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The single-step direct synthesis of tin-silver-copper nanopowders and nanostructured coatings using the flame-based
high-temperature reducing jet (HTRJ) process is reported. Nanostructured coatings were deposited and sintered within
the HTRJ reactor to study the effect of reductive sintering temperature on their electrical conductivity and surface mor-
phology. Although the ultimate application of these nanoparticles is in printed electronics, which requires dispersing
them as stable inks before depositing and sintering them, our approach of direct deposition from the gas phase provides
an upper limit on the conductivity achievable with a given composition. The directly deposited coatings had high electri-
cal conductivity, including a value of 2 X 10° S/im for 36 wt % Cu-40 wt % Ag-24 wt % Sn sintered at 200°C. This is
twice the conductivity of a pure silver coating prepared under similar conditions. Moreover, similarly high electrical
conductivity was achieved using only 20% Ag with sintering at 300°C. © 2015 American Institute of Chemical Engi-

neers AIChE J, 62: 408-414, 2016
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Introduction

Sn-Ag-Cu (SAC) alloys are used in solder applications,
printed circuit boards, and dental fillings.'® Historically,
63%Sn-37%Pb alloy was extensively used in the microelec-
tronics industry."*” However, due to the toxicity and environ-
mental impacts of lead, the US and EU countries have banned
lead-containing solders.”®” This created an urgent need for
lead-free solders, which led to the development of nanosolders.
Attributes of an ideal nanosolder alloy include low soldering
temperature, absence of creep and fatigue due to thermal
stresses, moderate surface tension, high electrical conductivity,
and corrosion resistance.>'*"'* Solder joints made with 96%Sn-
3.5%Ag-0.5%Cu exhibit better electrical conductivity and
mechanical strength compared with 63%Sn-37%Pb joints.'* An
emerging application of nanoscale SAC alloys is in metal-based
conductive inks (CIs) for printable electronics.>'>™ These
applications currently rely mainly on pure silver nanoparticle-
based inks, but inks based on lower cost materials are of great
interest. This need for lower-cost metal nanoparticle based Cls
provide the primary motivation for this study.

Common phases reported in the SAC system include
intermetallic compounds CugSns, CusSn, and Ag3Sn.20_23
Most prior research on this system has focused on composi-
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tions with a high Sn content (>95 wt %) to produce solders
with melting points lower than that of pure Sn.>*> However,
these high tin compositions are not ideal for CI applications
in which properties closer to those of pure silver are desired.
A key difference is that in printed electronics, the metal
nanoparticles are not required to fully melt, as in soldering,
but are only required to sinter sufficiently to create conduc-
tive paths. Over the past decade, researchers have mostly
focused on the Sn-rich corner of the ternary Cu-Ag-Sn
phase diagram, circled in red in Figure 1. Lin et al. pro-
duced 96.5%Sn-3.5%Ag using a process in which dry Ag
and Sn powders were heated in a vacuum furnace and mixed
and centrifuged with paraffin and dry ice.® Yung et al. pre-
pared 96.5%Sn-3.0%Ag-0.5%Cu nanosolder alloys via a
chemical reduction method using polyvinylpyrrolidone
(PVP) and NaBH4,12 They identified SnO and SnO, phases,
demonstrating that the surface of the nanosolders was oxi-
dized. This oxide was later reduced by citric acid. The
CugSns phase was not detected by X-ray diffraction (XRD),
probably due to the low Cu content. Bao et al. synthesized
99%Sn-1.0%Ag, 96.5%Sn-3.5%Ag, and 93.5%Sn-6.5%Ag
nanosolders via an arc discharge process.'' Jiang et al. pro-
duced SnAg nanosolders by a chemical reduction method
and studied their thermal and wetting properties for solder
melting point depression.”® They observed the formation of
Ag;Sn along with Sn, and showed that the melting point of
Sn depends nonlinearly on the nanoparticle size. Zou et al.
fabricated 96.5%Sn-3.0%Ag-0.5%Cu nanoparticles less
than 100 nm in diameter using a chemical reduction
approach with NaBH, *
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Figure 1. Ternary Cu-Ag-Sn phase diagram.

