat / solute from the interface
and curvature of the interface. The growth morphology is then determined by the
degree of constitutional supercoiling in the liquid ahead of the interface, the interface
velocity and the temperature gradient in the liquid. The morphologies generated by S-

L interface growth in pure metals and in alloys is summarized in Table 2 [70, 95].

Table 2 summary of S-L interface stability in pure metal and alloy[70, 95]

GL<0 GL>0 G, > (—)
dx interface
Pure metal unstable Stable (planar) Stable
e.g. equiaxed crystal e.g. planar
Alloy Unstable Unstable e.g. dendrite Stable

Ty,

e.g. equiaxed crystal G, < (— e.g. planar

dx )interface

unstable e.g. cellular

i~ ()
dx interface

The growth of CusSns crystals in Sn-rich liquid will develop large constitutional
supercooling because of the steep CusSns liquidus line. Thus, when CusSns grows with
a non-faceted interface, the growth morphology is dendritic [11]. The solidification of

BSn in soldering processes involves free growth into undercooled liquid with G;<0
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because BSn requires a relatively high undercooling. Therefore, BSn grows as dendrites

in solder joints.

2.3.3 Growth of faceted S-L interfaces

Faceted S-L interfaces occur in phases having a S-L interfacial energy that strongly
depends on the orientation of the crystal, and atomically smooth interfaces with
relatively few ledges and kinks so the liquid atoms have strong preference to join at
specific positions along the S-L interface, Fig. 22 [95]. Therefore, the growth of faceted

S-L interfaces is limited by attachment kinetics.

Fig. 22 different positions that liquid atoms can join on the S-L interface of a cubic
crystal [95]

Fig. 22 shows different possible atomic sites that the liquid atoms might join on the
S-L interface. Comparing site 3 and site 1, if an atom joins the crystal at site 3 then the
total increase in the interfacial area is zero; however, if liquid atom joins site 1, then
four more surfaces have been added to the total interfacial area and the interfacial
energy increases. Meanwhile, the attachment to site 3 has fewer high-energy S-L bonds

than at site 1 which means that site 3 has a lower chance of desorption of liquid atoms.
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Faceted S-L interface growth is interface controlled and anisotropic in atomic
attachment kinetics. Crystal surfaces that are more closely packed tend to have higher
Jackson alpha factor which makes them more atomically smooth (fewer ledges etc.),
and gives them slower interface attachment kinetics. Since faceted crystals are
bounded by the slowest growing planes, the growth facets tend to be the closest packed
planes which gives faceted surfaces the same symmetry as their crystallographic
symmetry. The stability of a faceted S-L interface occurs because preferable attachment
sites such as 4 and 5 are quickly ‘filled in” and rapid lateral growth may quickly remove
any unstable perturbations into the liquid [96].

In theory, faceted growth should remove all ledges and kinks but, in reality, crystal
defects often provide perpetual ledges such as screw dislocations, re-entrant corners at

twin boundaries and twist boundaries, Fig. 23 [95].

Fig. 23 the defects for faceted crystals (a) screw dislocation (b) twining (c) twisted
boundary [95]
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2.3.4 Growth of interfacial intermetallic compounds during soldering

2.3.4.1 Soldering reactions between Sn-xCu/Cu solder joint
The Sn-Cu phase diagram is reproduced in Fig. 24 where the red line shows a typical

industrial peak reflow temperature.
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Fig. 24 (a) whole Sn-Cu phase diagram [51] (b) Sn rich part data from Thermo-Calc
[97]
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Assuming local equilibrium at all interfaces, a diffusion couple between liquid Sn
and Cu should form a layered structure of Sn-rich liquid-high temperature CueSns
(hexagonal)-Cu3Sn-Cu. During the liquid heating stage of the soldering process,
individual interfacial CueSns grains nucleate along the Cu-L interface. Some
researchers suggest that there are liquid channels between the interfacial CusSns
scallops [86]. The continuing growth of the interfacial layer is supported by the volume
diffusion of dissolved Cu via those channels, as triple points are effective diffusion
pathways [86, 98-100]. Other researchers suggest that, after nucleation, the CueSns
grains spread across the interface, without much growth into the solder, perpendicular
to the interface until all CueSns grains contact with each other. The CueSns grains
forming an interfacial layer are separated by grain boundaries between neighboring
CueSns. The interfacial layer continues growing by dissolution of the Cu substrate [101-
105]. As the interfacial CueSns grains are separated by grain boundaries, the diffusion
of dissolved Cu from the Cu substrate will be controlled by grain boundary diffusion
(Fig. 29) which is confirmed by the values of the exponent and activation energy in the
empirical power law kinetic equation for the growth of interfacial CueSns layers [102,
103, 106].

During contact between liquid solder and the Cu substrate, the interfacial CusSns
grains coarsen with time. Coarsening of scallops is a ripening process (i.e. the reduction
of interface curvature with time), due to the Gibbs-Thomson effect. Ripening also
results in the reduced number of IMC grains/scallops [107]. Qu et al [107] studied the

growth of interfacial CueSns during Sn/Cu isothermal reaction at 350 °C using
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synchrotron radiation real time imaging and showed that during isothermal reaction,
the interfacial grains coalesce. The Gibbs-Thomson effect drives the
coalescence/ripening of interfacial grains which are affected by the curvature of
neighbouring grains.

Cu substrate dissolution will continue through the isothermal reaction until the mean
uniform saturation in the liquid is reached. The Cu flux contributes not only to the
formation of interfacial CueSns grains, but also to the formation of primary CusSns
crystals in the bulk solder [108]. At the same time, the Cu flux may react with the
existing CueSns layer to form a layer of CusSn between CusSns layer and the substrate.
The growth rate of the CuzSn layer is typically very low and its thickness can often be
ignored during reflow and the solidification stages [108]. The reaction equations at the
interfaces in a solder joint may be described by the diffusion and the formation of new

phases:

at the Cu3Sn/Cu interface [109]:
3Cu+(Sn)=>CusSn
at the CueSns/CuzSn interface[ 109]:
CusSns+9(Cu)e5Cu3Sn (interface moves into CusSns)
CusSns<3(Sn)+2CuzSn (interface moves into CuzSn)
at the solder/CusSns interface [109]:
5Sn+6(Cu)->CusSns

where the elements in () are diffusants. Fig. 25 [109] summarises the general diffusion
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phenomena in soldering reactions between Sn-xCu solder and Cu substrate where (a)

to (c) represent the microstructure development with increasing time.

(@
Solder
(Sn)
(Cu) 58n+6(Cu)>CusSns
Cu substrate
(b)
(S1) Solder

CusSns+9(Cu)—5CusSn
3CuH(Sn)=2CusSns

(Cu;[ 5Sn+6(Cu)=2CusSns
CusSns

Cu substrate

(c)
(Sn) Solder

(CUJ 58n+6(Cu)=>CusSns
CusSns

CugSns+9({Cu)e5CusSn (interface moves into CusSns)
CueSnae=3(Sn)+2CusSn (interface moves info CusSn)

3Cu+(Sn)=>CuzSn

CusSn

Cu substrate

Fig. 25 general interfacial reactions during soldering between Sn-xCu solder and Cu
substrate (modified from [109])

The interfacial CusSns layer is desirable as the metallurgical bonding connecting the
solder alloy and the substrate. However, the layer is brittle and there are some property
mismatches between the IMC layer, BSn and Cu e.g. coefficient of thermal expansion,
Young’s modulus etc, Therefore, excessive intermetallic thickness will degrade the

solder joint [101, 110-112] and thin IMC layers are desired.

2.3.4.2 Kinetics of interfacial CusSns growth during soldering
At higher isothermal reaction temperature, as there is higher Cu solubility at higher

temperature, or lower cooling rate, there will be more interfacial IMCs precipitated
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[108]. Meanwhile, lower cooling rate leads to longer precipitation time and larger
interfacial IMCs grains [108]. With longer reflow time, the grain size of interfacial
IMCs will increase, while their number will be reduced. Almost all the papers
researching interfacial microstructure suggests that the interfacial layer is not a flat
layer and interfacial CusSns grains adopt a scallop morphology, not a layered compound.
Meanwhile, a layer of CuzSn may form in between the CusSns and substrate layers, its
growth is a result of consumption of existing CusSns. Therefore, to quantitatively
describe the growth kinetics is not easy [102, 113].

Kim et al. suggested a model called flux driven ripening (FDR model) to describe
the interfacial CusSns growth based on the theory schematically drawn in Fig.26 [86].
This model describes the growth and particle size distribution of interfacial CusSns

grains, however only growth will be reviewed here.

Molten Solder

i th grain Ci

. ipening ﬂuxé mean gra In
ri 4

CusSns r

\ Cu3Sn Interfacial reaction flux
Cu

ci A

0 mean 5
separation

Fig.26 Schematic drawing of an ith CueSns grain and a mean size CusSns grain on the
interface, and the concentration gradient between them [86].
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With longer reflow time, the CusSns scallops become larger, while the number of
them decreases, due to ripening. This ripening is conservative, as the total projected-
area of solder/CusSns interface is considered to be constant but the total volume of the
interfacial layer is increasing due to thickening [114]. The ripening of CusSns scallops
is supported by two Cu fluxes: a ripening flux (Fig.26) which is a result of Gibbs-
Thomson effect, and an interfacial reaction flux (Fig.26) which is related to the
consumption of Cu substrate. The Cu flux will diffuse through the liquid channels
between the scallops, which are quick diffusion routes connecting the substrate and the

molten solder [114].

The CueSns scallops are assumed to be hemispheres in the FDR model (i.e. each has
constant curvature). From the Gibbs-Thomson effect, the Cu concentration at the

liquid/CueSns interface can be described as [86]:

2yQ
TRT

), if 21 Equation 20

2yQ
Cr = Coexp(Lr) = Co(1 + —

where C: is the Cu concentration of the liquid at the liquid/CueSns interface, Co is
equilibrium concentration of Cu at r=coin molten solder, y is the molten solder/CusSns
interfacial energy per unit area, () is the molar volume of CusSns, r is the radius of
hemisphere, R is gas constant and T is the reflow temperature. Therefore, the Cu
concentration at the solder/larger CusSns scallop interface, C;, will be lower than that
at solder/smaller CusSns scallops interface C (Fig.26), as larger scallop has larger
radius (i.e. lower interface curvature). Due to the Cu concentration difference, the Cu

flux will diffuse from smaller scallops to the larger scallops leading to ripening.
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Comparing the FDR model with Ostwald ripening, the principles are very similar.
Considering Ostwald ripening quantitatively, if one sphere with radius r; forms in the
liquid, then the Gibbs energy associated with one sphere is [71]

G =V,GY + Ay Equation 21
where V; is the volume of the sphere, GY is the Gibbs free energy associated with
unit volume of the sphere, A is the total interfacial area between the sphere and the
liquid, y is the energy per unit interfacial area [71].

dG _dv, , dA

1
GY +— V,GY + 2V, —y Equation 22

ﬂ:%—as ng:ms m

where u is the chemical potential, V;,, is the molar volume and r is the radius of the.
Assuming there are two spheres with radius r; and r, (r; <71y) in the liquid.
Therefore,
1 1 _
Ap=pq — Uy =2V y(———) Equation 23
n n
where Ap is the driving force for Ostward ripening.
Now, considering the concentration associated with the Ostward ripening by using
dilute solution and Raoult’s law [71]
Ui = Uo + RTInC; Equation 24
where y; is the chemical potential associated with i sphere having C; in the liquid

at its interface.

C, ¢, —C

C —-C
Ap=pu —u, = RTIn—= = RTIn(1 + 2) = RT( 2) Equation 25
Ca Ca Gz
therefore,
C; —C, 1 1 _
RT( C) ) = 2me(r—1 - E) Equation 26
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Considering 7, 1is infinite, so the C, is the equilibrium concentration of Cu in the

liquid, C,. Rearranging the equation

2V y
RTry

C;=( + 1)C, Equation 27

which is same as Equation 20. It suggests that the Cu concentrations in the liquid at
interfaces of larger sphere and smaller sphere are different, which can be understood by
considering role of curvature undercooling on Gibbs energy versus composition curves
and, therefore, the phase diagram in Fig. 27. Since the smaller sphere has larger
curvature and larger curvature undercooling than the larger sphere, and the temperature
is isothermal, the liquid around the smaller sphere has higher concentration of Cu (Cy).

Therefore, a Cu flux will flow from the smaller sphere to the larger sphere and the

smaller one will finally disappear, while the larger one will grow.
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Sn rich part of Sn—Cu phase diagram

M

Temperature/C Hyper-eutectic liquidus line of the phase diagram

Hyper-eutectic liquidus line of the larger spherical nuclei

Hyper-eutectic liquidus line of the smaller spherical nuclei

Isothermal reaction temperature

2ysLk

Curvature undercooling:AT, = e
v

k is the curvature, y5, is the solid liquid
i surface energy, AS, is the entropy of fusion of

| unit volume

I
I
I
I
||
I
I
I
I
|

k J

a - wt% of Cu

Fig. 27 effect of different curvature undercoolings on the corresponding composition
at isothermal reaction temperature

Comparing FDR model with secondary dendrite arms coarsening, the theory is
similar as well. If the spacing between the primary arms is enough, the solute fields
associated with primary arms will not overlap and, therefore, secondary arms or even
more sub-sidebranches from the secondary arms will develop [70, 83]. The secondary
arms will grow depending on the thermal and solutal influence. During their growth,
when the solutal fields of the secondary arms touch each other, those secondary arms
will not grow and some of them will ripen, with some being eliminated. Fig. 28 [83]
shows fully developed dendrites during directional solidification and selected

neighboring secondary arms.
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;
Coarsening <——»

Competitive
growth

Fig. 28 dendrites formed during directional solidification (left), neighboring
secondary arms in the white box and composition gradient between them [83].

In summary, the fundamentals for the FDR model, Ostward ripening and secondary
dendrite arm coarsening is similar. In each case, the difference in curvature at
different positions of the solid-liquid interface induces composition differences at
interfaces and drives diffusion from regions of high to low curvature. This causes

curved regions to shrink and low-curvature regions to grow.

Now, returning to the FDR model, and considering steady state diffusion:

dc ¢ -

Jripening = — = -D 5 Equation 28

where 0 is the average separations between adjacent scallops and D is the Cu

diffusivity in liquid solder. From Equation 20:

_ 27QC, 1 1
C—-C = - i
; RT (17 Ti) Equation 29
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substituting Equation 29 into Equation 28:

2yQDC, 1 1 1 )
Jripening = —— 57— = (& — -) Equation 30

as & is smaller than the average scallop radius 7, it can be describedas & = L7, where

0 < L < 1. Substituting this into Equation 30:

2yQADC,1 1 1 )
Jripening =~z (=) Equation 31

a typical radius value for a large size scallop is rl:;f [86], substituting this into

Equation 31:

_2yQDC, 1

Jripening = =SRIL 72 Equation 32

To determine the Cu atom flux due to the interfacial reaction, it is assumed that the
total amount of Cu flux through the channel from the substrate to the molten solder

equals to the total consumption of Cu substrate:

m
pAAh = N—Af]totaldt Equation 33

where p is the density of Cu, A is the total area of the joint, Ah is the thickness of
consumption of Cu substrate, m is the molar mass of Cu, Na is Avogadro’s number,
Jiotal 18 the total flux of Cu though the liquid channels. The total Cu flux can be

calculated as:
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Ny )
Jtotar = P %Av Equation 34
dh . . o
where v = gl the consumption rate of the Cu substrate. Then the Cu flux diffusing

into a scallop with average size is described as:

— ]total — pNAAv(t) l
ZHTTZNP ZﬂmNp (t) fZ

Jir Equation 35

where N, is the total number of scallops on the interface, and N, and v are functions
of time.
The growth of scallops is the combined effects of the ripening and interfacial reaction

fluxes. By using Gauss’s theorem, the growth of scallops can be described as [86]:

3 =f yQ2DC, pAQu(t)

dt Equation 36

Tu has published a method to determine the Cu consumption rate [113]. First, it is
assumed that the total consumption of Cu equals to the total Cu contained in molten

solder and in the intermetallics:

Ah = (nVipr + feupcVe) Equation 37

pCuA
where n is the weight percentage of Cu in molten solder, V is the total volume of molten
solder, f¢, is the weight percentage of Cu in intermetallics and V. is the total volume
of the intermetallics. During soldering, upon contacting with molten solder, Cu atoms

will dissolve into it and the saturation will quickly be reached in the molten solder,
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therefore, further consumption of Cu substrate will be influenced by the volume change

of the intermetallics:

@ _ fCuPC%

v(®) = dt  pc, A dt

Equation 38
In Kim and Tu’s FDR model, the scallop CueSns is assumed to have a hemisphere
morphology, and the scallops growth controlled by ripening flux, which is derived by
Gibbs-Thomson effect, and interfacial reaction flux of Cu diffusing from the substrate
to the molten solder through the liquid channels between adjacent scallops. The model
suggests scallop radius r depends on the cube root of the time, which Tu suggested
means the growth of CusSns grains is controlled by volume diffusion of Cu atoms in
the molten solder [86]. The FDR model assumes liquid channels connecting the
substrate and the molten solder which is an example in very short reflow times [106].
Shaefer et al. suggested a continuous thin CueSns scallop layer along the interface
would form around 10s. There are deep channels in between the scallops in the
interfacial layer. Those channels do not connect the substrate and the molten solder, and
are considered to be associated with the grain boundaries of the CusSns scallops.
Therefore the growth of the interfacial layer is controlled by diffusion of Cu from
substrate through grain boundaries between CueSns scallops [106]. The interfacial
CueSns grains are separated by grain boundaries instead of liquid channels through the

interfacial layer is supported by Tu et al. as well [103].
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Shaefer et al. developed a model for CusSns scallop growth controlled by grain
boundary diffusion [106]. The CusSns scallop is assumed to adopt an equiaxed scallop,
which means d= X,.(Fig. 29).

