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Abstract

The surface and interfacial properties of the Cu—Sn system as basic system of the multicomponent alloys proposed as lead-free soldering materials
have been studied. The surface tension of the Cu—Sn system has been measured over the whole composition range by using the sessile drop method
in the temperature range between 430 and 1300 K. The results obtained are compared with the available literature data and with theoretical values
calculated by the compound formation model (CFM) and quasi-chemical approximation for regular solutions (QCA). The study of the wetting
behaviour of Cu—Sn on a metal substrate has been performed by measuring the contact angles of four Sn-rich alloys on a pure Ni-substrate and by

the metallographic characterization of the solder/Ni interfaces.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

For a long time, the solder used in microelectronic manufac-
turing and board level packaging was primarily a composition
of Sn—37 at.%Pb or Sn—40 at.%Pb, close to the eutectic compo-
sition. Nevertheless in the last years some legal, environmental
and technological factors were pressing for alternative lead-free
soldering materials. For these reasons a large number of Pb-
free solder alloys have been proposed [1]. Binary, ternary and
quaternary systems have been studied in order to know their
characteristics as solder materials. Many of these systems are
Sn-based alloys; other constituents are Cu, In, Bi, Au, Ag, Sb,
and Mg. In particular the Cu—Sn binary alloys represent a basic
sub-system of ternary (Sn—Ag—Cu, Sn—Bi—Cu) and quaternary
(Sn—Ag—Cu-Sb, Sn—Ag—Cu—Zn, Sn—-Bi—-Cu—Zn) systems pro-
posed as alternative solder materials. During soldering, molten
alloy (solder) comes into contact and reacts with the metallic
pads of the substrate. The nature of this interaction depends
on the composition of the solder and on the type of metallic
substrate. The most common substrates used in the electronic
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devices are Cu, Ni, Au and Pd. Among these substrates the elec-
trolytic Ni or Au coatings were commonly used in high-density
component assemblies as surface finish on printed wiring boards.
Nickel coatings provide desired flat and uniform pad surfaces
maintaining a good wettability. Nickel acts as a diffusion barrier
layer between Sn-based solders and Cu-conductors and prevents
the underlying Cu form reacting with Sn [2].

As mentioned, the solder process consists in the joint for-
mation between the molten solder and a solid metal surface. In
the soldering process the formation of a proper metallic bond
is a main requirement. The ability of the liquid alloy to flow or
spread on the substrate is crucial to the formation of a metallic
bond driven by the physical-chemical properties of the system.
The interfacial force (surface tension) between molten solder,
working atmosphere and substrate influence the degree of wet-
ting and then, the performances of the joints [1,3]. For these
reasons the study of the surface tension as well as of the wetting
behaviour is an important step in the characterization of solder
alloys. In order to understand the behaviour of more complex
systems proposed as alternative alloys, the knowledge of the
properties of the basic binary system Cu—Sn is needed.

In this work the surface tension of Cu—Sn was measured over
the whole composition range (11 different alloys) as a func-
tion of temperature. Our experimental results were compared
with experimental literature data and with the predictive values
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obtained by the theoretical models, i.e. regular solution (REG)
and compound formation models (CFM). The contact angle of
four Sn-rich Cu—Sn alloys on a Ni-substrate was measured as
a function of temperature and time. In order to understand the
interfacial structures between the drop and the substrate, after
each wetting experiment the cross-section of the sample (sol-
der/substrate) was characterized.

2. Experimental

The Cu-Sn alloys were prepared from the highest purity Sn and Cu
(99.9999%, Marz-grade). The pure metals were encapsulated in a quartz tube
evacuated to high vacuum conditions (10~ Pa), and then molten in a high-
frequency generator furnace under pure Argon. The composition of each alloy
was checked by using Energy Dispersion Spectroscopy (EDS).

The surface tension as well as the contact angle measurements were per-
formed by the sessile drop method [4]. The drop profile of the sample was
acquired using a CCD camera aligned with the sample and a backlighting source.
The images were processed by ad hoc acquisition software (ASTRAView) [5,6]
in a LABView® environment. This software allowed a very fast automatic acqui-
sition of the drop profile and the elaboration of surface tension, contact angles
and other drop parameters in real time during the experiments.