The larger red circle shows the focus of most prior
research, which was aimed at producing lead-free solder
materials. The red rectangle and smaller red circles indi-
cate the range of compositions explored in the present
study. Compositions of positions within the rectangle
are: (position 1: 40 Ag-58 Cu-2 Sn; position 2: 40 Ag-50
Cu-10 Sn; position 3: 40 Ag-36 Cu-24 Sn; position 4: 20
Ag-50 Cu-30 Sn; position 5: 20 Ag-36 Cu-44 Sn).
Adapted from www.metallurgy.nist.gov. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Reviewing the above studies, we see that chemical reduc-
tion is a relatively inexpensive and convenient method of pre-
paring nanosolder alloys, particularly at laboratory scale, but
has some limitations, including incomplete precursor utiliza-
tion and challenges in controlling composition of complex
alloys. High energy milling and arc discharge methods are
energy intensive and have relatively high operating costs.
Flame-based aerosol synthesis can provide a continuous, scal-
able, one step approach to produce nanoparticles and
nanoparticle-based coatings. Numerous researchers have pre-
pared metal and metal oxide nanoparticles via aerosol meth-
ods, as described in several reviews.?*® However, few
studies have reported aerosol synthesis of materials in the SAC
system. In earlier work, we demonstrated continuous one-step
synthesis of bimetallic copper-nickel*’ and copper-silver’®
nanostructured coatings by deposition and sintering of nano-
particles produced as an aerosol using the flame driven high
temperature reducing jet (HTRJ) process. Blattmann et al.
used flame aerosol deposition of silver nanoparticles onto bare
or polymer-coated glass substrates followed by polymer spin-
coating to produce flexible, free-standing conductive films.*'
Starsich et al. used reducing flame-spray pyrolysis to produce
cobalt nanoparticles and incorporate them into a magnetic
metal-polymer nanocomposite.32

The composition range considered in this study is indicated
by a red rectangle on the ternary phase diagram shown in Fig-
ure 1.%* The goal of this study was to synthesize and character-
ize SAC nanoparticles and nanostructured films of varying
composition using the HTRJ process developed by Scharmach
et al.**The compositions studied here were selected as follows.
In our previous study on the Cu-Ag bimetallic system, we
found an optimum coating with composition 58 wt % Cu-42
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wt % Ag.’® We replaced 2 wt % Ag with Sn which corre-
sponds to position 1 in Figure 1 to investigate the effect of a
small addition of Sn on conductivity and surface microstruc-
ture. We then moved horizontally on the phase diagram (keep-
ing Ag wt % fixed at 40 wt %, positions 1, 2, and 3) while
replacing copper with tin. This was done in an effort to reduce
sintering temperature of coatings and thereby increase conduc-
tivity at fixed Ag content. Finally, we moved vertically down
on the phase diagram, reducing silver content to bring the
overall cost of coatings down (position 4 and 5). Although the
CuAgSn phase diagram is for bulk systems, it can reasonably
be used to predict the possible phases that will form in nano-
materials. Certainly metastable materials can be produced by
processes like those used here, but the bulk phase diagram
nonetheless provides guidance with respect to the phases
likely to be observed.

