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Role of reactant concentration in size control of SnAgCu nanoparticles
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Abstract: Attributing to the melting temperature depressing resulted from the size effect of nanoparticles, the SnAgCu alloy system
can be a promising candidate to replace the traditional toxic SnPb solder in the field of electronic packaging. Chemical reduction
method was used to fabricate the Sn3.0Ag0.5Cu (SAC) (mass fraction, %) alloy nanoparticles. Sodium borohydride and
1,10-phenanthroline were chosen as the reducing agent and surfactant respectively. In addition, the morphology of the synthesized
nanoparticles was investigated by field emission scanning electron microscopy (FE-SEM), and the size distribution of the
as-prepared particles was obtained from the image analysis. It was found that the particle size increased with increasing the reactant
concentration. Finally, theoretical analysis was employed to illustrate the influence of reactant concentration on the particle size.
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1 Introduction

The traditional Sn—Pb solders have been phased out
in the electronic industry due to the toxicity nature of
lead. Much attention has been paid to the development of
new lead-free solders. Among them, the Sn—Ag—Cu
(SAC) alloy system is the most promising candidate that
can replace the Sn—Pb solder. The -eutectic
Sn3.0Ag0.5Cu is widely used in the field of electronic
packaging in particularly [1]. The mechanical properties
of this newly developed lead-free solder are affected by
the solidification structures. Three main phases, f-Sn,
Agz;Sn and CusSns are formed during the solidification
process [2,3]. The latter two intermetallics dispersed in
the f-Sn matrix lead to the generally superior mechanical
properties [4,5]. Even so, there are still some defects in
this system. One of them is the higher melting
temperature compared to Sn—Pb solder, as high as 217.8
°C [6]. The melting temperature of solder plays an
important role in the packaging performance and the
product reliability. Though the use of lead-free solder is
an irresistible general trend, the high melting point of
Sn3.0Ag0.5Cu solder will still cause some unexpected
disadvantages. For example, the weak combination with
the substrate will increase the possibility of substrate

damage.

In order to decrease the melting temperature of
Sn3.0Ag0.5Cu eutectic solder, nanotechnology is
employed. The size-dependent melting temperature of
alloy has been studied by JESSER et al [7]. Various
methods have been developed to
nanoparticles [8—13]. Among them, the chemical
reduction method, which is considered the most suitable
technique for industrial manufacture, is always used in
the fabrication process of lead-free solder. It has been
found to be a comparatively inexpensive and flexible
way to produce nanoparticles with controllable size and
morphology. LIN et al [14] used a chemical reduction
method to synthesize Sn—3.5Ag—xZn (x=0.5-3.5; mass
fraction, %) alloy nanoparticles. The morphology and
size of the isolated nanoparticles were well controlled.
Due to the strong aggregation, the major particle sizes in
the scanning electron microscopy (SEM) images were in
the range of 60—80 nm. In the Sn—Ag based alloy system,
Sn—3.5Ag and Sn—3.0Ag—0.5Cu were studied by JIANG
et al [15,16]. In their experiment, however, nanoparticles
were fabricated through chemical reduction method at
—20 °C in inert gas atmosphere. The relatively harsh
reaction conditions would limit the industrial
applications of this method. HSIAO and DUH [17] also
prepared successfully Sn—3.5Ag—xCu (x=0.2, 0.5, 1.0%)

manufacture
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through the chemical reduction method with NaBH, as
the reduction agent.

In the aspect of practical production, the size and
morphology control of the synthesized nanoparticles are
very important. However, little information about this
control process could be found in literatures. In the
present work, the role of reactant concentration in the
size control of Sn3.0Ag0.5Cu nanoparticles was
discussed in the case of dilute solution of reducing agent

and surfactant.
2 Experimental

In the precursor solution, the reactants used to
synthesize Sn3.0Ag0.5Cu (mass fraction) nanoparticles
were tin (II) 2-ethylhexanoate (C;sH3004Sn), silver
nitrate (AgNO;) and copper (II) ethoxide monohydrate
(Cu(OC;yHs),'H,0).  Sodium  borohydride (NaBHy),
1,10-phenanthroline (C,,HgN,-H,O) and anhydrous
ethanol (CH3CH,OH) were selected as the reducing
agent, the surfactant and the solvent, respectively.