2.1. Surface tension measurements

The surface tension of Cu—Sn alloys was measured over the whole compo-
sition range. The experiments were carried out in a furnace with Pt as heating
element in order to assure the cleanest working conditions. The temperature
was checked by a S-type thermocouple placed very close to the specimen and
a solid-state electrode (WPOAS Setnag®) allowed the control of the oxygen
partial pressure inside the working chamber. All details about the experimental
apparatus are reported in our previous works [7,8].

The alloy samples of about 3.0 g were mechanically cleaned by scratching,
then chemically rinsed with pure acetone in an ultrasonic bath. The working
chamber was evacuated to a total pressure of 10~* to 1073 Pa, then a constant flux
of pure Argon (ArN60) was maintained by means a micro-leak precision valve:
under these conditions an oxygen partial pressure between 10~* and 1072 Pa
was measured by the electrode. During the test the alloy sample was placed
in a sapphire crucible ad hoc designed to maintain the axial symmetry of the
liquid metal drop. The surface tension measurements were made by decreasing
the temperature from 1300 down to 50 K above the liquidus temperature, 7j. At
each temperature the acquisition of all parameters (surface tension temperature
and oxygen partial pressure) was done every 2 s for a period of about 30 min.
The final value of the surface tension is a result of the average over all data with
an accuracy less than 1%.

2.2. Wetting

The contact angle of four Sn-rich alloys (Cu-70at.%Sn, Cu—80 at.%Sn,
Cu—90 at.%Sn, Cu-95at.%Sn) was measured on a Ni-substrate under pure
Argon (ArN60) in a temperature range from the liquidus temperature up to 900 K.
Under the same conditions the contact angle of Cu—80 at.%Sn was measured on
around plate of monocrystalline alumina (sapphire cutalong to [0 0 0 1], average
roughness R, ~0.01 pm, @ = 15 mm, supplied by R.S.A. le Rubis, France). The
experiments were carried out in an horizontal furnace heated by an 800 kHz high-
frequency generator coupled to a graphite heater. Before the tests the furnace
was heated and degassed under high vacuum conditions (10~* Pa), then pure
inert gas was introduced. The resulting oxygen partial pressure was evaluated to
be around 10~ Pa. The mass of each alloy sample was around 0.1 g. The sub-
strate was a Ni-square plate (Marz-grade, 13 mm x 13 mm x 1 mm, 99.9999%)
metallographically mirror polished (R, <0.05 wm). During each test the tem-
perature was driven in order to maintain the isothermal conditions for 600 s at
different temperatures. The heating rate was around 0.2 K/s, while the cooling
rate was 1 K/s.

After the experiment, each sample was metallographically characterized by
using optical microscopy, scanning electron microscopy and EDS analysis. Two
types of characterizations were performed: on the top of the drop and on the
cross-section. The cross-sections were prepared by the usual metallographical
method of mirror polishing.

3. Theory

The generalised CFM formalism treats an alloy as a pseudo-
ternary mixture of A atoms, B atoms and A, B, (. and v are
small integers) groups of atoms or clusters with the stoichiome-
try of the intermetallics present in the solid state, all in chemical
equilibrium with one another [9—11]. The absence of clusters
in the melt reduces the model to the quasi-chemical approxi-
mation (QCA) for regular solutions [11,12]. Butler’s concept
of a layered interface structure and the relationship between
the component’s activity in the bulk and the surface phase are
basic hypotheses of both models [13]. The CFM formalism
in the weak interaction approximation has been successfully
applied to the Cu—Sn system to describe the mixing properties
in the liquid state with respect to Cu3Sn, taken as energet-
ically favoured intermetallic compound. Many details of the
calculations of thermodynamic and surface properties of liquid
Cu-Sn alloys in the framework of the CFM have been reported
[14,15]. In the present work only two basic equations used for
the calculation of the surface tension isotherms are given. The
surface tension for compound forming alloys can be expressed
as
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where oo and op are surface tensions of the components A and
B, respectively, C and C® are bulk and surface concentration of
A, while W and AWj; are interaction energy parameters. kg, T, p
and g are Boltzman’s constant, absolute temperature and surface
coordination fractions, respectively. « is the mean surface area
of the alloy.