__— Parabolic/spherical Cap
in contact with liquid

_Hexagonal base
"~ toward Cu substrate

Obli Vi
0
Grain I
Boundary d
Width Crain
size
Top View -
4
5( X Vol = X Ave
B
Average distance for ~ Ave. distance for
Grain Boundary Volume Diffusion
Diffusion
Typical Cross Section

Fig. 29. Schematic representation of equiaxed CueSns scallop [106]

The total flux for interfacial layer growth consists of a grain boundary flux through
the grain boundary and a volume flux through the bulk CueSns grain. By using one

dimensional diffusion equation, the equation for volume diffusion is:

AC
Jvot = —Dyor5— Equation 39
Xave
the equation for grain boundary diffusion is:
AC
Jgp = —Dgpf 77— Equation 40
XaveGB

75



é

where f is the fraction of available grain boundary areas for diffusion, and f = NeT

[106], & is the grain boundary width and d is the grain size (Fig. 29). The calculation

of fis described in Fig. 30:

1 period/wavelength of
CubSn5 grainarrangement: V3d

Fig. 30 schematic drawing of how to calculate f, the fraction of available grain
boundary area for grain boundary diffusion

The length for one period of CusSns hexagonal arrangement in one row is v3d (Fig.
30). This period contains two grain boundaries, however, the middle scallop shares
these two grain boundaries with two neighbouring scallops, therefore, the available
grain boundary area in this period is one. Therefore, the fraction of available grain

which is same for the total available grain boundary

. . . 1)
boundary in each period is NeT

fraction.

So the total flux of Cu is:

I=— ac o 8 AC
‘ vol Xave gb \/§d XaveGB

if grain boundary grooving, which is due to thermodynamics, is fast enough, then the

Equation 41

wetting angle between neighbouring grains and the shape of equiaxed scallop will be
constant, only the volume of scallop increases, then the ratio between average grain
boundary diffusion distance and the average volume diffusion distance will remain,
which is
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X
r = 2aveeh Equation 42
Xave

with smaller grain size, d, the total and available grain boundary areas for diffusion will
increase or with deep grain boundary groove, the grain boundary diffusion distance will
be shorter, the grain boundary diffusion will strongly promoted [106], and in those

conditions, the volume diffusion could be negligible. Therefore by substituting

Equation 42 into Equation 41:

6 1AC

=D, ———
]t gb \/ngXave

Equation 43
as equiaxed scallop morphology is assumed, then d = X, substituting in to Equation

43:

D OAC 1
ab V3r Xave2

beside proportional to the total flux of Cu, the growth and growth rate of the interfacial

Jt = Equation 44

layer is also proportional to the volume of CueSns scallop formed, Vimcs, per mole of

dissolved Cu, the growth rate is proportional to:

dX e OAC 1
X =DgpVimes —=—
dt g \/§T‘ Xame2

Equation 45

integral Equation 45:

Xave? « —D,,V, M—Ct—I—X
gbVIMCs \/§T ave,t=tinjtial

a more accurate solution involves integral from the initial layer thickness at initial time,
tinitial> to the thickness when a continuous interfacial layer is formed during about 10s,
with thickness a few tenths of a micron [106]. Now, takng Xgpet=t, iy =
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11
Xave & —(DgpVipes —=)3t3

V3r

therefore, the growth of intermetallic layer, which is controlled by grain boundary

Equation 46

1
diffusion, has a t3 dependence. The limitation of the derivation is that the scallops are

assumed to have uniform size. An empirical Power law equation is commonly used for

describing the thickness of interfacial layer:

X(T)= Koexp(;—g)t” Equation 47
where Ko is growth constant, n is an exponent and Q is the activation energy of growth.
If the interfacial layer growth is controlled by grain boundary diffusion, then n should

adopt a value around 1/3.

The data from a range of researchers are summarsied in Table.3. It is clear that there
is significant deviation from the n=1/3. Shaefer et al. [106] suggested that the deviation
could be the result from the change in dominant diffusion mechanisms. With longer
reflow time, the interfacial CusSns grains grow larger, then the total grain boundary
areas will reduce, so the transport of Cu atoms may deviate from grain boundary
domination and a different exponent value will appear. Quantitatively, r in Equation 42
is a function of grain size instead of a constant value [106]:

r=71"Xove Equation 48

where 1’ is ratio, substitute Equation 48 into Equation 42-Equation 46:

OAC
V3r’

11
Xave < —(DgpVimcs )4ta Equation 49
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1
In Equation 49, the interfacial layer growth has t+ dependence.

Some data of exponent values for growth are summarized in Table 3 All the solder

joints are on Cu substrates.

Table 3 Reported growth exponent values for different alloy systems on Cu substrate

Alloy system n Ref
CueSns layer of Sn- 0.326>0.456 (240°C)
3.5Ag 0.37-20.461 (280°C)
CueSns layer of Sn 0.317->0.481 (240°C)
0.357->0.472 (280°C) [115]
CusSn layer of Sn- 0.403 (240°C)
3.5A¢g 0.485 (280°C)
CusSn layer of Sn 0.478 (240°C)
0.499 (280°C)
Cue6Sns layer of Sn 0.5 [98]
Cue6Sns layer of 0.47
SnAgCu
Cue6Sns layer of 0.35
SnCu
Sn/Cuo1) 0.3 (scallop)
Sn/Cu123) 0.31 (scallop) [89]
Sn/Cuoon) 0.24 (prism)
Sn/Cui 0.19 (prism)
Sn-36wt% Pb- 0.25 [106]
2wt%Ag
SnAgCu 0.25~0.32 [116]
Sn-36wt% Pb- 0.25 [117]
2wt%Ag
SnCu 0.21 (513K) [118]
0.25 (573K)
Sn 0.291 (250°C dipping 1min) [107]

0.259 (250°C dipping 5Smin)

Zou et al [98] studied the Sn-3wt%Cu and pure Sn on Cu substrate with four reflow

temperatures: 240°C, 260°C, 280°C, and 300°C, showing that IMCs in Sn-3wt%Cu/Cu

coarsen with mean radius proportional to the cube root of reflow time, while for IMCs
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in pure Sn on Cu joint (Sn/Cu), they coarsen with square root relationship. Furthermore,
their results show that for higher Cu concentration solder, the nucleation rate of
interfacial IMCs grain will be higher as activation energy for the formation of critical
IMC grains can be reduced by higher Cu content. They concluded that if the Cu
concentration in the solder alloy is higher than the solubility under certain temperature
according to phase diagram e.g. Sn-3wt%Cu, the mean radius of interfacial IMCs grains
has cube root relationship to the reflowing time which follows FDR model. If the Cu
concentration is lower than the solubility e.g. pure Sn, the mean radius will have square

root relationship with reflowing time [98].

Yang et al [115] studied the interfacial reactions of pure Sn with Cu substrate during
isothermal reaction with temperature 240+2°C and 280+2°C. They found that during
isothermal reaction, the average thickness of interfacial IMCs layer can be calculated
as Kt", where K is the growth rate constant, t is the isothermal reaction time, and n is
the exponent. In this research, n for the growth of CusSns layer at the beginning is ~1/3,
however, after 30 minutes is ~1/2, which means the CusSns layer growth is initially
dominated by grain boundary diffusion but change to volume diffusion control [103,
115]. With the same method, they also determined that the growth of the CuzSn layer

is controlled by volume diffusion at all times.

Zou et al. [89] studied pure Sn soldered on Cu single crystal substrate, and their

relationship between CueSns grain size and reflow time is: r=Ct¥, where r is the grain
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size, t is the reflow time, C and k are constant [89]. They found that the orientation of
Cu single substrate facing the molten solder/CusSns morphology may affect the growth
mechanism/kinetics with evidence of different k values. For (001) and (123), k values
are 0.31 and 0.3 which is ~1/3, while for (001) and (111), k values are 0.19 and 0.24.
The effect of interfacial CusSns morphologies on the reaction kinetics is also mentioned
by Suh et al [111]. Beside the orientation, they found that the interfacial morphology is
also dependent on the composition [111]. Suh and Tu et al [99] suggested that the
scallops would become more faceted if the compositions move away from the eutectic

point, by comparing pure Sn with lead-containing solder alloys.

2.3.5 Growth and morphology of primary CueSns in liquid solder

The dissolution of the Cu substrate into the liquid commonly moves the liquid to a
hypereutectic composition which leads to primary CueSns forming in the bulk solder
during solidification. The primary CusSns can play an important role solder joint
reliability [12, 119-122] due to its size, morphology and growth direction [49, 67, 123].
Fig. 31 summarises the different reported morphologies of primary CusSns from the

literature.
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Fig. 31 different primary CueSns morphologies in 2D and 3D (a) hexagonal rods [49]
(b) grooved rod [11] (¢) in-plane branched facets [11] (d) ‘v’-shape [124] (e) dendrite
[11] (f) ‘I’-shape, ‘bird’-shape [20] (g) ‘X -shape [125] (H) ‘H’-shape [124] (I) ‘Y-
shape [13]

Table 4 summarizes different morphologies of primary CusSns from different

researches with the order of increasing Cu content.

Table 4 different morphologies of primary CusSns.

Sample Processing Cooling/pulling Morphology  Reference
rate
Sn-0.7Cu-0.1Ni DS 2-20pm/s Hexagonal rods [124]
“v’,’H’-shape

Sn-0.7Cu-0.06Ni DS ~16 um/s Hexagonal rods [28]
Sn-0.7Cu DSC ~0.03K/s Hexagonal rod [11]
Sn-0.7Cu hollow rods [126]
Sn-0.89Cu DSC ~0.03-3.5K/s Hexagonal rod to [11]

in-plane
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Sn-1Cu
Sn-1.1Cu

Sn-2Cu ~ 208Cu

Sn-2.3Cu

Sn-4Cu-0.05Ni

Sn-4Cu-0.05Ni
Sn-4.2Cu

Sn-6.9Cu-2.9Ag

DSC ~0.167k/s
DSC, furnace ~0.03-3.5K/s
casting
DS 18K/s
DSC, furnace ~0.03-100K/s
casting, water
quench
DS ~16.6 pm/s
casting 0.84k/s
DSC, furnace ~0.03-100K/s
casting, water
quench
casting ~3K/s

*DS means directional solidification

branched facets
rods
Grooved rod to
in-plane
branched facets
Dendrite, ‘H’-
shape
Grooved rod, In-
plane branched,
dendrite
Hexagonal rods
‘H’-shape
dendrite
In-plane
branched,
dendrite

dendrite

[120]
[11]

[127]

[11]

[123]

[12]

[11]

[128]

From Table 4, generally it can be seen that the Cu content and the cooling rate/pulling

rate will influence the primary CueSns in a way that with increasing of both, the

morphology of primary CueSns will develop more larger curvature features i.e. from

facets e.g. hexagonal rods to grooved rods e.g. ‘M’-shape then finally to dendrites.

However, there is no comprehensive research focusing on the role of reflow soldering

parameters i.e. peak temperature, cooling rate and Cu content, on primary CueSns

morphology.

Beside the morphology, the growth directions of primary CueSns have been studied

as summarized in Table 5 for different morphologies.

Table 5. Growth directions of different morphologies primary CusSns

Composition

Sn-0.7Cu
Sn-4.2Cu
Sn-4Cu

Sn-2.3Cu

Morphology Growth
direction

Hollow faceted rods [0001]

In-plane branched [0001]

Nonfaceted Dendrite arms

dendrites along <405>
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[11,126]
[11]
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Sn-4Cu-0.05Ni Faceted grooved ‘H’

shape rods

Ten  possible
secondary arm
directions
[0001]

[123]

As stated previously, it has been found that the size of primary CusSns will influence

the reliability, and in general the smaller size will improve the mechanical properties.

Some trace elements and external reinforcements have been found to be useful for

reducing the size of CusSns as summarized in Table 6.

Table 6 The influence of trace elements and external reinforcement on IMCs size and
morphology

Element Solder
addition composition
Ni (~0.05wt%Ni)  Sn-0.7wt%Cu

Ni (0.05, SAC0507

0.1wt%)

Ni (0.05, SAC305

0.1wt%)

A1(0.25-0.2wt%)  Sn-4wt%Cu
SN100C

A1(0.02, Sn-4Cu

0.2wt%)

Al (0.05wt%) Sn-0.7Cu

La (0.06wt%) Sn-6.5wt%

substrate

Cu

Cu
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Primary CueSns
Size&Morphology
Smaller size
Large long rod to
flake like
(Cu,Ni)sSns forms,
finer and uniform
distributed IMCs
Form rod-shaped
(Cu,Ni)sSns
Primary CusSns
from large faceted
dendrite to
compact
polyhedrons with
small branching
Density of CusSns
increased ~8 times,
and the branching
size much smaller
~4 times smaller
The size more
uniform, I-shape
and bird-shape to
Y-shape

[91]

[16]

[15]

[12]

[13]

[]
[20]

Ref



SiC (0.7wt%)

ALO; (0.25-
1Wt%)

TiO,

TiO; (0.25-
1wt%)

SAC305

SAC305

Sn-0.7wt%Cu

Sn-0.7wt%Cu

Cu

85

Reduce the IMCs
size

AgsSn size
reduced, eutectic
area increased
Suppress primary
CueSns growth
Refine CusSns size
and increase

eutectic fraction

[21]

[24]

[25]

[26]



2.4 Role of intermetallic compounds in the fracture of solder joints
The fracture of Sn-xwt%Cu/Cu solder joints through the bulk solder involves the
fracture of primary CueSns by cleavage and the ductile tearing of 3Sn matrix. This
section contains a brief background on cleavage fracture, ductile tearing, the fracture
behavior and the role of solder intermetallics i.e. primary CusSns and Ag3zSn on the

mechanical property of solder joint.

2.4.1 Fracture classification and cleavage fracture

The fracture processes can be categorized according to several different aspects due
to the their appearances and failure mechanisms etc [129]. Macroscopically, the fracture
mechanisms can be classified from stress state or crack progression i.e. loading types,
orientations of crack relating to the principal stresses, crack stability, rate of crack
growth etc. [129]. Microscopically, the various fracture mechanisms will result in and
can be characterized from different fracture surfaces. The fracture types can be cleavage
fracture whose fracture surface is normally flat with little deformation,
intercrystalline/trancrystalline fracture, dimple fracture/ductile fracture, fatigue
fracture and creep fracture etc.[129]. Various fracture types were summarized in Fig.
32.

Cleavage is a typical mechanism of brittle fracture, during which the atoms are
separated on the certain fracture plane (normally low energy plane [130]) with an
extremely fast speed which is comparable to sound speed [131]. The cleavage fractures
in metallic materials usually leave steps which are resulted from interactions between

crack tip with dislocation tangles or twins, giving typical river marking morphology
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[131]. The analysis of cleavage fracture can be approached from two aspects: energy

and stress intensity which are briefly discussed.

