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Abstract
In this work, combined silver/copper nanoparticles were fabricated by the electrical explosion of
a metal wire. In this method, a high electrical current passes through the metal wire with a high
voltage. Consequently, the metal wire evaporates and metal nanoparticles are formed. The
diameters of the silver and copper nanoparticles were controlled by changing the voltage
conditions. The fabricated silver and copper nano-inks were printed on a flexible polyimide (PI)
substrate and sintered at room temperature via a flash light process, using a xenon lamp and
varying the light energy. The microstructures of the sintered silver and copper films were
observed using a scanning electron microscope (SEM) and a transmission electron microscope
(TEM). To investigate the crystal phases of the flash-light-sintered silver and copper films, x-ray
diffraction (XRD) was performed. The absorption wavelengths of the silver and copper nano-
inks were measured using ultraviolet—visible spectroscopy (UV-vis). Furthermore, the resistivity
of the sintered silver and copper films was measured using the four-point probe method and an
alpha step. As a result, the fabricated Cu/Ag film shows a high electrical conductivity
(4.06 pf2cm), which is comparable to the resistivity of bulk copper (1.68 pf2cm). In addition, the
fabricated Cu/Ag nanoparticle film shows superior oxidation stability compared to the Cu
nanoparticle film.

Keywords: copper and silver nano-ink, wire explosion, flash light sintering, low porosity, printed
electronics

(Some figures may appear in colour only in the online journal)

1. Introduction The most important components of metal nano-ink are the

metal nanoparticles. To synthesize metal nanoparticles, var-
Metal nano-ink is used in applications such as flexible radio  ious methods have been used such as polyol processes [6, 7],
frequency identification (RFID) tags, active-matrix LCDs, gas phase condensation [8, 9], thermal plasma [10, 11], and
e-paper, flexible organic light emitting diodes (OLEDs), and  wire explosion [12-14]. In the polyol process and gas phase
wearable electronics [1-5]. Metal nano-ink consists of metal condensation methods, the particle size and shape can be
nanoparticles, an organic binder, a precursor, and a solvent. elaborately controlled [8, 9]. However, the many chemical
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Figure 1. (a) The schematics of the flash white light sintering process and (b) the spectrum wavelength of a flash white light from a

xenon lamp.

reactions required and low throughput rate are shortcomings
regarding mass production. The thermal plasma method also
requires a complex process system with a high energy den-
sity, namely strong gradients between the medium carrying
the deposition precursor and the surroundings [10, 11]. The
wire explosion process has many advantages, such as the
simplicity of the process, having a rapid production speed and
having a high throughput rate, which are appropriate for mass
production in industry. Furthermore, in the wire explosion
process, it is easy to fabricate different nanoparticles together
in the same solution simply by changing the metal wire used
in the process. One problem with the wire explosion process
is the non-uniform size of the metal nanoparticles generated
from the nano and micro particles. However, the non-uniform
size distribution of the metal particles may be more suitable
than uniform nanoparticles in the sintering process, as the
sintering characteristics of bimodal particles with nano and
micro metal particles (e.g. copper) showed better sintering
characteristics in our previous study [15]. Therefore, in this
study, the wire explosion technique has been used for the
fabrication of Cu/Ag combined nano-ink.

The low price, high conductivity and high oxidation
resistance are also important issues in printed electronics.
However, gold, silver and copper are not suitable for satisfying
these three demands simultaneously [16]. Note that silver and

gold are too expensive, in spite of their oxidation resistance.
Meanwhile, copper nanoparticles are cheap, but vulnerable to
oxidation [17]. Therefore, in this study, copper and silver
nanoparticles have been developed to satisfy all demands such
as low price, high conductivity and oxidation resistance.

To achieve the high conductivity of the metal nano-ink,
various sintering techniques, such as thermal [18], laser [19]
and microwave processes [20], have been used. These con-
ventional approaches have limitations such as a low
throughput, high complexity, and considerable environmental
obstacles (e.g. high temperature or vacuum conditions). To
solve these problems, we previously developed a flash white
light sintering method [21-24]. The flash light sintering
method can sinter the nano-ink in a few milliseconds,
removing the oxide shells of copper nanoparticles at room
temperature and under ambient conditions, without damaging
the substrate [24].