Experimental Section
Materials and synthesis

Water soluble nitrate and sulfate metal precursors used in
these experiments included silver nitrate (ACS reagent,
>99.0%, Acros Organics), copper nitrate (ACS reagent,
>98.0%, Acros Organics), and tin sulfate (97%, Acros Organ-
ics). The HTRIJ reactor was described in detail by Scharmach
et al.* Oxygen at a flow rate of ~2.3 standard liters per
minute (SLM) flowing through a central inlet and a larger flow
of hydrogen and nitrogen (~14 SLM total) flowing in a con-
centric annular region formed an inverted diffusion flame.
Excess hydrogen was always used, so the flame temperature
depended primarily on the oxygen flow rate. The products of
combustion, comprised of unreacted hydrogen, water vapor,
and nitrogen, were accelerated through a converging-
diverging nozzle. The liquid precursor mixture was delivered
within the nozzle by four small symmetrically arranged inlets
using a syringe pump at a total flow rate of 180 mL/h. The
high-velocity gaseous stream atomizes the precursor solution,
which rapidly evaporates and decomposes, producing metal or
metal oxide particles. This reactor provides a general method
of producing nanoparticles of metals that can be reduced by
H, in the presence of water. To arrest particle growth, a vary-
ing flow rate of cold nitrogen gas was used in the quench sec-
tion downstream of particle formation chamber. Nanoparticles
were thermophoretically deposited on 12.5 mm diameter glass
windows (Edmund Optics) to produce sintered coatings. The
glass substrate was mounted perpendicular to the gas flow, on
the reactor axis, just above the reactor exit. The temperature of
the substrate was measured during the deposition process
using a k-type thermocouple (Omega). The substrate tempera-
ture was controlled by varying the flow rate of cold nitrogen
gas. A flow rate of 100 SLM was used to maintain the sub-
strate temperature at ~200°C. Flows of 65 SLM and 50 SLM
yielded substrate temperatures of ~300°C and 400°C, respec-
tively. For all experiments reported here, the precursor solu-
tion had a total metal concentration of 10 mM. Nanoparticles
were collected using a 293 mm diameter Durapore brand poly-
vinylidene difluoride (PVDF) membrane filter with 0.22
micron pore size (Millipore). This provides efficient particle
collection with minimal pressure drop at the flow rates used in
this study. Only a small fraction of the product nanoparticles
were deposited on the glass substrate. Most were collected on
the filter. The nanoparticle deposition time per batch was
~3 h. The sintering time is the same, because the particles are
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Figure 2. Scanning electron micrographs (SEM) of 40 Ag-36 Cu-24 Sn nanostructured coatings sintered at (a)

200°C, (b) 300°C, and (c) 400°C.

produced and deposited simultaneously. The average coating
thickness was in the range of 1-5 um.

Nanoparticle characterization

The nanopowders and nanostructured coatings were ana-
lyzed by a series of methods: XRD (Rigaku Ultima IV X-
Ray diffractometer), transmission electron microscopy
(TEM) (JEOL JEM 2010 at an accelerating voltage of 200
KV), and scanning electron microscopy (AURIGA™ Cross-
Beam® Workstation (FIB-SEM) from Carl Zeiss SMT) with
an Oxford Instruments X-Max® 20 mm? energy dispersive
X-ray spectroscopy (EDS) detector and INCA® software for
elemental composition determination. A custom-built elec-
trostatic sampler, similar to that described by Dixkens and
Fissan®® was used for collecting particles directly onto TEM
grids for offline analysis. For bulk electrical conductivity of
coatings, a four-point probe with a Keithley 2400 source-
meter was used.

Results and Discussion

Scanning electron microscopy and EDS
characterization—(Cu 36 wt %-Ag 40 wt %-Sn 24 wt%
coating)

The motivation behind choosing this composition was to
see the effect of moving from right to left in the ternary phase
diagram, starting from a Cu-Ag combination shown in our pre-
vious work to be near the minimum Ag content required to
produce conductive films.>* This was done by decreasing Cu
wt % at fixed Ag wt % and increasing Sn wt %. Addition of
tin resulted in formation of the Ag-Sn intermetallic compound
Ag3Sn. The electrical conductivity of films at this composition
reached 10° S/m. This conductivity is one order of magnitude
lower than that of bulk Sn (8.69 X 10° S/m at 273 K)* and
exceeds requirements for metal nanoparticle based CI
formulations.*”*
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Effect of reductive sintering (under H;) on
microstructure of coatings

The nanostructured coatings were sintered at 200°C,
300°C, or 400°C under the reducing H, atmosphere present
in the HTRJ reactor, where the postcombustion gases consist
of H,, H,O, and N,. Figure 2 shows the effect of reductive
annealing. Figure 2a shows the coating sintered at 200°C,
which was found to be porous. After annealing at 300°C,
the coating started cracking, as shown in Figure 2b, causing
a decrease in conductivity by one order of magnitude, as
discussed further below. Figure 2c¢ shows the coating sin-
tered at 400°C. Sintering at this temperature led to formation
of the intermetallic copper-tin compound CusSn, as shown
by XRD. The electrical conductivity increased to 10® S/m
after sintering at 400°C.

