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a b s t r a c t
Ultraﬁne Sn nanoparticles (NPs) (diameter b 10 nm) exhibiting a remarkable depression in their melting point
were synthesized at room temperature by a modiﬁed polyol process. For the synthesis, low-grade Sn(II) 2ethylhexanoate and sodium borohydride were used as the precursor and reducing agent in a diethylene glycol
medium. Further, polyvinyl pyrrolidone was used as a capping agent during the synthesis. The synthesized crystalline Sn NPs showed an average diameter of 7.98 nm and an extremely low melting point of 128 °C. To test the
applicability of the synthesized ultraﬁne Sn NPs to practical systems, an Ag-based composite ink containing the
Sn NPs was prepared. The ink was easily sintered through local liquid-phase sintering by melting of the ultraﬁne
Sn NPs added as a metal binder. Therefore, despite the low-temperature (170 °C) sintering with a short duration
(~15 min), the composite ink exhibited excellent sheet resistance.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Sn is the main element in solder alloys that are the most widely used
interconnection materials in the electronics packaging industry. Binary
or ternary Sn-based alloys are preferred over pure Sn as solder materials
owing to various reasons. The most important reason, however, is that
the use of these alloys decreases the required interconnection temperature because of their low melting points. Nevertheless, some typical
Pb-free solder alloys have high melting points, e.g., Sn–3.0Ag–0.5Cu
(wt.%) (melting point: 217 °C). The use of high-melting-point Pb-free
solder alloys is detrimental to the thermal stability of polymer materials
with a low glass transition temperature (Tg) that are widely used in the
electronics packaging industry. Furthermore, a high processing temperature may induce cumulative stress at interfaces between packaging
materials with different values of the coefﬁcient of thermal expansion;
this stress may result in the warpage of packages or delamination at the
interfaces [1–3]. In addition, soldering at high temperatures is uneconomical because of high energy consumption.
However, the use of solder alloys with disproportionately low melting
points may also be problematic, as recently observed in the case of mobile
electronics in which excessive heat emission made low-melting-point
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solder joints unreliable [4–6]. Further, Sn–58Bi alloy—a typical lowmelting-point alloy—has been reported to be extremely brittle when subjected to rapid stress loading [7–11]. Hence, alternative solder materials
with bimodal melting behavior—exhibiting low melting points during
reﬂow soldering and high melting points after it—are highly desirable.
The melting point of metal particles tends to decrease considerably
when the particle size is reduced to less than a few tens of nanometers
[12]. This phenomenon of melting point depression due to reduction in
the particles is known as the Gibbs–Thomson effect. Therefore, Sn nanoparticles (NPs) with sizes less than a few tens of nanometers would
show a considerable reduction in the melting point, and this reduction
may enable the formation of interconnections at extremely low temperatures. Jo et al. synthesized ﬁne Sn NPs with average diameters in the
range 11.3–29.1 nm by a modiﬁed polyol process [13]. They found the
melting point of the Sn NPs with an average diameter of 11.3 nm to be
177.3 °C. Moreover, they demonstrated experimentally that the lesser
the particle size the more the reduction in the melting point. Huang
and Duh reported the fabrication of Sn NPs smaller than those reported
by Jo et al. [14]. They adopted a reduction-based synthesis process that
involved mixing a Sn chloride precursor with excess reductant in a reaction bath, and reported the formation of uniformly ﬁne Sn NPs with an
average diameter of 10.4 nm [14]. However, they did not measure the
melting points of the synthesized NPs. In summary, the tendency of the
melting point of pure Sn to decrease markedly with a decrease in the particle size may be utilized to eliminate the necessity for the preparation of
ternary Sn-based solder alloys, which is performed for reducing the
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processing temperature. Moreover, Sn NPs coagulate or agglomerate
with each other during reﬂow soldering or sintering and growth,
resulting in the formation of bulk Sn, which has a melting point of
232 °C [13]. Thus, the drawback of low-melting-point solder alloys adversely affecting thermal stability may be prevented. Moreover, ﬁne
Sn NPs when converted into a solder paste or an ink may be used in
ﬁne pitch interconnections, which are one of the immediate requirements of the electronics industry [13,15]. Although binary or ternary
Sn-based alloy NPs have the advantage of lower melting point, the
synthesis of these alloy NPs via chemical reduction takes a long time
and it is difﬁcult to uniformly and precisely control the alloy composition [16–18].
Current research on the application of Sn NPs is mostly focused on
preparing conductive inks for inkjet printing, although the electrical
conductivity of Sn is inherently lower than that of Ag or Cu [13]. In the
present study, however, Sn NPs were used as a metal binder that
melts at extremely low temperatures. A signiﬁcant melting point reduction of N 100 °C can be achieved by synthesizing ultraﬁne Sn NPs with
diameters b10 nm [13,19,20]. Thus, the addition of ultraﬁne Sn NPs to
commercial Ag inks can reduce the thermal sintering temperature,
which is as high as 200–300 °C, and holding time required to obtain
good conducting tracks owing to the melting of Sn NPs. The distinct
sintering temperature reduction is extraordinarily signiﬁcant for industrial applications, considering the low cost of polymer ﬁlms that exhibit
a low Tg.