Deformation behavior of material

elastic plastic Viscoelastic/
Linear-elastic Elastic-plastic viscoplastic
fracture mechanics fracture mechanics creep fracture mechanics

Failure behavior of material

brittle ductile cree,
cleavage fracture dimple fracture creep-fracture
rupture shear fracture normal/shear fracture
Type of loading
static dvnamic —velic chemical i
forced rupture fast fracture fatigue fracture stress corrosion cracking
fatigue corrosion cracking

Crack behavior
stable unstable
subcritical crack growth critical crack growth
local failure global failure

Fig. 32 Different types of fracture [129]

2.4.1.1 Energy criterion approach

The cleavage fracture process can be analyzed by using Griffith’s energy balance
analysis [130-136] and the modern version of the energy criterion involving the energy
release rate is proposed by Irwin [137]. The criterion describes that in order for a crack

to growth, the energy available is required to overcome the resistance i.e. surface energy
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created, plastic work etc. Considering an infinite wide plate containing crack having

length 2a and has been applied a remote tensile stress Fig. 33

Fig. 33 infinite plate under remote tensile stress, containing through thickness crack
[134]

by adding up all the energy contributions i.e. energy applied, surface energy, plastic
work and differentiate the total energy change, the fracture stress and critical energy
release rate can be related to the crack size a:

najzca
G, =
E

Equation 50

where G, is critical energy release rate, or is fracture stress, E is Young’s modulus
and a is half crack length. The energy release rate G is defined as potential energy
change with respect to the crack area and it is the driving force of fracture, while G is

the resistance to fracture and is one way of representing the fracture toughness [134].

2.4.1.2 Stress Intensity approach
The stress elements around a crack tip is schematically depicted and described by

equations in Fig. 34.
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Fig. 34 stress elements around crack tip [134]

Each stress element is proportional to stress intensity factor, K;, characterizing the
conditions around crack tip and is defined as:

K; = Yovma Equation 51
where Y is compliance representing the geometry, o is applied stress and a is the half
length of crack. The fracture occurs at the critical stress intensity, K;.. In this case, the
fracture driving force is Ki while the Kic represents the resistance for fracture it is
another way of representing fracture toughness [134]. The energy release rate and stress

intensity factor can be linked by:

2
G = K_’ Equation 52
E
K? .
G=— (1-v?) Equation 53

where v is Poisson’s ratio. Equation 52 is for the plane stress while Equation 53 is for
the plane strain [130, 133]. G¢ and Kjc have the same relations, and the both approaches
towards the fracture mechanism are equivalent.

2.4.1.3 Other approaches

The above two approaches can well explain the linear elastic fracture mechanics or
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in the case that the deformation is limited in a very small area around the crack tip in
nonlinear material. Generally, for nonlinear materials fracture can be analyzed by
elastic-plastic fracture mechanics in which two parameters crack tip opening
displacement and J contour integral are used to depicted the conditions at crack tip.
They can be treated as fracture criterion and measurements for fracture toughness with

less limited applications than linear elastic fracture mechanics have [134].

2.4.2 Ductile tearing

If a ductile metal e.g. BSn is loaded under room temperature, it can undergo heavy
plastic deformation. A crack in 3Sn is a stress concentrator, if the loading is sufficiently
high, then the fracture will take place, starting at the crack tip. After fracture, the
fracture surface of BSn is very rough due to the large amount of plastic work that has
taken place. The process above is the ductile tearing in $Sn.

Microscopically, the stress very close to the crack is [138]:

N [a

o =0+0 |—

local 2
where a is the half length of the crack, r is the distance from the crack tip. 0j,cq; 18
larger than the mean stress applied to the material and the closer to the crack tip (smaller
1), the 0y,cq; Increases. The plastic deformation will occur if the local stress reaches

the yield stress (0j0cq1 = 0y). In this case, and if r is much smaller than a:

a
0, =0 |[—
y 2r

)
ola K?

=52~ 2
20y 27wy

Ty

where K = Yovma, and K = K, the fast fracture will happen (Fig. 35 [138]).
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Fig. 35 schematic drawing of stress propagation by ductile tearing [138]

With increasing of yield stress, the plastic zone, ry, decreases quickly [138]. Soft metals
e.g. BSn has a large plastic zone.

Impurities or inclusions will always be present in metals or alloys due to chemical
reactions and the cavities around these inclusions will propagate until they coalesce
leading to the macroscopic propagation of the crack (Fig. 35) [138]. The process is
ductile tearing.

The plastic deformation associated with ductile tearing expends a large amount of
energy, and the larger plastic zone, ry, the more energy will be absorbed which means

the material property K. is very high [138], so ductile materials are very tough.

2.4.3 Fracture of primary CuesSns and its influence on the solder joints

The role of primary CusSns crystals on the tensile properties and fracture mechanism
of solder has been shown to depend on the temperature by Frear et al. [50] who studied

60Sn-40Pb solder on Cu joint containing primary CusSns with hexagonal hollow rod
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morphology (Fig. 36 [50]) and 60Sn-40Cu without intermetallics.

Fig. 36 the primary Cu6Sn5 rod, with hollow rod morphology in 60Sn-40Pb/joint [50]

Fig. 37 [50] presents the stress strain curves for 60Sn-40Pb with and without primary
CueSns and the corresponding fracture surface of 60Sn-40Pb with primary CusSns. At
-196°C, the ultimate strengths (UTS) are very close (~130MPa), the work hardening
rate for sample with primary CusSns is much higher while the elongation reduced a lot.
The fracture of sample without primary CueSns is purely ductile, while for the sample
with primary CueSns interfacial separation between Sn and primary CusSns occurred
due to harder mass flow of solder and pile up of dislocation at the interface. At room
temperature 20°C, the sample with primary CusSns, which undergone cleavage fracture
and acted as crack nucleation sites, has higher UTS (~45MPa) than that without primary
CueSns. At 125°C, the tensile behaivour for two samples are very similar, while the
fracture behavior of the sample with intermetallics is ductile with only few primary
CueSns on the fracture surface which means at this temperature level, the primary

CueSns only had very little influence on the fracture [50].
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Fig. 37 (a) stress-strain curves for 60Sn-40Pb with and without intermetallics at -
196,20,125°C. SEM fractographs of 60Sn-40Pb with intermetallics at (b)-196°C (c)
20°C and (d)125°C (modified from [50]).

At room temperature, the cleavage of the primary CusSns is important to the fracture
of the solder. Fundamental studies have been carried out by several researchers. Jiang
et al. used nanoindentation with a flat tip to research the fracture of single crystal
CueSns which was made by focused ion beam milling and they found that there are

severel strain bursts on the stress-strain curves, indicating the cleavage of CusSns
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occurred on several planes Fig. 38 [139]. This implies that the cleavage fracture has
preferences to initiate on certain CueSns crystal orientations. Meanwhile, from the
stress-strain curve it can be seen that CusSns deformed elastically at the beginning

before cleavage.
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Fig. 38 (a) stress-strain curves of CusSns single crystals, showing the strain bursts (b-
¢) top view and side view of cleavage fractured CusSns, corresponding to the strain
bursts. (d) schematically presenting the nanoindentation process according to the stress-
strain curve [139].
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Similar fracture behavior of CusSns has been reported by Yu et al. [140]. They did

nanoindentation on single crystal CusSns as well and found the several strain bursts Fig.

39(a) and the corresponding SEM in-situ micrographs of cleavage are shown in Fig.

39(b-c). After several (usually 1-5 [141]) cleavages, final fracture occurred and the

cleavage planes are parallel to each other Fig. 39(e).
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Fig. 39 The stress-strain curve from nanoindentation and corresponding in-situ SEM
micrographs [140].

Another work conducted by Yu et al. [ 141] in which they did micropillar compression

and from the stress-strain curve they did not found several strain bursts Fig. 40 (a).
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Fig. 40 (a) micropillar compression stress-strain curve of single CusSns (b) before test
(c) after failure [141].

Although the failure mode of CusSns is still cleavage (Fig. 40(c)) with a brittle nature,
it exhibited a small amount of plastic deformation prior to failure and the slip trace has
been observed after strain burst ( Fig. 41(a)) and no crack was found through the FIB
cross section view ( Fig. 41(b)). Zhang el al. did in-situ micro-hardness on CueSns
formed at the Sn-4Ag/Cu interface and reported that the initiation of fracture was
parallel to the interface where (001) growth textured formed indicating (001) of CueSns

is the slip plane [37].

Sligitrace

Fig. 41 (a) SEM micrograph of slip trace appeared during micropillar compression (b)
FIB cross section view of the CusSns pillar [141].
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Yu et al. [140] also measured the fracture strength, fracture strain and Young’s
modulus versus the misorientation to c-axis of the CusSns crystal (Fig. 42) and shown

that parallel to c-axis, the mechanical properties are higher [140].
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Fig. 42 Fracture strength, fracture strain and Young’s modulus versus misorientation
to c-axis [140]

The anisotropic mechanical properties in CusSns have been reported by Jiang et al.
who did nanoindentation and microcompression on single CueSns crystal pillars [142].
They found that the strength and Young’s modulus of CueSns increase up to 20% and
7% as loading became more aligned to the c-axis and the strength decreased linearly

with deviation from the c-axis (Fig. 43).
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Fig. 43 Comparison of mechanical properties versus misorientation angle from c-axis
of CueSns crystal (modified from [142]).

Mu et al. [143] performed nanoindentation with a conical tip on directly solidified
CueSns crystals, and they reported that with increasing stress, the cracks first appeared
in the (001) plane of CusSns which is perpendicular to the c-axis and the secondary
cracks were occurred parallel to the c-axis (Fig. 44) [143] which agrees with the trend

of anisotropic mechanical properties of CusSns.

&

20 S8 SEI 2eku X3, S08 Srm

Fig. 44 (a) primary crack formed perpendicular to c-axis 30mN (b) secondary crack
formed parallel to c-axis 40mN [143].
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In solder joints, the influence of fracture of primary CusSns on the fracture of the
BSn matrix is important, as the reliability of the solder is the key to the reliability of
electronic devices. Tian et al. [144] conducted in situ tensile tests on SAC305 solder
and reported that the cracks of primary CueSns due to brittle fracture (Fig. 45(b)) may
act as the source of macro-cracks of the solder joint (Fig. 45(c-d)). Zhang et al. [37]
found that the CueSns with long rod morphology tends to crack at the end of grains
while those with short rod morphology tend to crack in the middle. However, Kim et
al. [49] and Quan et al. [43] both reported similarly that the long CusSns had little
influence on the mechanical properties. Up to now, there are only limited research on
the influence of primary CueSns on the failure of solder or solder joints, and a lot of
research regarding the effect of interfacial CusSns generally reported that solder joints

with thicker interfacial layer will have lower fracture toughness [36-48].

Fig. 45 tensile test with increased deformation (a) 0% (b) 4.6% (c) 11.5% and (d)
16.9% [144]
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2.4.4 Fracture of primary Ag3Sn and its influence on the solder joints

The role of primary CusSns on solder joint reliability has not been explored in detail.
Therefore, the next section reviews past work on the role of another common primary
IMC in solder joints: Ag3Sn

Primary AgsSn crystals are usually on the scale of hundreds of micrometres and have

a plate or blade morphology in the bulk solder [145-148] (Fig. 46 [49]).

s

Iniericial
Cu,Sn; - -

Fig. 46 large Ag3Sn blades in Sn3.9Ag0.6Cu/Cu joint [49]
The failure mode of primary AgsSn is brittle fracture [49], and it has been shown to
have negative effects on the solder joint reliability.
Large primary AgzSn can fracture inside the Sn matrix in the bulk solder and then
decohesion will occur between it and the Sn [49] with continuing deformation. The
interface between Ag3Sn and Sn can provide an easier path for the propagation of

crack (Fig. 47(a) [49]). At the same time, the large primary Ag3Sn can also act as

secondary crack initiation sites (Fig. 47(b) [49]).
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Fig. 47 The crack propagation routes on the interface between AgzSn and Sn matrix
(modified from [49])

In addition to tensile and shear impact testing, the preferred propagation routes for
cracks could also along the Sn-Ag3;Sn interface boundaries during both thermal cycling

(Fig. 48(a) [145]) and three point bending testing (Fig. 48(b) [149]).

Fig. 48 decohesion at the interface boundary between AgzSn blades and [3Sn during
(a) thermal cycling [145] and (b) during three point bending test [149]
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Although large primary AgszSn have been reported to have a negative influence on
solder joint reliability, the small eutectic Ag3Sn have been shown to increase strength
and improve crack resistance of the solder by hindering dislocation slip and reducing
the grain boundary sliding [149-151]. Indeed, small eutectic Ag3Sn are one of the

most beneficial strengtheners and, generally, act as useful precipitates.
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Chapter 3. Influence of reflow process parameters on

primary CusSns morphologies

3.1 Introduction

As reviewed in section 2.3.6, several morphologies of primary CusSns have been
observed and it has been reported that the morphology, thickness of the interfacial
CueSns as well as size and morphology of primary CueSns all influence the reliability
of solder joints and so the reliability of electronic devices. However, most research of
primary CusSns morphology has focussed on the effects of alloying elements [9, 12, 13,
91]. This Chapter explores the influence of soldering process parameters on (i) the
volume fraction and morphology of primary CusSns and (ii) Cu dissolution from the

Cu pad (substrate).

3.2 Experimental Methods

3.2.1 Producing solder balls

Sn-0.7wt%Cu was prepared by mixing 99.9wt%Sn ingots with a Sn-10wt%Cu
master alloy in a graphite crucible. After heating and holding at 450°C for 4 hours,
the liquid was cast into a steel chill mould. The composition of the alloy, analysed by
x-ray fluorescence (XRF) spectroscopy, was 0.7 wt% Cu with Ag, Sb, Ni, In less than
0.02wt% and Pb, Bi, Zn, Fe, Al, As, Cd, Ge, Au less than 0.001wt% (Table 7). The
as-cast alloy was then rolled to foil with thickness ~0.03mm, punched into discs with
diameter ~1.6mm and melted with a ROL1 tacky flux (IPC J-STD- 400) at ~350°C on
a hot plate to form solder balls due to surface tension. This approach produced solder

balls with diameter of 500 £25 um.
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Table 7. The composition of the as-cast alloy

Cu% Pb% Ag% Sb% Bi% Zn% Fe% Al% As% Cd% Ni% Ge% In% Au%

0.697 < 0014 002 < < 0.001 < < < 0.002 < 0.014  0.001
0.001 0.001  0.001 0.001  0.001  0.001 0.001
3.2.2 Reflow soldering

Solder balls were soldered onto 0.5mm 99.99%Cu sheets masked with 500pum
diameter pads using a ROL1 tacky flux. Reflow was performed in a forced-air
convection oven. For all experiments the mean heating rate was ~20K/s and
the following three process parameters were systematically varied: (i) the peak
temperature, (ii) the holding time at the peak temperature, and (iii) the cooling

rate.

1. Holding times at TP*; 10s, 20s, 30s, 1min, 2min, Smin and 30min
7 batches of solder joints were soldered on Cu using different holding times, 10s, 20s,
30s, 1min, 2min, 5min and 30min with a peak temperature, TP of 300°C, followed
by cooling under an air extractor. The typical reflow profile is shown in Fig. 49(a)
selected from the batch held for 30min. The average cooling rate wass calculated for in

the region 290-250°C and is ~ 30 + 1K/s.
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Fig. 49 (a) typical reflow profile (b) Cooling parts of reflow profiles

2. peak temperatures of: 240, 270, 300, 350 and 390°C
5 batches of solders were soldered on Cu at peak temperatures of 240, 270, 300, 350
and 390°C, all with a holding time at the peak temperature of 5 min. Cooling was
performed by fully opening the furnace door. The average cooling rate in the range 290-

250°C was ~2.6+0.2K/s, calculated from Fig. 49(b).

3. cooling rates: 0.67, 2.6 and 30K/s

5 batches of solder balls were soldered on Cu in a Mettler Toledo DSC1 by heating
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at 0.33K/s up to five different peak temperatures i.e. 240, 270, 300, 350 and 390°C
for each batch. The corresponding times that solder balls were melted during heating
(from eutectic temperature to the peak temperature) were 39.4, 130.3, 221.2, 372.7 and
493.9s. After 5 min at peak temperature, the joints were saturated with Cu and were
cooled at 0.67K/s. Another 5 batches were soldered in a furnace with the same five
different peak temperatures and then cooled at ~30 + 1K/s .

After soldering, all solder joints were washed in methanol in an ultrasonic bath to

remove residual flux.

