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Two-dimensional simulations of the morphological and growth evolutions of
the intermetallic compound (IMC) formed between a Sn-based solder and a Cu
pad are performed using a multiphase field model, in order to examine the
difference between the IMC growth behavior for the soldering reaction and
that for the solid-state aging after soldering. The simulations show that the
scallop-type IMC morphology formed in the soldering reaction is governed not
only by the surface energy difference between the solder/IMC interface and the
IMC grain boundary (GB), but also by the difference in diffusivities in the
liquid solder and the IMC GB. It is also shown that the orders of magnitude
difference in the IMC growth rate between the soldering reaction and the
subsequent aging process is mainly attributed to the increased IMC GB dis-
tance resulting from the morphological change of the IMC from a scallop type
to a layer type. The change in the solder diffusivity itself, however, has only a
minor influence on the IMC growth kinetics of the layer-type IMC in the
subsequent aging process.

Key words: Phase field simulation, solder reaction, intermetallic compound
(IMC), morphology, growth kinetics, grain boundary (GB)
diffusion

INTRODUCTION
The interfacial reaction between solder and met-

allization is an essential process in modern micro-
electronic packaging technology for interconnec-
tions. During soldering or reflow processes using a
Sn-based solder, an intermetallic compound (IMC)
layer is formed between the molten solder and the
solid metallization pad. The IMC continues to grow
during subsequent solid-state aging in device use at
temperatures below the melting point of the solder.
Since the morphology and thickness of the IMC
layer strongly affect the mechanical properties of
the solder joints,1–4 reliability tests of the solder
joints require solid-state aging to be performed, typi-
cally at 150°C for 1,000 h. With the trend in pack-
aging moving toward the ball-grid-array (BGA) type
package, employing solder balls with a reduced size
and thin-film metallization, the yield and reliability
issues of the solder joints have drawn extensive
studies on the morphology and kinetics of IMC for-
mation in the soldering and solid-state aging pro-
cesses.5–8

It has been known that there are large differences
between the morphology and kinetics of IMC forma-
tion for the soldering reaction and those for solid-
state aging after soldering. In soldering reactions
between most Sn-based solders and Cu metalliza-
tions, the Cu6Sn5 (+) IMC is formed as scallop-type
grains with liquid solder penetrating between
them.9–11 This scallop-type IMC grows rapidly with
growth rates on the order of several microns per
minute during the solder reaction. At the same time,
the IMC grains coarsen and decrease in number
with increasing soldering reaction time, which re-
sults in the growth kinetics of the scallop-type IMC
having a t1/3 dependence on time.9,12,13 During the
subsequent solid-state aging process, the scallop-
type IMC morphology changes to a layer type and
the growth rate of the layer-type IMC becomes sev-
eral orders of magnitude lower than that for the sol-
dering reactions.10 Together with the morphological
change, the time dependence of the IMC growth ki-
netics is also known to change from t1/3 to t1/2 for the
solid-state aging process.10,14,15

There are two issues of basic interest related to
the formation of the IMCs during the soldering re-(Received April 19, 2005; accepted August 1, 2005)
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action and the solid-state aging process. One is the
question of what governs the difference in the IMC
morphology between these two kinds of solder reac-
tion and the other is how the morphological change
affects the IMC growth kinetics. Tu et al. examined
the stability criteria for the scallop-type IMC mor-
phology in the soldering reaction and the layer-type
IMC morphology in the solid-state aging process,
based on the energetics minimizing the solder/IMC
interface and IMC grain boundary (GB) energies.11

However, the IMC morphology formed during the
growth evolution can also be dictated by kinetic fac-
tors, such as the dominant diffusion mechanisms for
IMC growth, but this has not been taken into ac-
count in previous studies. It is not yet clearly under-
stood either how the morphological change is related
to the orders of magnitude difference in the growth
kinetics between the soldering and solid-state aging
processes.