2. Experimental details
In the present study, ultraﬁne Sn NPs were synthesized by a modiﬁed polyol process. The process involved the decomposition of a metal
precursor and reduction of the metal ions in a polyol medium. Sn(II)
2-ethylhexanoate ([CH3(CH2)3CH(C2H5)CO2]2Sn, ~ 95%) and sodium
borohydride (NaBH4, 99.99%) were used as the metal precursor and
reducing agent, respectively. In this process, polyvinyl pyrrolidone
(PVP, molecular weight: 1,300,000, Aldrich Chemical Co.), a capping
agent, was also used to suppress agglomeration between the synthesized NPs and to prevent their excessive oxidation [13,18]. All chemicals
except PVP were supplied by Sigma-Aldrich Co. and used as-received
without further processing or puriﬁcation. Sn(II) 2-ethylhexanoate
used in this study had the highest commercially available purity.
Sn NPs were synthesized in air at room temperature by injecting
Sn(II) 2-ethylhexanoate into the diethylene glycol (DEG) solution
containing sodium borohydride and PVP. To prepare the solution, 2 g
of sodium borohydride and 1 g of PVP were dissolved completely in
100 ml of DEG. Then, 2 ml of Sn(II) 2-ethylhexanoate was directly injected
into this solution by using a dispenser at the rate of ~4.5 ml/min. This
procedure was different from the modiﬁed polyol process employed by
Jo et al. They used Sn(II) acetate and 1,5-pentanediol as the precursor
and polyol medium, respectively, and injected the reductant solution
into the Sn precursor solution in an argon atmosphere at N 100 °C [13].
After adding the starting materials to the DEG solution, the obtained
ﬁnal solution was continuously stirred using a magnetic pellet for
60 min to provide sufﬁcient time for reaction completion. Samples for
high-resolution transmission electron microscopy (HRTEM, Tecnai G2
F30ST, FEI Company), carried out at 300 kV to elucidate the morphology,
size distribution, and crystal structure of the synthesized Sn NPs, were
prepared by adding a few drops of the ﬁnal DEG solution on to Cu
grids coated with a carbon ﬁlm.
To estimate the reduction in their melting point, thermal analysis of
the Sn NPs was carried out by differential scanning calorimetry (DSC,
Q20, TA Instruments). To allow free evaporation of DEG, the pan lid
was removed during the DSC experiments. The initial mass of the
sample was ~ 10 mg and it was heated from 30 °C to 250 °C at the
rate of 10 °C/min. To prevent oxidation during heating, the experiments
were carried out under a nitrogen ﬂow (50 ml/min). For comparison,