3.2.3 Measurement of solder composition after reflow

To study the influence of holding time on the composition of the solder on Cu
substrates, ~3200 solder balls were separated into 4 batches and then were soldered
onto Cu pads with a peak temperature of 300°C for holding times of 10s, 30s, Smin and
30min followed by cooling at ~30 K/s. After soldering, the solder ball of each joint was
detached by low speed (~10 mm/s) ball shear using a blunt steel tool. Careful attention
was paid to avoid interfacial Cu6Sn5s from being detached with the bulk solder, which
would influence (increase) the tested bulk solder composition. For each batch (i.e.
holding time), >700 detached balls were collected and re-melted with a ROL1 tacky
flux to make a sample for composition analysis. ICP-AES was then conducted to
measure the mean Cu content of each batch (holding time) using a Shimadzu ICPS-

7510.

3.2.4 Microscopy

Cross sections were prepared by mounting joints in Struers VersoCit resin, grinding
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with SiC papers down to 4000 grit size and polishing with colloidal SiO2 suspension.
Sections were then observed by optical microscopy. After that, these cross sections
were shallow etched in a solution of 5% NaOH and 3.5% ortho-nitrophenol in distilled
H>O at ~90°C for ~1min to remove Sn and then were coated with carbon and observed
by secondary electron imaging in a Zeiss Auriga field emission gun scanning electron
microscopy (FEG-SEM). In order to view the 3D morphology of primary and
interfacial CueSns, deeply etched cross sections were prepared and imaged using similar
procedures.

The thickness of Cu pad dissolution, the mean thickness of the interfacial CueSns
layer, and the mean thickness of the Cu3Sn layer were measured on SEM images using
image J with the definition that the mean thickness is equal to the area of the layer
divided by the width of the layer in the micrograph. At least 4 samples were measured

for each condition.
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3.3 Results and Discussion

3.3.1 Influence of holding time at peak reflow temperature

Fig. 50 (a) and Table 8 show the Cu content of the solder balls measured by ICP-
AES after soldering to Cu substrates for different holding times at 300°C followed by
fast cooling at ~30 K/s. The experimental data were analysed using the Nernst-
Brunner dissolution equation in Equation 54:

C = Coar = (Csar = Co)  exp(=25) Equation 54

where C is the mean Cu content of the solder at time ¢, Csa is the Cu-saturated liquid
composition (i.e. the Cu solubility) at 300°C, Cy is the original solder composition, A
is the Cu pad area, V is the volume of solder, and K is the Nernst-Brunner dissolution
rate constant.

Based on Equation 55, a best fit value of K= 0.8 mm min™' was obtained from the
gradient of a plot of ln((Csat —Co)/(Csur — C)) versus % , using Co = 0.7 wt% Cu
and Csat = 2.34 wt% Cu. K= 0.8 mm min™!' is similar to the value of 0.6 mm min™!
obtained by Chada et al. for Cu dissolution into Sn-3.5wt%Ag solder reflowed on Cu

at 302°C [125].

Csat — C At
In (M) =K-— Equation 55

The blue curve in Fig. 50(a) is the mean Cu content versus time plotted using

Equation 54 with Co = 0.7 wt% Cu, Csat = 2.34 wt% Cu, and K= 0.8 mm min™'. This
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is plotted twice; versus time on the lower axis and versus the Nernst-Brunner parameter
% on the upper x-axis. It can be seen that the Nernst-Brunner equation fits well to
the measured mean Cu content of the bulk solder.

Fig. 50 (b) shows the Sn-Cu phase diagram from the Thermo-Calc TCSLD3.2
database [97], with the Cu content of the original solder alloy, Co = 0.70wt%Cu, and
the saturated Cu composition at 300°C, Csat =2.34wt%Cu, superimposed. It can be seen

that the predicted solubility of Cu content in liquid at 300°C is in good agreement with

the experimental result.
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Fig. 50 (a) Variation of Cu content in bulk solder joint after aging for different times

at 300°C. Datapoints are ICP-AES measurements. (b) Partial Sn-Cu phase diagram
at the Sn rich part [97].
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Examining Fig. 50 (a), it can be seen that the average Cu content in the liquid increased
sharply in the first 180s of holding and, from 300s onwards, the Cu content is near-
constant and close to the predicted saturation composition, indicating that the liquid
had become uniformly saturated in Cu. There is a drop in Cu content from 5min to
30min. It is unclear if this is a real effect or due to error/uncertainty in the ICP

measurement. Further experiments are needed to confirm this.

Table 8. ICP tested mean compositions of bulk solder joints at five different holding time

Holding time at Average Cu content/
300°C/min wt%Cu
0 0.78
0.17 1.68
0.5 1.93
5 2.4
30 2.34

Fig. 51 shows typical micrographs of the bulk solder, the intermetallic reaction layers,
and the partially dissolved Cu pads for joints held for 10s, 30s, 5Smin and 30min at
300°C before being cooled at ~30 K.s!. It is clear that, with increasing holding time,
there is an increase in (i) the fraction of primary CueSns in the bulk solder, (ii) the
thickness of the IMC layer(s), and (iii) the thickness of Cu substrate dissolved. These

changes are quantified in Fig. 52 and Table 9.

Fig. 51(a)-(d) solder joints that were held at 300°C for 10s, 30s, 5Smin and 30min before
being cooled at ~30 K/s. Top row: full cross-sections showing primary CuesSns.
Middle row: CueSns layers after deep etching. Bottom row: dissolved Cu substrate.
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primary

Fig. 52(a) shows the area fraction of primary CusSns in the bulk solder ,gc,6ons >

measured from at least 4 micrographs of solder joints held for 10s, 30s, Imin, 2min,
Smin and 30min. It also shows the fraction of primary CusSns versus time calculated
from the Sn-Cu phase diagram using the liquid compositions measured by ICP-AES in
Table 8 and Fig. 50(a). It can be seen that for both the measured and calculated results,
with increasing holding time, the area fraction of primary CusSns increases and they

have a similar trend.

Table 9 mean thickness of Cu pad dissolution, interfacial Cu6Sn5 layer, interfacial
Cu3Sn layer and primary Cu6Sn5 area fraction

Mean Cu Mean Mean Primary

layer Cu6Sn5 Cu3Sn Cu6SnS5 area

dissolution/um  layer/um layer/um fraction/%
0.5min 5.59 2.28 _ 3.8
Imin 8.20 2.56 _ 6.04
2min 8.96 3.33 _ 6.58
S5min 9.81 4.89 _ 7.13
30min 13.4 7.54 2.66 7.10
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Fig. 52 (a) Blue data point: area fraction of primary CusSns in solder joints held at
300°C for 10s, 30s, 1min, 2min, Smin and 30min. Red data point: volume fraction of
primary CusSns calculated from equilibrium phase diagram with the compositions
measured by ICP-AES and were shown in Table 8. (b) IMC layer thickness versus the
square root of aging time.

Fig. 52 (b) shows the development of IMC layer thickness with holding time at
300°C. It can be seen that the CusSns layer thickness scales with the square root of
holding time, indicating that CusSns layer growth is governed by volume diffusion
through the CusSns layer. A CusSn layer was only observed after 30 minutes at 300°C
as shown in Fig. 51(d).

Fig. 53 depicts the key features of the solder reaction and development of

microstructure during reflow of a Sn0.7Cu/Cu BGA solder joint.
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fSn

solder ball

Co~ 0.7wt%Cu iqui CusSns layer f - \ AEutectic CusSns
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-« : o
/ Cu pad
bef \deri Cu dissolution . .
clore soldering at peak temperature after solidification

Fig. 53 Schematic diagram of the key features BGA soldering
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Initially, between Fig. 53(a) and Fig. 53(b), the solder ball melts, wets and spreads
on the Cu pad. The liquid reacts with the Cu to form a CusSns layer and, for long
enough holding time, also a Cu3Sn layer. At the peak temperature (Fig. 53(b)), the liquid
solder has a mean Cu content of C, that changes with time until uniform saturation is
reached. After solidification (Fig. 53(c)), the microstructure of the solder joint contains
primary CueSns, BSn, and eutectic CusSns in the bulk solder, and CusSns and CuzSn
layers between the solder and Cu. The relationships between the growth of IMC layers,
the formation of primary CueSns and the thickness of dissolved Cu substrate can be
derived as follows:

(1) Cu dissolution thickness due to the formation of an interfacial CusSnslayer:

6 moles of Cu react to create 1 mol of CueSns via the reaction 6Cu+Sn—>CusSns.

Therefore, the volume of copper substrate consumed in forming 1 mol of CusSns is:
Veu = 6@
Pcu
where M, is the molar mass of Cu and p, is the density of Cu.

the volume, Vi sn., 0f 1 mol of CueSns is:

_ MCuGSnS
VCu65n5 -

pCu65n5

therefore:

VCu65n5p6u65n5 _ VCupCu =1
MCu65n5 6MCu

VCu6Sn5 pCu65n5 MCu

Veu =16 Equation 56

MCuﬁsnspCu

as the area of the Cu pad is approximately equal to the area of the CueSns layer, the

thickness of the dissolved Cu can be written as:
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layer
CugSns pCu6Sn5 MCu
Ley =6

MCu6Sn5pCu

where L¢y, sn, 18 the mean thickness of the CueSns layer.
(2) Cu dissolution thickness due to the formation of an interfacial Cu3Sn layer:
A similar derivation considering the CusSn layer gives:

L M
Loy = 3 cussnPcuzsncu

My, snPcu
where L, is the thickness of dissolved copper substrate due to the formation of a
CusSn layer with mean thickness Ly, sn-

(3a) Cu dissolution thickness due to the formation of CusSns in the bulk solder:
The relationship between the volume of primary CusSns and the volume of dissolved
Cu substrate is also given by Equation 56. The volume of primary CusSns can be
calculated from Equation 57 where V40 1S the volume of the solder which can be
taken as the volume of the solder ball before soldering (6.54 X 107 um?® for 500 um
balls); Apqq is the area of the Cu pad; and ggzlg?g;y is the volume fraction of primary

CueSns in the solder joint, which is equal to the mean area fraction of primary CusSns

in micrographs provided that sufficient microstructure is sampled:

primary __ primary .
Vc‘uﬁsn5 = Vsotder9cussns Equation 57

the volume of Cu dissolution equals the thickness of Cu dissolved multiplied by the

area of the Cu pad. Substituting Equation 57 into Equation 56:

6pCu Ssn MCu V. ld i
= = . ;’10 er'ggggﬂy Equation 58

pad

LC
u
Mcu65n5F Ccu
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(3b) Cu dissolution thickness due to the increase in Cu content in the liquid:
The mean Cu content in the bulk solder joint after soldering (measured by ICP-AES)
is approximately equal to the mean Cu content in the liquid at the peak temperature,
C,,. The mass fraction of primary CusSns in the bulk solder, f¢, (Sns» can be calculated
from the Sn-Cu phase diagram with the C, data using Equation 59, assuming that fSn

nucleates at the eutectic temperature when the liquid composition is €;=0.89 wt% Cu:

C,—0.89

feugsng = 385089 Equation 59

if, however, BSn nucleation requires an undercooling, the fraction of primary CueSns
in the bulk solder will be higher and equal to:

CL - Cz(
Jewssns =355 = ¢

where C; is the composition of the liquid at the BSn nucleation temperature, T,,.
This can be found from the CusSns metastable liquidus extension line which can be
expressed (in wt% Cu and °C) as [97]:

C; =9.303 x 1079 - ;3389

the volume fraction of CusSns can be calculated from the mass fraction of CueSns:

fCu6$n5
primary __ Pcugsns
CugS —
Ueons 1 fCu65n5 + fCu6Sn5
Psn pCu6Sn5

(4) Total thickness of dissolved Cu substrate:

The total thickness of dissolved Cu is then the sum of the three components: the
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formation of the CuzSn layer, the CusSns layer and primary CusSns in the bulk solder.

_ 6pCu65n5MCu layer 3pCu3SnMCu layer 6pCu6Sn5MCuVsolder primary
CugSns CuszSn cu6Sns

LCu

MCuGSnspCu MCUgSanu MCu6Sn5pCuApad

where gh cene” can either be measured (3a) or calculated from the mean Cu content

in the bulk solder joint after soldering (measured by ICP-AES) (3b). Using the data in

Table 10, the relationship can be rewritten as:

V. ;
_ layer layer solder primary
Lew = 0361 f5n, + 078Le 5 + 0367 % Ggons

This can also be rewritten in terms of mass:

primary

Mey = 0.36L 0 Apaapeu + 0.78Ler s AvaaPen + 0-36Vioiaer Gomenes” Peu Equation 60

CugSns CuzSn

Table 10 parameters for Sn, Cu, CusSns and Cu3Sn
atomic mass of Cu /gmol’! 63.546
atomic mass of Sn /gmol! 118.7
Molar mass of CusSns /gmol!  974.776
Molar mass of CusSn /gmol! 309.338

diameter of solder ball /mm 0.5
density of CuzSn /gem™3 11.33
density of Sn /gem? 7.31
density of CusSns /gem™ 8.26
density of Cu /gem™3 8.96

Fig. 54 plots datapoints for the Cu mass gained by the CusSns layer, the CuzSn layer
and the liquid versus time at 300°C using Equation 60, parameters from Table 10 and
the measurements of Llcagé esrns, Llcai; esrn, and g%é";,f;y from Table 9. Fig. 54 also
plots the Cu mass lost from the Cu pad (as a negative mass) versus time using the

measurements in Table 9. The sum of the mass gained in the IMC layers and liquid is

also plotted as a negative mass for comparison. It can be seen that the total Cu mass
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lost from the Cu pad (black cross) fits closely with the total Cu mass gained (blue dots),

which means that Equation 60 is effective.
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';' -5 _ e mass of Cu gained in interfacial CusSn
0 ® total mass of Cu gained by IMCs
(EU X total mass of Cu loss from Cu substrate dissolution
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Fig. 54 Cu mass gained in each of IMCs and Cu mass lost from Cu pad with time

Fig. 54 shows that the dissolution of the Cu substrate has two components: (1) the
reaction to form CusSns and CusSn layers, and (2) Cu dissolution to move the liquid
towards the equilibrium Cu solubility at the peak temperature. In Equation 54, it can
be seen that component (2) was dominant in the first 300 seconds and then, once the

liquid approached uniform Cu saturation, component (1) became dominant.
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3.3.2 Influence of peak temperature

Fig. 55 shows typical cross sections of Sn-0.7wt%Cu/Cu solder joints held at (a)
240°C, (b) 270°C, (c) 300°C, (d) 350°C and (e) 390°C for Smin followed by cooling at
~2.6 K/s. It is clear that, with increasing peak temperature, the fraction of primary
CusSns increases, the CusSns and CusSn layers become thicker, and more Cu substrate
is dissolved. Table 11 summarises the measured thicknesses of the CusSns and CuzSn

layers, the area fractions of primary CusSns, and the thickness of Cu substrate dissolved.

. _){4
Fig. 55 (a)-(e) solder joints that were held for five minutes at 240°C, 270°C, 300°C,
350°C and 390°C before being cooled at ~2.6 K/s. Top row: full cross-sections
showing primary CusSns. Middle row: CueSns layers after deep etching. Bottom row:
dissolved Cu substrate.

Table 11 measurements of thicknesses of CusSns and Cu3Sn layer, area fraction of
primary CusSns and the thickness of Cu substrate dissolution.