In this study, to form and disperse the copper and silver
nanoparticles simultaneously, several variables, such as the
explosion voltage and solvent, were changed in the wire
explosion process. Thus, it was demonstrated that the Cu/Ag
combined nanoparticle ink could be obtained by a one-step
wire explosion process. Furthermore, to achieve the high
electrical conductivity of Cu/Ag combined nano-ink patterns,
the flash white light irradiation conditions, such as the
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Figure 2. The schematics of the fabricated silver and copper ink by the electrical wire explosion process

vis), and x-ray diffraction (XRD). Also, to evaluate the high
electrical conductivity and oxidation stability, the sheet
resistance of the sintered Cu/Ag combined nano-ink patterns

was measured using a four-probe method.

irradiation energy and pulse duration, were optimized. The
sintered Cu/Ag combined nano-ink patterns were character-
ized using scanning electron microscopy (SEM), transmission
electron microscopy (TEM), UV-visible spectrometry (UV—
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Figure 3. The resistivity of the sintered copper films for the base
solvent of the electrical wire explosion process.

2. Experiment details

2.1. The fabrication of Cu/Ag combined nano-ink using the wire
explosion process

First, to fabricate the silver and copper nanoparticles, copper
wire (diameter: 0.12 mm, length: 32 mm) was exploded in
500 ml of solvent (distilled water or ethanol) under various
voltages (200, 250, and 300 V) in the electrical wire explosion
process. Then, a silver wire (diameter: 0.2 mm, length:
32 mm) was immersed in the copper particle solution, and
exploded in the same manner. To separate the micro-sized
particles (>1 pm), the fabricated Cu/Ag solution was filtered
using a mesh filter with a mesh hole size of less than 1 um. A
centrifuge was used for 1h to collect the silver and copper
particles in the solution. For the Cu/Ag combined nano-ink
formulation, the collected silver and copper nanoparticles
were dispersed in a diethylene glycol (DEG, 99%; Samchun
Chemical) (0.7 g) solvent with dissolved poly (N-vinylpyr-
rolidone) (PVP, MW 55 000; Sigma Aldrich) (0.07 g) by an
ultra-sonicator for 1 h.

2.2. Preparation of combined Cu/Ag nano-ink films

A polyimide (PI) film with a thickness of 225 yum was used as
the substrate film. To remove contamination, the PI substrate
surface was cleaned in ethanol and distilled water using an ultra-
sonicator for 10 min. The Cu/Ag combined nano-inks were
printed on the PI substrate using the doctor blade method. The
printed patterns were 2 cm (length) x 1 cm (width). Then, the
printed patterns were dried on a hot plate (80 °C) for 1 h.

2.3. Flash light sintering of silver and copper films

The printed Cu/Ag combined nano-ink patterns were sintered
by an in-house flash light sintering system at room temper-
ature under ambient conditions. The flash light sintering
system consisted of a xenon lamp (Perkin-Elmer Co.), a
power supply, capacitors, a pulse controller, and a reflector

(figure 1). The emitted white light from the xenon lamp has a
wide range of wavelengths from 380 to 950 nm (figure 1(b))
[22, 25]. The flash light energy was controlled from 8 to
14J cm ™2, while the pulse duration and pulse number were
fixed at 10 ms and 1, respectively.

2.4. Characterization

The microstructures of the Cu/Ag combined nano-ink pat-
terns were observed using a scanning electron microscope
with an operating voltage of 15 kV (SEM, S4800 HITACHI).
To investigate the oxidation or reduction of the sintered pat-
terns, crystal phase analysis was performed by x-ray diffrac-
tion (XRD, D/MAX RINT 2000, Cu K radiation) with an
operating voltage of 40kV, a current of 60 mA, and Bragg-
Brentano geometry. The light absorption of the Cu/Ag
combined nano-ink was analyzed using a UV-visible
spectrometer (UV—vis, S-4100, Scinco). The shapes and sizes
of the silver and copper nanoparticles were observed using a
transmission electron microscope (TEM, JEM 2100F, JEOL).
The thicknesses of the patterns for resistivity calculations
were measured using an Alpha-Step surface profiler (KLA
Tencor AS500, Tencor Instruments) (thickness: 4 pm).

