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Abstract
In this work, a flash light sintering process using silver nano-inks is investigated. A silver
nano-ink pattern was printed on a flexible PET (polyethylene terephthalate) substrate using a
gravure-offset printing system. The printed silver nano-ink was sintered at room temperature
and under ambient conditions using a flash of light from a xenon lamp using an in-house flash
light sintering system. In order to monitor the light sintering process, a Wheatstone bridge
electrical circuit was devised and changes in the voltage difference of the silver nano-ink were
recorded during the sintering process using an oscilloscope. The sheet resistance changes
during the sintering process were monitored using the in situ monitoring system devised,
under various light conditions (e.g. light energy, on-time and off-time duration, and pulse
numbers). The microstructure of the sintered silver film and the interface between the silver
film and the PET substrate were observed using a scanning electron microscope, a focused ion
beam and an optical microscope. The electrical sheet resistances of the sintered silver films
were measured using a four-point probe method. Using the in situ monitoring system devised,
the flash light sintering mechanism was studied for each type of light pulse (e.g. evaporation
of organic binder followed by the forming of a neck-like junction and its growth, etc).

The optimal flash light sintering condition is suggested on the basis of the in situ
monitoring results. The optimized flash light sintering process produces a silver film with a
lower sheet resistance (0.95 �/sq) compared with that of the thermally sintered silver film
(2.03 �/sq) without damaging the PET substrate or allowing interfacial delamination between
the silver film and the PET substrate.

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

1. Introduction

Recently, printing electronics has been studied as an
alternative to the standard method of production of electronic
devices. Electronic components printed using metal nano-ink
have been used in various applications such as flexible radio

frequency identification (RFID) tags, flexible organic light
emitting diodes (OLED), and wearable electronics [1]. Metal
nano-ink made from Au, Ag and Cu nanoparticles is printed
onto a flexible polymer substrate using non-contact printing
processes such as ink-jet printing and roll-to-roll printing
processes such as gravure, the gravure-offset method and
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Figure 1. (a) Schematic diagrams of the flash light sintering and the
in situ monitoring. (b) Spectral distribution of a xenon flash lamp.

the flexo-graph method [2]. In particular, the gravure-offset
printing method has been adopted for producing plasma
display panels (PDP) electrodes, EMI (electromagnetic
interference) mesh filters and touch screen electrodes. If the
gravure-offset printing process is combined with a roll-to-roll
process, it is very cost effective for the mass production of
printed electronics [23]. Printed metal nano-inks are then
sintered using thermal heating, electrical, laser, or microwave
sintering techniques [3–10]. Thermal sintering conducted at a
high temperature (150–300 ◦C) over long times (30–60 min)
may result in damage to vulnerable substrates. For this reason,
the thermal method is not appropriate for use with flexible
substrates such as PET, PEN (polyethylene naphthalate), and
paper.

In contrast, laser sintering requires only a short sintering
time at a low temperature and does not damage the
substrate [7]. However, laser sintering has a small local
sintering area and requires a sophisticated system. The
electrical sintering method is also complicated due to
the high voltage and current levels flowing through the
nanopatterns [8]. To resolve these problems, the flash
light sintering method was suggested in our previous
studies [11–20]. In this method, a flash light from a
xenon lamp is used for the sintering of metal nano-inks.
Using white flash light irradiation, nanoparticles can be
sintered in a few milliseconds at room temperature under
ambient conditions. Meanwhile, the mechanism of sintering
of silver nanoparticles using a thermal method has been

Figure 2. Comparison of the cases for pulse number 10 and 4
(energy: 0.75 J cm−2 per pulse). (a) In situ monitoring result for the
ten-pulse case. (b) In situ monitoring result for the four-pulse case.

studied through spectroscopic ellipsometry [5]. However, the
mechanism of sintering of silver nanoparticles in a brief (a few
milliseconds) flash light sintering process has not been studied
in depth. To investigate the flash light sintering mechanism,
the monitoring of the flash light sintering process in real time
should be performed.

In this work, in order to monitor the flash light sintering
process over a few milliseconds, a Wheatstone bridge
electrical circuit was devised and the resistance changes in
the silver nanopatterns were recorded using an oscilloscope
during the sintering process. The microstructure of the
sintered silver film and the interface between the silver film
and the PET substrate were investigated using a scanning
electron microscope (SEM), a focused ion beam (FIB), and
an optical microscope.

