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Temperature Processing

Alfredo J. Diaz,1 David Ma,2 Alfred Zinn,2 and Pedro O. Quintero1,*

Abstract�Materials have shown a tendency to modify their
bulk properties depending on powder particle size. Nanoparticles’
coalescence temperature tends to decrease as particle size
decreases. Taking advantage of this behavior, a nanoparticle-
based solder paste has been developed as a proof-of-concept and
is described in this paper for attaching electronic components at a
lower processing temperature to avoid thermally induced damage
and reduce energy consumption.
Tin nanoparticles were successfully synthesized via a wet chem-

istry route. The synthesis consists on the use tin (II) chloride
dehydrated as the Sn precursor, 1,10-phenanthroline as the sur-
factant, and sodium borohydride as the reducing agent. A flux
system was developed based on ethylene glycol. The solder paste
based on the synthesized Sn nanoparticles showed good surface
wetting, but not a sufficient metal volume to produce an attach-
ment because the paste required high flux content, thus resulting
in a poor metallic load paste. By using commercially procured Sn
nanoparticles the results showed acceptable coalescence of the
noncapped nanoparticles at temperatures as low as 2008C with a
processing time of 20 min. A reduction in processing temperature
of approximately 408C has been found when comparing the devel-
oped solder paste with typical SAC lead-free solders. The mechan-
ical and electrical properties of the resulting structure were
characterized by means of lap-shear testing and a four-wire Kelvin
test showing acceptable shear strength and electrical conductivity.

Keywords�Nanosolder, tin nanoparticles, lead-free, solder,
solder paste, sintering, melting point depression, shear strength,
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INTRODUCTION

The semiconductor industry generates more than $298 bil-
lion annually according to the Semiconductor Industry

Association [1]. Most of the revenue is from the sales of con-
sumer electronics, that is, cellphones, laptops, tablets, and so
on. This industry has encountered technical difficulties after
legislation, called the Restriction of Hazardous Substances
(RoHS), banned the use of some materials, mainly lead (Pb),
that have been used for many years; thus resulting in
manufacturing and reliability problems with the integration of
new technologies. The major impacts of lead-free soldering in
electronics can be attributed to higher soldering temperatures

and the increased complexity of the microstructures of solder
joints. The main issue is that higher soldering temperatures
might cause damage to temperature-sensitive components [2].

The peak reflow or processing temperature of Pb-free alloys
will increase, for example, from 220�C when using conven-
tional Sn-37Pb eutectic solder to�250�C when using a Sn-Ag-
Cu alloy, causing potential damage to electronic components
that cannot withstand such high reflow temperatures [3]. As
part of this investigation, mechanisms that reduce the coales-
cence temperature of the particles, such as melting point
depression or sintering, will be investigated in order to produce
an attachment at a temperature below the bulk melting point.

Melting point depression of nanoparticles is an intrinsic
property where the decrease in particle size is poised to signif-
icantly reduce the melting point of the material due to the
increase of surface energy [4-8] (this is well established both
experimentally and theoretically [9]). The graph in Fig. 1
shows the significant decrease in melting point with particle
size for tin.

Sintering is a thermal treatment for bonding particles into a
coherent, predominantly solid structure via mass transport
events that often occur at the atomic scale. The bonding leads
to improved strength and lower system energy [10]. The tem-
perature needed to induce bonding through sintering depends
on material and particle size. Most materials exhibit sintering
behavior between temperatures around 0.5-0.8 Tm (bulk).
Bonds and densification become more evident with higher
temperatures, longer times, and smaller particles [11].

A solder paste is a homogeneous and kinetically stable mix-
ture of solder alloy powder (Sn nanoparticles, in this case),
flux, and vehicle, which is capable of forming metallurgical
bonds at a given soldering condition [12] and that have the
properties required by the manufacturing process. After
reflow, the solder will have a bulk behavior. The reflow pro-
cess will induce nanoparticles to coalesce. The consolidation
of the nanoparticles will increase the particle or cluster size,
thus reducing the total surface energy of the system. The
advantage of this process will be to have a higher melting
temperature of the solder at application conditions than in
processing due to densification of the metal content, hence anni-
hilating the effect of size-dependency on the melting point.