3. Results and discussion

The electrical wire explosion process was conducted in DI
water or ethanol under various conditions (voltage: 300 V, pulse
number: 1000) (figure 2). First, only copper nanoparticles were
fabricated. For the sintering of the fabricated copper nano-ink,
the flash light from a xenon lamp was irradiated on the film. In
the case of the ethanol solvent, the resistivity of the sintered
copper films decreased as the flash light energy was increased
from 10 Jcm 2 to 16 J cm ™2 (figure 3). However, for flash light
energies higher than 16Jcm ™2, the resistivity of the sintered
copper pattern increased, as the copper films were burned by
excessive light energy [26] (figure 4). Meanwhile, in the case of
the DI water, the resistivity of the copper films sintered at
10Jcm 2 was lower than the resistivity obtained in the other
flash light energy cases. Also, at flash light irradiation of
10T cm 2, the resistivity of the sintered copper films of the DI
water case (64.56 uflcm) was much lower than that of the
sintered copper films of the ethanol case (1.54 m{2cm). This is
because when the copper nanoparticles generated in the ethanol
solution were sintered, a lot of holes or craters were generated
on the surface of the copper films (figure 4). Figure 5 shows the
XRD results of the copper nano-ink films fabricated in DI water
and ethanol solvents. A copper carbide peak was observed in
the case of the ethanol solution. Therefore, it can be concluded
that copper carbides and copper oxide were generated when the
copper wire was exploded in the ethanol solvent—as shown in
the following formulas (1) and (2)—due to the carbon ions of
ethanol [25, 27]:

5Cu + 2C,H¢O — Cu + 2Cu,C, + 2H,0 + 4H,T (1)
2Cu + H,O — Cu, O + HpT 2)
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Figure 5. The XRD patterns of copper nanoparticles fabricated for
the base solvent of the electrical wire explosion process.

The fabricated copper carbide has dangerous properties
such as its ability to explode easily given a small external
energy [28]. The highly explosive copper carbide is not
appropriate in printed electronics because the explosive
decomposition of copper carbide with the unstable bonds of
copper and carbon ions can be initiated by thermal heating
over 120 °C, an impact, or electric spark [29]. In the flash
light sintering process, the copper carbide nanoparticles
would be exploded by the flash light irradiation and this
would be followed by delamination and crater generation on
the surface of the copper films. For this reason, it was con-
cluded that DI water was suitable for the fabrication of copper
nanoparticles in the wire explosion process.

To control the size of the copper nanoparticles, the
explosion voltage of the electrical wire explosion process was
changed from 200 V to 300 V. As shown in the SEM images
in figures 6(b)—(d), the size of the copper nanoparticles
decreased from 45 nm to 17 nm as the applied voltage to the
copper wire was increased. The fabricated copper nano-ink
was sintered by various amounts of flash light irradiation
energy. After irradiation with a flash light energy of
10Jcm ™2, the sintered copper films showed the lowest
resistivity for all cases. Meanwhile, as the size of the copper

nanoparticles decreased, the resistivity of the copper films
sintered at the flash light energy of 10J cm ™2 also decreased
(figure 6(a)). This could be because as the size of the nano-
particles decreases, they become more densely packed, and
porosity thus also decreases (figures 6(e)—(g)). Therefore, to
fabricate the copper nano-ink, the applied voltage chosen for
the exploding copper wire was 300 V.

To control the size of the silver nanoparticles, the silver
wire was exploded under various applied voltages ranging
from 200V to 300 V. The SEM images in figures 7(b)—(d)
show the sizes of the silver nanoparticles in the fabricated
silver nano-ink. The size of the silver nanoparticles decreased
from 74.1 nm to 48.3 nm as the applied voltage to the silver
wire was increased. The silver nanoparticles are larger than
the copper nanoparticles. The size of the fabricated metal
nanoparticles in the wire explosion process was determined
by various parameters such as the diameter and length of the
metal wire and the energy applied to it. Because the applied
energy in the metal wire increased, as the voltage of the wire
explosion process was increased, the size of the fabricated
metal nanoparticles decreased. The minimum energy needed
to cause the explosion of the metal wire can be determined
using formulas (3) and (4) [30].

W = Vinetal X W, (3)
Vmetal =7 X d2 X 1/4’ (4)

where W is the minimum energy needed to explode the metal
wire, Ve 18 the volume of the metal wire, wy is the
evaporation energy of the metal, d is the diameter of the metal
wire, and [ is the length. In this work, the diameter of the
silver wire (0.2 mm) was larger than that of the copper wire
(0.12mm) and the evaporation energy of the copper
“47.51] mm73) was higher than that of the silver
27.8] mm73) (table 1). The calculated minimum energy
needed to explode the silver wire (27.93J) was higher than
for the copper wire (17.18J). Therefore, for the same wire
explosion energy, larger silver nanoparticles compared to
copper nanoparticles could be obtained.