DSC measurements on dried Sn NPs were also performed under identical
experimental conditions.
The dried Sn NPs were prepared via an additional drying step carried
out in a vacuum chamber maintained at room temperature. Because
DEG takes a long time to dry owing to its low volatility, additional
medium-exchanging steps were carried out in which DEG was repetitively exchanged with methanol using a centrifuge. The centrifugation
was performed for 30 min at 6000 rpm during each mediumexchanging step and the solution was condensed in the last cycle.
The dried NPs were also subjected to X-ray photoelectron spectroscopy (XPS, K-Alpha, Thermo Electron Co.) using the monochromated Al
Kα X-ray (1486.6 eV). Beam energy was set at 12 kV and current density
was at 6 mA. Additionally, Fourier transform infrared (FT-IR, Vertex 80,
Bruker Optics Co.) analysis was performed, and X-ray diffraction (XRD,
X'pert PRO-MPD, PANalytical) analysis was also carried out in the 2θ
range 20–90° using Cu-Kα radiation. During the preparation of the powder samples for XRD analysis, the centrifuge speed was increased to
15,000 rpm to gather more NPs. In addition, inductively coupled plasma
atomic emission spectroscopy (ICP-AES, JY Ultima2C, Jobin Yvon Inc.)
was performed to investigate the composition of the dried NPs.
Further, a small amount of the Sn NPs dispersed in methanol was
added to a commercial Ag ink (DGP 40TE-20C, Advanced Nano Products
Co., average diameter of Ag NPs: 42.8 nm) to fabricate a Ag/Sn composite
ink; it was anticipated that this ink would exhibit local low-temperature
melting and sintering characteristics. The ultraﬁne Sn NPs added to the
composite ink were expected to perform as metal binders that could
melt at low temperatures. The PVP capping in the Sn NPs has been reported to deter the achievement of stable electrical conductivity [13]. Hence,
before their addition to the ink, the Sn NPs were subjected to an additional washing step that involved a centrifugation step in an acetone/
methanol solution, a medium-exchanging step, and a condensing step.
A small amount of the composite ink (70 μl) was dropped onto a Si
wafer (1 cm × 1 cm) using a micropipette (Research Plus 3120
000.046, Eppendorf). The Si wafer coated with the composite ink was
sintered in an air atmosphere for 15 min at 170 °C. The microstructure
of the sintered layer was then analyzed by ﬁeld-emission scanning
electron microscopy (FE-SEM, Hitachi S-4200, Hitachi Ltd.), and its
composition was obtained by energy-dispersive X-ray spectroscopy
(EDS, Horiba EMAX 6853-H, Horiba Ltd.). A surface topography for
the sintered ﬁlm was measured using an atomic force microscope
(AFM, Nanoscope IV, Digital Instruments). Further, the sheet resistance
of the sintered layer was measured using a four-point prober linked to a
source meter (2400, Keithley Instruments Inc.). The total distance between the probes set at an interval of 1 mm was 3 mm and a correction
factor of 4.22 was used in the calculation of sheet resistance, taking into
account the sample size and thickness.
3. Results and discussion
Fig. 1(a) shows the TEM images of the as-synthesized Sn NPs. The
NPs were discrete (without agglomeration) and exhibited spherical or
ovoid (i.e., slightly elongated and spherical) morphologies. Although
the diameters of the NPs were observed to range from 4 to 13 nm,
most of the particles had diameters between 5 nm and 10 nm, indicating
a narrow size distribution (Fig. 1(b)). The average diameter of the NPs
was found to be 7.98 nm (standard deviation: b20%). The HRTEM
image shown in Fig. 1(c) indicates the presence of crystalline structures
and the selected area electron diffraction (SAED) pattern in Fig. 1(d) conﬁrmed the presence of β-Sn. The clear ring fringes indicated that crystallization occurred along different growth planes in a group of NPs or in an
individual NP. The interplanar distance was measured to be 0.29 nm, as
shown in the inset of Fig. 1(d), which corresponds to the interplanar
distance between the (200) planes of β-Sn. The narrow size distribution
of the NPs, in contrast to that observed in an earlier study performed
without the addition of PVP [21], indicated indirectly that the surfaces
of the NPs synthesized in this study were surrounded by PVP.

S.-S. Chee, J.-H. Lee / Thin Solid Films 562 (2014) 211–217

213

Fig. 1. TEM images of Sn NPs synthesized by the modiﬁed polyol process: (a) low-magniﬁcation image, (b) particle size (diameter) distribution, (c) high-magniﬁcation image, and
(d) SAED pattern and high-resolution TEM image (inset).

The reduction of Sn ions supplied by the precursor could be
represented by the reaction given below [16]:
−

−

2þ

−

BH4 þ 8OH þ 4Sn →BðOHÞ4 þ 4H2 OðgÞ þ 4Sn:

ð1Þ

Reaction (1) can be further divided into a pair of redox reactions, as
shown below:
−

−

−

BH4 þ 8OH →BðOHÞ4 þ 4H2 O þ 8e

2þ

4Sn

−

þ 8e →4Sn:

