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Abstract Intermetallic compounds (IMCs) are formed

between lead-free solders and base metals during soldering

processes. The morphology as well as the amount of the

IMCs, in particular the interfacial IMCs, are important to

mechanical performance of the solder joints in their service

environment. This is especially the case in state-of-art

ultrafine-pitch wafer-level packaging, in which solder joints

could become as small as 50 lm in diameter or even less.

However, research addressing growth kinetics of the IMCs

in the existing literature has concentrated on fitting experi-

mental data onto a simple parabolic growth equation, which

cannot account for all the complicated physics involved in

the process of IMC formation. There are a few models based

on Fick’s diffusion equations in the literature, which

assume the growing IMC interface is planar. A combined

thermodynamic–kinetic model has been derived from the

relationships amongst some thermodynamic parameters;

however, this model is only one dimension (1-D) in nature.

2-D models have also been proposed, e.g. an implicit

boundary tracking method, and a phase field model. This

paper reviews the modeling techniques in the literature for

both the growth kinetics and morphology of the interfacial

IMCs, under the context of lead-free soldering in very fine

interconnections. The advantages and disadvantages of each

method are discussed. Possible solutions to include the

geometrical features of micro solder joints in the modeling

of growth kinetics of interfacial IMC are presented.

1 Introduction

The formation and growth of an IMC is a critical issue for

the mechanical properties of solder joints and therefore the

integrity of entire electronic products. Figure 1 shows the

micrograph of a cross section of a Plastic Ball Grid Array

(PBGA) flip chip joint (Sn–3.8Ag–0.7Cu) as well as typical

materials present in each layer. The wafer level and board

level metallizations in this case are electroless nickel and

copper, respectively. The solder reaction with metalliza-

tions at the chip and substrate side in flip chip technology

presents a dilemma. On one hand, a rapid solder reaction is

required in order to achieve the joining of thousands of

interconnections simultaneously. On the other hand, it is

also desirable that the solder reactions stop immediately

after joining, since the thin film Under Bump Metallization

(UBM) is too thin to allow prolonged reaction. However,

the manufacturing of a device usually requires these solder

joints to endure several sequential reflow processes, in

which the total period of a solder bump in the molten state

can be several minutes (Tu et al. 2001). Hence, the solder-

thin film reaction is a critical issue in electronic
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manufacturing. As a result of the interactions between the

solder and chip/board level metallizations, some interme-

tallic compounds (IMCs) form during the manufacturing

processes and in-service life, e.g. (Cu,Ni)6Sn5 and Cu6Sn5

IMCs at the electroless nickel-solder and copper-solder

interfaces respectively.

The miniaturization of microelectronic products requires

the use of increasingly dense arrays of interconnects with

increasingly fine solder joints. The miniaturization of the

solder joints raises several issues that need to be addressed

to enable the design of reliable packaging. In particular,

when the solder joints are very small, i.e. with a diameter

of 100 lm or even less, the morphology as well as the

thickness of the interfacial IMC play an important role in

controling the mechnical integrity of the joints. Recent

experimental and modeling work (e.g. Huang et al. 2006;

Ho et al. 2006; Huang et al. 2004, 2005; Kinyanjui et al.

2005) suggest that the solder joint size and geometry could

influence kinetics of the interfacial IMC formation.

Therefore, a high fidelity analytical tool, which is capable

of describing the entire growth history of the IMC layers, is

needed to accurately predict the relationship between the

manufacturing process, long-term reliability and the fea-

tures of the IMCs.

This paper reviews the current modeling techniques in

the literature describing the growth kinetics of interfacial

IMCs. The possible solutions to incorporate the geometrical

information into the models for predicting the growth

kinetics of the interfacial IMCs present in ultrafine lead free

solder joints are also discussed. The paper begins with a

critical review of the different modeling techniques in the

literature and then discusses the possible solutions to

incorporate geometrical parameters to accurately predict

the growth kinetics of interfacial IMCs in very fine solder

interconnections.