The equations for surface tension derived by the CFM (Eqs.
(1a) and (1b)) include the concentration functions @, f, ¢y, fij,
o5, 15, ¢;] and l; [10].

The surface tension of a regular solution described by the
QCA,is
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where B and Z are an auxiliary variable and the coordination
number, respectively [11]. In all equations the superscript ‘s’
indicates the surface phase. The application of both models,
the CFM and the QCA for regular solutions, make possible to
estimate the effect of short range order phenomena on the surface
tension, expressed by the difference between two models.

O = OB

(2b)

4. Results and discussion
4.1. Surface tension

In the literature some experimental and theoretical data on
the surface tension of the Cu-Sn system as function of tem-
perature are reported. Prasad and Mikula [14] as well as the
present authors [15] have theoretically investigated the temper-
ature dependence of the surface tension of liquid Cu—Sn alloys.
The theoretical studies are in good agreement with the exper-
imental data [16,17] only for Sn-rich alloys containing up to
40 at.%Cu. Recently, Lee et al. [18] have measured the sur-
face tension of liquid Cu—Sn alloys in the temperature range
700-1500 K over the whole composition range. Their experi-
mental results showed the presence of both negative and positive
values of the surface tension temperature coefficient (do/dT).
Our results reported in Table 1 are in good agreement with the
works cited above [17,18]. In particular, as reported by Lee et al.
[18] we also found both negative and positive temperature coef-
ficients, although we noticed the inversion of slope in a larger
composition range. All experimental data of the surface ten-
sion of liquid Cu—Sn alloys are shown in Fig. 1. The theoretical
curves were calculated at 1373 K applying the compound forma-
tion model (CFM) (Eq. (1a) and (1b)) and the QCA for regular
solutions (REG) (Eq. (2a) and (2b)). For these calculations the
experimental surface tension of pure Cu [19] and pure Sn [20]
were taken as reference data. It is interesting to notice that for Sn-
rich alloys all experimental sets exhibit a good agreement with

Table 1
Surface tension of liquid Cu—Sn alloys (7, melting temperature; oy, surface
tension at the melting point; do/dT temperature coefficient)

Alloy T (K) oy (MN/m) (£2) do/dT (mN/m K)
composition
(at.% Sn)

4.5 1303 1184 —0.094
10 1233 999 —0.089
20 1033 720 0.085
30 993 585 0.119
50 893 521 0.05
60 853 508 0.019
70 813 518 0.012
80 743 539 —0.03
85 703 542 —0.065
90 653 535 —0.04
95 583 524 —0.01
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Fig. 1. Surface tension of liquid Cu—Sn alloys at 1373 K: (1) QCA model; (2)
CFM model; (- -) the ideal solution model; (*) our results; (O) Kawai [16]; (OJ)
Drath [17]; (A) Lee et al. [18].

the calculated values. In the case of Cu-rich alloys the deviation
is pronounced and differences up to 100 mN/m can be observed
in particular with respect to the CFM isotherm (Fig. 1). More-
over, as concerns the alloys with intermediate compositions,
our experimental results agree with the literature data [17,18],
while the surface tension data reported by Kawai et al. [16] dif-
fer from all experimental sets. The surface tension of Cu—Sn
system seems to be better described by the QCA for regular
solutions than by the compound formation (CFM) model. The
Cu-Sn phase diagram [21] and the thermodynamic functions of
mixing indicate that the tendency of compound formation in the
liquid is weak [14,15]. This fact could explain the disagreement
of the experimental data with the CFM surface tension isotherm.