−

ð2Þ

ð3Þ

While reaction (2) occurred in the DEG solution containing sodium
borohydride, reduction reaction (3) occurred when the Sn(II)
2-ethylhexanoate solution was injected into the solution of sodium
borohydride and PVP in DEG. Before reaction (3), a coordination bond
may have been formed between the Sn ions and lone-pair electrons of
the oxygen atom on the carbonyl group of PVP [13]. Subsequently, the
reduced Sn atoms were consumed for the nucleation and growth of
the Sn NPs. During the synthesis of Sn NPs, the chemical bonding of
PVP suppressed the oxidation of Sn ions and the agglomeration between the as-synthesized Sn NPs.
The Sn NPs synthesized in this study showed sizes (4–13 mm)
smaller than those reported in a previous study (11.3–29.1 nm). This
“ﬁne-tuning” of the size of the synthesized Sn NPs is believed to be

mainly caused by three reasons. Firstly, the low temperature process
employed in this study is considered to be one of the reasons. The size
of Sn NPs synthesized by the modiﬁed polyol route increases with an increase in the synthesis temperature, which is in contrast with the classical polyol process [13,22,23]. In this study, the modiﬁed polyol
process was carried out at room temperature. The Sn atoms, easily reduced even at room temperature by the addition of a strong reductant
(sodium borohydride), formed nuclei and these nuclei then grew. During
the growth, however, a high temperature may induce greater collision
coagulation between NPs synthesized in the medium. Secondly, the low
grade of the starting material (Sn(II) 2-ethylhexanoate) might have
been effective in the synthesis of ultraﬁne Sn NPs. Impurity ions present
in the medium, coming from the low-purity precursor, might have
disrupted the reduction reaction (3) and reduced the number of Sn
atoms per unit volume [24]. The resulting low atom density might have
restricted the initial size of Sn nuclei. Finally, it was predicted that the
characteristic size and size distribution of the NPs obtained by the modiﬁed polyol process were dependent on the polyol type [25]. The reduction kinetics of Sn ions in the modiﬁed polyol process employed in this
study may vary depending on the transferability of electrons supplied
by reaction (2) as a function of the polyol type. If the reduction rate is
high enough, the concentration of reduced Sn atoms will increase rapidly
and become greater than the saturation concentration until nucleation
occurs, as explained by La Mer [26,27]. The short burst in nucleation
due to the rapid increase in Sn concentration results in the formation of
a large number of nuclei [28]. These nuclei grow rapidly and the Sn
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concentration drops to a point below the nucleation concentration but
high enough to allow small particle growth to occur at a rate that just
consumes all the generated Sn [23,29]. In summary, the polyol type
might have affected the reduction rate; the short burst in nucleation
might have generated ﬁne particles, resulting in a narrow size
distribution.
Fig. 2 shows the XPS analysis results for dried Sn NPs. The spectrum
indicates two main peaks corresponding to the spin-orbital coupling of
the 3d state with a spin–orbit separation of 8.4 eV. The peak assigned to
Sn 3d5/2 can also be separated into two peaks [30]. One peak at 484.5 eV
originated from Sn [31]. However, the other peak at 486.7 eV was found
to originate from SnOx, implying that oxides were formed on the surface
of the Sn NPs during the synthesis or drying [32,33].
Although an oxide-like layer was observed on the Sn NPs, as shown
in Fig. 1(c), the layer did not give rise to a speciﬁc diffraction pattern.
Therefore, it is inferred that the surfaces of the synthesized Sn NPs
were surrounded by SnOx and PVP molecules, forming a previously
reported oxide–organic complex layer [13,18,28]. While the thickness
of this complex layer was irregular, the measured maximum thickness
did not exceed ~3.7 nm.
The formation of an oxide–organic complex layer can be elucidated
more reliably on the basis of FT-IR analysis results, shown in Fig. 3. In
the spectra for pure PVP and synthesized Sn NPs, the peaks at
3016–2815, 1753–1519, 1517–1346, and 1344–1110 cm−1 correspond
to the C\H stretching [34], C_O stretching [34–36],\CH2 bending [34,
37], and C\N stretching vibrations [34,37], respectively. The peak at
3648–3085 cm−1 was conﬁrmed to originate from the moisture absorbed
in the PVP [34,37]. In addition, the peak observed at 767–638 cm−1 corresponds to the Sn\O group [38], which correlated well with the XPS
analysis results. Consequently, the FT-IR spectra indicated that PVP and
the oxide adhered to the surface of the synthesized Sn NPs [39]. The negative shift and broadening of the peaks corresponding to the C_O and
C\N stretching vibrations and the\CH2 bending vibration were attributed to the formation of small NPs and chemical bonding, respectively
[35–37].
The XRD patterns for the dried Sn NPs are shown in Fig. 4. While the
diffraction peaks were broadened because the powders were nanosized,
many peaks, including the main peak corresponding to (200) reﬂections,
can be clearly observed. Despite the formation of an oxide–organic complex layer, no discrete peaks corresponding to SnOx can be observed,
conﬁrming that the oxide formation was insigniﬁcant, leading to a thin
surface layer. The average size of the Sn NPs was estimated from the
average full width at half maximum of the (200) peak, according to
Scherrer's equation. The value obtained was ~ 22 nm, which is larger
than that obtained from Fig. 1(a). This can be attributed to the particle