Due to the fact that the mass ratio of metallic ions
used to synthesize SnAgCu nanoparticles was a constant,
namely, the proportion of Sn:Ag:Cu was 96.5:3.0:0.5, the
could be expressed by
concentration of tin (II) 2-ethylhexanoate. In different
cases, different amounts of tin (II) 2-ethylhexanoate were
mixed into 60 mL anhydrous ethanol and the
concentrations for SACI1, SAC2, SAC3, SAC4 were
0.0068, 0.0101, 0.0202 and 0.0271 mol/L, respectively.
In a typical synthesis process, for example SACI1, 0.222
g surfactant was added into the solution and intensively

reactant concentration

stirred for about 2 h in atmospheric environment.
Afterwards 0.0946 g reducing agent was added into the
homogeneous precursor solution and stirred for another
1 h till the end of the reaction.

The synthesis parameters are listed in Table 1.

The synthesized nanoparticles were precipitated by
a centrifugal separator at 4000 r/min for 20 min and
washed with anhydrous ethanol three times. Then the
particles were dried in a vacuum drying chamber at 40
°C for 12 h.

The morphologies of the synthesized particles were

Table 1 Synthesis parameters of Sn3.0Ag0.5Cu nanoparticles

observed with a field emission scanning electron
microscope (FE-SEM, model JSM—6700F).

3 Results and discussion

The SEM images of the synthesized SAC
nanoparticle are shown in Fig. 1. The reactant
concentrations were 0.0068, 0.0101, 0.0202 and 0.0271
mol/L, respectively. It was found from the SEM images
that the particles grew with the increase of reactant
concentration. However, the morphology of the
synthesized nanoparticles, which were mostly spherical,
was basically unchanged.
distribution of the synthesized
nanoparticles could be estimated from the SEM images
by image analysis, and the average diameters could be

The size

obtained from the results of the Gauss fit of the size
distribution [18]. The statistical results of particle size
are illustrated in Fig. 2.

As can be seen from Fig. 2, both the size
distribution and average diameter of the synthesized
nanoparticles became larger with the increase of reactant
concentration. The particle sizes of SACl and SAC2,
whose solution concentrations were at relatively low
level, were smaller than 50 nm and mainly concentrated
in the range of 15—40 nm. In the case of higher reactant
concentration, namely SAC3 and SAC4, the proportion
of particles less than 50 nm was rapidly reduced to about
65%. Despite the average diameters for SAC3 and SAC4
were almost the same, the size distribution of the latter
was much larger due to the thicker reactant. It should be
noticed that there were even particles of about 200 nm in
the SAC4 sample. In addition, the particle sizes of SAC1
and SAC2 were well controlled considering the lower
level of surfactant concentration. That is to say, the
particle size was mainly influenced by the reactant
concentration.

The proportion of particles in different size ranges
was studied, which is shown in Fig. 3. Those particles
with size between 15 nm to 40 nm diminished rapidly
with the increase of reactant concentration. The same
trend could be found in the particles less than 50 nm. As
for the larger ones, i.e. particles larger than 50 nm, the

Sample

Concentration/ m(C;gH3004Sn)/ m(AgNO3)/ m(Cu(OC,Hs),-H,0)/

V(CH3CH20H)/ m(ClegNszo)/ m(NaBH4)/

(mol'L™) g g g mL g g
SACI  0.0068 0.1647 0.0024 0.0009 60 0.2220 0.0946
SAC2  0.0101 0.2470 0.0035 0.0013 60 0.3330 0.1419
SAC3  0.0202 0.4940 0.0047 0.0026 60 0.6660 0.2838
SAC4  0.0271 0.6586 0.0094 0.0034 60 0.8880 03784
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Fig. 1 SEM images of synthesized Sn3.0Ag0.5Cu nanoparticles with different reactant concentrations: (a) SACI; (b) SAC2;

(c) SAC3; (d) SAC4

trend was the opposite. It could also be found that the
average diameter of the synthesized nanoparticles
increased rapidly with increasing the reactant
concentration as shown in Fig. 4. Hence, Sn3.0Ag0.5Cu
nanoparticles with small average diameter and narrow
size distribution could be obtained by controlling the
reactant concentration.

