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ABSTRACT 

The nucleation kinetics of β-Sn in liquid SnAgCu interconnections was 
simulated on the basis of nucleation theory. After evaluations of the compositions of 
liquid solder interconnections during reflow soldering, the free energy of nucleation 
can be calculated thermodynamically. Since homogeneous nucleation rate is very low, 
the mechanism that initiates solidification of interconnections is the heterogeneous 
nucleation at the Liq/Cu6Sn5 interface and the corresponding nucleation rates in 
interconnections are therefore simulated. Additional simulation of the nucleation rate 
in a tin droplet was also done to determine a critical range of nucleation rate. The 
contact angle for the heterogeneous nucleation was evaluated with the help of recent 
DSC measurements. The simulations allow us to evaluate the actual solidification 
temperature of interconnections, which is a fundamental parameter in studying the 
formation of solidified microstructure in solder interconnections. The variation of the 
solidification temperature with cooling rate, interconnection size, and morphology of 
intermetallic compounds is also discussed. Even though the actual solidification 
temperatures of interconnections depend on Ag-content, the supercooling range is 
shown to be fairly constant (18-20°C), which offers a possibility to predict the actual 
solidification temperature of interconnections via phase equilibria information. 
 
INTRODUCTION 
 

The importance of the reliability of soldered assemblies is increasing with the 
greater demands on functionality and performance of electronic equipment. Product 
reliability is especially important in portable electronics, because this more powerful 
and complex electronic equipment experiences, in addition to operational stresses, 
various kinds of mechanical, thermo-mechanical and chemical strains in the service 
environment. The reliability of soldered assemblies ultimately depends on the 
microstructures of the interconnections, the evolution of which is affected sensitively 
by temperature, stress and current density. Knowledge of the solidification structure 
formed in soldering operation is thus of primary importance in understanding how 
interconnection microstructures evolve with time. It is the as-solidified microstructure 
that determines the onset properties of solder interconnections. When the 
microstructure changes, the properties of the interconnections will change, both 
during reliability testing and product use [1]. There is good reason, therefore, to 
investigate the solidification of multicomponent solder interconnections by employing 
theoretical approaches involving concurrent use of thermal, thermodynamic and 
kinetic modelling tools and microstructural characterization techniques. 

Solidification is the result of two successive steps: nucleation and growth of 
solid phase. In nucleation, the solder system has to overcome an energy barrier, and 
the liquid solder must supercool down to the so-called solidification temperature at 
which the solid phase first starts to form. The amount of supercooling, that is, the 
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difference between the actual and equilibrium solidification temperatures, depends on 
the nucleation kinetics. High-level supercooling can be achieved in tiny droplets. For 
example, supercooling up to 105°C has been observed in pure tin droplets with 
diameters ranging from 1µm to 10µm [2]. Since interconnections are very much 
smaller than typical bulk castings, their supercooling during the reflow soldering 
cannot be neglected. This has been confirmed by recent DSC measurements [3], which 
revealed that SnAgCu solder droplets in copper pans solidify at temperatures much 
lower than the liquidus temperature. It is important therefore to know the exact actual 
solidification temperatures of interconnections. 

Although three phases form during the solidification of near-eutectic SnAgCu 
solders ⎯ β-Sn, Cu6Sn5 and Ag3Sn ⎯  the amounts of Cu6Sn5 and Ag3Sn are limited 
and more than 95 vol.% of the solidified interconnections is β-Sn, including both 
primary and eutectic tin. From this it can be concluded that the level of supercooling 
of interconnections is controlled by the kinetics of β-Sn nucleation. 

On the basis of classical nucleation theory [4,5], we study the nucleation 
kinetics of β-Sn formation in SnAgCu interconnections and thus predict the actual 
solidification temperature of interconnections in this paper. This is necessary in 
studying the formation of cells, dendrites, and colonies as well as other 
microstructural units in as-solidified solder interconnections. Our aim is, by 
combining this analysis with those of the thermal and thermodynamic simulations that 
we presented earlier [6,7], to be able to predict and control solidification structures and 
so, ultimately, the reliability of solder interconnections. 