In the present work, phase field simulations were
performed for the morphological and growth evolu-
tion of the Cu6Sn5 IMC formed between a Sn-based
solder and Cu pad during the soldering and solid-
state aging processes. The simulations showed that
the formation of the scallop-type IMC morphology in
the soldering reaction is governed not only by the
ratio of the solder/IMC interface energy to the IMC
GB energy, but also by the ratio of the IMC GB dif-
fusivity to the liquid solder diffusivity. It is also
shown that the orders of magnitude difference in the
IMC growth rate between the soldering and aging
processes is correlated with the difference in the dif-
fusional flux along the IMC GB caused by the mor-
phological difference between these two processes.
The difference in the solder diffusivity between the
two processes is found to have only a minor effect on
the IMC growth kinetics.

PHASE FIELD SIMULATION

We consider the microstructural evolution of the
multigrained Cu6Sn5 IMC layer formed between a
Sn-Cu solder and Cu pad during the soldering reac-
tion at 250°C and during the subsequent solid-state
aging process at 180°C. For simplicity, the formation
of Cu3Sn between the Cu6Sn5 IMC and Cu pad is
ignored. Therefore, the evolving system considered
here is an isothermal Sn-Cu binary system with
three phases, consisting of the Sn-rich solder, mul-
tigrained Cu6Sn5 (+), and Cu ((). The solder can be
either in the liquid state (L) during the soldering
reaction or in the solid state (S) during the solid-
state aging process. Since the use of the phase field
simulation technique to describe such a system has
been reported previously, only a brief description is
given in this section. For more details, the reader is
referred to Reference 16.

Formulation

The spatial distribution of the Cu (() pad, N dif-
ferent +-IMC grains, and solder phase (L or S) in the
system at a given time (t) are described by the phase
field variables, 10(x",t), 1j(x",t) (; j " 1, . . . , N), and

1N+1(x",t), respectively. The phase field variable 1i
can be considered as the local fraction of the phase
(or grain) designated by the subscript, and, thus,
the N + 2 phase field variables at any position in
the system are subjected to the constraint of
)i=0

N+11i(x",t) " 1. In this way, the interfaces and grain
boundaries are represented by the regions in which
more than one phase field variable varies in the
range between zero and one. The phase composi-
tions ci(x",t), in terms of the mole fraction of Sn, of
the coexisting phases at a given position in the in-
terface regions are related to the local composi-
tion c(x",t) by the local mass conservation condition:
)i=0

N+11i(x",t)ci(x",t) " c(x",t).
The total free energy functional of the system can

then be expressed as17,18
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where fi is the chemical free energy density of phase
i, and ,1 is the Lagrange multiplier for the con-
straint among the N + 2 phase field variables. The
terms *ij and 0ij are the positive parameters that are
related to the energy .ij and width wij of the inter-
face (or GB) between the 1i " 1 and 1j " 1 phases
(or grains) by
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-
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At a position specified with a set of c and 1i (; i " 0,
. . . , N + 1), the phase compositions ci(x",t) of the
coexisting phases can be found from the additional
condition that all of the coexisting phases have an
identical diffusion potential:
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The evolution equations of the composition field
c(x",t) and the phase fields 1i(x",t), which guarantee a
monotonic decrease of the free energy functional F,
take the following forms:17,18
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where D in Eq. 4 is the interdiffusion coefficient that
depends on the set of 1i. In Eq. 5, si is a step function
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defined as si(x",t) " 1 if 1i(x",t) > 0 and si(x",t) " 0 if
1i(x",t) " 0, p is also a step function defined as p(x",t)
" )i=0

N+1si(x",t), and Mij is the mobility of the interface
(or GB) between the 1i " 1 and 1j " 1 phases (or
grains). The notation )j2i

N+1 is used to imply the sum-
mation from j " 0 to j " N + 1, except for j " i.

Numerical Procedure

Before performing the simulations, assuming that
all of the interfaces and the GB have the same
width, wij " w, the evolution Eqs. 4 and 5 were first
nondimensionalized using a scaled position vector,
z" ≡ x"/w, and time, / ≡ DLt/w2, where DL is the in-
terdiffusion coefficient of the solder in the liquid
state. Accordingly, D(1i) and Mij in Eqs. 4 and 5 were
replaced by the relative diffusivity, D(1i) ≡ D(1i)/DL,
and interface (or GB) mobility, Mij ≡ Mij/DL, respec-
tively. The simulations are then performed by solv-
ing the nondimensionalized Eqs. 4 and 5 numeri-
cally, using an explicit, finite-difference scheme. The
material parameters given in Table I are employed
for the simulations of the soldering reaction and the
solid-state aging process, unless otherwise indi-
cated.