Mean Cu Mean Mean Cu3Sn Primary
layer Cu6Sn5 layer/um Cu6SnS5 area
dissolution/um layer/um fraction/%
Peak 240°C 1.62 3.12 0.24 0.22
Peak 270°C 4.40 3.97 0.591 1.69
Peak 300°C 7.28 4.48 0.76 4.51
Peak 350°C 18.87 5.75 1.68 7.44
Peak 390°C 25.88 6.11 2.86 11.49
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Fig. 56(a) plots the measured area fraction of primary CusSns at each peak temperature
(datapoints) where the error bars are standard deviation from 4 micrographs at each
condition given the assumptions that the microstructures of primary CusSns and the
micrographs taken are random and that sufficient microstructure is sampled. Fig. 56(b)
shows the Sn-Cu phase diagram up to 7wt%Cu from Thermo-Calc TCSLD3.2 [97] and
the saturated liquid composition of the five peak temperatures: 240°C, 270°C, 300°C,
350°C and 390°C. Fig. 56(c) shows the mass fraction of CusSns as a function of
temperature for cooling from the five peak temperatures studied, predicted using
reference [97]. The BSn-CueSns eutectic temperature is labelled and the dashed curves
below this line indicate the continued solidification of primary CusSns for cases where
BSn does not nucleate (i.e. along the metastable CusSns liquidus extension line). From
similar calculations incorporating the densities, the volume fraction of primary CusSns
versus the peak temperature is plotted as curves with different colours in Fig. 56(a) for
three values of BSn nucleation (0, 15 and 47 K undercooling). It can be seen that there
is reasonable agreement between the calculations and the measured area fractions of
primary CueSns.  This indicates that the liquid was approximately uniformly saturated

at each peak temperature.
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Fig. 56 (a) Measured area fraction of primary CueSns versus peak temperature (black
cross) compared with predictions of the volume fraction of primary CueSns versus peak
temperature for three values of fSn nucleation undercooling (coloured curves). (b) Sn-
Cu phase diagram from ref [97] indicating the saturated liquid compositions for the five
peak temperatures (c) Mass fraction of primary CusSns as a function of temperature for
uniformly saturated liquid cooled from the five peak temperatures (calculated using ref
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The data in Table 11 has been converted into the mass of Cu gained and lost, and
plotted in Fig. 57. It shows the Cu mass gained in the CusSn layer, the CueSn layer and
in the primary CueSns as a positive mass. It also shows the Cu mass lost from the Cu
pad as a negative mass (black crosses). The blue data are the sum of the mass lost to
the CusSn layer, CusSns layer and primary CusSns plotted as a negative mass for
comparison with the measured Cu mass lost from the Cu pad (black crosses). It can be
seen that the sum of Cu mass gained in the formation of IMCs is in reasonable

agreement with the Cu mass dissolved from the copper substrate.
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| @ mass of Cu gained in primary CusSns
50 —| # mass of Cu gained in interfacial CusSns
| ® mass of Cu gained in interfacial CuzSn
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Fig. 57 Cu mass gained in the CuszSn layer (green), CueSns layer (brown) and primary
CueSns (pink), along with the Cu mass lost from the Cu pad versus time. Black crosses

are from the measured thickness of dissolved Cu. Blue data are the sum of the mass
lost to the CusSn layer, CusSns layer and primary CusSns
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Fig. 57 also clearly shows the relative contributions to Cu dissolution from: (1) the
reaction to form CusSns and CuzSn layers, and (2) Cu dissolution to move the liquid
towards the equilibrium Cu solubility at the peak temperature. It can be seen that
component 1 was dominant for low peak temperatures (e.g. 240 °C) that are commonly
used in industrial reflow soldering. In contrast, as the peak reflow temperature
increases, component 2 became the dominant source of Cu dissolution. Since the
liquid was approximately uniformly saturated at each peak temperature, it can be
concluded that the increased Cu dissolution at increased peak temperature is mostly due
to the increased solubility of Cu in the liquid at increased temperature (i.e. the effect is
predominantly thermodynamic rather than kinetic). It can also be seen that, while the
IMC layers are thicker at higher peak temperature, increased IMC layer growth is not

the main contributor to increased Cu dissolution at increased peak temperature.

3.3.3 The morphologies of primary CueSns

Throughout this work, a wide variety of primary CusSns growth morphologies formed.
These could be categorised into four types similar to those reported and discussed by
Xian et al. [11]. Fig. 58 shows the typical features of the four primary CusSns
morphologies: (a) hexagonal rods, (b) grooved rods, (¢) in-plane branched crystals and
(d) nonfaceted dendrites. Note that these four types are not the result of sharp
transitions but are four main growth forms within a gradual spectrum of primary CusSns
growth morphologies. It can be seen that the hexagonal rods are often hollow which
has been explained due to the re-melting of an axial screw dislocation [50] in the centre.

Hexagonal rods are bounded by by six {10-10} facets and grow along [0001] [8, 9, 11,
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123, 152]. The grooved rods still keep a long rod feature with {10-10} facets, while not
maintaining a simple hexagonal shape [8]. In-plane branched primary CusSns
development has been shown to start from CueSns rod tip splitting where the tips are
usually nonfaceted indicating a transition from lateral ledge growth in highly faceted
rods to continuous tip growth in the branched crystals which is indicative of an interface
roughening transition from an atomically smooth to atomically rough solid-liquid
interfaces [11]. It was shown by in-situ imaging in [11] that CusSns dendrites usually
grow with a nonfaceted tip and that the faceting of CusSns dendrites occurs later during
solidification as the dendrites coarsen. The CusSns dendrite crystallography has been

discussed in detail by Xian et al. [11].
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EX NSREL - ]
Fig. 58 typical micrographs of primary Cu6Sn5 from shallow etched Sn-0.7wt%Cu/Cu
solder joints. (a) hexagonal rod (b) grooved rod (¢) in-plane branched and (d) dendrite
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3.3.4 Dependence of CusSns morphology on Cu dissolution and cooling rate

Fig. 59(a)-(d) show typical optical micrographs and SE images of primary CueSns
crystals after holding Sn-0.7wt%Cu/Cu solder joints at 300°C for 10s, 30s, Smin and
30min and then cooling at ~30 K/s. It can be seen that the sample held for 10s contains
mainly grooved rods, the samples held for 30s mainly contains in-plane branched
crystals, and there is a small portion of dendrites indicated by the small triangular arrays
[11]. The samples held for Smin and 30min mainly contained the dendritic CueSns,
while a little bit rods at the bottom of the joints. Combining the results Fig. 50(a) and
Fig. 59, it can be seen that samples held for Smin and 30 min had similar Cu content,
and the main primary CueSns morphologies in them are dendrites. Meanwhile, with
increasing Cu content in samples held for 10s to 30min, the dominant morphologies of

primary CusSns changed from faceted-rods to dendrites.
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Fig. 59 (a)-(d) typical 2D optical micrographs of Sn-0.7wt%Cu/Cu solder joints held at
300°C for 10s, 30s, Smin and 30min and secondary election images of primary Cu6Sn5
with typical features corresponding to each holding time.
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From Fig. 59 it can be also seen that, although the main morphology of primary
CusSns changed with changing mean Cu content in the liquid, there were always some
faceted rod-type CueSns at the bottom area of the joints near the CusSns reaction layer.
This led to a gradation of CusSns morphology with distance from the CusSns reaction
layer in samples with high Cu content (i.e. long holding time). For example, Fig. 60(a)
shows a typical deep etched cross section of a solder joint held at 300°C for Smin
followed by cooling at ~30 K/s. It can be seen that the dendrites have grown to span
almost the entire solder ball. Many primary CusSns have grown from the layer and
other primary CueSns seem to have nucleated and grown in the bulk solder as was found
in [27]. Fig. 60(b) shows a large primary CueSns that grew from the CueSns layer and
has a morphology that changes with growth distance from faceted hexagonal rod, to
grooved rod, in-plane branched and then dendritic along its growth direction. Note that
the debris on the CueSns are eutectic CueSns that were not washed off by ultrasonic
bathing to ensure that the fine dendrites did not fracture and so as to ensure that the fine

dendrite structure was retained.
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20pum!
Fig. 60 (a) typical cross section of a solder joint which has been held at 300°C for Smin

within which Sn has been fully etched off (b) a typical large primary CueSns grown
from the layer.
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The transition of morphology in one single primary CueSns growing from the layer
can be understood from the heat flow situation upon rapid cooling. The heat flux will
be towards the outer surface of the joint where the cooling rate is highest yet many
CueSns grow from the hotter CusSns layer where there is no nucleation barrier.
Therefore, a primary CusSns crystal growing from the layer grows into liquid with a
negative thermal gradient and a near-uniformly saturated composition. Growth into a
negative thermal gradient will induce an increasing interface velocity which, in CueSns,
causes a transition from faceted to nonfaceted crystal growth [11].

An example of the morphology transition in one CueSns crystal is overviewed by Fig.
61. Fig. 61(a) shows a hexagonal rod that has developed internal grooves analogous to
cooling fins on a heat sink in order to reject Sn more efficiently while maintaining a
high interface area of the preferred {10-10} facets. With further growth into the
negative temperature gradient, nonfaceted perturbations are apparent near the growth
tips (Fig. 61 (b)). The growth of the perturbations creates valleys that become deeper
producing in-plane branches which maintain the {10-10} facets (Fig. 61(b)), and
multiple such branching events create the in-plane branched morphology. With
continued growth into a negative temperature gradient, nonfaceted dendrite branches
form (Fig. 61 (c)) and grow with some of the possible <101> directions (close to {1-

214} plane normal) [11].
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Fig. 61 description of primary CusSns morphology transformation from hexagonal rod
to dendrite.

Although the Cu¢Sns can have a range of morphologies within one joint, one
morphology usually occupied the majority of the solder volume because the transition
between different morphologies occurred over a relatively short distance. The
remainder of this Chapter only considers the dominant morphology in each joint.

Fig. 62 shows solder joints that were held for five minutes at 240°C, 270°C, 300°C,
350°C and 390°C before being cooled at ~2.6 K/s. It is clear that, with increasing
peak temperature, the dominant CueSns morphology changed from grooved rods, to
faceted crystals with few in-plane branches to in-plane branched crystals with
numerous branches. Since each of these joints was near-uniformly saturated in Cu, it
can be seen that the main cause of this morphological transition is the increasing Cu at

increasing peak temperature.
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Fig. 62 (a)-(e) solder joints that were held for five minutes at 240°C, 270°C, 300°C,
350°C and 390°C before being cooled at ~2.6 K/s. Left side: full cross-sections
showing primary CusSns. Right side: the typical 3D morphology of primary CueSns
after deep etching.
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Fig. 63 presents typical examples of Sn-0.7wt%Cu/Cu solder joints which were
cooled at three different cooling rates after holding at five different peak temperatures
from 240°C to 390°C for 5 min. It can be seen that the primary CusSns morphology is
strongly dependent on the peak temperature and cooling rate. Combining Fig. 59 with
Fig. 62 and Fig. 63, it can be seen that the two main factors in determining the primary

CueSns morphology are the Cu dissolution into the liquid and the cooling rate.

240C 200um 270C

Fig. 63 morphologies of primary CueSns cooling at (a) ~0.67K/s (b) ~2.6K/s (¢) ~30K/s
after holding for 5 min at five different peak temperatures. Each column represents
same peak temperature, and micrographs in each row share the same scale bar.

Fig. 64 presents a map of cooling rate versus Cu content for CusSns morphologies
extracted from micrographs such as those shown in Fig. 63. The upper x-axis shows the
five peak temperatures used for solder joints held for 5 min. The lower x-axis shows
the Cu content in the liquid assuming uniform saturation of the solder balls. Five
different symbols in the legend depict the main primary CueSns morphologies. The red
datapoints are for Sn-0.7wt%Cu/Cu solder joints from this study, combined with those

from reference [11], while the black data points are for primary CueSns in 0.5g
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freestanding solders with compositions ranging from 0.7 — 4.2 wt% Cu from the study

in reference [11].
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Fig. 64 primary CusSns morphology map. Black data points: primary CueSns in large

free standing samples [11]. Red data points: primary CueSns in ~500um Sn-
0.7wt%Cu/Cu solder joints.

It can be seen from Fig. 63 and Fig. 64 that with increasing Cu content and cooling
rate, the primary CusSns morphology undergoes the transition from not existing (blue)
to faceted rods (green) to in-plane branched crystals (pink) and finally to dendrites
(yellow). Note that for solder joints cooled from 240°C with cooling rate ~2.6K/s, the

data point is inside the pink region. This is likely to be because, for a peak temperature
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of 240°C, the diffusion rate is lower and it takes a longer time for Cu to saturate the
bulk solder so the actual liquid composition is lower than the saturated value. All other
points are a reasonable fit to a simple microstructure map that links the mean Cu content
in the liquid and the cooling rate to the morphology of primary CusSns.

There is a large body of literature that has observed similar morphologies in different
studies [9, 12, 20, 50, 90, 91, 125, 128, 153-155]. The CusSns morphologies from
these studies can be interpreted by the primary CusSns morphology map in Fig. 64
which can be a useful tool to select process parameters to generate the desired primary
CueSns morphology for electronic solder joints. For example, the heating and cooling
rate can be very high in laser soldering, whereas a low peak temperature and low
cooling rate is common in BGA soldering, and the cooling rate can vary from large

packages to small exposed joints.
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3.4 Conclusions

The influence of soldering process parameters i.e. peak soldering temperature,
holding time at peak temperature and cooling rate on the dissolution of Cu, and the
volume fraction and morphology of primary CusSns has been investigated in 500um
BGA-type joints of Sn-0.7wt%Cu soldered on Cu substrates.

It has been found that a higher Cu content in the bulk solder, due to Cu substrate
dissolution, resulted from longer holding time and higher peak soldering temperature,
which can be understood from the phase diagram and the Nernst-Brunner effect. In turn,
the higher Cu content in the liquid resulted in a higher volume fraction of primary
CueSns and a morphology transition of primary CusSns from faceted rods to non-
faceted dendrites at high cooling rate. The interfacial CusSns layer thickness increased
near linearly with the square root of holding time at 300°C, indicating the growth of the
layer is controlled by volume diffusion through the layer. Large primary CueSns crystals
have been observed to grow from pre-existing CueSns crystals in the interfacial layer
and grow to fill the whole joint, containing the morphology transition from faceted to
non-faceted with increased growth distance which can be understood as growth into a
negative temperature gradient. A quantitative study of the relationship between Cu
dissolution from the substrate and that gained due to growth of both the IMC layer(s)
and primary CueSns under various holding times and peak temperatures have been
presented. A simple equation linking the Cu dissolved and that gained by IMCs has
been derived:

primary

l
Mey = 0.36Llayer Apadeu + 0.78L il Apadeu + 0-36VsolderQCu65n5 Pcu

CugSns CuzSn
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It has been shown using this equation and the measurements of primary CusSns
fractions and interfacial layer thicknesses that the Cu substrate dissolution was mainly
due to interfacial IMC layer growth at low peak temperature and after the saturation of
liquid solder with Cu, whereas the Cu substrate dissolution was mainly due to saturating
the liquid in Cu at higher peak temperature.

A morphology map for primary CusSns of cooling rate versus Cu content and peak
reflow temperature has been built which can be used to select different soldering
process parameters to grow primary CusSns with preferred morphologies and volume

fractions.
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Chapter 4. Real-time imaging of primary CueSns evolution

during the reflow soldering of Sn-xCu/Cu joints

4.1 Introduction

In the previous Chapter, substrate dissolution and the cooling rate were shown to
significantly affect the volume fraction and morphology of primary CusSns. However,
all conclusions were based on post mortem analyses of fully solid samples. In recent
years, there have been major developments in the in situ imaging of solidification
phenomena using X-ray techniques on both synchrotron [27-35] and laboratory X-ray
sources [156-158]. This Chapter applies synchrotron radiography to the observation of
primary CueSns in solder joints with a focus on the dynamics and kinetics of primary
CueSns formation in Sn, Sn-0.7Cu and Sn-2Cu (wt%) soldered on copper substrates.
The first two alloys (Sn, Sn-0.7Cu) are hypereutectic and will dissolve Cu into the
liquid during soldering. The third alloy (Sn-2Cu) is hypereutectic and has a CusSns
liquidus that is higher than common reflow temperatures in reflow soldering. Thus,
Sn and Sn-0.7Cu are studied to examine primary CueSns formation due to Cu
dissolution and Sn-2Cu is studied to examine the effect of only partially dissolving the
CueSns during reflow. Two Sn-2Cu are investigated; one with a small initial CueSns
size and one with a large initial CueSns size to test whether the final primary CueSns
size in solder joints can be engineered by only partially remelting the primary CusSns

during reflow.
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4.2 Experimental Methods

4.2.1 Sample preparation.

Sn, Sn-0.7Cu and Sn-2Cu (wt%) solder alloys were cast and rolled to foils with area
of ~ 10mm x 10mm and 100um thickness. The primary CueSns with small size in Sn-
2wt%Cu was achieved by rolling the alloy the ingot down to 100um which fractured
the primary CusSns into small fragments, while the primary CueSns with large size was
achieved by assembling the solder foil after rolling in between two SiO> plates and then
holding this in a furnace at 210°C for two weeks to coarsen the CueSns. Specimen
cells were produced as shown in the schematic diagram in Fig. 65. They include a Cu
sheet of 100um thickness to act as a substrate and a solder foil with a thin coating of a
ROL-1 flux, placed within a cavity in a 100 um thick polytetrafluoroethylene (PTFE)
spacer sheet with an observation window of 10 x 10 mm? and a vent for flux outgassing.