 
LIQUID COMPOSITION OF INTERCONNECTIONS 

Before we can analyze the kinetics of β-Sn nucleation, we need to know the 
liquid composition of interconnections. When a solder interconnection is melted 
during reflow soldering, the liquid spreads over the soldering pads on both component 
and printed wiring board. Intermetallic layers, such as Cu6Sn5 and Cu3Sn, form 
rapidly at the interface between bulk solders, component metallizations and 
boards/metal finishes. The thickness of Cu6Sn5 layer increases with time but is limited 
to several microns, so the major part of the interconnections remains liquid. Massive 
solidification occurs only when β-Sn starts to form.  

The Cu6Sn5 layer grows gradually before the massive solidification occurs 
during reflow soldering. According to the concept of local equilibrium, the liquid 
composition at the Liq/Cu6Sn5 interface should acquire such a value that the liquid is 
in local equilibrium with Cu6Sn5. This value is evidently not the original composition 
of solder interconnections. 

During directional growth of a solid into a large amount of liquid, the 
composition in liquid varies continuously within the boundary layer at the front of the 
solid/liquid interface. The characteristic thickness of the boundary layer can be 
calculated as 2D/v [8], where v is the velocity of the moving solid/liquid interface and 
D is the diffusion coefficient of the solute atoms. For the growth of Cu6Sn5 occurring 
in reflow soldering, since the growth is parabolic [9] and the final thickness of Cu6Sn5 
is typically several microns, the velocity of the Liq/Cu6Sn5 interface is less than 10-7 
m/s. Further, since the diffusion coefficients of solute atoms in liquid are on the order 
of 10-9 m2/s, the characteristic thickness of the boundary layer must be at least several 
centimeters, which significantly exceeds the sizes of both interconnections and DSC 
samples. Evidently, it means that solute atoms diffuse in interconnections rapidly 
enough to keep the liquid composition uniform. The compositions of the liquid 
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interconnections is therefore determined by the equilibrium between liquid and 
Cu6Sn5. 

It follows that liquid compositions of interconnections vary with the 
temperature during reflow soldering. Fig. 1 plots the isothermal sections of the 
SnAgCu phase diagram calculated by using a thermodynamic databank system. [10] In 
order to evaluate the composition of the liquid before Sn nucleation, β-Sn has been 
suspended in the case of the metastable liquid being supercooled. The composition of 
the liquid being equilibrium with Cu6Sn5 lies on the boundary between the L and 
L+Cu6Sn5 regions in the diagram. Because the amount of intermetallic layers is 
limited compared with the interconnections, Ag content of the liquid can be assumed 
to be constant. Therefore, for an interconnection with the original composition at a, 
the liquid composition after the formation of Cu6Sn5 is shifted to b at 230°C and 
varies along b-b’ with temperature. Fig. 2 shows the calculated xCu as functions of 
temperature for interconnections with different silver contents xAg=0.0065, 0.01, and 
0.02. 

In the above, it is assumed that Ag3Sn cannot form before the nucleation of β-
Sn, which is true for interconnections with low silver content. Fig.3 shows the 
temperature at which the driving force for independent β-Sn or Ag3Sn nucleation 
appears. The temperature for β-Sn is between 210 and 230°C, whereas the 
temperature for Ag3Sn remains lower than 170°C until Ag content exceeds 0.02. 

In interconnections with high Ag content, in contrast, β-Sn nucleation may 
occur either before or after Ag3Sn formation. Owing to insufficient data for Ag3Sn 
formation, the competition between β-Sn and Ag3Sn nucleation cannot be simulated. 
The problem can be circumvented, however, by investigating the β-Sn nucleation 
under two different conditions: 1) Ag3Sn does not nucleate before β-Sn and the liquid 
composition varies in the same manner as interconnections with low Ag content; 2) 
Ag3Sn forms as long as there is driving force for its nucleation, and the liquid 
composition vary along c-c’ rather than b-b’ in Fig.1 because there is a three-phases 
(liquid, Ag3Sn, Cu6Sn5) equilibrium. The temperature range for the initiation of 
solidification can be then determined by combining these two simulated results. Fig.4 
shows the calculated liquid composition under the two conditions when xAg=0.035. 