For the chemical free energy densities of the indi-
vidual phases (fL, fS, f+, and f(), we used the data
obtained from the CALPHAD method.19 However,
since the +-IMC was described as a stoichiometric
compound in the literature, we assumed f+ to be a
parabolic function of composition, so that the +-IMC
phase could have a range of solubility. The equilib-
rium phase compositions calculated from the free
energy densities at 250°C and 180°C are given in
Table II, in which c+

+S, for example, denotes the com-
position of the +-IMC in equilibrium with the solid-
state solder (S).

For the explicit, finite-difference scheme, the non-
dimensionalized forms of Eqs. 4 and 5 were dis-
cretized using Euler formulas for the time deriva-
tives and five point, central difference formulas for
the spatial derivatives. The dimensionless grid spac-
ing was 'z1 " 'z2 " 0.25 (≡h), and the dimension-
less time-step was '/ " 1.25 × 10−2 for the soldering
reaction and '/ " 1.25 × 102 for the solid-state ag-
ing process. The simulations were carried out using

two different computational cells: z1 × z2 " 16h ×
90h with N " 2 and z1 × z2 " 184h × 90h with N "
30. The former computational cell with two IMC
grains (N " 2) was used to test the morphological
evolution caused by the penetration of liquid solder
along the +-IMC GB in the soldering reaction. The
latter computational cell with 30 IMC grains (N "
30) was used to examine the growth evolution of the
+-IMC in the soldering and aging reactions.

At the beginning of the simulation, a continuous
array of rectangular IMC grains was placed in 41h %
z2 % 45h between the solder at the top and the (-Cu
at the bottom. The two IMC grains for the case of N
" 2 had the same width. However, for the case of N
" 30, the grain widths were randomly sized be-
tween 4h and 8h. As the initial conditions for the
composition field, the compositions of the liquid sol-
der, +-IMC, and (-Cu regions were taken to be uni-
form as cL

L+, (c+
+L + c+

+()/2, and 0.02, respectively. The
boundary conditions for c and 1i (; i " 0, . . . , N + 1)
along the z1-axis were of the Neumann type for the
case of N " 2, but periodic for the case of N " 30.
The boundary conditions along the z2 axis were the
same for both cases, viz. Neumann type at the bot-
tom (z2 " 0) of the (-Cu and Dirichlet type at the top
(z2 " 90h) of the solder.16 The simulations were per-
formed until neither the solder nor the (-Cu was
completely consumed by the growing +-IMC.

RESULTS AND DISCUSSION

Formation of Scallop-Type IMC Morphology
in Soldering Reactions

The scallop-type morphology of the +-IMC formed
in soldering reactions manifests itself in the form of
deep liquid solder penetration in between the IMC
grains. The scallop-type +-IMC morphology changes
to the layer type during the subsequent solid-state
aging process, when the solder channel in between
the IMC grains is replaced by the IMC GB. Since the
soldering and aging processes differ by the state of
the solder (liquid or solid), the morphological change
between the two processes should be attributed to
those material parameters that depend on the state
of the solder. Obviously, the solder diffusivity and
solder/IMC interface energy are included among
these material parameters. In this subsection, we
discuss the simulations that were performed at
250°C using a computational cell with two, equal-

Table I. Typical Material Parameters Employed in
the Present Study

Parameters
Soldering

(250°C)
Aging

(180°C)

DL or DS 1 1.0 × 10−4

DL/+ or DS/+ 1.0 × 10−1 1.0 × 10−5

DGB 1.0 × 10−4 1.0 × 10−5

D+/( 1.0 × 10−3 1.0 × 10−5

D+ " D( 1.0 × 10−6 1.0 × 10−6

.L/+ or .S/+ (mJ/m2) 100 250

.GB (mJ/m2) 300 300

.+/( (mJ/m2) 500 500
ML/+ or MS/+ 1.0 × 106 7.0 × 102

M+/( " MGB 7.0 × 103 7.0 × 102

Table II. Equilibrium Phase Compositions
in Mole Fraction at the Soldering

and Aging Temperatures

Equilibrium
Phase
Composition

Soldering
(250°C)

Aging
(180°C)

cL+
L or cS+

S 0.977 0.991
c+L

+ or c+S
+ 0.441 0.446

c+(
+ 0.388 0.381

c(+
( 0.195 0.171
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sized +-IMC grains, in order to examine how the
liquid solder diffusivity (DL) and the liquid solder/
IMC interface energy (.L/+) influence the penetra-
tion behavior of the liquid solder in between the two
IMC grains.