Many researchers have reported the thermal characteristics
of nanoparticles accounting for a reduction in the melting
point. Schmidt et al. [13] published that they have found irreg-
ular variations in the melting point of size-selected clusters.
Using calorimetric analysis developed by Lai et al. [5] for
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isolated tin nanoparticles, they experimentally acquired data for
clusters of different sizes finding irregular tendencies, thus con-
cluding that the size dependence of the melting point cannot be
explained easily and depends on a complicated interplay
between geometric and electronic structure. Jiang et al. [14], in
2007, published work based on synthesis and thermal charac-
terization of Sn-Ag alloy particles. They synthesized the
nanoparticles using a low temperature wet chemistry route with
a surfactant to reduce the agglomeration and oxidation of the
nanoparticles. For an average particle size of 10 nm, differential
scanning calorimetry (DSC) revealed a melting point of around
194�C. Zou et al. [6] published that tin nanoparticles, synthe-
sized via a wet chemistry route, resulted in diameters of 81, 40,
36, and 34 nm that had a melting points of 226.1, 221.8, 221.1,
and 219.5�C, respectively, according to DSC measurements.

Taking advantage of the lower coalescence temperature found
for nanoparticles, some researchers have used this to produce
nanosolder paste for lower processing temperatures. Hsiao et al.
[15] published their findings on the properties of a solder based
on SAC chemically synthesized nanoparticles mixed with a
Rosin mildly activated commercial flux (TACFLUX®, Indium
Corp.) to produce a paste. The processing temperature of the
solder paste was reduced to almost 215�C and they reported
favorable wetting of the surface. Liu et al. [16] concluded in their
review paper that pure nanosolder pastes are a relatively new
research subject and it should be studied down to its core to take
advantage of the lower melting point. Jiang et al. [8] synthesized
tin, tin/silver (SnAg), and tin/silver/copper (SnAgCu) alloy
nanoparticles of various sizes to prepare a solder paste. They
developed a flux based on citric acid and ethanol having a low
reflow temperature. The wetting test for the as-prepared SnAg
and SnAgCu alloy nanoparticle pastes on a Cu surface showed
the typical Cu6Sn5 intermetallic compound (IMC) formation.

METHODOLOGY

A. Synthesis of Sn Nanoparticles

The experimental setup used to control the parameters of the
synthesis is shown in Fig. 2. The reaction chamber was isolated
from ambient conditions; argon was used to minimize the pres-
ence of air in the chamber where the reactor is a jacketed beaker
connected to a Thermo Scientific Neslab RTE7 chiller to control
the temperature at which the reaction occurs. A magnetic stirrer
was used for the homogenization of the solution.

An aqueous solution of 100 mL 0.1 M SnCl2�2H2O was
prepared in glyme (1,2 dimethoxyethane) and 2 g of 1,10-
phenanthroline were added to the solution (for a 1:1 molar
ratio of phen:SnCl2). The solution was then added to the reac-
tion chamber and magnetically stirred for 10 min at a con-
trolled temperature of 20�C. A 100 mL suspension of 1.5 g
sodium borohydride in glyme was then added to the reaction
chamber and held for 1 h. The resulting solution was then
centrifuged at 9,000 RPM for 5 min, and then redispersed in
ethanol for cleaning. This process was repeated three times,
and the samples were then vacuum dried. All the chemicals
were supplied by Sigma-Aldrich®. The resulting material was
analyzed using XRD and TEM.

B. Development of Flux and Solder Paste

The flux was developed and tested by formulating a solder
paste consisting of commercially procured Sn microparticles
(1-5 mm). Samples of the paste were reflowed at 250�C to
ensure the fusion of the metallic particles. The behavior of the
flux was assessed qualitatively for each experimental combi-
nation in order to find the best formulation. The flux constitu-
ents are ethylene glycol and glutamic acid, mixed into specific
experimental ratios, ranging from 5-50 wt.% concentrations,
for screening purposes. Different flux compositions were
mixed with a metallic particulate in order to find the optimal
embodiment of the paste. The specific quantities of each con-
stituent of the solder paste were weighted, mixed, and homog-
enized for the preparation.