 
FREE ENERGY OF NUCLEATION 

In nucleation, the solder system has to overcome a certain energy barrier, 
known as the free energy of nucleation. In classical nucleation theory [4,5], the free 
energy of nucleation is 
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where σ is the interfacial energy of the solid/liquid interface, ∆g is the Gibbs free 
energy difference between liquid and solid per unit volume. Accordingly, only those 
nuclei having sizes larger than a critical value can grow successfully and become 
effective nuclei, which initiate solidification. The critical size of nucleus, r*, is 
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Since σ and ∆g determine the free energy of nucleation, their values for liquid solders 
are discussed in this section. 
 

1) Gibbs Free Energy Difference ∆g 

 3

Manuscript to be published in IEEE Transaction on Component
and Packaging Technologies, with permission from IEEE.



The free energy change occurring during solidification is the sum of the 
chemical potential differences between solid and liquid for all the components. For 
pure metal, it equals the change in chemical potential per mole ∆µ divided by the 
molar volume Vm of solid 

mVg µ∆=∆                                                                                                     (3) 
For a multi-component alloy, average values can be used for the quantities 

involved. For a near-eutectic SnAgCu solder system, 
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Here ∆µi is the change in chemical potential for a component i, and  is the 
mole fraction of the component i in β-Sn. Since the solubility of Ag and Cu in β-Sn is 
negligible, Equation (4) is simplified to 
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with  and denoting the chemical potential of Sn in solid and liquid, 
respectively. It is to be noticed that the chemical potential  depends on the 
composition of liquid phase as shown above, while the chemical potential  can be 
regarded as constant at a certain temperature because of low silver and copper 
contents in β-Sn. Fig.5 shows the calculated ∆g values with different Ag contents by 
using the thermodynamic databank system 

S
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[10]. 
 
2) Interfacial Energy σ 
In the early 1950’s, Turnbull [11] found the solid/liquid interfacial energy σ of 

pure Sn to be 0.0525 J/m2 in a study of the nucleation rate of tin droplets. With the 
same method, the value was later corrected to 0.059 J/m2 [12]. An alternative way to 
derive solid/liquid interfacial energy is the depression of melting point method. With 
this method the interfacial energy of pure Sn was found to be 0.062±0.01 J/m2 [13] or 
0.069±0.006 J/m2 [14]. Since the nucleation rate method tends to underestimate σ [15], 
the latter two values are believed to be more reliable. 

Not only are there large errors in experimental measurements of the 
solid/liquid interfacial energy, there is no way to determine its temperature 
dependence. Theoretical models [16-18] can be utilized to overcome this problem. With 
Miedema’s model [18], the interfacial energy of pure Sn is presented as a linear 
function of temperature 

T510723.7027.0 −×+=σ                                                                                (6) 
This equation gives a value of 0.066 J/m2 at the melting point 232°C and a 

value of 0.058 J/m2 at 132°C. Considering that the supercooling was about 100°C in 
nucleation frequency measurements [11], equation (6) is consistent with most of the 
data reported in literature and provides, therefore, a good description of the interfacial 
energy σ for pure tin. 

The difference in composition at the interface between β-Sn and liquid solder 
introduces an extra contribution to the interfacial energy. Since the contents of Ag and 
Cu in SnAgCu solder are low, however, this contribution can be neglected and 
equation (6) is adopted in the kinetic simulation. 

 
The free energy of nucleation ∆G and the critical nucleus size r* for β-Sn 

formation can now be calculated by combining Gibbs free energy difference ∆g in 
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Fig.5 and the interfacial energy σ in equation (5). The results are plotted in Fig.6 and 
Fig.7. 

 
NUCLEATION RATE 

Two mechanisms of nucleation exist in supercooled liquid: homogeneous and 
heterogeneous nucleation. According to our calculation, however, the homogeneous 
nucleation rate is very low in solder interconnections, well below 10-70s-1 at 170°C, 
which is already 50°C lower than the equilibrium solidification temperature. 
Homogeneous nucleation of β-Sn can, therefore, hardly occur in solder 
interconnections during reflow soldering and heterogeneous nucleation at the 
Liq/Cu6Sn5 interfaces is the only mechanism of initiating solidification of 
interconnections. Hence, we concentrate on heterogeneous nucleation rate in solder 
interconnections in this section. 