Effect of the diffusivity ratio (DGB/DL) between the
IMC grain boundary and liquid solder

Since, in the current study, the diffusivities are
scaled with respect to the liquid solder diffusivity,
decreasing the liquid solder diffusivity by one order
of magnitude, for example, is equivalent to increas-
ing all of the relative diffusivities other than DL " 1
by one order of magnitude. Therefore, the depen-
dence of the penetration behavior of the liquid solder
between the IMC grains on the liquid solder diffu-
sivity is examined first, by employing those relative
diffusivities given in Table I (for the case where DGB
" 10−4) and then by employing all the relative dif-
fusivities (except DL " 1) increased by one and two
orders of magnitude from those in Table I (for the
cases where DGB " 10−3 and 10−2, respectively). It is
noted from Table I that, since 2.L/+ < .GB, the com-
plete wetting of the IMC GB by the penetration of
the liquid solder is energetically favorable.

Figure 1 shows the snapshots of the +-IMC mor-
phology at the nondimensional times of / " 5 × 103

and 2.5 × 104 and for the three cases: DGB " 10−4,
10−3, and 10−2. Each snapshot was obtained by de-
picting the largest value of 1i (; i " 1, . . . , N) at each
nodal point in the grayscale. Thus, the gray region

between the two +-IMC grains in the white contrast
corresponds to the region of the IMC GB. When the
liquid solder diffusivity (DL) is much greater than
the IMC GB diffusivity (DGB), as in the case where
DGB " 10−4 shown in Fig. 1a, the liquid solder pen-
etrates deeply between the two IMC grains and,
thus, the IMC grains have scallop-type morpholo-
gies. However, when the liquid solder diffusivity is
decreased, as in the cases where DGB " 10−3 and
10−2, the penetration of the liquid solder between
the IMC grains becomes shallower and the IMC
morphology becomes more like a layer-type mor-
phology, even if 2.L/+ < .GB. With respect to the
greater IMC growth in the case of a larger DGB at a
given nondimensional time (/), it is noted that the
nondimensional time corresponds to different real
times (t) depending on the liquid solder diffusivity.

The ratio of the IMC thickness along the GB (ZGB)
to that at the center of a grain (Zc) may be used as a
measure of the IMC morphology, since a smaller
value of ZGB/Zc indicates a deeper penetration of the
liquid solder between the IMC grains and, thus, a
more scallop-like IMC morphology. Figure 2 shows
the changes in ZGB/Zc with (nondimensional) time /
for the three cases of DGB. The thickness ratio,
which was initially ZGB/Zc " 1, quickly decreases in
the early stages of the simulation to a value that is
lower for the smaller DGB case, and then changes
only slightly afterward as the IMC grows.

Although all of the relative diffusivities were
changed simultaneously by the same order of mag-
nitude in the simulations corresponding to Figs. 1
and 2, nearly the same results were obtained by
changing only the relative IMC GB diffusivity (DGB).
Therefore, the penetration behavior of the liquid sol-
der and, thus, the morphological changes of the
+-IMC as a function of the liquid solder diffusivity,
as shown in Figs. 1 and 2, are primarily dependent
on the diffusivity ratio (DGB) between the IMC GB
and the liquid solder.