Finally, the solder foil, substrate and PTFE were secured between two quartz plates.

(a) (b) (c)
solder foil Clips /
solder foil [
F Cu shet& *—Vent
Cu sheet \-
Synchrotron
beam
Teflon
SiO, plates

Fig. 65: Schematic diagram of in situ soldering specimen cell. (a) fluxed solder foil
on a Cu substrate. (b) Individual parts of the sample cell. (c) Assembled parts of the
sample cell. Note that the image is not to scale.
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4.2.2 Synchrotron X-ray Imaging.

Experiments were conducted on BL20XU at the SPring-8 synchrotron in Hyogo,
Japan. A planar undulator was used as an X-ray source and Si double crystal
monochromators were used to produce an X-ray energy of 21 keV. The apparatus and
solidification imaging setup within the hutch is shown in Fig. 66, which is similar to
that developed in previous research [27-29]. The transmitted images were converted
into visible light and recorded in a digital format with 2,000 X 2,000 pixels at 1 mm X
1 mm field of view giving a resolution of 0.477 um per pixel. An exposure time of 120
ms per frame with 1 frame per second was used. A radiation furnace with graphite
heating elements applied a reflow profile that heated from room temperature to
approximately 250 °C at 0.33 °C/s, held at this peak temperature for 30 s before cooling
down at approximately 0.33 °C/s. temperature was recorded by a thermocouple placed
close to (within 2mm of) the sample. The observation of BSn-CusSns eutectic melting

was used to calibrate the thermocouple by identifying an appropriate offset.

Vacuum 1
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A-\l"f { / ] J X_ray ] . | < -I.

Detector

Fig. 66 schematic drawing of synchrotron hutch with apparatus [12]
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4.2.3 X-ray image processing

For the intensity (in the range 0-255 for 8-bit image) of each pixel in the image (a
1920 x 1440 matrix), flatfield correction was used as described in the following
equation, to form a new processed image (a new 1920 x 1440 matrix).

[Ri(x,y) = Dy(x, y)]m

ffc,(x,y) = Equation 61
) = T ) — Din, ) 1

where (x,y) is each pixel coordination in the image/matrix , and the pixel quantity is an

intensity value (0-255 for 8-bit image); ffc is a flatfield corrected image (a 1920 x 1440
matrix); R is a raw transmitted radiograph (a 1920 x 1440 matrix); D is the ‘dark’ image
collected by the detector when the X-ray beam is turned off (a 1920 x 1440 matrix); m
is the average intensity of the raw transmitted radiograph (a number); F is the ‘direct’
image collected by the detector when the X-ray beam is on with no sample in the
beampath (a 1920 x 1440 matrix); and i in the suffix represents the frame number.

The obtained Images (Fig. 67 (a)) after flatfield correction were then blurred using
Gaussian filter with a sigma radius of 30 pixels. The Gaussian filed blurred images (Fig.
67 (b)) were used as background showing the intensity variations due to flux bubbles.
Finally, the normalized images (Fig. 67 (c)) were gotten by normalization of the

flatfield corrected images (Fig. 67 (a)) against the blurred images (Fig. 67 (b)) with the

equation:

ffCi(X,y)

—_— Equation 62
blurred;(x,y) m quation

where ffc is flatfield corrected images, blurred is the Gaussian blurred image and m is

the average of raw images, suffix i represents the ith frame.
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Fig. 67 selected image (frame 600) from image sequences of Sn-2wt%Cu/Cu with small
primary CueSns, showing (a) after flatfield correction (b) flatfield corrected image after
Gaussian blurred (c) normalized image
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4.3 Results and Discussion

Fig. 68 (a) shows the soldering thermal profile of CP Sn onto a Cu substrate and four
selected frames that were extracted from the synchrotron radiographs sequence. Fig. 68
(b) shows the moment 15 seconds after the solder fully melted and wet the Cu substrate,
it can be seen that a thin layer of CusSns developed at the interface. Fig. 68 (c) shows a
frame during holding at the peak temperature of ~250°C, which appears similar to Fig.
68(b). Note that Cu dissolution cannot be directly observed because the changing Cu
content in the liquid does not provide significant absorption contrast in this system.
Fig. 68 (d) shows the moment a bit above CP Sn melting point during cooling, and Fig.
68 (e) shows the moment that the temperature was ~185°C and the joint was solidified.
It can be seen from Fig. 68 (e) that no primary CusSns formed during cooling. This

can be understood by Nernst-Brunner parameter:
At
|4

Where t is the time for diffusion, A is the contact area between the solder and the
substrate, and V is the volume of solder. It can be seen from the set up in Fig. 65, that
the thin solder foil has been constrained within a 100 pm thick cavity between two SiO»
plates. Therefore the contacting area (A) is very small ~100 pm, so the ratio of A/ V1S
very small, therefore the time required for liquid solder to reach equilibrium is long
which means the diffusion rate is slow and before cooling the Cu content in the liquid
is very small. Taken time, t, is the holding time at peak temperature 30s, the Nernst-
Brunner parameter is 0.003s/um which corresponds to very low Cu content in bulk

solder (Fig. 50). It has also been shown in Chapter 3 that if the soldering peak
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temperature is around 240-250°C (Fig. 57), the Cu dissolution from the layer will
mainly contribute to the growth of interfacial layer. Therefore, no primary CueSns has

been observed after solidification.
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Fig. 68 (a) Thermal profile of soldering CP Sn onto Cu substrate, dashed line indicates
melting temperature of pure Sn 232°C. Typical frames were selected from synchrotron
radiography of 1 frame per second (b) frame 340 (c) frame 400 (d) frame 439 (e) frame
520.

Fig. 69 shows the thermal profile and typical radiograph frames of soldering Sn-
0.7wt%Cu onto a Cu substrate. The interfacial CueSns can be seen from Fig. 69(b).
During cooling, the nucleation and growth of primary CusSns in bulk solder is clear
and two primary CueSns have been indicated by black arrows in Fig. 69 (d). It can be
seen one primary CueSns is needle-like and another is X-shape. Although the Sn-
0.7wt%Cu is a hypo-eutectic composition, the primary CusSns formed because Cu
dissolution from the Cu substrate was sufficient to increase the total Cu content in the
liquid into the hyper-eutectic region. In Fig. 69 (d)-(e)-(f) black arrows indicate the

growth of two primary CueSns. At the same time, the growth of three primary CusSns
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from the interfacial CusSns layer occurred as indicated by the red arrows. Fig. 69 (f)
shows the solder joint was solidified and the arrows represent the primary CusSns which
were indicated in Fig. 69 (d) and (e). From Fig. 69 (d) to (e), although the temperature
is below the eutectic temperature, the primary CueSns was still growing because Sn
did not nucleate due to the large undercooling required for 3Sn nucleation. At these
temperatures it is expected that the CueSns-L interfaces are following the metastable

CueSns liquidus line.
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Fig. 69(a) Thermal profile of soldering Sn-0.7Cu onto Cu substrate, dashed line
indicates the eutectic temperature 227 °C. Typical frames were selected from
synchrotron radiography of 1 frame per second (b) frame 382 (c) frame 440 (d) frame
487(e) frame 498 (f) frame 520. (black arrow: primary CueSns nucleated in the bulk

solder, red arrows: primary CusSns grew from pre-existing interfacial CusSns crystals)

Fig. 70 shows the thermal profile and selected frames for a Sn-2wt%Cu preform that

initially contained small primary CusSns. The liquidus temperature for Sn-2wt%Cu is
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~287°C [97], therefore for the peak temperature shown in Fig. 70 (a), the primary
CusSns originally existing in the solder foil is not expected to fully melt during
soldering. Comparing Fig. 70 (b) showing the moment below the eutectic temperature
when the solder is still solid and Fig. 70 (c) where the solder foil has fully melted and
wetted the Cu substrate, a clear interfacial CusSns layer can be observed. From Fig. 70
(c) to (e) which show the process of liquid heating and the holding stage, it can be seen
that more and more small primary CusSns settle down towards the CueSns layer at the
bottom of the joint due to gravity. These small primary CusSns were pre-existing in the
solder foil and did not fully melt at the peak reflow temperature. From Fig. 70 (f)
showing the liquid cooling stage and (g) showing the stage after full solidification, it
can be seen that additional needle-like primary CusSns nucleated and grew in the bulk
solder, and grew to much larger size than the un-melted primary CusSns.  This creates
two populations of primary CueSns: (i) numerous small particles that were originally
present in the initial preform and (ii) fewer larger rods that nucleated and grew during
cooling from the peak temperature. It can be seen that the newly nucleated CusSns rods

form in regions depleted in CusSns by the settling small pre-existing CueSns.
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Fig. 70 (a) Thermal profile of soldering Sn-2wt%Cu containing small primary CusSns
onto Cu substrate, dashed line indicates the eutectic temperature 227°C. Typical frames
were selected from synchrotron radiography of 1 frame per second (b) frame 330 (c)
frame 379 (d) frame 403 (e) frame 470 (f) frame 528 (g) frame 590. (black arrow:
primary CusSns nucleated in the bulk solder).

Fig. 71 presents the thermal profile and selected frames for soldering a Sn-2wt%Cu
preform that initially contained large primary CusSns onto a Cu substrate. Comparing
Fig. 71 (b) showing a moment just after the liquid solder wet the Cu substrate with
black arrows indicating the pre-existing primary CusSns and Fig. 70 (¢) which is at the
similar temperature as that of Fig. 71 (b), it can be seen that the pre-existing primary
CueSns are much larger in Fig. 71 (b). These large pre-existing primary CusSns undergo
partial-remelting and then growth in both the longitudinal and lateral directions
throughout the soldering process. Three typical examples are indicated by black arrows

in images from Fig. 71 (b) to (e). The nucleation and growth of new primary CusSns
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also occurred as indicated by the red arrows from Fig. 71 (d) and (e) and they grew into
a long needle-like or morphology with a hollow center. In contrast, the pre-existing
primary CueSns still grow into a morphology similar to the initial morphology in the
preform. At the same time, Fig. 71 (e) also shows that the large primary CusSns tend to
remain in the bulk solder instead of settling down to the CusSns layer. This is
presumably because they are attached to the surface oxide of the thin samples since a
larger negative buoyancy force acts on larger particles. To test this hypothesis, the
location of large primary CusSns has been examined in Sn-2wt%Cu/Cu joints with
similar method of manipulating primary CueSns size. In Fig. 72, it can be seen that

some large primary CusSns (yellow circled) areattached to the surface oxide of the

solder ball.
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Fig. 71 (a) Thermal profile of soldering Sn-2wt%Cu containing large primary CusSns
onto Cu substrate, dashed line indicates the eutectic temperature 227°C. Typical frames
were selected from synchrotron radiography of 1 frame per second (b) frame 195 (c)
frame 280 (d) frame 316 (e) frame. (black arrow: primary CusSns pre-existed in solder
foil, red arrows: primary CusSns nucleated and grew in the bulk solder).
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Fig. 72 cross section of Sn-2wt%Cu/Cu containing manipulated large primary CusSns

Comparing Fig. 70 (g) and Fig. 71 (e) after complete solidification, it can be seen
that the mean primary CueSns size in Fig. 71 (e) is much larger which indicates that the
primary CusSns size can be successfully controlled by altering the solder composition
and peak temperature so that the primary CusSns do not fully remelt and ensuring that
the primary CusSns are very small in the initial solder. However, in binary SnCu/Cu
joints, this requires compositions that will give a relatively high volume fraction of
primary CusSns which is likely to be undesirable. While this approach may not be
useful in binary SnCu/Cu joints, it may be more applicable to higher order solder
systems since certain transition metals can greatly steepen the CusSns liquidus
line/surface. For example, in the Sn-Cu-Ni system the composition Sn-0.7Cu-0.05Ni
(wt%) is hypereutectic but produces only a small volume fraction of primary

(Cu,Ni)sSns [91].
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4.4 Conclusions

The influence of Cu content and the initial size of primary CueSns on primary CusSns
microstructure development have been studied in 10mmX10mmx100pum Sn-x wt%Cu
(x=0, 0.7, 2) solder foils on Cu substrates using in situ synchrotron radiography.

It has been found that, during soldering, no primary CusSns formed in CP Sn/Cu
joints. This is due to insufficient Cu dissolved from the Cu substrate into the liquid
solder which can be understood by the Nernst-Brunner parameter due to the low ratio
of pad area to solder volume (A/V), and relatively short holding time (30s) and
soldering peak temperature (~245-250°C). Thus, for the conditions used here, the
dissolved Cu from the substrate mainly contributed to the growth of the interfacial
CueSns layer.  This is consistent with what was shown in Chapter 3 of this work.

In Sn-0.7wt%Cu/Cu joints, although it is originally hypo-eutectic, primary CueSns
were observed during soldering, indicating that the Cu dissolved from the substrate into
the liquid solder increased the Cu content into the hyper-eutectic region. These primary
CueSns have been observed to either nucleate and grow in the bulk solder or grow from
the pre-existing CueSns crystals in the interfacial CueSns layer. Two morphologies of
primary CusSns, needle-like and X-shaped, were observed.

In Sn-2Cu/Cu joints, the pre-existing primary CusSns did not fully remelt during
soldering at a peak temperature of ~250°C. The interfacial CusSns layer was clearly
observed, and pre-existing small primary CusSns contained in Sn-2wt%Cu settled down
to the CueSns layer due to gravity, while the pre-existing large primary CusSns did not.

Instead, large pre-existing primary CusSns underwent remelting and growth in both the
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longitudinal and lateral directions and maintained their original morphologies. Primary
CusSns also nucleated and grew in the bulk solder into long rods often with a hollow
center. Newly nucleated primary CusSns rods did not settle down to the layer in joints
containing small and large pre-existing primary CueSns, indicating that they may be
attached to the surface oxide of the solder foil.

This Chapter shows that the mean primary CusSns size in solder joints can be
controlled by using a hyper-eutectic solder composition whose CusSns liquidus is
higher that the peak reflow temperature so that the primary CusSns does not fully remelt
during soldering. While, in binary SnCu/Cu joints, this requires compositions that
will give a relatively high volume fraction of primary CueSns which is likely to be
undesirable, the approach may be more applicable in higher order systems with steeper
CueSns liquidus line/surface. The ability to control the CusSns size is also useful for
studies on the effects of microstructure on solder joint reliability. This is considered

in the next Chapter.
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Chapter 5. The influence of primary CusSns size on the shear

impact properties of Sn-Cu/Cu BGA joints

5.1 Introduction

In the previous Chapter, solder joint microstructure development under the influence
of Cu content and the size of pre-existing primary CusSns was observed and analysed
by in situ real time synchrotron radiography. It was shown that the mean primary
CueSns size could be controlled by the combined effects of the selected Cu content in
the initial solder and the peak soldering temperature. CusSns has been shown to be
important in the reliability of solder joints; however, the majority of research has
focused on the interfacial CueSns layer [40-48] and much less has considered the
primary CueSns crystals [43, 49, 50]. This Chapter applies the method of manipulating
the mean primary CusSns size in 500pm Sn-2wt%Cu/Cu BGA joint while keeping the
remaining microstructure near constant, and applies ball shear testing on a DAGE-4000
bond-tester with 10mm/s to fracture the BGA joints through the bulk solder and
research the influence of primary CueSns size on the shear impact properties of the

joints.

5.2 Experimental Methods
Sn-2wt%Cu alloy was prepared by mixing 99.9wt%Sn and Sn-10wt%Cu ingots in a
graphite crucible, heating and holding at 450°C for 4 hours, and then pouring into a

steel mould. The composition of the alloy was analyzed by X-ray fluorescence (XRF)
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spectroscopy to be 2.1wt% Cu with impurities of Pb, Ag, Sb less than 0.02wt%, and
Zn, Fe, Al, As, Cd less than 0.001wt%. The as-cast alloy was then rolled to foil with
thickness ~0.03mm, punched into circular discs with diameter ~1.6mm and melted with
a ROLI tacky flux (IPC J-STD- 004) at ~350°C on a hot plate to form solder balls with
diameter 500+25 um due to surface tension.