2 Modeling of IMC growth kinetics

Study of the growth kinetics of the interfacial IMCs is of

great significance for the application of lead-free solders.

For the fast growing electronics manufacturing industries,

tedious studies of the growth kinetics of the interfacial

IMCs for different lead-free solders/substrates combina-

tions, chemical compositions, and process conditions by

experiments are simply not affordable. As a result, differ-

ent modeling techniques populate the literature for

addressing the interfacial IMCs in solder applications. This

section compiles and critically reviews those models.

2.1 Curve-fitting method

The curve-fitting method is commonly used in the existing

literature (e.g. Yu et al. 2005; Kim et al. 2005). This

Fig. 1 A micrograph showing a

cross section of Plastic Ball

Grid Array (PBGA) flip chip

joint (Sn–3.8Ag–0.7Cu) as well

as typical materials present in

each layer (courtesy of Dr. R.

M. Horsley of Celestica)
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method uses IMC growth kinetics data obtained from a

series of experiments to fit the following equation:

W ¼ ktn þ A ð1Þ

where W is the thickness of IMC layer, k the growth rate

constant, n the time exponent, t the reaction time and A

the layer thickness at t = 0. The fitted growth rate con-

stant k is then used to calculate the growth activation

energy of the IMCs, which can be used to compare the

diffusion mechanisms in different solder/substrate sys-

tems. This method is not sufficiently comprehensive to

account for the complex underlying mechanisms of the

IMC formation.

2.2 One and two dimensional analytical models

There are one dimensional (1-D) and two dimensional

(2-D) analytical models, which are based on the Fick’s

diffusion equations and normally assume that:

(1) The growing IMC interface is planar;

(2) The intrinsic diffusion coefficients are constants

within each individual phase;

(3) The volume change on the formation of the IMCs is

negligible;

(4) Thermodynamic equilibrium is maintained at the

growing IMC interfaces.

The moving interface positions can then be tracked using

the mass balance equation at the interface n:

vn ¼
Jna

i � Jnb
i

Cna
i � Cnb

i

ð2Þ

where vn is the moving velocity of the interface, Ci
na, Ci

nb

are the concentrations of elements i in a and b phases,

respectively, Ji
na, Ji

nb are the corresponding fluxes. The 1-D

analytical model is exemplified by Mei et al. (1992), Er-

ickson et al. (1994), Lee et al. (1999), and Huh et al.

(2004a, b). A study by Erickson et al. (1998) used a 2-D

implicit boundary tracking method to model the solid-state

IMC formation between a Sn–Pb solder and a porous

substrate coating. To date, this model has not been exten-

ded to consider the solder joint size and geometry effects.

2.3 Energetics method

If the growth of the IMC is controlled by bulk diffusion

only, the growth kinetics of the IMC can be described by:

dx

dt
¼ k2

2x
ð3Þ

where x is the thickness of the growing IMC and k2 is the

temperature dependent reaction constant. For the case of

1-D growth of an IMC layer in a planar geometry, the heat

flow, dH/dt, is directly proportional to the reaction rate, dx/

dt:

dH

dt
¼ AqDHr

M

dx

dt
ð4Þ

where M, q, and DHr are the molar mass, density and the

heat of reaction respectively, A is the interfacial area which

is calculated from measurements of layer thickness. Inte-

grating Eqs. (3) and (4), gives:

k2 ¼ M

AqDHr

� �2 H2

t
ð5Þ

It is possible to measure the heat flow, dH/dt, of the

interfacial reaction by using differential scanning calo-

rimetry (DSC). Thus, by first integrating the measurement

of the heat flow as a function of time to obtain the inte-

grated heat flow, H, and plotting H2 versus time, the

reaction constant, k2, may be calculated (Chromik et al.

1996, 1997; Dreyer et al. 1996). This method is experi-

mentally intensive, i.e. experiments must be carried out for

every new solder-substrate system, and as such it is not

efficient during the product design stage.