Fig. 3. FT-IR spectra for pure PVP and Sn NPs synthesized in DEG containing PVP.

growth due to the coalescence of the synthesized Sn NPs during the
high-speed centrifugation at 15,000 rpm [22,40].
The elemental composition of the dried Sn NPs measured using
ICP-AES is summarized in Table 1. Even though the purity of the
starting material was quite low (~ 95%), the purity of the synthesized
Sn NPs approached 99.8 wt.%, indicating the advantage of the modiﬁed
polyol process. Therefore, ultraﬁne high-purity Sn NPs can be obtained
by the modiﬁed polyol process employed in the present study.
Fig. 5 shows the DSC analysis results for DEG containing the assynthesized Sn NPs and dried Sn NPs. A sample of the DEG solution
containing the NPs showed no distinct peaks except for a peak corresponding to the evaporation of DEG during the ﬁrst heating cycle. This
is because the concentration of the Sn NPs in the solution was insufﬁcient to be clearly measured. However, a relatively sharp endothermic
peak was detected at 128 °C during the second heating cycle performed
after DEG was sufﬁciently removed during ﬁrst heating. This indicates
the representative melting of the remaining Sn NPs, shown by the remarkable reduction in the melting point at 104 °C in comparison to
that for bulk Sn. This is one of the lowest reported values in the literature. Lai et al. proposed Eq. (4) for estimating the size dependence of
the melting point of Sn NPs on the basis of Hanszen model [19]. In this
model, it is assumed that a solid particle is embedded in a thin liquid
overlayer, and the melting temperature is taken to be the temperature
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Fig. 2. XPS spectra for as-prepared Sn NPs.

Fig. 4. XRD patterns for (a) as-prepared Sn NPs and (b) sub-micron Sn powders.
S.-S. Chee et al., Res. Chem. Intermed., in press.
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Table 1
Elemental composition of as-prepared Sn NPs measured by ICP-AES.
Element

Concentration (ppm)

Concentration (at.%)

Sn
Co
Cr
Cu
Fe
Ni
Pb
Zn
Sb

Balance
b3
7.395
64.59
1733
b3
269.7
187.3
b3

99.774
–
0.001
0.006
0.173
–
0.027
0.019
–

of equilibrium between the solid sphere core and the liquid overlayer
with a given critical thickness (t0).

T m ¼ 232−782

σ sl
1
−
15:8ðr−t 0 Þ r


ð4Þ

where Tm (°C) is the melting point of a particle with a radius r (Å), and
σsl is the interfacial surface tension between the solid and liquid. From
their experimental data, Lai et al. determined σsl to be 48 ± 8 mN/m,
and the best ﬁt for t0 to be 18 Å.
The average radius of the Sn NPs shown in Fig. 1(a) was ~ 4.0 nm;
using this value in Eq. (4) for an σsl value of 55 mN/m, the melting
point is obtained to be 128 °C. This value is consistent with the melting