The effect of the diffusivity ratio, DGB/DL, on the
penetration of the liquid solder can be understood in

Fig. 1. Morphological evolutions of the +-IMC at 250°C for the three
different cases of the diffusivity ratio between the liquid solder and
the IMC GB: (a) and (d) DGB/DL = 10−4, (b) and (e) DGB/DL = 10−3,
and (c) and (f) DGB/DL = 10−2. Two snapshots for each of the three
cases are shown as obtained at the nondimensional times: (a)–(c) /
= 5 x 103 and (d)–(f) / = 2.5 x 104. For all three cases, .L/+ = 100
mJ/m2 and .GB = 300 mJ/m2 are assumed for the liquid solder/IMC
interface energy and the IMC GB energy, respectively.

Fig. 2. Changes in the ratio of the IMC thickness along the GB (ZGB)
to that at the center of a grain (Zc) with nondimensional time for the
three cases: DGB/DL = 10−4, 10−3, and 10−2.
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terms of the competition to decrease the overall sys-
tem free energy between the two processes occurring
at the GB junction with the liquid solder: (a) IMC
formation controlled by the GB diffusion and (b) re-
duction of the GB area in order to meet the force
balance. The latter is accompanied by the dissolu-
tion of the IMC into the liquid solder, which requires
the bulk diffusion in the liquid solder, thereby en-
hancing the penetration of the liquid solder,
whereas the former reduces the liquid solder pen-
etration. Therefore, as the DGB/DL ratio decreases,
the latter process becomes more dominant and, con-
sequently, the liquid solder penetrates deeper into
the IMC GB. However, even if .GB > 2.L/+, the liquid
solder does not penetrate completely up to the Cu
pad, since the rate of the former process is inversely
proportional to ZGB.

As shown in Fig. 2, the thickness ratio, ZGB/Zc,
does not change significantly during the growth of
the IMC. Since the IMC formation rate at the GB
junction decreases with increasing ZGB, this implies
that the IMC dissolution rate is also lowered as the
penetration depth (Zc – ZGB) of the liquid solder in-
creases. This is attributed to the curvature effect of
the liquid solder/IMC interface. The curvature of the
L/+ interface has the opposite sign at the center of
the IMC grain and the GB junction. As the penetra-
tion depth increases, the difference in curvature be-
tween the two positions increases and, thus, the
composition gradient along the liquid solder channel
between the IMC grains is reduced, so that the IMC
dissolution rate at the GB junction decreases.

Effect of the solder/IMC interface energy (.L/+)

Even in the case where the diffusivity ratio, DGB/
DL, is sufficiently small, the penetration of the liquid
solder in between the IMC grains can be limited by
the force balance at the GB junction with the liquid
solder. This is because there is no driving force for
the liquid solder to penetrate further into the IMC
GB if the force balance governed by the Young–
Laplace equation is satisfied at the GB junction.
Therefore, the simulations were carried out for three
different cases, viz. 2.L/+ < .GB, 2.L/+ " .GB, and
2.L/+ > .GB, by varying L/+ interface energy (.L/+).
Except for the value of .L/+, the three cases are iden-
tical, with the material parameters given in Table I
(i.e., DGB " 10−4 and .GB " 300 mJ/m2) being used.

Figure 3 shows the +-IMC microstructures at / "
5 × 103 and 5 × 104 and for the three different cases:
.L/+ " 100 mJ/m2, 150 mJ/m2, and 250 mJ/m2. The
corresponding changes in the thickness ratio, ZGB/
Zc, with time for these three cases are shown in Fig.
4. The scallop-type IMC morphology with deep pen-
etration of the liquid solder between the IMC grains
is obtained only for the case where .L/+ " 100 mJ/
m2, for which the complete wetting condition, 2.L/+ <
.GB, is satisfied. With increasing .L/+, the liquid sol-
der penetration becomes shallower and the IMC
morphology comes to have an increasingly layer-
type morphology.

It is emphasized that the complete wetting condi-
tion of 2.L/+ < .GB is a necessary, but not sufficient,
condition for the formation of a scallop-type IMC
morphology. In addition, as shown in Fig. 1, the dif-
fusivity ratio, DGB/DL, must be sufficiently small for
scallop-type IMC to be formed. Both of these condi-
tions should be satisfied in most soldering processes
to form the +-IMC. However, since .L/+ and DL are
changed to .S/+ and DS, respectively, in the subse-
quent solid-state aging process, at least one of these
conditions may not be satisfied, so that the scallop-
type +-IMC morphology changes to a layer-type one.