C. Experimental Sample Preparation

The preparation of the samples consisted of the use of a Cu
foil as a test coupon. The solder paste containing the Sn
nanoparticles was deposited on top of the substrate by using
the process of stencil printing (0.1 mm in thickness). Different
experimental thermal profiles were used to process the samples
after which the coalescence of the nanoparticles was character-
ized. After processing, the samples were cleaned using acetone
and sonication for 10 min. SEM and EDS was used to charac-
terize the resulting material.

D. Lap Shear Testing

Lap shear tests were performed in order to characterize the
mechanical strength of the joints at different test conditions of
time and processing temperatures. Two Cu foil strips were cut
to 2 in. long, and then a stencil (0.014 in. thickness) was used

Fig. 1. Melting point size dependence of tin nanoparticles. The solid line is
based on theory and the point are experimental results [5].

Fig. 2. Schematic of synthesis setup.
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to print a square of solder paste in the tip of one strip with a
length of 0.4 in., as shown in Fig. 3.
The mechanical testing equipment used was a Mark 10-

ESM301L®. The reported shear strength is the average of 10
samples for each testing condition.

E. Electrical Properties Testing

The electrical conductivity of the sintered tin nanoparticles
was measured and compared with the bulk value reported in
literature. The electrical resistance of the material was mea-
sured using a Digital Milli-ohm meter (model 310 of BK pre-
cision) based on a four wire Kelvin test. The four wire Kelvin
test working principle is to supply a current between two points
and measure the voltage drop across two points, maintaining a
constant distance between the probes across all the samples
measured. The material’s electrical resistivity was calculated
based on the measured resistance and geometrical parameters.
Samples were prepared using the obtained optimal processing
parameters using a glass substrate to measure the resistivity of
the metallic material. The electrical conductivity was calcu-
lated as the average of 15 samples per condition (ambient or
argon atmosphere during processing).

F. Differential Scanning Calorimetry

Thermal analysis was performed on the nanoparticles for the
understanding of the coalescence mechanism. The instrument
used was a DSC-e by Instrument Specialists®. The analysis of
the Sn nanoparticles was conducted in an inert atmosphere
(argon flowing at 15 cc/min) where samples were heated at a
ramp rate of 10�C/min up to a peak temperature of 250�C.
Different ramp rates and peak temperatures were used to
analyze the behavior of the flux when heated in reflow-like
thermal profiles. Off-line thermogravimetry was used to esti-
mate the quantity of material left in the solder after the
thermal profiles.

RESULTS AND DISCUSSION

A. Synthesized Sn Nanoparticles

X-ray diffraction (XRD) was used to characterize the syn-
thesized material. Fig. 4 shows the XRD pattern for the dried
residues from the synthesis. The intensity peaks showed a
mixture of tin and tin oxide (as identified by the Match! soft-
ware standard library); further, NaCl was detected as a product

of the reaction. Fig. 5 shows a TEM image for the synthesized
Sn nanoparticles. Particle sizes of 30-60 nm in diameter were
recovered from our synthesis.

The flux formulation was aimed at improving the oxide
removal capability from the surface of the particles. Ethylene
glycol was mixed with glutamic acid (from 5-50 wt.% concen-
tration) to use as the flux medium. A solder paste was devel-
oped by adding quantities ranging from 85-95 wt.% metallic
tin microparticles and tested at a reflow temperature of 250�C.
Qualitative observations were used to select the best flux for-
mulation to later produce the Sn nanoparticle solder paste.

From the set of experimental trials, the best paste composi-
tion was selected for performing tests with the synthesized Sn
nanoparticles. Using the particles from the synthesis, a solder
paste was developed using the most effective flux combination
obtained from the preliminary tests with Sn microparticles.
The nanosolder paste formulation was a mixture of the
driedproduct from the synthesis with the flux using a ratio of
25 wt.% nanoparticles and 75 wt.% flux (50 wt.% of ethylene
glycol and 50 wt.% of glutamic acid). Due to the small particle
size, more flux was needed in the mixture to produce a solder
paste with the appropriate rheology. Rheological properties
were assessed by qualitative means such as printability. Fur-
ther quantitative tests, as for example viscosity measurements,
will be a focus of future work.