4.2. Wetting

Only few experimental works on the wetting properties of
the Sn-based alloys (Sn-Pb, Sn—-Bi, Sn—Ag, Sn-In, Sn—Au)
on copper substrates are reported in the literature [22,23]. In
particular, Arenas and Acoff [22] have measured the contact
angle of Sn—0.7 wt.%Cu on a Cu substrate and obtained a value
around 35° at 513 K. Although there no experimental data on
the contact angle of Cu—Sn alloys on Ni-substrates, the litera-
ture reports some works about the interfacial reaction between
Sn-based alloys and Ni [24-27]. The growth of the &-NizSn
intermetallic compound at the interface between Bi—42 at.%Sn
and the Ni-substrate was observed by Lee [27]. The presence of
(Cu,Ni)Sns at the interface between a near-eutectic Ag—Cu—Sn
and Ni(P) was observed by Vuorinen et al. [3]. However, Hwang
et al. [28] have suggested that this phase could be Ni3Sny with
Cu being dissolved into the Ni-sublattice. The Cu—Ni phase dia-
gram presents complete solubility [21] suggesting that Ni and Cu
could form the same type of intermetallics with Sn [26,29]. As
a consequence, a reactive wetting should be expected to occur
when a pure Ni-substrate and Sn-rich alloys are brought into
contact.
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Table 2

Contact angle values of liquid Cu—Sn alloys on a Ni-substrate (7] temperature
of liquidus; 6y contact angle at the melting point; Tt final temperature; 65 final
contact angle; ¢ time to reach equilibrium)

Alloy composition (at.%) T (K) 6o (°) (£1) Tr (K) 65 (°) (£1) t(s)

Cu-70Sn 813 31 910 26 2600
Cu-80Sn 743 51 910 25 3100
Cu-90Sn 653 108 910 10 5500
Cu-95Sn 583 140 910 45 4250

In order to obtain a preliminary reference parameter for non-
reactive wetting, the contact angle of the Cu—80 at.%Sn alloy on
a sapphire substrate was measured. At 910 K the contact angle
was 6¢ = 140°. From this value and from the surface tension of
Cu-80 at.%Sn (Table 1), by applying the Young—Dupre equation
[28,30] the work of adhesion (Wp) and the interfacial tension
(osp) of the system could be calculated. The resulting values
were Wa =1.251J/m? and o = 1.449 J/m.

Under the same working conditions the contact angles of
four Sn-rich Cu—Sn alloys were measured on Ni-substrates as
function of temperature and time. The results are reported in
Table 2 where the initial composition of the alloy, the liquidus
(T7) temperature, the initial contact angle at the melting point
(o), the final contact angle () are listed together with the cor-
responding temperature (7¢) and time (¢r). The results clearly
show that, as expected, the degree of wettability increases with
an increase of the Sn-content in the alloys. The contact angle
of the Cu—70 at.%Sn alloy, as shown in Fig. 2a, after the melt-
ing point quickly reaches a final constant value at around 800 K
and remains almost constant increasing the temperature up to
900 K. It was observed that the increase of the Sn-content from
Cu-70at.%Sn to Cu—80 at.%Sn did not strongly affect the final
contact angle. A remarkable effect of Sn-content was observed
between Cu—80 at.%Sn and Cu—90 at.%Sn. A similar behaviour
was observed for Cu—90 at.%Sn and Cu-95 at.%Sn for which the
contact angle decreases with increasing temperature. In Fig. 2b
the behaviour of the contact angle versus time and the corre-
sponding temperature of Cu—95 at.%Sn are shown. Starting from
the initial value of 6y =140° at 583 K, the Cu—95 at.%Sn alloy
reached total spreading at 900 K. After the wetting experiments,
the cross-section of all samples were analyzed by optical micro-
scope and SEM-EDS. The main results of the interface analysis
are reported in Table 3. In all samples an interface layer near
the substrate was observed. Figs. 3 and 4 show the micrographs
of the interface of Cu—70at.%Sn and Cu-95 at.%Sn alloy on
Ni substrate, respectively. In all cases the interface layer has a
composition very close to the Ni3Sn. The thickness of this layer
slightly increases with an increase in Sn-content (Table 3). An

Table 3
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Fig. 2. Contact angle (O) and temperature (A) as function of time of (a)
Cu-70 at.%Sn, (b) Cu-95 at.%Sn on a pure Ni-substrate.
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Fig. 3. SEM micrographs of a cross-section of Cu—70at.%Sn on a pure Ni-
substrate. Spot on the interface reaction layer.