Fig. 3. Morphological evolutions of the +-IMC at 250°C for the three
different cases of the liquid solder/IMC interface energy: (a) and (d)
.L/+ = 100 mJ/m2, (b) and (e) .L/+ = 150 mJ/m2, and (c) and (f) .L/+

= 250 mJ/m2. Two snapshots for each of the three cases are shown
as obtained at the nondimensional times: (a)–(c) / = 5 × 103 and
(d)–(f) / = 5 × 104. DGB/DL = 10−4 and .GB = 300 mJ/m2 are assumed
for all three cases.

Fig. 4. Changes in the ratio of the IMC thickness along the GB (ZGB)
to that at the center of a grain (Zc) with nondimensional time for the
three cases: .L/+ = 100 mJ/m2, 150 mJ/m2, and 250 mJ/m2.
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Figure 3 also shows that the IMC grows more rap-
idly in the case where .L/+ " 100 mJ/m2. This is the
consequence of the deep liquid solder penetration,
which results in a reduction in the distance (ZGB)
required for the GB diffusion that is the rate-
limiting step for IMC growth. The interplay between
the IMC growth kinetics and the IMC morphology is
further discussed in the following subsections.

Influence of the Morphology on the IMC
Growth Kinetics during Soldering

Since the +-IMC layer formed between the liquid
solder and Cu pad grows with concurrent coarsening
among the IMC grains, the simulations to examine
the IMC growth kinetics were carried out using a
computational cell (184h × 90h) initially containing
the 30 random-sized IMC grains (N " 30). In order
to examine the influence of the IMC morphology on
the growth kinetics, we here compare the IMC
growth kinetics at 250°C between the two cases
where .L/+ " 100 mJ/m2 and 250 mJ/m2 and, while
keeping DGB " 10−4 and .GB " 300 mJ/m2 constant.

Figures 5 and 6 show a series of snapshots of the
growth evolution of the +-IMC grains for the cases
where .L/+ " 100 mJ/m2 and 250 mJ/m2, respec-
tively, at different times: / " 5 × 103, 1 × 104, 3 ×
104, and 5 × 104 in Fig. 5; and / " 5 × 103 and 5 × 104

in Fig. 6. As shown previously in Fig. 3, the IMC
morphology is of the scallop type in the case where
.L/+ " 100 mJ/m2, whereas it is closer to a layer-
type morphology when .L/+ " 250 mJ/m2. From a
comparison of the microstructural evolutions in
Figs. 5 and 6, it can be seen that both the IMC
growth and the concurrent coarsening of the IMC
grains are enhanced when there is a deep penetra-
tion of the liquid solder in between the IMC grains.

It is noted that the enhanced IMC growth is a con-
sequence, rather than the cause, of the scallop-type
IMC morphology. The faster coarsening rate in the
case of the lower .L/+ value is due to the increased
L/+ interface curvature caused by the solder pen-
etration.

Fig. 5. The microstructural evolution of the +-IMC at 250°C for the case where .L/+ = 100 mJ/m2 is depicted for the nondimensional times: (a)
/ = 5 × 103, (b) / = 1 × 104, (c) / = 3 × 104, and (d) / = 5 × 104. The IMC has a scallop-type morphology with a deep solder penetration between
the IMC grains, and the scallop-type IMC grains coarsen but decrease in number concurrently with the IMC growth.