A method was developed to manipulate the primary CueSns size in the initial
freestanding solder balls and then largely maintain this primary CusSns size in solder
joints. To obtain the ‘smallest’ primary CusSns size, liquid Sn-2Cu solder balls were
quenched in ethanol from 350°C. To obtain a ‘small’ primary CusSns size, liquid solder
balls were solidified from 350°C under an air extractor. To obtain a ‘medium’ primary
CueSns size, balls cooled with an air extractor were aged at 150°C for 2 weeks. To
obtain the ‘largest’ primary CusSns size, balls cooled with an air extractor were aged at
210°C for 2 weeks.

Solder balls produced by each of the four procedures were then reflowed on standard
FR4 test boards with 500um Cu-OSP pads in a LFR400HTX TORNARDO reflow oven
(Surface Mount Technology, Isle of Wight, UK) with thermal profile shown in Fig.

73(a).
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Fig. 73 (a) Thermal profile used for reflow soldering. (b) Sn-Cu phase diagram [42]
highlighting the initial solder composition and the peak reflow temperature (c) Mass
fraction of primary CueSns as a function of temperature in Sn-2Cu [42].
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From Fig. 73 (b), it can be seen that under this reflow profile, the peak temperature
is lower than the CusSns liquidus temperature of Sn-2wt%Cu. Thus, the primary
CusSns only partially remelt during reflow and the primary CusSns size in the final joint
retains features from the initial primary CueSns in the solder ball. It can be seen from
Fig. 73 (c) that partial melting of primary CueSns leaves ~2 mass% primary CusSns
remaining at the peak temperature, while cooling to the eutectic temperature increases
the amount of primary CusSns to 2.8%, so that most of the CusSns from the freestanding
solder ball is not remelted during reflow. With this approach using Sn-2Cu, the
primary CueSns microstructures in the initial freestanding balls were largely maintained
after soldering.

After reflow, the as-soldered joints were washed in ethanol in an ultrosonic bath to
remove residual flux. BGA impact shear testing was performed on a DAGE-4000
following standard procedures in JESD22-B117B [159]. In order to investigate only
the influence of primary CusSns on the shear impact properties of solder joints, it is
necessary to have solder joints fracture through the bulk solder and not the interfacial
CueSns. Therefore, a 10mm/s displacement rate was selected. The hammer height was
set at 50um, the hammer speed was 10mm/s and the layout of the impact shear tester is
illustrated in Fig. 74. Using % X% where h is the solder ball height, the global
strain rate is 20s™!. Since deformation is heterogeneous, it can only be stated that the
strain rate is approximately on the order of 10! s™!. For comparison, the strain rate in
creep testing is in the order of 10°~10"! s! for Sn-3.5wt%Cu, Sn-3wt%Ag-0.5wt%Cu

and Sn-0.7wt%Cu in the temperature range 60~130°C [160], while in drop testing it is
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typically ~ 10? s [161]). At least 14 joints were tested for each of the four

microstructure conditions.

Solder ball

Impact hammer
10mm/s

Interfacial CusSns

CueSns

Solder mask .

Cu substrate

Fig. 74 Set up of shear impact testing on a DAGE4000.

The microstructures of both as-soldered joints and impact shear tested joints were
studied. Cross-sections were prepared by mounting joints in Struers VersoCit resin,
grinding with SiC papers and polishing with SiO: suspension. Some samples were deep
etched in 5% NaOH and 3.5% orthonitrophenol in distilled H2O to reveal the 3D
morphology of the primary CueSns. Fracture surfaces were examined without sample
preparation. Analytical scanning electron microscopy (SEM) was conducted in a Zeiss
Auriga field emission gun (FEG) SEM equipped with a Bruker e-Flash electron
backscatter diffraction (EBSD) detector and EBSD analysis was performed in Bruker
Esprit 2.1.  CueSns was indexed and analysed as the high temperature hexagonal
CueSns polymorph [54, 162] since this phase is stable at the temperatures shown in Fig.

73(b) and (c).
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5.3 Results and Discussion

5.3.1 Undeformed microstructures

Fig. 75 shows typical micrographs of the primary CueSns in Sn-2wt%Cu/Cu joints
produced from the four batches of solder balls containing CueSns of different sizes.
The first column are EBSD IPF-y maps of the CusSns phase from typical cross-sections.
It can be seen that the primary CusSns have a wide range of orientations in each batch.
The second column are BSE SEM images from the same cross-sections where the
primary CusSns appear dark grey. The number of CusSns particles per unit area of
cross-section was measured from EBSD maps of at least 4 samples per microstructure
condition and the results are plotted in Fig. 76 (a). It can be seen that the joints with
smallest primary CusSns contain more than 4 times more primary CusSns per unit area
than the joints with largest primary CueSns. The number of CusSns crystals were
measured in Image J from BSE SEM images with information of the different CusSns
orientations from the EBSD maps. The third and fourth columns in

Fig. 75 are SE-SEM images after partial dissolution of the matrix fSn at two
magnifications. It can be seen clearly that the mean size (e.g. width) of the faceted
CuesSns rods increases from (a) to (d). Combining this with the decreasing number of
CueSns particles from (a) to (d) in

Fig. 75 and Fig. 76(a), it can be confirmed that the CueSns rods are systematically larger
and fewer (less numerous) from (a) to (d) in

Fig. 75, and with a similar volume fraction since they have the same composition.
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Fig. 75 Overview of primary CusSns in Sn-2Cu/Cu joints made with four sizes of
primary CueSns, with increasing size of primary Cu6Sn5 from (a) to (d). The first and
second columns are EBSD IPF-y maps and BSE-SEM images. The third and fourth
columns are deep etched SE-SEM images of the primary CusSns at two magnifications.
Each column has a common scale bar.
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Fig. 76 Summary of microstructural measurements for each batch of Sn-2Cu/Cu
joints. Bars are mean values, error bars are standard deviations. (a) Number of primary
Cu6Sn5 per unit area. (b) Number of eutectic Cu6SnS particles per unit area, and
number of BSn orientations per joint. (¢)-(f) typical BS-SEM micrographs used to count
eutectic CusSns number in joints with increasing size of primary CusSns.
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Fig. 77 summarises the BSn microstructure and growth texture in un-deformed solder
joints from the four microstructure conditions, with increasing size of primary CusSns
from (a) to (d). The left column shows EBSD IPF-y maps of typical cross sections. It
can be seen that, in all cases, there are multiple orientations (colours) indicating
multiple BSn grains. The number of independent BSn grains was measured on EBSD
IPF maps from 4 joints for each condition, where grains were considered to be
independent if they were not related to other grains by twins, other special boundaries
or low angle boundaries [163]. The data are plotted in Fig. 76(b) where the error bars
are the standard deviations from the at least 4 samples for each condition. It can be
seen that the number of independent BSn grains was similar at 7.7 £ 0.2 for each

microstructure condition.
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Fig. 77 Overview of BSn in Sn-2Cu/Cu joints, with increasing size of primary Cu6Sn5
from (a) to (d). The first column are EBSD IPF-y maps of typical joints. The middle

column are {001} pole figures made by combining >4 EBSD maps for each
microstructure condition.

The third column are misorientation (MO) histograms,
compiled from >4 joints for each microstructure condition.

Mackenzie curves are
superimposed on the MO distributions

In Fig. 77, the middle column shows <001> pole figures for BSn grains in all joints

for each condition. These pole figures were made by combining all EBSD datasets
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(at least 4) for each microstructure condition, ensuring that the y-direction was
perpendicular to the substrate in all cases. Note that, since fSn is tetragonal, it has
only one <001> direction in the northern hemisphere and, therefore, each fSn grain
contributes one point to the combined <001> pole figure. While the relatively small
number of grains from 4-7 samples with ~8 grains per sample precludes a meaningful
study of the statistics, it can be seen that in all microstructure conditions, the grains
have their c-axis oriented in a wide range directions and there is no clear texture.

The right column in Fig. 77 shows misorientation (MO) histograms which have been
compiled from all datasets for each microstructure condition. This was done by
summing the bins from each dataset so as to consider only misorientations within each
joint and not consider misorientations between grains in different joints. Each plot
also contains a Mackenzie curve which is the expected random misorientation
distribution for tetragonal crystals. Each plot has the same following features: there
is a peak at <10° corresponding to low angle boundaries, there are more misorientations
with 10-50° than in a random distribution, and there are fewer misorientations with 50-
100° than in a random distribution. It can be seen also that there are peaks in some of
the MO plots, such as the 42-48° peak in Fig. 77(b); these occur because some joints
had two large grains in a cross-section which gives a large MO peak in one sample. It
is expected that these would not be present in the summed distributions if many more
joints were added into these combined MO distributions.

By combining the number of independent grains in Fig. 76(b) with the textures and

misorientation distributions in Fig. 77, it can be concluded that the number of BSn
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grains and the BSn growth texture is similar for all microstructure conditions. This
confirms the success of the method developed to generate different primary CueSns
sizes while keeping the BSn microstructure near-constant. Additionally, the number of
eutectic CueSns particles per unit area was measured on at least 4 BSE-SEM images
(Fig. 76(c)-(1)) for each condition and the results are plotted on Fig. 76(b), where it can
be seen that the number density of eutectic CusSns particles is similar at each
microstructure condition.

Note that the BSn texture in these Sn-2Cu/Cu joints (Fig. 77) is markedly different
to that in SnAg/Cu or SnAgCu/Cu BGA joints where there are usually only 1-3 BSn
orientations that are all related by solidification twinning [68, 164-167] (i.e. only one
independent grain). It is also different to the texture of Sn-0.7Cu/Cu BGA joints
which usually solidify with multiple columnar grains growing from the substrate[92]
which leads to a strong <110> fibre texture in the y-direction [92, 168]. Examining the
EBSD map in Fig. 77(d), it can be seen that there are some columnar Sn grains
emanating from the substrate and that these have been blocked by near-equiaxed grains
above. This suggests that fSn nucleation events have occurred ahead at the columnar
front. This might indicate that the higher volume fraction of primary CusSns has
promoted BSn nucleation in the bulk solder in Sn-2Cu/Cu. Further work is required to
prove the mechanism and explore whether this phenomenon can be used to usefully
generate more BSn orientations in joints.

The typical morphologies of interfacial CusSns prior to shear impact testing are

shown in Fig. 78.
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10um

Fig. 78 Interfacial CusSns in solder joints with increasing primary CuesSns size from (a)-
(d) prior shear impact test

The mean thickness of interfacial CusSns has been measured from at least 4
micrographs and were 1.37+0.16, 1.32+0.05, 1.38%0.15 and 1.40+0.11 pm for the
joints containing increasing size of primary CueSns and it can be seen that the interfacial

layers in all the joints have similar morphology and very near mean thickness.
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5.3.2 Impact shear properties

Typical examples of force-displacement curves from each microstructure condition

are shown in Fig. 79. The examples shown are the median curve from the >14 force-

displacement curves obtained for each microstructure condition. It can be seen that the

impact shear curves have two peaks. One initial small peak at a displacement of ~60um,

followed by a serrated increase in force up to the main peak. The shape of the curve is

similar to past work at this displacement rate [122, 169].
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Fig. 79 Typical force-displacement curves from shear impact testing, with increasing
size of primary Cu6Sn5 from (a) to (d).

Fig. 80 summarises the impact shear properties for joints with the four sizes of

primary Cu6Sn5. It can be seen that both the maximum force and the energy absorbed

decrease with increasing primary Cu6Sn5 size. The error bars represent the standard
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deviations from at least 14 samples for each condition. Note that the error bars for the
smallest and small CusSns joints do not overlap with the largest CusSns joints, which
highlights the significance of the result. From

Fig. 75-Fig. 80, it can be seen that, for equivalent BSn, interfacial CusSns layer and
eutectic microstructures and primary CueSns volume fraction, increasing the size of
primary CueSns decreased the maximum force by 28% and decreased the energy
absorbed by 39%. That is to say, when other microstructural variables are held near-
constant, there is a clear negative effect of larger primary CusSns particles on the shear

impact properties of Sn-Cu/Cu BGA joints.

9 9
[ Max force

8 — [ ] Energy absorbed 8

7 - - 7

6 — — 6 O
< e
85 - - 5%
2 2
é4— — 4 9
: :

3 - 3

2 — — 2

1 - 1

0 0

smallest small medium  largest
CueSns  CueSns  CusSns CusSns

Fig. 80 Impact shear properties (maximum force and energy absorbed) of Sn-
2wt%Cu/Cu with different size of primary CusSns.

The width of primary CusSns rods was measured on SE-SEM images of the fracture
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surfaces and a statistical overview of the measurements is given in Fig. 81 (a) and (b).
In Fig. 81 (a), it can be seen that the standard deviation of the primary CusSns width
increased as the mean CusSns width increased. This is thought to be because, during
cooling at the end of reflow soldering, new primary CusSns nucleate and grow in
addition to the growth of incompletely melted primary CusSns, which gives a large
range of primary CueSns sizes in samples where the incompletely melted primary
CusSns are large. Fig. 81 (b) presents box plots of the CusSns width data; it can be
seen that the lowest width, 25" percentile, 50" percentile, 75" percentile and highest

width all increase as the mean Cue¢Sns width increases.
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Fig. 81 (a) Width of fractured primary Cue¢Sns on fracture surfaces for each
microstructure condition. Bars are mean values, error bars are standard deviations. (b)
The same data summarised in box plots. (c) Maximum force versus the width of
fractured primary CueSns. (d) Energy absorbed versus the width of fractured primary
CueSns. () Maximum force versus the number density of primary CusSns.  (f) Energy
absorbed versus the number density of primary CusSns.
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Fig. 80 and Fig. 81 (a) have been combined into Fig. 81 (c¢) and (d) which shows the
change in impact shear properties versus primary CusSns width. There is a significant
decrease in shear impact properties with increasing width of the primary CueSns. Fig.
81(e) and (f) show that the shear impact properties versus the number of primary IMCs
within the joints (from Fig. 76(a)) for the four conditions. With increasing number of
primary IMCs, both the maximum force and energy absorbed increase significantly.

Note that this result is specific to shear impact conditions where fracture is through
the bulk solder and that different results might be expected at higher rate (e.g.

2000mm/s) where fracture typically involves the CueSns layer.
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5.3.3 Deformed microstructures

Typical cross sectioned micrographs of fractured solder joints are given in Fig. 82. It
can be seen that the fracture path for all joints was through the bulk solder, and that
macroscopic fracture was by a combination of ductile fracture of the soft fSn matrix
and brittle fracture of the hard embedded CusSns rods. Thus, the CusSns IMC layers

did not strongly influence the fracture of the joints in this work.

Impact direction

(a) Smallest CusSns (e)

(b) Small CueSns

(¢) Medium CueSns

Fig. 82 Cross sections of fractured joints, with increasing size of primary Cu6SnS5 from
top to bottom. (a)-(d) typical examples of the whole cross-section. (e)-(h): higher
magnification images of primary CueSns on and beneath the fracture surfaces.
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To gain some insights into the initiation of fracture, interrupted impact tests were
performed where the hammer was stopped at a certain displacement so that the
microstructure could be studied and the events that occur early during impact testing
could be deduced. Caution is required when interpreting interrupted tests as it was
not possible to instantaneously halt the hammer motion and there may have been some
BSn microstructure evolution between the time of impact and the time of EBSD
measurements due to the high dislocation accumulation coupled with the high
homologous temperature of ~0.6T at room temperature. Nevertheless, interrupted
impact experiments provide useful information. Fig. 83 shows the typical results for
an example where the hammer displacement was ~150 um (~30% of the displacement
of fully fractured joints) and where the impact direction was from left to right. Fig.
83(a) is a BSE-SEM image of a cross-section and Fig. 83(b) is an EBSD IPF-y map of
BSn from the same area. In (b) it can be seen that BSn deformation is localized ahead
of the hammer where the grains contain gradual changes in colour revealing a gradient
of in-grain misorientation created by plasticity. Fig. 83(c)-(e) show typical regions
where CusSns particles have influenced the initiation and propagation of microcracks.
In Fig. 83(c), decohesion has occurred between a CueSns rod and the BSn matrix and
propagated as a crack into the Sn matrix. In Fig. 83(d), brittle fracture of a CusSns
rod followed by the opening displacement of this crack has created a void in the ductile
BSn matrix. In Fig. 83(e), a similar crack is beginning to propagate from a cracked
CuesSns rod into the BSn matrix. Thus, it can be seen that brittle fracture of primary

CueSns crystals and decohesion between primary CueSns and the BSn matrix both
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introduce internal microcracks early during shear impact.