2.4 Dual-phase-lag model

The dual-phase-lag diffusion (DPLD) model was first

developed for predicting the growth of the interfacial phase

compound in metal matrix composites (Chen et al. 1999)

and thin films (Chen et al. 2000). In view of the similarity

between the kinetics of interfacial phase growth in MMC

and solder joints, Chen et al. (2001) also applied the DPLD

to modeling the IMC growth in solder joints, e.g. IMC

growth in a 100Sn/Cu system at 170�C. Li et al. (2003)

further applied the DPLD model to predict the growth of

the interfacial IMC for the Sn–3.5Ag/Cu and Sn–3.5Ag–

0.7Cu/Cu systems during reflow. This model can be used to

explain some of the phenomena of the IMC growth in

solder joints; however, it is a 1-D model in nature.

2.5 Combined thermodynamic and kinetic modeling

Combined thermodynamic and kinetic modeling provides

useful information on the stabilities of phases, driving

forces for chemical reactions, and growth rates of reaction

products occurring in interconnections or thin-film struc-

tures during processing, testing, and in long-term use of

electronic devices (Kivilahti 2002). Rönkä et al. (1998)

assumed that interfacial IMC growth is diffusion controlled

and proposed a 1-D combined thermodynamic–kinetic

model based on the following three relationships:

(1) The relationship between the integrated diffusion

coefficient and the IMC layer thickness;
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(2) The relationship between the integrated and tracer

diffusion coefficients;

(3) The relationship between the tracer diffusion coeffi-

cient and the driving force for IMC formation.

This is a general model that can be equally applied to other

solder-substrate systems, as long as the thermodynamic

data for the system are available. However, the disadvan-

tage of this model is that experimental data with respect to

the growth kinetics of the IMCs for a particular material

system under consideration are required to retrieve con-

stants for the model.

In theory, computational thermodynamics and kinetics

tools such as Thermo-Calc (Sundman et al. 1985) and

DICTRA (Borgenstram et al. 2000) can be used to

simulate the growth kinetics of the interfacial IMCs.

However, to the best knowledge of the authors, a com-

prehensive kinetic database specialized for lead-free

solders is not yet available. In addition, there is no

agreement yet on the diffusion mechanisms controlling

the formation of the interfacial IMCs in different lead-

free solders/substrates systems (Laurila et al. 2005).

Ghosh (2001) has done some work using DICTRA to

simulate the dissolution kinetics of Ag in molten solder,

which is a process less complicated than the interfacial

IMCs formation. It is worth noting that although some

simple geometries can be assumed in DICTRA, the

kinetics predicted by DICTRA are essentially 1-D.

Huang et al. (2006) have extended Rönkä’s model to a

2-D scenario. 3-D combined thermodynamic and kinetic

modeling is also possible with the latest development in the

linkage between thermodynamic calculation software

package and third party numerical computing tools (Huang

et al. 2007).

2.6 Phase field models

Phase field models can simulate morphology and mor-

phology evolution, which is an ideal technique for

modeling the interfacial IMCs present in very fine lead-free

solder interconnects, where the morphology as well as the

thickness of the interfacial IMCs are of interest. Huh et al.

(2004a, b) is the first one to use the phase field modeling

technique to study the 2-D IMC growth during soldering

reactions, although the original model was developed by

Kim et al. (2004) for different material systems. The for-

mulation of the free energy of the system in Huh’s phase

field model uses a ‘‘double obstacle potential’’ in contrast

to a ‘‘double well potential’’.

In a phase field model, the effects of grain boundary

diffusion, solder/IMC interface energy as well as the solder

composition on the IMC growth can be incorporated into the

phase field model. However, due to lack of information, such

as thermodynamic and kinetic data for the material system,

even creating a first input to the phase field model will

require a lot of work when initializing a new calculation. In

addition, some material data such as interfacial energy and

mobilities are difficult or even impossible to measure, or find

in the existing literature. Computation efficiency could be

another challenge, in particular when the phase field model is

coupled with the CALPHAD (CALculation of PHAse Dia-

grams) method or the scale of the simulation system is large,

e.g. a larger number of IMC grains present in the system.