Fig. 6. The microstructural evolution of the +-IMC at 250°C for the
case where .L/+ = 250 mJ/m2 is depicted for the nondimensional
times: (a) / = 5 × 103 and (b) / = 5 × 104. Other than the liquid
solder/IMC interface energy, .L/+, the same material parameters as
those for Fig. 5 are assumed for this system. The IMC morphology is
more like a layer-type morphology without any deep solder penetra-
tion between the IMC grains, which results in a lowered IMC growth
rate and negligible coarsening of the IMC grains.
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Figure 7 compares the changes in the (nondimen-
sional) IMC thickness (Z) with time for the two
cases, .L/+ " 100 mJ/m2 and .L/+ " 250 mJ/m2. The
IMC thickness was obtained by dividing the total
area of the IMC grains by the lateral size (184h) of
the system. The slight decrease in the IMC thick-
ness in the initial stage for the case where .L/+ "
100 mJ/m2 is due to the dissolution of the IMC
caused by the curvature effect, as the initially flat
solder/IMC interface becomes rounded by the liquid
solder penetration into the IMC GB. As measured in
the “normal” stage following the initial transient
stage, the temporal growth exponent of the IMC
thickness, n, for Z " /n is much lower in the case
where .L/+ " 100 mJ/m2, owing to the concurrent
coarsening of the IMC grains.9,13,16 It is interesting
to note that, although the IMC growth rate is en-
hanced by the formation of the scallop-type IMC
morphology, the average IMC growth rate ('Z/'/) is
only increased by about a factor of 2, not by an order
of magnitude. Since the limited increase in the av-
erage IMC growth rate is correlated to the difference
in the value of ZGB between the two cases, this is a
clear indication that the rate-limiting step for IMC
growth in the soldering reaction is the mass flux
through the IMC GB diffusion.

If .L/+ is lowered still further below 100 mJ/m2,
the IMC growth rate will increase even more, as the
deeper penetration of the liquid solder between the
IMC scallops shortens the GB diffusion distance
(ZGB). However, below a certain critical value of .L/+,
the concurrent coarsening of the IMC scallops will
become retarded, because the change in the L/+ in-
terface curvature is not large enough to overcome
the decrease in .L/+ and, thus, the temporal growth
exponent, n, will increase toward n " 0.5.

IMC Growth Kinetics in Soldering Reaction
and Solid-State Aging Process

In order to examine the changes in the IMC
morphology and the IMC growth kinetics during

the subsequent solid-state aging process a short
time after the soldering reaction, simulations were
carried out under soldering conditions at 250°C
until the simulation time reached / " 5 × 104 and
then under solid-state aging conditions at 180°C
for / " 5 × 104. The material parameters employed
for the soldering reaction and the subsequent solid-
state aging process are those given in Table I.
That is, at the simulation time of / " 5 × 104, the
solder diffusivity is decreased by four orders of
magnitude from DL " 1 to DS " 10−4, the IMC GB
diffusivity is decreased by one order of magnitude,
and the solder/IMC interface energy is increased
from 100 mJ/m2 to 250 mJ/m2. Considering the Cu
in the supersaturated solder precipitates as +-IMC
particles within the bulk solder upon solidification,
the composition in the solder region of 1N+1 " 1
is also changed to the equilibrium solder composi-
tion at 180°C, cS

S+, at the start of the subsequent
solid-state aging process (/ " 5 × 104). It is noted
that, as calculated from the chemical free energy
functions employed in the current study, the stan-
dard Gibbs free energies of +-IMC formation at
250°C and 180°C have approximately the same
value of 7.1 kJ/mole.

Figure 8 shows a series of snapshots of the micro-
structural evolution of the +-IMC at different times,
/ " 5 × 103 and 5 × 104, under soldering conditions,
and / " 1 × 106, 5 × 106, and 2.5 × 107, under solid-
state aging conditions. As shown previously in Fig.
5, the IMC grows with scallop-type morphology un-
der the soldering conditions and the IMC scallops
coarsen concurrently. When the scallop-type +-IMC
enters the solid-state aging conditions at / " 5 ×
104, as shown in Fig. 8c, the first change to occur is
the morphological evolution from a scallop type to a
layer type, due to the Cu flux from the top of the IMC
scallops to the valley between the IMC scallops.
Then, the layer-type IMC grows with a much re-
duced rate and there is negligible coarsening among
the IMC grains. The formation of the layer-type IMC
morphology is plausible in the subsequent solid-
state aging process since, in addition to the partial
wetting condition of 2.S/+ > .GB, the diffusivity ratio
between the IMC GB and the solid solder is as large
as DGB/DS " 10−1.

Figure 9 shows the change in the IMC thickness
(Z) with time. Because of the negligible concurrent
coarsening of the IMC grains, the temporal growth
exponent (n) in the solid-state aging process ap-
proaches 0.5, which is typical of diffusion-limited
growth. The average growth rate of the IMC thick-
ness, 'Z/'/, was found to be ∼2 × 10−5 in the solder-
ing reaction and ∼10–7 in the subsequent solid-state
aging process. Thus, there is an approximately two
orders of magnitude difference in the IMC growth
rate between the solder reaction and the subsequent
aging process.