[51um [ | 1\

10pum

Fig. 83 Shear impact test interrupted at ~150um. (a) BSE-SEM image of a cross-section.
(b) EBSD IPF-y map of the same cross-section. (c)-(e) examples of decohesion between

CueSns and the BSn matrix, brittle fracture of primary CueSns, and the propagation of
microcracks into the BSn.

Similar phenomena were observed after complete fracture. In Fig. 82 (e)-(h), it can
be deduced that brittle fracture of primary CusSns crystals created microcracks which
opened (e.g. Fig. 82 (f)) and propagated in the BSn matrix. This is one factor behind the
deterioration of impact properties with increasing primary CuesSns size: The brittle
fracture of larger primary CusSns rods creates a larger microcrack and, therefore, the
energy needed to open it and extend into the Sn matrix is smaller. Another factor is
that BSn plastic flow around larger CusSns will open larger voids around the CusSns

which promotes Sn ductile tearing.
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Fig. 84(a)-(d) presents typical fracture surfaces from the four microstructure
conditions. For all joints, the fracture surface is rough with the characteristics of
ductile tearing of BSn. Comparing Fig. 84 (a)-(d), it can be seen that the surfaces have
increasingly complex roughness from (a) to (d), corresponding to the larger and fewer
primary CusSns from (a) to (d) as shown in the higher magnification images in Fig. 84
(e)- (h). It was found that each fracture surface has two regions with differently
fractured primary CusSns. The region first touching the hammer is shown in Fig. 84 (1).
In this region, primary CusSns are more vertical and brittle fracture surfaces of
numerous CusSns grains can be seen, indicating that the embedded primary CusSns near
the impact location underwent cleavage fracture.  There is also evidence of
decohesion between the CusSns and BSn in some regions of Fig. 84 (i).  As the
hammer moves on, the fractured BGA surfaces become rougher and fragments of
fractured primary CusSns rods are forced to be near parallel to the hammer direction
and plastically gouge trenches along the BSn fracture surface (Fig. 84 (j)). Therefore,
the plastic deformation of the BSn by gouging CusSns fragments contributes to the
plastic work of ductile fracture in these joints. Comparing rougher parts of solder
joints made with each microstructure condition, it was found that the fragments in the
smaller primary CusSns microstructure conditions (e.g. smallest and small in Fig. 76a)
tended to align better with the hammer direction (Fig. 84 (k)) and appeared to gouge
the BSn fractured surface more. This extra interaction between CusSns fragments and
the BSn may be a further reason for the higher energy absorbed in samples with smaller

primary CusSns.
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Impact direction

Fig. 84 Fracture surfaces of solder joints from batches with increasing size of primary
Cu6Sn5 from (a) to (d). Typical examples of the varying CusSns size are given in (e)-
(h). (1)-(k) show typical features found at different locations of the fracture surfaces: (i)
brittle fractured primary CusSns at the ‘front part’ of the surface near to the initial
hammer impact, (j)-(k) primary CusSns fragments at the ‘bottom part’ of the surface.

The fracture surfaces of individual primary CusSns crystals were explored to gain
further insights in to the failure mechanisms. Primary CusSns fracture surfaces which
were relatively parallel to the macroscopic fracture surface were chosen for EBSD
analysis.

Fig. 85(a) and (b) are SE-SEM images of typical fractured CusSns rods from joints
containing ‘medium’ size primary CusSns and Fig. 85(c) is a combined EBSD IPF-z

map of 11 fractured CusSns where the fracture surface is near-perpendicular with the z-
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direction in all cases (i.e. the normal to the fracture surfaces is approximately in the z-
direction). Note that the 11 fractured CusSns come from different samples and have
been compiled into a single IPF-z map. The colours correspond to the hexagonal
colour legend in Fig. 85(d). It can be seen that 10 out of 11 fracture surfaces have a
green/blue colour and one has a red colour which corresponds to cleavage
approximately along prism planes and the basal plane respectively. This result is
plotted as an inverse pole figure with respect to the z-direction in Fig. 85(¢). The
scatter in the data is largely because the CueSns fracture surfaces are not co-planar with
the macroscopic fracture surface. Although only one basal fracture is shown in Fig.
85 (c) (the red grain), this cleavage plane was widespread in the samples. For example,
inspection of the CueSns rod fragments in Fig. 84(e)-(h) and (j)-(k) shows that most
fragments in these images fractured along their basal plane (noting that CusSns
hexagonal rods are bounded by {10-10} facets with [0001] along the rod [8, 11, 152]).

Examples of prism fracture surfaces are shown in Fig. 85(a) and (b).

173



(d) [001]

Hexagonal
CusSns

[210]

Fig. 85 (a)-(b) Typical CueSns brittle fracture surfaces that are close to the plane of the
macroscopic fracture surface. (c) EBSD IPF-z map of 11 CusSns fracture surfaces
from different samples compiled into a single map. (d) hexagonal IPF colour scale.
(e) IPF-z for the 11 CusSns crystals in (c). (f) and (g) examples of crack deflection from
basal to prism fracture paths.

As illustrated in reference [11], the {11-20} and {1-100} (the 2" and 1° order prism
planes) are the closest-packed flat planes in hexagonal CusSns, and the basal plane is
the next closest packed, which agrees with the theory that the closest packed planes are
the preferred cleavage planes. The large number of basal fractures may also be due to
the shape of the long CusSns rods (i.e. bending of a prismatic rod will favour basal
fracture).

In some cases, it was found that the fracture path deflected as it propagated through
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a CusSns crystal; either from a basal fracture to a prism fracture, from a prism fracture
to a basal fracture or, sometimes, from one to the other and then back to the original
fracture plane. For example, in Fig. 85 (f) and (g), the crystal orientation can be
determined from the {1-100} growth facets and [0001] growth direction of the CueSns
rods and deflection from basal to prism fracture can be inferred. This shows more
than one cleavage plane is active in CusSns fracture, which agrees with [56, 143]. Crack
deflections are likely to be due to the combined effects of the crystallography of CusSns
(e.g. close-packedness of planes) and the orientation of the crystal relative to the

hammer impact direction.
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5.4 Conclusions

The influence of primary CusSns size on shear impact properties has been
investigated in 500um BGA-type Sn-Cu/Cu joints. An effective method for
manipulating the primary CusSns size while keeping the remaining microstructure near-
constant has been applied in which a high Cu content is used (2wt% Cu), the primary
CueSn;s size 1s manipulated in the initial freestanding solder balls (either by quenching
during solder ball manufacture or by aging balls after manufacture), and this primary
CueSn;s size is largely maintained in solder joints because the peak reflow temperature
(250 °C) is less than the CusSns liquidus temperature so that the primary CusSns only
partially remelt. This method was used to vary the CusSns rod width from 3 - 12 um
and vary the number of primary CueSns crystals per unit area of cross-section by a
factor of 4. BGA shear tests were performed on a DAGE-4000 bond-tester with
10mm/s hammer speed to ensure that fracture occurred through the bulk solder.

It has been found that the shear impact properties (maximum force and energy
absorbed) decrease as the size of the primary CusSns increases. That is to say, when
other microstructural variables are held near-constant, there is a clear negative effect of
larger primary CueSns particles on the shear impact properties of Sn-Cu/Cu BGA joints.

Microstructure analysis revealed that brittle fracture of primary CueSns and
decohesion between primary CuesSns and the BSn matrix both introduce microcracks
early during shear impact. These microcracks then propagated into the soft BSn
matrix by ductile tearing. The embedded primary CueSns cleaved along (0001) and

perpendicular to (0001), and CueSns fragments then reoriented parallel with the
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hammer direction and continued to influence ductile fracture by gouging trenches into
the BSn surface.

The deterioration of shear impact properties as the primary CusSns rod size
increases is attributed to (i) the larger microcracks introduced by cleavage of larger
CuesSns rods and (i1) the smaller number and wider spaced CueSns rods when the rods

are larger.
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Chapter 6 Conclusions and Future Work

6.1 Conclusions

This thesis has built a deeper understanding of the factors affecting primary CueSns
morphology evolution in solder joints, using the binary system of Sn-x wt% Cu (x=0-
2) on Cu substrates as an example, and of the influence of primary CusSns on the shear
impact properties of BGA-type solder joints.

For the CusSns morphology, the majority of prior research focussed on the interfacial
CueSns [8, 86, 89, 111, 170, 171] The smaller portion on primary CusSns observed and
reported hollow type [9, 49, 50], grooved type [8], needle type [28, 49], X-like [9,
67], Y-like [13, 67], and dendritic CueSns [125, 153], the formation of which were due
to several factors e.g. Cu content, trace elements etc. This thesis has systematically
investigated the influence of soldering process parameters i.e. peak soldering
temperature, holding time at peak temperature and cooling rate on the volume fraction
and morphology transition of primary CueSns in Sn-0.7wt%Cu/Cu joints. It has been
found that with longer holding time and higher peak soldering temperature, more Cu
diffused from the Cu substrate which increased the mean Cu content in the bulk solder,
which could be understood using the Nernst-Brunner equation. With increasing Cu
dissolution, the volume fraction of CusSns increased and the primary CueSns
morphologies transformed from faceted rods to non-faceted dendrites due to interface
roughening which was also observed with faster cooling rate. Meanwhile, with the
increasing of holding time at 300°C, the primary interfacial CusSns layer thickness

increased near linearly with the square root of holding time, indicating the growth of
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the layer is controlled by volume diffusion through the layer. It has been observed that
large primary CueSns could grow from pre-existing CusSns crystals in the interfacial
layer and grow to fill the whole joint. This larger primary CusSns contained the
morphology transition from faceted to non-faceted with increased growth distance at
longer holding time and higher peak temperature. This can be understood as the growth
into a negative temperature gradient. The relationship between Cu dissolution from the
Cu substrate and that gained due to both the interfacial layer and primary CusSns growth
during changing these two factors has been quantitatively studied. A simple equation
was built bridging the Cu loss from the substrate and that gained by IMCs in Chapter
Meu = 036LE0 0 ApaaPeu + 0.78LcrsnApaaPcu + 0-36Vsouder Gnesms’ Peu

The combination of this equation and measurements of IMC layer thicknesses and
the fraction of primary CueSns has been used to show that Cu substrate dissolution is
mainly due to the growth of interfacial layer at low peak temperature and after the liquid
solder is saturated with Cu whereas, at higher peak temperatures, Cu substrate
dissolution is mainly due to saturating the liquid in Cu.

A primary CueSns morphology map of cooling rate versus Cu content and peak

reflow temperature has been built which can be useful in choosing process parameter

combinations to grow primary CusSns with desired morphology in solder joints.

Synchrotron radiography has been used to observe primary CueSns formation in

solder joint of Sn-x wt% Cu (x=0, 0.7, 2) on Cu with a common industrial peak reflow

179



temperature. It has been found that no primary CusSns solidified in CP-Sn/Cu joints
even though Cu dissolution happened during soldering which can be understood from
Nernst-Brunner effect: the low area to volume ratio requires a longer time for Cu
dissolution into bulk solder than occurs in BGA-type geometries. For Sn-0.7wt%Cu
which is also a hypoeutectic composition, primary CueSns formation was observed
during cooling from the peak temperature. due to the dissolution Cu increasing the Cu
content in the bulk solder into the hypereutectic region. Primary CusSns either
nucleated in the bulk solder or grow from the pre-existing crystals on the interfacial
layer. Two types of Sn-2wt%Cu were investigated: containing small or large pre-
existing primary CueSns in the initial preform. The peak soldering temperature used
was lower than its liquidus temperature (~287°C), therefore the pre-existed primary
CueSns did not fully remelt. It has been found that during soldering the small pre-
existing primary CusSns would settle down to the interfacial layer under gravity, while
the large ones did not. The mean primary CusSns size in the joint with small pre-existing
primary CueSns was substantially smaller, indicating that by altering the combination
of solder composition and the peak soldering temperature, the mean primary CusSns

size can be manipulated.

While a large body of research has considered how the interfacial CusSns reaction
layer [36-48] affects the performance of solder joints, this work explored the role of
primary CusSns on the shear impact properties of 500um BGA-type Sn-2wt%Cu/Cu

joints. The method of manipulating the primary CusSns size while keeping the
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remaining microstructure near constant was used to alter the CusSns rod width from 3
- 12 pm. For the remaining microstructure: the Sn grain structures were examined by
EBSD and the eutectic CusSns were measured from backscattered electron micrographs.
It has been found that number of independent Sn grains and eutectic CueSns is similar
in the joints containing different size of primary CusSns, however the Sn grain structure
is more complex than that in joints with lower Cu content.

BGA shear impact testing was performed on a DAGE-4000 bond-tester with 10mm/s
hammer speed to ensure that fracture occurred through the bulk solder. It has been
found that larger primary CueSns have a negative effect on the shear impact properties
(maximum force and energy absorbed). Microstructure analysis revealed that
microcracks were introduced at the early stage during shear impact by the primary
CueSns fracture and decohesion between primary CusSns and BSn matrix. These
microcracks then propagated into the soft BSn matrix by ductile tearing. The EBSD
results revealed that the embedded primary CueSns cleaved along (0001) and
perpendicular to (0001), then CusSns fragments reoriented parallel with the hammer
direction and continued to influence ductile fracture by gouging trenches into the fSn
surface. The larger primary CusSns deteriorated the shear impact properties due to (i)
the larger microcracks introduced by cleavage of larger CusSns rods and (ii) the smaller
and wider spaced CusSns rods when they are larger.

To optimize reliability, previous work has identified that it is beneficial to suppress
the thickness of the CusSns layer and this thesis has shown that it is also desirable to

minimize the volume fraction and size of primary CueSns. The thickness of the
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interfacial CueSns layer can be minimized by minimizing the peak reflow temperature
and the time above liquidus. At the same time the volume fraction of primary CueSns
can be minimized by minimizing the peak reflow temperature. The size of primary
CusSns can be controlled by changing the cooling rate and minimizing the volume
fraction of primary CusSns. However, the cooling rate cannot be significantly changed
in industrial soldering and the primary CusSns rods can be large even at low peak reflow
temperature. The technique developed in this work of choosing the combination of
solder composition and the peak reflow temperature where the primary CusSns will not
fully remelt during soldering requires high Cu content in the solder alloy which will
result in a high volume fraction of primary CusSns which is not desirable. An alternative
way would be to microalloy the solder with Ni which greatly steepens the CusSns
liquidus and makes it possible to both retain unmelted CueSns at the peak temperature
while only having a small volume fraction of primary CueSns. Thus, to control the
lengthscale of interfacial and primary CusSns, it is recommended to use a solder alloy
containing ~0.05wt%Ni and a reflow profile that minimizes the peak reflow

temperature and the time above liquidus.
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6.2 Further Research

This thesis has explored primary CuesSns morphology development due to various
soldering process parameters, observed based on both post mortem analysis of fully
solid samples and on in situ real time synchrotron radiography, and the influence of
changing in primary CusSns size on the impact shear properties. Various questions have

arisen during the research that would be interesting to explore in the future.

1. Controlling nucleation and growth of primary CuesSns

During this work, only a binary solder system (Sn-Cu/Cu) has been used. Future
work should explore how alloying additions can be used to control the nucleation and
growth and manipulate the morphology of primary CueSns, building from past research

such as [9, 12, 13, 91].

2. Distinguishing IMC formation during holding and during solidification

The interfacial IMC layer measured in this work was a combined result of the IMC
layer formed during isothermal holding and that formed during cooling. Although the
solidification duration is very short when the cooling rate is fast, the interfacial velocity
for IMCs growth can be very large, so the IMC layer could grow to a considerable
amount during solidification. Therefore, it is very interesting to use synchrotron
radiography or tomography at higher resolution to quantify the component of IMC layer

thickness that formed during holding and that formed during cooling.
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3. Identifying the cleavage planes in primary CueSns

In this work, it has been found that the fracture path in primary CusSns could deflect
either from basal to prism plane or from prism to basal plane or from one to another
then come back and the fracture path could be a curve (Fig. 86). Detailed in-situ SEM
or TEM studies on the mechanisms of CusSns single crystal fracture are needed to
expand upon the EBSD study performed here on cleavage planes in primary CueSns,

and the changing plane during cleavage.

Fig. 86 deflected fracture path in primary CusSns in Sn-2wt%Cu during shear impact
testing

4. Deeper exploration of the mechanical properties of solder joints

The only property that has been tested in this work is the resistance to shear impact
testing at one shear rate. Further work should explore a range of shear rates and then
expand to consider other loading modes relevant to solder joints e.g. drop testing,

thermal cycling etc.
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