2. Experiment details

2.1. Specimen preparation

Silver nano-ink (ANP GDP-OS(12000)) was printed on
flexible polyethylene terephthalate (PET) substrate (SKC
SH34 thickness: 100 µm) under ambient conditions using a
roll-to-roll gravure-offset printing system [24]. The operating
printing speed was set to 0.6 m min−1 and the printing force
was set to 15 kgf. The silver nano-ink was composed of
66.56 wt% silver nanoparticles ranging from 30 to 50 nm
in size, 30–33 wt% solvent, and 2–3 wt% polymer. The
solvent used on the silver nano-ink was made up of a-terpinol
(alpha-terpinol) and BCA (diethylene glycol monobutyl
acetate). The silver nano-ink polymer was a polymeric resin.
The viscosity was 12 427 cps at 0.4 rpm shear rate, which was
measured using Brookfield viscometry with a CP51 spindle.
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Figure 3. (a) Schematic diagrams for the sintering processes for silver nanoparticles, for different pulse numbers. (b) The silver nano-inks
sintered by using the flash light, and the SEM images of silver nanoparticles sintered using different pulse numbers.

The size of the pattern was 30 mm (length) × 3 mm (width).
The printed pattern was dried by using a thermal dryer for
about 2–3 min. After the drying process, the initial thickness
of the printed film was about 400 nm.

2.2. The thermal sintering process

In order to thermally sinter the silver nano-ink, an electrical
furnace (FH-05, Daihan Scientific) was used. The silver
nano-inks were thermally sintered at temperatures ranging
from 80 to 150 ◦C for 1 h to avoid damaging the PET
substrate.

2.3. The flash light sintering process

For the sintering of the silver nano-ink, an in-house flash
light sintering system was assembled, and this included a

xenon lamp (Perkin-Elmer Co.), a power supply, capacitors,
a pulse controller, and a reflector [11]. In the in-house flash
light sintering system, arc plasma was generated in the xenon
lamp by applying high electrical current. The xenon lamp then
emitted white light over a wide range of wavelengths from
380 to 950 nm (figure 1(b)). Our flash light sintering system
was designed to supply 99 maximum shots and 100 J cm−2

maximum energy on a millisecond scale with a minimum
pulse interval of 1 ms by controlling the electrical current and
voltage [12]. The nanosilver films were placed at a distance
of 3 mm from the flash lamp. The printed nanosilver patterns
were irradiated with flashes of light with varying irradiation
energy (from 0.75 to 3.5 J cm−2), pulse duration (from 1.5 to
6 ms), time interval (from 20 to 0 ms) between pulses, and
pulse number.
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Table 1. In situ monitoring results and SEM images for (a) off-time 10, 5 and 0 ms cases, (b) on-time 6, 4 and 1.5 ms cases, (c) energy 2.5,
3 and 3.5 J cm−2 cases.

10 ms 5 ms 0 ms

Off-time
(a) (b) (c)

6 ms 4 ms 1.5 ms

On-time
d e f

2.5 J cm−2 3 J cm−2 3.5 J cm−2

Energy
g h i

2.4. In situ monitoring of flash light sintering phenomena

In this study, in order to monitor a light sintering process
with a duration of a few milliseconds, a Wheatstone bridge
electrical circuit was devised using a source meter (2611A,
Keithley). The changes in the voltage differential applied to
the silver nanopatterns were recorded using an oscilloscope
(DL1740E, Yokogawa) at 20×104 samples per second during
the sintering process (figure 1(a)) [8]. The source meter was
used to apply a constant voltage (4 V) and current (1.2 A)
to the Wheatstone bridge circuit. In the Wheatstone bridge
circuit, the values of the resistances R1,R2 and R3 were fixed
at 1 �. The voltage difference (VD) between the two middle
points of the Wheatstone bridge was measured and recorded
using an oscilloscope (see figure 1(a)). From the voltage
difference (VD), the unknown resistance could be calculated
using the following equation:

Rx = VI + 2VD/VI − 2VD (1)

where Rx is the sheet resistance of the silver nanopattern, VI
is the input voltage (4 V) of the Wheatstone bridge, and VD is
the voltage difference of the Wheatstone bridge.