The fabricated silver nano-ink was sintered under various
amounts of flash light irradiation energy. In the case of a flash
light energy of 6J cm ™2, the sintered silver films showed the
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Figure 6. (a) The resistivity of pure copper films for flash white light irradiation energy and the SEM image of the copper films fabricated by
the electrical wire explosion of (a) and (d) 200 V; (b) and (e) 250 V; (c) and (f) 300 V ((b)—(d): unsintered copper films and (e)—(g): sintered

copper films with an energy of 10 Jcm ™2 for 10 ms).

lowest resistivity. Also, as the size of the silver nanoparticles
decreased, the resistivity of the sintered silver films at the
flash light energy of 6 J cm 2 decreased (figure 7(a)). In both
the copper and silver films, it was found that the resistivity of
the sintered film decreased as the size of the metal

nanoparticles decreased. It was also found that the resistivity
of the sintered silver films was lower than that of the sintered
copper films. However, silver is not appropriate for the mass
production of printed electronics due to its high price.
Therefore, silver and copper nanoparticles were used
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Figure 7. (a) The resistivity of pure silver films for flash white light irradiation energy and the SEM image of the silver films fabricated by the
electrical wire explosion of (b) and (e) 200 V; (c) and (f) 250 V; (d) and (g) 300 V ((b)—(d): unsintered silver films and (e)—(g): sintered silver

films with an energy of 10 J cm ™2 for 10 ms).

simultaneously. To fabricate metal-ink with mixed copper and
silver nanoparticles, the silver wire was immersed in a copper
solution fabricated in DI water at an applied voltage of 300 V
and exploded under various voltages (e.g., 200 V, 250 V, and
300 V) with silver (50 wt%) and copper (50 wt%). Figure 8(a)
shows the resistivity of the sintered Cu/Ag combined nano-

ink films with different nanoparticle sizes. As shown in
figure 8(a), the sintered Cu/Ag combined nano-ink films
show the lowest resistivity when a flash light energy of
10J cm ™2 was applied. Meanwhile, as the applied voltage to
the silver wire was increased, the resistivity of the sintered
Cu/Ag combined nano-ink films decreased. This is because
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Table 1. The various parameters for exploding metal wire via the electrical wire explosion process.

Diameter of wire Length of wire Evaporation energy of metal Minimum energy to evaporate metal
(d, mm) (I, mm) (wg, Tmm ™) wire (W, J)
Silver 0.2 32 27.8 27.93
Copper 0.12 32 475 17.18
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the size of the fabricated silver nanoparticles became smaller
and the pores of the sintered Cu/Ag nano-inks films were
reduced as the applied voltage was increased
(figures 8(e)~(g)).

To determine the size and the distribution of the silver
and copper nanoparticles in the Cu/Ag combined nano-ink,
TEM analysis was conducted. For wire explosion conditions
of 200 V and 250 V, the mapping points of small copper (red
color) nanoparticles were spread from those of the large silver
nanoparticles (green color) (figures 9(g) and (h)), demon-
strating that they were separately dispersed. Meanwhile, for
the wire explosion condition of 300 V, the mapping images of
tiny copper nanoparticles were found on the surfaces of the
large silver nanoparticles (figures 9(c), (f), and (i)). This
means that the silver and copper nanoparticles were attached
together in the case of the voltage of 300 V. This phenomenon
may occur during the spark plasma in the wire explosion
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process, and it is illustrated by the schematics shown in
figure 2. When the silver wire exploded, silver nanoparticles
formed as the evaporated wire was quickly condensed in DI
water, and simultaneously attached to the copper nano-
particles with a high energy density [31-33]. However, when
low voltages were applied to the silver wire, the silver and

10

copper nanoparticles did not attach due to the low spark
plasma energy. Therefore, in this study, an applied voltage of
300 V for both the copper and silver wires was chosen in the
wire explosion process in order to achieve smaller silver
nanoparticles uniformly attached and surrounded by tiny
copper nanoparticles.
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Figure 10 shows the XRD data of the Cu/Ag combined
nano-ink fabricated at an applied voltage of 300 V before and
after sintering. In the XRD data before sintering the Cu/Ag
combined nano-ink, copper, copper oxide, silver, and silver
oxide peaks were observed. Before sintering, the copper peak
had a lower intensity than the silver peak as the silver
nanoparticles were larger than the copper nanoparticles.
However, with the increasing irradiation energy of the flash
light, the copper peak increased due to the increased size of
the sintered copper nanoparticles. It is noteworthy that the
silver and copper oxide peaks totally disappeared at 10 J cm >
(figure 10) due to the reduction phenomenon of copper and
silver oxides by the intermediate alcohol decomposed from
PVP during the flash white light irradiation, as reported in
previous work (chemical formulas (5) and (6)) [25, 34]:

4Ag,0 + CH3;COOH — 8Ag + 2H,0 + 2CO.,, (5)

4Cu,0 + CH3COOH — 8Cu + 2H,0 + 2CO,. 6)
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Figure 13. The resistivity of sintered pure copper films and Cu/Ag
combined nano-ink films for an increasing time at 100 °C.