3 A geometrical issue

Both experimental and modeling results have suggested

that solder bump size and geometries could influence the

Fig. 2 Phase field modeling of

tin-copper binary system with

four initial Cu6Sn5 IMC grains

(only two grains are simulated

due to symmetry) a initial

composition map; b initial order

parameter map for one IMC

grain; c composition map after

50 time steps (the same time

step as in Huh et al. 2004 was

used); and d order parameter

map for the IMC grain after 50

time steps
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growth kinetics and the morphology of the interfacial IMCs

present in very fine lead-free solder interconnects. Looking

at all the modeling techniques reviewed above, phase field

models are the most promising and incorporate more

physics for addressing growth kinetics of the interfacial

IMCs. Using Huh’s model, Fig. 2 presents the modeling

results for the Tin–Copper binary system with four initial

Cu6Sn5 IMC grains (only two grains are simulated due to

symmetry). A majority of the phase field models (equa-

tions) are solved numerically by the finite difference

method with a rectangular geometry. The geometries of

interest in soldering are not rectangular (Huang and Con-

way 2007). Although it is possible to use the finite

difference method to solve phase field equations on non-

rectangular domains, the finite volume method or finite

element methods are better alternatives to deal with com-

plex geometries. A previous study (Huang and Conway

2007) compared the computational efficiency of using

different numerical methods and computational tools for

the same set of phase field equations of solidification.

In this paper, a different approach is proposed to use the

finite difference method to solve partial differential equa-

tions on simple non-rectangular geometries ranging from

trapezoidal to triangular domains. The basic idea is to

construct a mapping between a rectangular region and the

domain of interests. Depending on the complexity of the

geometry, devising this mapping may be very difficult or

simply not possible (Thompson et al. 1999). However, for

simple geometries such as trapezoids and triangles, the

mapping is possible. In contrast to rectangular geometries,

trapezoids and triangles can represent, to some extent, the

geometrical variation from the solder bump/substrate

interface to the top of the solder bumps, which influences

the kinetics of the inter-diffusion between the chemical

elements in the solders and the substrates and thus the

growth kinetics of the interfacial IMCs. After the mapping,

the domain of interest is transformed to a rectangular

geometry and then the transformed partial differential

equations (with transformed boundary conditions) can be

readily solved using the finite difference method.

To illustrate the idea, a simple equation, i.e. Poisson’s

equation is considered

�r2u ¼ 1 ð6Þ

on a trapezoidal domain ABCD is shown in Fig. 3a,

subjected to the boundary conditions

ou

on
¼ 0 in AB and AD and u ¼ 0 in BC and CD ð7Þ

The four corners in the physical domain are located at

(x, y) = (0, 0), (b/2, 0), (b/2+a, h), (0, h). A mapping

Fig. 3 a A trapezoidal domain ABCD with four corners at

(x, y) = (0, 0), (b/2, 0), (b/2+a, h), (0, h), where b = 0.6, a = 0.66,

h = 1.0. b After mapping using Eq. (8), ABCD transforms to a unit

square A1B1C1D1

Fig. 4 Solution to the Poisson’s equation, i.e. Eq. (6), with boundary

conditions of Eq. (7) using standard finite difference method. The

numbers in the figure are contour labels
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between the coordinates in the transformed coordinate

system (n, g) on the unit square and (x, y) is

x ¼ b=2þ agð Þn
y ¼ hg

ð8Þ

After mapping, the trapezoidal domain ABCD transforms

to a unit square A1B1C1D1. The transformed partial dif-

ferential equations are then solved by a standard finite

difference method and the result is shown in Fig. 4.

4 Summary

This paper discusses the advantages and disadvantages of

different modeling techniques in the literature on the

growth kinetics of interfacial IMCs in lead-free soldering

applications. Phase field models are recommended for the

prediction of the growth kinetics of the interfacial IMCs

presented in very fine lead-free solder interconnects, where

the morphology as well as the thickness of the IMCs is of

significance. A mapping method has been proposed such

that phase field equations on domains of trapezoidal or

triangular shapes can be solved by standard finite differ-

ence method.
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