The heterogeneous nucleation rate is expressed by the exponential kinetic 
expression 

( )⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ∆
−= θf

Tk
GII

B
heterheter exp0                                                                          (7) 

where kB is the Boltzmann’s constant, is a pre-exponential coefficient and T is 
temperature. The activation energy is the free energy of nucleation ∆G discussed 
above. 

0
heterI

In Equation (7), f(θ) is a function of the contact angle θ of the nucleus on a 
catalytic solid surface. When the catalytic surface is flat, f(θ) is written as 

( ) ( )( 2cos1cos2
4
1 θθθ −+=f )                                                                         (8) 

If the interconnection does not contain any other impurities or foreign particles, the 
only site for heterogeneous nucleation is the Liq/Cu6Sn5 interface. 

Together with the free energy of nucleation presented in the previous section, 
the pre-coefficient  and the contact angle θ need to be known in the simulation of 
nucleation rate. 

0
heterI

 
1) Pre-coefficient 0

heterI  
The coefficient  can be calculated as 0

heterI [5]
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where h is Plank’s constant and ns is the number of atoms involved in nucleation. ∆GA 
is the activation free energy for transporting an atom across the interface, which is 
approximately the same as the activation energy for viscous flow of liquid. 

According to Seetharaman and Sichen [19], the activation energy for viscous 
flow of liquid alloy can be computed by the equation 

∑∑∑ ⋅+∆+∆=∆ jimix
m

iAiA xxRTGGxG 3,                                               (10) 
where x is the mole fraction of each component, ∆GA,i is the activation energy of 
liquid pure metal i and ∆mGmix is the excess Gibbs energy of mixing. ∆GA is therefore 
dependent on both temperature and liquid composition. Again with use of the 
thermodynamic databank system, ∆GA  for different silver contents of 
interconnections are plotted in Fig. 8. 
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Assuming a simple cubic arrangement of interfacial atoms, ns can be 
calculated as 

32−
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s                                                                                             (11) 

where Vm is the molar volume of liquid and A is the area of the Liq/Cu6Sn5 interface. 
Because of the scallop-type growth of the Cu6Sn5 layer during soldering, A is not 
equal to the projected interfacial area A* and a factor λ should be added. 

*AA λ=                                                                                                           (12) 
For SnPb solder, Zuruzi et al. [8] have reported that λ increases from 25 to 60 with 
increase in soldering time. Assuming that similar Cu6Sn5 morphology appears in 
SnAgCu interconnections, λ is set to be 25 in the simulation. 

For a solder droplet on a copper pan in DSC measurement [3], the projected 
contact area between the solder droplet and the copper pan is approximately 5×10-6m2, 
while for typical solder interconnections the sum of the upper and lower 
solder/metallization interfacial areas is about 2×10-7m2. The kinetic simulation below 
is performed for these values of A*, 5×10-6m2 and 2×10-7m2. 

 
2) Contact Angle θ 
No data is available for the contact angle θ of a β-Sn nucleus at the 

Liq/Cu6Sn5 interface. Theoretically, the balance of three interfacial tensions, σSn/L, 
56/ SnCuLσ and 

56/ SnCuSnσ , decides the value of the contact angle θ : 

LSn

SnCuSnSnCuL

/

// 5656cos
σ

σσ
θ

−
=                                                                            (13) 

Unfortunately neither 
56/ SnCuLσ  nor 

56/ SnCuSnσ  is known exactly. Some theoretical 
models might be used to evaluate them, but the error goes completely out of control 
when the values are subtracted from each other, so that the contact angle cannot be 
estimated by this means. Instead, we simply apply different values of θ in the 
simulation and an estimate of θ will be obtained afterwards on the basis of a DSC 
measurement of the supercooling of solder droplets in a copper pan. 

 
Fig.9 presents the simulated nucleation rates, with different contact angles, 

nominal contact areas, and silver contents. 
 

ACTUAL SOLIDIFICATION TEMPERATURE 
The simulated nucleation rates exhibit typical exponential-type variation over 

temperature. When the level of supercooling is low, the nucleation rate is so small that 
solidification is practically impossible. This situation prevails unless the temperature 
is below a critical range, where the nucleation rate ramps up by many orders of 
magnitude. In contrast to the equilibrium solidification temperature, the temperature 
at which solidification occurs is referred as the actual solidification temperature in this 
paper. 