Energy dispersive X-ray spectroscopy (EDX) elemental
mapping was used to characterize the mixing of the three ele-
ments, as seen in Figure 3, which presents the distribution of
Cu, Ag, and Sn in the nanostructured coatings sintered at
200°C and 400°C. Figure 3a shows a scanning electron micros-
copy (SEM) image of a film sintered at 200°C, and Figure 3b
is the EDX elemental map showing the distribution of Cu, Ag,
and Sn corresponding to Figure 3a. Figures 3c, d shows the
same analysis for a film sintered at 400°C. In films sintered at
200°C, all three elements were well mixed, but at higher sin-
tering temperature (400°C), we observed formation of segre-
gated Ag-rich and Sn-rich domains. This suggests that the
thermophoretically-deposited nanoparticulate film is metasta-
ble, and evolves toward a thermodynamically more stable
phase-segregated state on annealing at sufficiently high tem-
perature. The EDX spectrum of a 40 Ag-36 Cu-24 Sn (num-
bers indicate wt %) coating sintered at 200°C is provided in
the Supporting Information. The ratio of the metals in the
coating is consistent with that in the precursor mixture. This
illustrates the ability of the HTRJ process to control
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Figure 3. SEM images ([a] and [c]) and EDX based composition maps (tb] .and [d]) of sintered 40 Ag-36 Cu-24 Sn
nanostructured coatings; (a) and (b) show a film sintered at 200°C; (c) and (d) show a film sintered at

400°C.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

composition via complete conversion of precursors to product
particles.

In this study, we have not performed detailed analysis of the
film and powder composition, based in our prior observations
in other systems for which the film and powder composition
matched the precursor composition almost exactly. In our
study of Cu-Ni powders and films in the HTRJ system,” we
performed extensive composition analysis of powders col-
lected on filter paper and particulate films deposited on glass
substrates, using both inductively coupled plasma optical
emission spectroscopy (ICP-OES) and EDX. We found close
agreement between the two techniques and also between the
measured compositions and the nominal compositions based
on precursor composition. Similarly, in our previous study of
Cu-Ag nanoparticles and films,*® we observed close agree-
ment between EDX-based composition analysis and the nomi-
nal composition based on precursor composition. The
consistency of the results in this study (EDX-based composi-
tion in good agreement with nominal composition, similar
nanoparticles observed in TEM) with those previous studies
provides confidence that the product films consist of partially
sintered nanoparticles of approximately the same composition
as the nominal precursor composition. The morphology of par-
ticles obtained from the HTRJ process is irregular and non-
spherical as seen in our earlier published studies.’”** The
morphology of particles of four different compositions are
shown in Supporting Information Figure S1. No dramatic
changes in morphology with composition are observed.

Powder X-Ray diffraction studies

Powder XRD measurements were made on nanopowders
collected on filter paper and on coatings deposited on glass
substrates. The effect of sintering on the phase evolution was
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elucidated via XRD. Figure 4 compares X-Ray diffraction pat-
terns from the 40 Ag-36 Cu-24 Sn nanopowder, the corre-
sponding coating sintered at 200°C, and the coating sintered at
400°C. The crystallographic phases, with their respective
Miller indices (hkl), corresponding to each peak position are
shown in Figure 4. As is typical of XRD patterns of particles
in this size range, particularly in thin films, the peaks are sig-
nificantly broadened and the noise level precludes identifica-
tion of the weakest reflections from each phase. Thus,

sn(101)

Ag{111)

—— Powder 200 C (a)
Coating 200 C (b)

Cu3sn{112)

; £E g g 88 —— Coating 400 Cﬂ(c)

. i 295 3 ¥ 3 £

s - A < 3

S 2l o (a)
= 2,3 =) =

= sl E[E - g I

2 | G I s < ? 3

] A " S A 2

[= Perguer i’ Sy, ."\. \

£ | mtnedon ot st Yot (b)

(002)

Y Aglzoo)