erosion of the substrate creating a crater under the drop was
also observed for all samples, as shown for Cu—70at.%Sn in
Fig. 5. The depth of this crater decreases with an increase of
Sn-content (Table 3). In addition, the presence of a “foot” at the

Summary of the results obtained by the SEM-EDS characterization of the Cu—Sn/Ni interface

Alloy composition (at.%) Interface composition (at.%)

Layer thickness (pm)

Crater depth (p.m) Bulk-phase compositions (at.%)

Cu-70Sn Ni-26Sn 1
Cu-80Sn Ni-26Sn 2
Cu-90Sn Ni-27Sn 2
Cu-95Sn Ni-27Sn 3

9 32Cu—-45Sn-23Ni
25Cu—45Sn-30Ni
20Cu—44Sn-36Ni
4Cu—42Sn-54Ni

w A~ W
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Fig. 4. SEM micrographs of a cross-section of Cu—95 at.%Sn alloy on a pure
Ni-substrate. Spot on the interface reaction layer.

edge between the drop and the substrate has also been observed
(Fig. 5). The width of this foot is around 80 pm, the same as
the rim around the drop. On the other hand, the compositions
of a ternary phase Ni,Cu,Sn,, with different x, y, z, detected in
the bulk of the drop are given in Table 3. However, the presence
of Ni inside the drop is in agreement with the formation of a
crater under the drop. The ternary bulk phase has a composition
very close to (Cu,Ni)eSns and in all samples the Sn-content is
constant, while the ratio between Cu and Ni increases with an
increase of Cu-content in the alloy (Table 3). This is in agree-
ment with the complete solubility in Cu—Ni [21] suggesting that
Cu and Ni could replace each other.

The information obtained by the characterization of the cross-
section suggests that a part of Sn present in the alloys diffused
into the solid substrate forming the interface layer and the “foot”
at the edge as first step during the experiment. This hypothe-
sis is supported by higher diffusion coefficient (A =0.83 cm?/s)
and lower activation energy (Q=243kJ/mol) of Sn in Ni as
compared to Cu in Ni (A=0.27 cm?/s, Q=255kJ/mol) [31].
Accordingly, liquid Sn diffuses in a Ni-substrate faster than Cu.
A three-step wetting mechanism can be supposed: the spreading
of the liquid phase on the formed layer (Ni3Sn) which acts as a
precursor, the diffusion of Ni inside the drop and the formation

Photo Ho. = 694

““‘ EHT=20.00KV Detector = CENT

Fig. 5. SEM micrographs of a cross-section of Cu—70 at.%Sn alloys on a pure
Ni-substrate.

of the (Cu,Ni)gSns ternary phase in the bulk. To validate the
hypothesis of such behaviour the study of the kinetics of wetting
is in progress.

5. Conclusions

The surface tension of Cu—Sn liquid alloys has been measured
over the whole composition range as a function of temperature.
Our experimental results are in good agreement with the liter-
ature data and show an increase of the surface tension with an
increase of the Cu-content as well as a change of sign of do/dT
for intermediate alloy compositions. The comparison with the
theoretical curves indicates a good agreement with the regular
solution model. An exception is alloys with intermediate com-
positions where deviations with respect to the regular solution
isotherm can be observed.

The wetting behaviour of four Sn-rich Cu-Sn alloys in
contact with a Ni-substrate was analyzed. The contact angle
decreased with an increase of Sn-content starting from 8¢ =26°
at 900K for Cu-70 at.%Sn and reaching the spreading condi-
tions with 6f=4.5° for Cu—95 at.%Sn at the same temperature.
From the analysis of the sample cross-sections the formation of
an interface layer of Ni3Sn with a thickness ranging from 1 to
3 pwm was detected. Furthermore, an increase of the substrate ero-
sion was also observed which decreased with the Sn-content in
the alloy. Hence the growth of an interface layer with a thickness
of some microns is desirable for the formation of a good solder
joint. The results obtained in this work encourage the study of
the surface properties and the wetting behaviour of more com-
plex Cu—Sn-based systems, as candidate materials for lead-free
alloys.
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