A critical value, I*, can be assumed to exist as the lowest nucleation rate 
required for initiating solidification. The value of I* may be dependent on many 
factors and difficult to determine exactly. However, since even a small temperature 
fluctuation changes the rate of nucleation by several orders of magnitudes in the 
corresponding critical temperature range, only a rough estimate of I* is sufficient for 
determining the actual solidification temperature. 
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Judging by the physical meaning of I*, it should not depend on the size or 
composition of the liquid droplets nor on the mechanism of nucleation. 
Experimentally determined actual solidification temperatures of tin droplets in 
literature can be therefore utilised to evaluate the scale of I*. Vonnegut [2] observed 
that tin droplets ranging in diameters from 1µm to 10µm solidify at 125-132°C. An 
additional simulation of the homogeneous nucleation rate in tin droplets, as shown in 
Fig.10, was therefore performed. As the figure shows, 125-132°C corresponds to the 
nucleation rates from 10-14 to 10-7 s-1. If we calculate the nucleation rate for 1 mol of 
liquid, the corresponding values will be 10-2 to 105 s-1mol-1, which is taken as the 
critical range of nucleation rate I*. 

The actual solidification of solder interconnections still cannot be estimated 
without knowing the exact value of the contact angle θ, which strongly influences the 
simulated nucleation rate as shown in Fig. 9a. In a recent DSC measurement [3], the 
solidification temperature of a SnAgCu solder droplet on a copper pan was found to 
lie between 204 and 208°C. The composition of the solder was Sn0.61Ag0.4Cu 
(xAg=0.065) and the sample weights 6-12 mg, spreading over an area of approximately 
5×10-6m2 on the copper pan. The simulated nucleation rate with xAg=0.065, A*=5×10-

6m2 and θ=40° (Fig. 9b) obtains a value between 10-2 to 105 s-1mol-1 at 205-207°C, 
which is comparable to the measured solidification temperature. Hence, the contact 
angle  θ of the β-Sn nucleus on Cu6Sn5 is assumed in the following to be 40°. 

Finally, the estimated critical nucleation rate and contact angle for 
heterogeneous nucleation of β-Sn at Liq/Cu6Sn5 interfaces allow us to predict the 
actual solidification temperatures of interconnections, as listed in Table.1. The 
solidification temperature decreases with the increase of Ag content. Since the liquid 
compositions of interconnections vary with temperature, and since the equilibrium 
solidification temperature depends on composition, the supercooling levels are 
calculated with use of the instantaneous equilibrium soldification temperature. As 
seen in Table 1, the supercooling level decreases slightly with the increase in the 
silver content, especially when the silver content is low. 

 
Table 1. Predicted Solidification Temperature and Supercooling Level of Solder Interconnection. 

Mole concentration of Ag in interconnection  
0.0065 0.01 0.02 0.035*

Actual solidification temperature (°C) 205-207 204-206 201-203 198-201 
 Equilibrium temperature at the actual 

solidification temperature (°C) 
226-230 ~225 ~222 218-220 

Supercooling level at the actual 
solidification temperature (°C) 

21-23 19-21 19-21 19-20 

Temperature at which liquid 
interconnection becomes supercooled 

with respect to β-Sn (°C) 

225 224 221 217 

Extent of supercooling during reflow 
soldering (°C) 

18-20 18-20 18-20 17-20 

* The temperature range for this composition is the combination of the predicted temperature ranges 
under two different conditions: with and without Ag3Sn formation before the nucleation of β-Sn. 
 

However, if the temperature at which the liquid interconnection becomes 
supercooled with respect to β-Sn is considered, approximately the same temperature 
range at which interconnections are supercooled during reflow soldering, 18-20°C, is 
obtained. The equilibrium temperatures at which supercooling commences is 
determined by calculating thermodynamically the β-Sn+Cu6Sn5 binary eutectic 
monovariant line in the SnAgCu phase diagram and has been presented in Fig.3. 
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Thus, the actual solidification temperatures of solder interconnections can be directly 
estimated from the phase equilibria information as shown in Fig.11. 
 
DISCUSSION 

The influences of cooling rate, interconnection size, morphology of the 
intermetallic layer, and component metallizations or boards/metal finishes on the 
actual solidification temperature are discussed below. 