Reflow was performed on copper test coupons where the
solder paste was deposited on top. Temperatures ranging from
195�C to 220�C were used to process the samples. Local sub-
strate temperature was measured using an external thermocou-
ple attached to the surface of the test coupon. The resulting

Fig. 3. Lap shear test specimen schematic.

Fig. 4. XRD pattern for the synthesized nanoparticles.

Fig. 5. TEM image for the synthesized Sn nanoparticles.
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coupon exhibited a tinned surface where good wetting of the
surface was observed as depicted in Fig. 6. SEM and EDS (Jeol
JSM 6360 with EDS) was used to characterize the surface of
the copper coupons.

SEM images in Fig. 7 show the surfaces obtained after the
low temperature reflow process. EDS confirmed the presence
of Sn over the Cu substrate as shown in Fig. 8. Reflow temper-
atures were approximately 30-40�C below the melting point of
tin, therefore, in principle it has been demonstrated that using
nanoparticles, the processing temperature of such a paste can
be substantially reduced. However, due to the large amount of
flux relative to metal within the paste, it was not possible to
obtain enough volume of metal within the coupon, thus limit-
ing the ability to form a solder joint as a device attach on an
SMT process. The organic surfactant also played a critical role
since it acted against the coagulation mechanisms needed for
the surface melting required for the process. It has been theo-
rized that increasing the metal load to 80 wt.% or more should
eliminate this limitation, but the current flux/nanoparticle
material cannot be mixed in such a high metal content ratio
without affecting the necessary printability needed on a solder
paste. In response to this observation, commercially procured
Sn nanoparticles, without capping agent, were used for the
formulation of a higher metal content Sn-nanoparticle paste.

B. Commercial Sn Nanoparticle Solder Paste

Commercially available Sn nanoparticles were procured
from SSnano Inc. The nanoparticles specifications are: 99.9%
of purity, an average particle size below 100 nm, spherical
particles without surfactant, and a specific surface area of
approximately 7 m2/g. Fig. 9 shows an SEM image from
the commercial nanoparticles. It can be observed that the par-
ticles are spherical and that, mostly, they are about 100 nm
in diameter.

In order to avoid oxidation during the sintering process, flux
containing 50 wt.% of ethylene glycol and 50 wt.% of glutamic
acid was used to prepare the solder paste. After some experi-
mental trials, the best embodiment for the paste was found to
be 60 wt.% Sn nanoparticles and 40 wt.% flux.

Fig. 10 shows the reflow profiles used to process the sam-
ples, temperature was measured on top of the Cu foil substrate
with an external thermocouple. The samples reached steady
state temperature after 2 min. When using 180�C for pro-
cessing, the samples did not hold up to the cleaning process
of sonication in ethanol or acetone, thus this processing
temperature was ruled out for all testing.

Fig. 6. As reflow sample of synthesized Sn-nanoparticle paste on top of a
Cu substrate.

Fig. 7. SEM images of the surface of test coupons; (a) 205�C-interface
copper-tin (tin on the right); (b) 205�C-surface defects; (c) 205�C-surface
defects at x11 K; (d) 217�C-solder bump surface.

Fig. 8. EDS spectrum for the area shown in Fig. 7d.

Fig. 9. SEM images of the Sn nanoparticles.
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For simplicity, solid-state densification is considered to be
accomplished through three stages: initial, intermediate, and
final. Multiple mechanisms are involved throughout these
stages, namely, evaporation-condensation, surface diffusion,
grain boundary diffusion, bulk diffusion, viscous flow, and
plastic deformation [11]. In the initial stage, there is a growth
of an interparticle neck. For nanoparticles, with excessive sur-
face area and highly curved surfaces, surface diffusion is
expected to be extremely rapid in this early sintering stage.
Evidence of the surface diffusion contribution to the neck
formation in nanopowder sintering has been given by many
researchers [11]. During the intermediate and final stages,
there is a substantial reduction in the pores and the intercon-
nections increase with time, and at the final stage, grain growth
is evident. Surface diffusion mechanisms are most sensitive to
particle size. Therefore, enhanced surface diffusion with
reduced low-temperature densification should be observed in
sintering nanoparticles [11].
Fig. 11 and Fig. 12 show the evolution in the coalescence of