Cu20(200)
Cu3sn(0260)

Culsn|

8(220)
Cu35n(400)

E—*
=
i
i

u35n{0300)
Cu3sn(0301)

w
=]
IS
o
u\
o
o))
o
~
o
®
=]
©
o

20 (degrees)
Figure 4. X-Ray diffraction patterns of 40 Ag-36 Cu-24
Sn powder, and nanostructured coatings sin-
tered at 200°C and 400°C.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 5. X-Ray diffraction patterns of 20 Ag-50 Cu-30 Sn
nanostructured coatings sintered at 200°C,
300°C, and 400°C.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

quantitative fitting, by Reitveld refinement, did not produce
unique or meaningful results for the phase fractions and crys-
tallite sizes, and there is some ambiguity in some of the
assignments of overlapping peaks. The XRD pattern of the
powder shows the presence of a pure Sn phase, which is not
seen in the films. This phase is evident from the peak at 2
0 =32.25° corresponding to the Sn (101) plane. Peaks
assigned to intermetallic compounds of Sn with Cu and Ag
(e.g., CusSn and Ag;Sn) are also present in powder XRD pat-
terns. The coating sintered at 400°C consists mostly of CuzSn
and Ag phases. These observations suggest that tin particles
form separately from the other materials, but that tin diffuses
into the other metals during sintering at 200°C. At higher sin-
tering temperature (400°C) Ag segregates from the other met-
als, as also suggested by the SEM and EDX results. Some of
the copper is present as oxides. We are confident that within
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the reactor, the particles are in their metallic form. The ther-
modynamics of hydrogen reduction of Ag and Cu in the pres-
ence of water are very favorable. The reactor is a closed
(vacuum/pressure tight) system, so no entrainment of air is
possible. These nanostructured materials are simply subject to
surface oxidation upon exposure to the ambient environment.

Figure 5 shows the powder XRD patterns for another com-
position, 20 Ag-50 Cu-30 Sn, indicated by circle 5 in the ter-
nary phase diagram shown in Figure 1. This composition
corresponds to the y-phase region below the phase boundary.
This composition was chosen to see the effect of lowering Ag
wt % on the electrical conductivity. In this case, the coating
sintered at 200°C shows the presence of some pure Sn, as
shown by peaks Sn(200), Sn(101), and Ags;Sn(002) in the
XRD pattern. The crystallographic phases with their Miller
indices (hkl), corresponding to each peak position are shown
in Figure 5. This phase was not present in coatings sintered at
300°C and 400°C. Some copper in the film sintered at 200°C
was oxidized, as shown by peaks CuO(311)and CuO(222).
Coatings sintered at 300°C and 400°C contained more interme-
tallic phases. For example, peaks of Cu3Sn(002) and
CusSn(391) in the coating sintered at 400°C show the presence
of CusSn, which is also evident in the coating sintered at
300°C, but not in the coating sintered at 200°C. We believe
that separate Sn nanoparticles are formed in the gas phase. In
the nanoparticles deposited on the glass substrate and sintered
at 200°C or higher, the Sn diffuses into the other nanoparticles
and the pure Sn phase disappears. However, for particles col-
lected on the filter, which is at much lower temperature, this
does not occur and the Sn phase remains present.

As noted above, several of the XRD patterns in Figures 4
and 5 show the presence of a significant amount of oxides.
While the presence of Ag,0 is generally tolerable in CI appli-
cations, because of its relatively high conductivity, the pres-
ence of CuO, Cu,0, and mixed oxides are undesirable. The
conductivity results shown below clearly indicate that if films
of these particles are sintered under reducing conditions, they
remain conductive after exposure to air and the accompanying
surface oxidation. This may not be the case for particles that
suffer surface oxidation prior to sintering. Thus, conducting
inks prepared from these particles may have to be prepared
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Figure 6. Semilog plot of electrical conductivity for the set of five points in the Cu-Ag-Sn phase diagram at three
different sintering temperatures, 200°C, 300°C, and 400°C.