 
1) Cooling rate 
The nucleation rate in Equation (7) is a function of temperature and not related 

to cooling rate. Since a certain period of time is always required to initiate 
solidification and since faster cooling rate causes a greater temperature drop, the 
observed starting point of solidification during continuous cooling is dependent on the 
cooling rate. This is probably the main reason why the critical nucleation rate cannot 
be exactly known and a range of I* value has to be applied. 

For normal cooling rate, however, the range of critical nucleation rates 10-2 to 
105 s-1mol-1 is believed to be wide enough to accommodate such variation in cooling 
rate. It means that the change of cooling rate can only cause a variation of 1-2°C in 
the predicted solidification temperature. This has also been confirmed in DSC 
measurements, which showed little difference in solidification temperatures when the 
cooling rate was 1°C/s and 5°C/s [3]. The cooling rate during reflow soldering varies 
within just 1-3°C/s, which further limits the influence of cooling rate. 

 
2) Interconnection Size 
As discussed above, the heterogeneous nucleation rate of a solder droplet is 

proportional to the nominal area of the Liq/Cu6Sn5 interface. The nominal area A* for 
typical solder interconnections is one order smaller than that of the DSC samples, 
being only about 2×10-7 m2. The difference between the nucleation rates is 
insignificant, however, compared with the wide range of the critical nucleation rate 
10-2 to 105 s-1mol-1. It may be concluded that the actual solidification temperature 
drops only 0.5-1°C when the nominal interfacial area A* becomes 10 times smaller. 

 
3) Morphology of the Intermetallic Layer 
The simulation of nucleation rates above assumes that the Liq/Cu6Sn5 

interfaces are flat. This is supported by the fact that the critical size of β-Sn nucleus is 
in the order of 10-8m except at very low supercooling level as shown in Fig.7, which 
is by far smaller than the radius of Cu6Sn5 grains formed during reflow soldering. It 
means that Equation (8) is always applicable during the nucleation on 
interconnections, no matter what kind of morphology of the interfaces has been 
developed. Hence, the only influence of scallop-type Cu6Sn5 growth on the actual 
solidification temperature may come from the increase of the actual to projected 
Liq/Cu6Sn5 areas ratio λ. For an SnPb interconnection, it is reported that λ increases 
from 25 at the beginning to 60 after 25 hours above liquidu temperature [9]. Such a 
small increase in the actual Liq/Cu6Sn5 area can only cause negligible variation in the 
predicted solidification temperature. The morphology of the intermetallic layer has 
little effect, therefore, on the solidification temperature of the interconnection. 

 
4) Component metallizations and boards/metal finishes 
In some cases, the intermetallic compound to be formed at the interfaces is 

altered for different component metallizations or boards/metal finishes. As an 
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example, when Ni(P)/Au metallization is used, a large amount of Ni is dissolved in 
the intermetallic layer and the compound formed is (Cu,Ni)6Sn5 instead of Cu6Sn5 [20]. 
The composition of the liquid that is in equilibrium with the intermetallic layer differs 
accordingly. Furthermore, the contact angle θ may also be changed on different 
nucleating surface of intermetallic compound. As shown in Fig. 9a, the nucleation rate 
is highly sensitive to the contact angle. In the range 30-50°, 1° difference in the 
contact angle correlates with 1°C difference in the actual solidification temperature. 
Nevertheless, the actual solidification temperature of interconnections for different 
intermetallic layer can be analyzed similarly in the same way presented in this paper, 
which is an interesting point for further investigations. 

 
The actual solidification temperature of interconnections, therefore, should not 

be significantly changed with the variation of cooling rate, interconnection size and 
morphology of Cu6Sn5 layer. The prediction in Fig.11 applies as long as the same type 
of intermetallic compound, Cu6Sn5, is formed at the interfaces between bulk solder 
and component metallizations or boards/metal finishes. 

 
SUMMARY 

The nucleation energy for β-Sn formation was evaluated by referring to the 
thermodynamics of near-eutectic SnAgCu solder droplets on copper surface. Since the 
homogeneous nucleation rate was found to be extremely low, it follows that the 
solidification temperatures are controlled by the kinetics of heterogeneous nucleation 
at Liq/Cu6Sn5 interfaces. With the free energy of nucleation available, the nucleation 
rates could be simulated on the basis of classical nucleation theory. They are 
presented with as exponential functions of temperature, which increases over many 
orders of magnitude within a narrow temperature range. 