nanoparticles at different temperatures, 200�C and 220�C,
respectively. An initial attempt for the metallographic analysis
using traditional techniques such as cross-sectioning and
grinding/polishing resulted in exaggerated sintered features that
were identified as artifacts of the metallography. Therefore, we
proceeded with noninvasive metallographic techniques (e.g.,
surface imaging) to reveal the real as-fabricated features.
The first image in each figure (a) shows the loose Sn

nanoparticles powder. Fig. 11 shows SEM images for a
processing time of, for Fig 11(b), 10 min; and for Fig. 11(c),
20 min. Fig. 12 has images for Fig 12(b) of 5 min, for Fig. 12(c)
of 10 min, and for Fig. 12(d), 20 min. At 200�C, the sample
processed for 5 min did not withstand the cleaning process
(5 min of sonication in acetone) and it can be inferred that the
resulting structure at that time and temperature was not strong
enough. The resulting structure improves as the processing time
is longer. Also, by increasing the processing temperature, an
improved structure could be obtained at a lower processing
time. By visually inspecting Fig. 11(c) and Fig. 12(c), a similar
surface structure was obtained at different conditions. The den-

sification of the material highly depended on the processing
time and temperature, an evident sintering mechanism of coa-
lescence. From this morphological analysis, in addition to our
goal to reduce the processing temperature, it was found that the
samples processed at 200�C for 10 min appear to be superior to
the other tested conditions. Necks between particles can also be
observed in Fig. 11(b) and Fig. 12(b). Typical sintering behavior
was observed by analyzing the resulting material surface and
comparing the obtained results with published data on the
sintering process of tungsten powder as shown in Fig. 13 where
the similarities with our samples can be appreciated. The stages
of sintering are shown at different times and temperatures.
Fig. 11(b) shows the initial stage, Fig. 12(b) shows the interme-
diate stage, and Fig. 11(c) shows the final stage with significant
grain growth and the typical pores for a sintered material.

Fig. 10. Reflow profiles measured at the surface of the samples.

Fig. 11. SEM images confirming the sintering process at a temperature of
200�C; (a) loose nanoparticles; (b) 10 min; (c) 20 min.

Fig. 12. SEM images confirming the sintering process at a temperature of
220�C; (a) loose nanoparticles; (b) 5 min; (c) 10 min; (d) 20 min.
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Using a GF-B-HT DDM Novastar reflow oven, the effect of
argon during the process was assessed. The 200�C thermal
profile was used to process the samples with and without argon
for 20 min. For the samples processed in argon, a flow of
50 scfm was used with an oven purge time of 20 min.

SEM imaging was used to characterize the resulting surface
for each case. Fig. 14(A) shows the typical surface obtained for
the samples processed without argon and Fig. 14(B) shows
the surface of the samples processed in argon. The samples
processed with argon showed a less defective surface.

Using EDS analysis, the tin surface was analyzed in order to
measure contaminants levels. Table I shows the average mea-
surements for different samples. There is no significant differ-
ence between the samples processed with or without argon. No
significant difference can be seen between the oxidation (O)
levels of the samples. Also, high levels of chlorine (Cl) in both
samples were found due to the flux acid.

Lap shear tests were performed in order to characterize the
mechanical strength of the joints. An attempt to correlate the
microstructure of the resulting attach material to the mechani-
cal response was performed.

At 10 min, the sintering process began forming necks
between adjacent nanoparticles resulting in a stronger structure
than the 5 min sample that did not hold up. At the 20 min mark,
the final stage of the sintering process was reached, as