In fact, the influence of reactant concentration on
the particle size can be investigated through the
nucleation rate and the growth rate of nucleus. The
nucleation rate in the chemical reduction process can be
described by the following formula [19]:

—l6ncv?
Ry = Aexp| — o 1
N p[3k3T3ﬂnS)2J M

where Ryis the nucleation rate; 4 is the pre-exponential
factor in the a range of (10°-10°°) sm™; ¢ is the
surface tension of the liquid—solid interface; v is the
atomic volume of solute; & is the Boltzmann constant; 7'
is the reaction temperature; S is the supersaturation of the
solute. Among them, the parameter S can be expressed as

S=clcy 2)
where ¢ and cq is the solute concentrations of saturation

state and equilibrium state, respectively. The nucleation
rate cannot be neglected when the supersaturation of the

solute exceeds a critical value.
The growth rate of the nuclei G can be described by
the following power law equation [19]:

G = kg S® 3)

where kg and g is the constant of growth rate and growth
series, respectively.

Ostwald-Ripening mechanism always takes place
during the growth process of nuclei. That is to say,
particles with small size will be absorbed by the
relatively large ones. Ostwald-Ripening process, which
has an important impact on the size, morphology and
performance of the synthesized nanoparticles, can be
described by the theory proposed by LIFSHITZ et al [20]
and WANER [21]. The main aspect of this theory is
shown as follows [19,22].

1) In a diffusion-controlled growth process, the
mean diameter of the synthesized particles is a function
of time,

Ry =¥k @

where K is the growth rate of crystalline grain and can be
expressed by K=4aD;/9, with D; being the diffusion
current of solute at the grain boundary.

2) In a diffusion-controlled Ostwald-Ripening
process, the number density N of the nuclei decays with
time.
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where Qy is the initial super-saturation concentration of
the solute.

3) The final size distribution function of the product
can be expressed as

N(7) (5)
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Fig. 2 Size distribution of synthesized Sn3.0Ag0.5Cu nanoparticles: (a, a") SACI; (b, b") SAC2; (¢, ¢’) SAC3; (d, d') SAC4

175 200

N(t)

F(Rt)= {—}P()(P(f)) - {0'2290

[R()P
where p(f)=R/R(t) is the absolute size of particles

and Fy(p(¢)) is a function that does not change with
time.

R0) }Po(p(t)) (6)
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concentration

It can be found from Egs. (1)—(6) that the nucleation
rate of the nuclei and the growth rate of the particle are
greatly affected by the concentration of solute in the
solution. These two factors will finally determine the
particle size and size distribution. From the viewpoint of
nucleation rate, a higher nucleation rate can be obtained
when the solute concentration is larger. Thus, much more
nuclei will form in the solution. The high nucleation rate
will lead to two possible results: in the first case, the
solution system is stable and the growth or aggregation
of nuclei is controlled by other methods; then
nanoparticles with small size and narrow size distribution
can be obtained. However, this synthesis process is hard
to be controlled. In the other case, the large number of
nuclei formed during the reaction can greatly increase
their collision probability. The growth of nuclei and the
aggregation of particles will be promoted. Therefore,
coarsened particles will be obtained finally.

In the current study, the ideal product of the first
case was hard to fabricate. The actual reaction belonged
to the second case. That is to say, the increase of the
precursor concentration in the reaction system would

result in the number of nuclei increasing, and then the
increase of nuclei collision probability. Therefore, the
rates of growth and aggregation of Sn3.0Ag0.5Cu
nanoparticles were enhanced, which was shown as the
increase of particle size with increasing the reactant
concentration.

4 Conclusions

1) Nanoparticles of SnAgCu lead-free solder could
be successfully fabricated by means of chemical
reduction method. The particle size increased with
increasing the reactant concentration.

2) The ideal nanoparticles with small average
diameter and narrow size distribution could be obtained
when the reactant concentration was well controlled.
Based on the theoretical analysis, it was deemed that a
large number of collisions of nuclei could greatly
enhance the growth and aggregation rate of nanoparticles
during the reaction.
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