By combining the results of an additional simulation of the homogeneous 
nucleation rates in tin droplets with measured values of the supercooling of the 
droplets reported in literature, we estimated a range from 10-2 to 105 s-1mol-11 as the 
critical nucleation rates for solidification. 

At the same time, using the results of DSC measurements we obtained about 
40° for the value of the contact angle for heterogeneous β-Sn nucleation at the 
Liq/Cu6Sn5 interface. From these results the temperature of solidification of liquid 
solder on copper can be predicted. The extent of the supercooling was found to be 
more or less constant about 18-20°C. Since the supercooling range was only weakly 
dependent on cooling rate, interconnection size, and the morphology of intermetallic 
phases at Liq/Cu6Sn5 interfaces, the solidification temperatures of interconnections 
can be finally predicted on the basis of phase equilibria in the SnAgCu solder system. 
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Fig.1 Sn corner of calculated isothermal sections of SnAgCu phase diagram at 230°C 
(solid line) and210°C (dotted line, β-Sn phase is suspended). 
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Fig.2 Calculated liquid copper content xCu of interconnection. 
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Fig.3 Temperature at which the driving force for independent β-Sn or Ag3Sn 
nucleation appears, determined by the calculated temperature of binary eutectic 
reaction L⇒Cu6Sn5+Ag3Sn (suspending β-Sn) or L⇒Cu6Sn5+β-Sn (suspending 
Ag3Sn).  
 

 12

Manuscript to be published in IEEE Transaction on Component
and Packaging Technologies, with permission from IEEE.



 

170
Temperature (oC)

180 190 200 210 220 230

M
ol

e 
Fr

ac
tio

n 
of

 A
g,

 x
Ag

0.020

0.025

0.030

0.035

0.040

0.045

With Ag3Sn formation
Without Ag3Sn formation

 
(a) 

 

170
Temperature (oC)

180 190 200 210 220 230

M
ol

e 
Fr

ac
tio

n 
of

 C
u,

 x
Cu

0.004

0.008

0.012

0.016

0.020

With Ag3Sn formation
Without Ag3Sn formation

 
(b) 

Fig.4 Calculated liquid composition of interconnection with different assumptions 
about Ag3Sn formation. The original Ag content of solder alloy is 0.035. 
           (a) Silver Content;             (b) Copper Content. 
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Fig.5 Affinity of solidification (the opposite value of driving force ∆g) per unit 
volume of β-Sn nucleation. 
          a: xAg =0.0065;          b: xAg =0.01;         c: xAg =0.02; 
          d: xAg =0.035, without Ag3Sn formation; 
          e: xAg =0.035, with Ag3Sn formation. 
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Fig.6 Free energy of nucleation ∆G of β-Sn. 
          a: xAg =0.0065;          b: xAg =0.01;         c: xAg =0.02; 
          d: xAg =0.035, without Ag3Sn formation; 
          e: xAg =0.035, with Ag3Sn formation. 
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Fig.7 Critical nucleus size r*of β-Sn nucleation. 
          a: xAg =0.0065;          b: xAg =0.01;         c: xAg =0.02; 
          d: xAg =0.035, without Ag3Sn formation; 
          e: xAg =0.035, with Ag3Sn formation. 
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Fig.8 Activation energy for viscous flow of liquid interconnection. 
          a: xAg =0.0065;          b: xAg =0.01;         c: xAg =0.02; 
          d: xAg =0.035, without Ag3Sn formation; 
          e: xAg =0.035, with Ag3Sn formation. 
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Fig.9 Some results of calculated nucleation rate, with different assumed contact angle, 
nominal contact area, and silver content. 
         (a) Different contact angle, A*=5×10-6m2 and xAg=0.0065; 
         (b) Different nominal contact area, θ=40° and xAg=0.0065; 
         (c) Different silver content (a-e marked in the same way as Fig.7), θ=40° and 
A*=2×10-7m2. 
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Fig.10 Calculated nucleation rate of pure tin droplet with diameter 5µm. 
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Fig.11 Predicted actual solidification temperature of SnAgCu solder interconnections 
during reflow soldering. 
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