The lowered IMC growth rate in the subsequent
solid-state aging process is predominantly due to the
morphological change of the IMC to the layer type

Fig. 7. Changes in the average IMC thickness (Z) with nondimen-
sional time for the cases where .L/+ = 100 mJ/m2 and 250 mJ/m2,
corresponding to Figs. 5 and 6, respectively. The temporal growth
exponents, n, were determined in the normal stages of IMC growth.
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and the lowered GB diffusivity. The rate-limiting
step for IMC growth in both the soldering and aging
conditions is the mass flux through the IMC GB dif-

fusion, and the GB diffusion distance (ZGB) increases
almost linearly with the IMC thickness (Z): ZGB ≈
0.3Z in the soldering reaction and ZGB ≈ Z in the
solid-state aging process. Therefore, one can obtain
the relation for the IMC growth rate, dZ/d/ " DGB/
ZGB, on the bases of Z ≈ "DGB/ and ZGB " Z. Owing
to the morphological change of the IMC scallops to
the layer type in the early stages of the subsequent
aging process, the average value of ZGB in the solid-
state aging process for / " 5 × 107 is approximately
one order of magnitude larger than that in the sol-
dering reaction for / " 5 × 104. This difference in
ZGB, together with the difference in DGB, results in
an IMC growth rate in the subsequent solid-state
aging process that is slower by two orders of magni-
tude.

It is noted that, although the solder diffusivity in
the subsequent solid-state aging process was re-
duced by four orders of magnitude, the solder diffu-
sivity itself has only a minor influence on the growth
rate of the layer-type IMC in the solid-state aging
process. Even when the solid solder diffusivity at /
" 5 × 104 was changed to DS " 10−3 or DS " 10−5,

Fig. 8. The microstructural evolution of the +-IMC during the soldering reaction at 250°C for / % 5 × 104 and during the subsequent solid-state
aging process at 180°C for / > 5 × 104 is depicted for the nondimensional times: (a) / = 5 × 103 and (b) / = 5 × 104 under the soldering conditions;
and (c) / = 1 × 106, (d) / = 5 × 106, and (e) / = 2.5 × 107 under the aging conditions. The IMC changes from a scallop-type to a layer-type
morphology during the subsequent aging process after the soldering reaction.

Fig. 9. Change in the average IMC thickness (Z) with nondimen-
sional time during the soldering reaction (/ % 5 x 104) and during the
subsequent solid-state aging process (/ > 5 × 104).
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nearly the same result was obtained as that for DS
" 10−4 shown in Fig. 9.

CONCLUSIONS

Using a multiphase field model, the morphological
and growth evolutions of the +-IMC formed between
a Sn-based solder and a Cu pad have been studied
for the soldering reaction and the subsequent solid-
state aging process. The morphology of the growing
+-IMC is governed by a competition between the
IMC formation rate controlled by GB diffusion and
the IMC dissolution rate controlled by solder pen-
etration, which reduces the high energy GB area.
Therefore, the complete wetting condition between
the solder/IMC interface energy and the IMC GB
energy is a necessary, but not sufficient, condition
for the formation of the scallop-type IMC morphol-
ogy with deep solder penetration between the IMC
grains. In addition, for the formation of the scallop-
type IMC, it is required that the solder diffusivity be
greater than the GB diffusivity of the IMC.

The morphological change of the IMC from a scal-
lop type to a layer type during the subsequent solid-
state aging process after the soldering reaction re-
sults in drastic changes in the IMC growth kinetics.
First, the temporal growth exponent of the IMC
thickness approaches 0.5, owing to the negligible
concurrent coarsening of the IMC grains. Second,
the growth rate decreases by several orders of mag-
nitude, primarily due to the increased length of the
GB diffusion, which is the rate-limiting step for IMC
growth. However, the solder diffusivity, which is re-
duced by several orders of magnitude in the subse-
quent solid-state aging process, has only a minor
influence on the growth kinetics of the layer-type
IMC.
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