a

127.98 °C

170.14 °C

b

226.22 °C
229.43 °C
140.53 °C

Fig. 5. DSC curves for (a) as-synthesized Sn NPs dispersed in DEG and (b) dried Sn NPs.
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point observed in the second cycle of Fig. 5(a). Meanwhile, the sample
prepared with completely dried Sn NPs revealed a sharp peak at
~140 °C during the ﬁrst heating cycle. This indicates the melting point
of the dried Sn NPs, which corresponds to a reduction of 92 °C in the
melting point. This slight increase in the melting point when compared
to that shown in Fig. 5(a) is attributed to the coagulation or agglomeration of the NPs during centrifugation and drying [22,40]. In Eq. (4), the
increase corresponds to an increase of ~ 0.27 nm in the radius of the
NPs; this difference is too small to detect from a micrograph.
Further, a slightly broad peak was detected at 230 °C during the ﬁrst
heating cycle, which is indicative of the remelting (near the bulk Sn
melting point) of coarse Sn NPs that were agglomerated by melting at
~140 °C [13]. It should be noted here that NPs with a diameter N 30 nm
were not observed in Fig. 1(a). The Sn agglomerates melted only at
temperatures close to the melting point of bulk Sn during subsequent repetitive heating cycles (including the second heating cycle), indicating that the melting point reduction characteristics were absent in
the agglomerates.
The results in Fig. 5 also present the relationship between the PVP
capping thickness and the agglomeration. In the dried Sn NPs thinly
capped with PVP by the repetitive washing with methanol, another
endothermic peak (the remelting of agglomerated Sn NPs) was observed at 230 °C during the ﬁrst heating cycle (Fig. 5b). However, the
as-synthesized Sn NPs which were thickly capped with PVP did not indicate the formation of another endothermic peak at any point close to
the melting point of bulk Sn during the second heating cycle (Fig. 5a),
implying that the agglomeration process between the Sn NPs did not
occur.
The Ag/Sn composite ink containing the Sn NPs synthesized in this
study was sintered to verify the feasibility of ultraﬁne Sn NPs acting as
a liquid metal binder to achieve lower processing temperatures and
shorter holding times during the sintering of commercial Ag ink. The
sintering temperature of the Ag/Sn composite ink was higher than the
representative melting point of the synthesized Sn NPs by ~ 40 °C,
resulting in sufﬁcient wettability for the molten NPs. As a result, the
sheet resistance of the Ag–3.14Sn (vol.%) layer sintered for 15 min at
170 °C (2.29 × 10−3 Ω/sq.) was slightly lower than that of the pure
Ag layer (2.54 × 10−3 Ω/sq.) sintered for 60 min at 220 °C.
Fig. 6 shows the surface microstructures of the pure Ag layer sintered
for 60 min at 220 °C and the Ag–3.14Sn layer sintered for 15 min at
170 °C. The average size of the particles observed in the Ag layer was
larger than that of the particles in the Ag–3.14Sn layer, indicating accelerated solid-state sintering of the Ag particles at high sintering temperatures. However, the connectivity between the particles was better in
the Ag–3.14Sn layer and a clearly agglomerated microstructure was frequently observed for the sample. Fig. 7 shows the surface topography of
a Ag–3.14Sn (vol.%) layer sintered for 15 min at 170 °C. On the whole,
there were elongated half-oval patterns throughout the surface with coalescence of Ag and Sn NPs. Fine protuberances equivalent to the sizes of
Ag NPs were also observed. The mean roughness Ra from the surface
proﬁle was 4.40 nm. The microstructure was formed through local
liquid-phase sintering due to melting of the ultraﬁne Sn NPs added to
function as metal binders. The ultraﬁne Sn NPs, which melted at a temperature (170 °C) higher than the melting point of the NPs, were
expected to wet the Ag particles circumferentially, resulting in highly
connected Ag particles and agglomerated microstructures. Consequently,
the enhanced sheet resistance of the Ag–3.14Sn composite ink was attributed to the enhanced connectivity. This conﬁrms the excellent quality of
the synthesized Sn NPs and the feasibility for their use as a liquid metal
binder. If the melted Sn NPs can wet the surface of the Ag particles, the
melted Sn may solidify instantly owing to the rapid increase in the radius
of curvature. Hence, the role of the added Sn NPs as a binder is thought to
be temporary, and the connection mechanism between the Ag particles
can be expressed in transient liquid phase sintering. For this reason,
sintering at slightly higher temperatures or with longer holding times
did not rapidly lower the sheet resistance of the Ag\Sn composite layers.
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behavior of the Sn NPs on larger Ag NPs revealed that the oxidation
was not signiﬁcant. The purity of the Sn precursor was only ~ 95%, but
that of the synthesized Sn NPs approached 99.8%. In addition, the
synthesized Sn NPs exhibited an extremely low melting point of
128 °C, which is remarkably lower than that of bulk Sn by 104 °C. In a
preliminary attempt to ﬁnd applications for the synthesized Sn NPs, a
Ag-based composite ink containing the synthesized Sn NPs was prepared.
This composite ink showed excellent sheet resistance even under mild
sintering conditions of a low temperature (170 °C) and a short treatment
time (15 min).
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