evidenced by the formation of a microstructure that resembles
a bulk material, although still showing some porosity, which is
intrinsic to the sintering process. After this point, the samples
started to oxidize as time was increased, because no more flux
was available to protect the metal. At 30 min, the structure
showed some pitting corrosion, but in general the structure is
similar, exhibiting pores and grain boundaries. Table II sum-
marizes the quantity of oxygen at each stage found in the sur-
faces by using EDS. As shown in Fig. 15, at 200�C, the shear
strength varied from 1.03 MPa to a maximum of 1.21 MPa for
the sample processed at 20 min. Shear strength values for the
eutectic Sn-Pb alloy ranging from 9.2 to 50 MPa have been
published [17]. Common Pb-free solders, such as Sn-3.5Ag,
Sn-0.7Cu, Sn-3.8Ag-0.7Cu, and Sn-3.5Ag-3Bi (by weight),
have shown values ranging from 9.2 to 49 MPa [17]. Comparing
the shear strength values, it can be seen that the mechanical
properties of the developed nanosolder are below the commonly
used alloys. The pores in the material were not included in the
shear strength calculation, which could add to the difference
between the experimental and theoretical values. However,
there are applications such as MEMS packaging that may not
require high mechanical strengths, but that are sensitive to
processing temperatures; for those temperature-sensitive pack-
ages, this low processing temperature paste could be a solution.

Similarly, reflow profiles with peak temperature of 220�C
and processing times of 5, 10, 20, and 30 min were used. After
20 min, the incremental oxidation of the samples became evi-
dent from the inspection. Processing times longer than 10 min
are known to be detrimental for flux, where activators are basi-
cally consumed and no longer capable of providing any reduc-
ing or protecting function. Table II shows the oxygen weight
percentage for each case, contrasting with the observations on
SEM images. As time and temperature increases, the oxidation
level increases. As seen from the mechanical data, the shear
strength varied from 1.2-1.27 MPa, which is not a very signifi-
cant change; however, its deterioration with time could be
attributed to the higher oxidation rates (at 220�C the oxidation
process started earlier because of the higher temperature).

Fig. 13. Example of sintering progress in tungsten powder [10].

Fig. 14. SEM image of the tin surface after reflow in (a) ambient atmosphere
(b) inert atmosphere (argon).

Table I
EDS Average Results for Different Samples and Areas

EDS analysis average wt.% values

No argon Argon

Sn 77.33 76.69
O 15.98 14.88
Cl 6.69 8.43

Table II
EDS Measurements on Oxygen Quantities

200�C 220�C

Time (min) O wt.% Time (min) O wt.%

5 0.57
10 0.78 10 2.31
20 1.93 20 3.02
30 1.97 30 3.5
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The electrical conductivity of the sintered tin nanoparticles
was measured and compared with the bulk value reported in
the literature [18].
The resulting averaged conductivity values and the theoret-

ical value for tin are shown in Table III. Both measured values
were several orders of magnitude below the theoretical value.
The conductivity of the sintered material gets a slight increase
by the use of argon. As shown in Fig. 14, an improvement of
the surface is acquired when the samples are processed under
an argon atmosphere. The difference between the experimental
and theoretical values can be attributed to the porous structure
obtained via sintering. The cross-sectional area used in the
resistivity calculations does not take into account the pores of
the structure.

C. Thermal Characterization

The DSC curve obtained for the 1,10 phenanthroline-capped
tin nanoparticles, shown in Fig. 16, exhibited the thermal
characteristics of this material. A transformation at �111�C
was observed and attributed to the melting of the 1,10
phenanthroline (the nanoparticles’ capping agent); this behav-
ior showed some difference when compared with the isolated
capping agent. The bond of the capping agent with the nano-
particle is different from the bond with itself. From previous
analysis on the isolated 1,10 phenanthroline, it was observed
that it completely evaporates below 200�C. Using off-line
thermogravimetry, a quantitative estimation of the capping
agent of the nanoparticles was performed. It was determined
that approximately 20% of the weight of the synthesized
nanoparticles is 1,10 phenanthroline. The second transforma-
tion occurs at about 228�C which is attributed to the melting of
tin. A DSC profile (depicted in Fig. 16) for bulk tin served as a
comparative basis for the nanomaterials. According to the data,
the synthesized tin nanoparticles showed a depression of 4�C
in their melting point, where 232�C is the melting point mea-
sured for bulk tin. The as-received commercial nanoparticles
were characterized using the DSC, Fig. 16 shows the pattern
for the sample. The profile shows an endothermic peak related

Fig. 15. Shear strength at different temperatures and times: (a) 200�C
(b) 220�C.