Results for pure silver, pure tin, and the 42Ag-58Cu film reported in our previous study>’ are included for comparison. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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under an inert environment and incorporate ligands or disper-
sants that prevent oxidation. Sintering may still have to be per-
formed in a reducing environment.

Note that in this study we have not produced ternary Cu-Ag-
Sn alloy nanoparticles of uniform composition, even at overall
compositions where ternary compounds are possible. Rather,
we have produced an overall ternary mixture of copper, silver,
and tin. This results in formation of some binary intermetallic
compounds. The three elements are intimately mixed at the
nanoparticle scale (length scales of a few tens of nm or more)
but not at the atomic scale. As illustrated by the XRD patterns
of Figures 4 and 5 the films and powders are a mixture of dif-
ferent metals and binary intermetallic compounds.

Electrical conductivity results—effect of reductive
sintering temperature

The electrical conductivity was measured for the coatings
corresponding to the five points in the ternary phase diagram
shown in Figure 1. After sintering the coatings inside the reac-
tor (under H,), electrical conductivity measurements were
done using a standard four-point probe method, in air. The
conductivity was measured one day after deposition. The coat-
ing was stored in an inert atmosphere glove box prior to con-
ductivity measurements. Figure 6 presents the electrical
conductivity results, on a log scale. It compares conductivity
values for compositions as indicated in Figure 1 (position 1:
40 Ag-58 Cu-2 Sn; position 2: 40 Ag-50 Cu-10 Sn; position 3:
40 Ag-36 Cu-24 Sn; position 4: 20 Ag-50 Cu-30 Sn; position
5: 20 Ag-36 Cu-44 Sn), along with pure silver, pure tin and a
58 Cu-42 Ag coating, each sintered at 200°C. The two major
conclusions that can be drawn from this analysis are: (1) elec-
trical conductivity increases with increasing sintering tempera-
ture except for the 40 Ag-36 Cu-24Sn composition and 40 Ag-
50Cu-10 Sn; (2) the Ag 40-36 Cu-24Sn film has an electrical
conductivity of 1.98 X 10° S/m at 200°C sintering tempera-
ture, which is twice the value of electrical conductivity
obtained for a 100% Ag coating prepared under the same con-
ditions. Because the logarithmic scale of Figure 6 spans nine
orders of magnitude, this factor of two differences is not
obvious in the figure. Thus, the 40 Ag-36 Cu- 24 Sn composi-
tion is potentially well suited for preparing metal nanoparticle
based inks due to its high electrical conductivity and low sin-
tering temperature. The 20 Ag-50 Cu-30 Sn coating is also
notable, because it provides very high conductivity at 300°C
sintering temperature while using only 20 wt % silver.

Conclusion

In summary, we have synthesized Cu-Ag-Sn (SAC) nano-
particles and nanostructured coatings of various compositions
using a prototype high-temperature reducing-jet reactor sys-
tem. The synthesis involved use of low cost and water soluble
precursors. This study provides new insights into lower-cost
metal nanoparticles for use in formulating inks for printable,
flexible electronics. Detailed characterization of the coatings
revealed that nanoscale mixing among Cu, Ag, and Sn is
achieved at 200°C sintering temperature. The morphology and
composition of the coatings were analyzed using SEM and
EDS. Well-mixed domains of Cu, Ag, and Sn were found in
the coatings. At higher Sn wt % in the Cu-Ag-Sn mixture,
higher sintering temperatures favored formation of intermetal-
lic compounds of Cu and Ag with Sn such as CuzSn, AgsSn,
and CugSns, as demonstrated by XRD. XRD shows the pres-
ence of a pure Sn phase in the nanopowders, which was not
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generally present in films. The highest electrical conductivity
of 1.98 X 10° S/m for sintering at 200°C was obtained for 40
Ag-36 Cu-24 Sn films, sintered at 200°C. This value is twice
that of a pure Ag coating synthesized under similar conditions.
The increased sintering, presumably due to melting point
depression upon incorporation of tin, is responsible for this
improved performance, despite the lower conductivity of Sn
compared with Cu and Ag. These results provide valuable
insights into the electrical conductivity of tin-silver-copper
coatings sintered at temperatures relevant for printed electron-
ics applications.
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