As a result, the silver and copper nanoparticles reduced
from silver and copper oxide were sintered and the pores were
filled among them (figure 8(g)).

To optimize the weight fractions of silver and copper
nanoparticles in the Cu/Ag combined nano-ink, the explosion
numbers of the wires were varied from 750 to 250 (total
explosion number: 1000). The fabricated silver and copper
inks were sintered by the flash light. As shown in figure 11(a),
the Cu/Ag combined nano-ink sintered at the irradiated flash
light energy of 10J cm ™2 showed the lowest resistivity in all
cases, regardless of the weight fractions of silver and copper.
It is noteworthy that the sintered Cu/Ag combined nano-ink
(Cu (75 wt%):Ag (25 wt%)) films showed the lowest resis-
tivity (4.06 puf2cm), this being even lower than that of the
sintered pure silver films (5.3 p€2cm). Furthermore, in the
SEM image of silver (25 wt%) and copper (75 wt%) films, as
the flash light energy was increased up to 10 J cm ™2, the pores
of the Cu/Ag combined nano-ink films were removed and the
sizes of the Cu/Ag combined nano-particles were increased
(figures 11(b)—-(d)). Meanwhile, when the irradiated flash
white light energy was higher than 10 J cm ™2, many pores on
the surface of the silver and copper films were generated due
to the excessive energy (figures 11(e) and (f)). The silver and
copper nanoparticles were sintered due to the photothermal
effects generated by the irradiated flash white light. Such
photothermal effects may be ascribed to surface plasmon
resonance, whereby absorbed photons are converted into
phonons in the silver and copper nanoparticles after light
exposure [25, 35]. To analyze the absorbance wavelength of
the silver and copper nanoparticles, a spectrophotometer was
employed. In the UV-vis results shown in figure 12(a), two
peaks of the plasmonic wavelength of the Cu/Ag combined
nano-ink were observed at 400 nm and 580 nm [36, 37], while
only one peak was observed in the pure silver and copper
nano-inks. The flash light from the xenon lamp used in this
study has a wavelength range of 350 nm to 850 nm, which
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Figure 14. The printed silver and copper films on the PI substrate using the screen printing method (a) before flash white light irradiation,

(b) after flash white light irradiation.

covers the plasmonic wavelengths of Cu/Ag (figure 1(b)).
Therefore, the double plasmonic peaks in the Cu/Ag nano-
ink would accelerate the photothermal effect during the irra-
diation of the flash light, which could enhance the sintering
efficiency in the flash light sintering process (figure 11).

As shown in the XRD data in figure 12(b), the silver and
copper oxide peaks decreased because they were reduced by the
irradiated flash light. Also, after the flash light irradiation, the
silver peaks (37.9° and 44.04°) of the (111) and (222) directions
shifted to the right-hand side (38.42° and 45.22°) [38],
respectively. This is because when the flash light was irradiated
on the Cu/Ag nano-ink films, surface plasmon resonance was
generated in the silver and copper nanoparticles followed by the
melting and forming of a Cu/Ag alloy.

To evaluate the oxidation resistance of the sintered Cu/
Ag nano-ink films, the sintered Cu/Ag combined nano-ink
films were subjected to a high temperature in a furnace
(100 °C) and their resistivity was measured every 2h and
compared to that of a pure Cu film. Figure 13 shows the
resistivity results after sintering the silver and copper films.
After 2 h, the resistivity of the pure copper films abruptly
increased due to oxidation, while the Cu/Ag combined nano-
ink film retained its original resistance. It is well known that
the resistance against oxidation of the Cu/Ag alloy was much
higher than that of pure copper [39]. Figure 14 shows the Cu/
Ag nano-ink films before and after sintering. It is expected
that the Cu/Ag combined nano-ink will be widely used in
printed electronics for reliable oxidation proof applications.

4. Conclusion

In this study, Cu/Ag combined nano-inks were fabricated
using an electrical wire explosion process and sintered via
flash white light irradiation to achieve a highly conductive
electrode pattern. The sizes of the silver and copper nano-
particles fabricated by the process were optimized for flash
white light sintering. Furthermore, it was possible to use the
optimized flash light sintering process to sinter the silver and
copper films. The sintered silver (25wt%) and copper

12

(75 wt%) films demonstrated high resistance against oxidation
with a low resistivity (4.06 pQ2cm).
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