Table III
Average Electrical Conductivity Values

Experimental,
no argon

Experimental,
argon

Theoretical
[18]

Electrical conductivity
(S/m)

1.36 3 10
5

3.29 3 10
5

910.6 3 10
6

Fig. 16. Thermal analysis for the metallic materials: (a) DSC profiles
(b) first derivative.
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to the melting of the nanoparticles. The melting process occurs
around 227�C. Commercial nanoparticles have shown a melt-
ing point depression of about 5�C.

The flux was analyzed using different DSC thermal profiles.
With a ramp profile up to 300�C, the weight loss due to evap-
oration of the constituents was around 68%. Using a ramp and
isothermal hold temperature at 200�C for 20 min (profile sim-
ilar to the optimal processing condition used), the weight loss
was around 62%, which suggests that the samples after reflow
have �38% by weight of residues from the flux. The effect of
the ramp steepness (heating rate) was assessed using two dif-
ferent ramps with the same holding time. The steeper ramp,
60�C/min, produced the best surface on the solder (less rough-
ness). As stated by Groza [11], the consolidation mechanism
works better when high ramps are used.

Fig. 17 shows the melting point depression curve for tin as
function of particle radius. Assuming that the onset of the
DSC curve was approximately 225�C for both nanomaterials,
that is, synthesized and procured nanoparticles, the following
analysis was performed. Using a melting point temperature of
225�C, the average diameter of the nanoparticle should be
50 nm according to melting point depression curve. The opti-
mal experimental processing temperature used was 200�C.
From inspection, a particle diameter of �15 nm is required if
melting at 200�C is expected. The average particle diameter
for the synthesized nanoparticles was approximately 45 nm
and 94.6 nm for the commercially procured nanoparticles.
The commercial nanoparticles have a better match with the
theoretical value for melting point depression; however, the
synthesized nanoparticles are off by approximately 5�C.
The synthesized nanoparticles have around 20% by
weight of the capping agent; this could be the causal factor
for the incongruity between the theoretical and experimental
results. A critical observation is that coalescence of the
nanoparticles was attained at 200�C, thus proving that if the
nanoparticles are not small enough, the mechanism that dom-
inates is sintering where mass transfer between particles pro-
motes the formation of a continuous body. Below a radius
of 10 nm, the depression curve gets steeper; therefore, in this
region the melting point depression should dominate the
coalescence process.

CONCLUSION

Sn nanoparticles were successfully synthesized and used in
the formulation of a novel, proof-of-concept nanosolder paste.
Low temperatures conditions (�200�C), well below those
needed for SAC Pb-free reflow, were used to process the
nanosolder paste, which resulted in the successful formation
of a tinned copper substrate. However, owing to the low metal
content and the presence of the organic surfactant, the forma-
tion of a bulk metallic joint was not possible at this stage.

Commercially available Sn nanoparticles, with no capping
agent, were used to prepare a solder paste with higher metallic
content in order to prove the concept developed from our
synthesized paste. After a series of experimental trials, a suc-
cessful nanopaste was obtained with a best embodiment of
60 wt.% Sn nanoparticles and 40 wt.% flux. From qualitative
tests, this paste proved to be a potential solution for the reduc-
tion of processing temperature on Pb-free solders. Microstruc-
tural analysis and mechanical testing were used to characterize
the joints, which were further related to the process parame-
ters. The suggested condition, when processing the sample in
air, was defined to be 20 min at 200�C, which resulted in an
evolved metallic microstructure with minimal pores, peak
mechanical response, and the lowest processing temperature.
Prolonged processing times and higher temperatures resulted
in excessive oxidation due to the loss of flux presence.

From thermal analysis of the materials, the nanoparticles
showed a melting point depression of 5�C. The mechanism
that ruled the coalescence of the nanoparticles was sintering.
The critical parameters in the processing of the samples were
time and temperature. With longer times and higher tempera-
tures, the oxidation process of the samples was accelerated.
Also, the thermal analysis showed that the capping agent on
the synthesized nanoparticles accounts for 20% of the total
weight. The analysis from the solder paste showed that a con-
siderable amount of residue from the flux remained in the
final material.

Although it is well known that pure Sn solders have a ten-
dency to grow whiskers, in this work we have demonstrated
the use of Sn nanoparticles to develop a solder paste that will
serve as the basis for the future development of a nano-Sn rich
alloy for device interconnects.
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