2.5. Characterization

The microstructure of the silver film and the interface between
the silver film and the PET substrate were observed using

a scanning electron microscope (SEM, S4800, Hitachi),
focused ion beam (FIB), and optical microscope (BX51M,
Olympus). The electrical sheet resistances of the sintered
silver films were measured using a four-point probe method.

3. Results and discussion

For the sintering of silver nanoparticles, a flash of light
was emitted as several separate pulses from the xenon lamp.
Figure 2 shows the in situ monitoring results when the flash
light (on-time: 1.5 ms, off-time: 20 ms, irradiation energy per
pulse: 0.75 J cm−2) was applied. As shown in figures 2(a)
and (b), it was observed that the sheet resistance decreased
incrementally at each flash light pulse. The sheet resistance
decreased significantly after the first pulse, and this was
followed by a larger drop in sheet resistance after the second
pulse. After the third pulse, the magnitude of the drop in
sheet resistance declined, and the sheet resistance stabilized
at its final value (6.5 �/sq). It appeared that the sintering of
silver nanopatterns continued during pulse irradiation up to
the fourth pulse; however, after the fourth pulse of irradiation,
sintering did not occur. As shown in figure 2(b), the trend in
the change in resistance in the four-pulse case was similar to
that of the previous condition (ten pulses).

During the sintering process, the morphology of the silver
nanoparticles changed, as shown in the scanning electron
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Figure 4. The photo camera image of the PET substrate (a) before sintering, and after sintering: (b) energy: 0.75 J cm−2, pulse number: 10;
(c) energy: 0.75 J cm−2, pulse number: 4.

microscope (SEM) micrographs (figure 3(b)). The grain size
of the silver nanoparticles increased with pulse number up
to the fourth pulse. During first light irradiation, it appeared
that the organic layer surrounding the silver nanoparticles was
removed and slight necking connections were formed (see
figure 3(a)). This necking formation during the first pulse
might decrease the sheet resistance of the silver nano-ink
pattern (see figure 2(a)). During the second flash, the necking
connections between the silver nanoparticles became denser,
which might account for the larger drop in sheet resistance
compared with the first drop (see figures 2(a) and 3(a)).
The third and fourth flashes caused denser and closer neck
junctions to be formed among the silver nanoparticles, which
caused the observed third and fourth drops in sheet resistance
(see figure 3(a)). However, growth of the necking structures
did not occur after the fourth pulse, possibly because the grain
size of the silver nanoparticles had reached its maximum.
This is consistent with the result of the sheet resistance
measurement, in which the sheet resistance did not decrease
after the fourth pulse (figure 2(a)).

Pulses with an irradiation energy of 0.75 J cm−2 were
used to sinter the silver patterns, and the images of the
specimens were recorded using a digital camera (D7000,
Nikon). As shown in figure 4(b), after ten pulses of irradiation
for the silver patterns, the PET substrate was damaged and
deformed. However, degradation of the PET substrate was
not observed after four pulses of irradiation, as shown in
figure 4(c). Therefore, it can be deduced that excessive
irradiation with the flash light (after four pulses) can degrade
the PET substrate and cause damage (see figure 2(a)). Thus,
no more than four pulses were used in subsequent experiments
so as not to damage the PET substrate.

The interval time (off-time) between pulses was varied
and its effect on the sintering was investigated. The pulse
energy and the number of pulses were fixed at 0.75 J cm−2

and four pulses, respectively. In order to analyze the effects
of interval time (off-time), flashes of light with off-times
of 20, 10, 5, and 0 ms were used, and the resulting sheet
resistance changes were monitored. As shown in figures
5(e) and (a)–(c), the sheet resistance of the sintered silver
nano-ink decreased with off-time from 20 to 0 ms. In
addition, connections between silver nanoparticles became
more common as the off-time decreased, as shown in the
SEM images in tables 1(a)–(c). In the case of an off-time of
0 ms, the four pulses were merged into a single pulse. This
single-pulse condition resulted in better conductivity than for
any other condition that did deform the PET substrate.

Figure 5. In situ monitoring results and SEM images for off-time
10, 5 and 0 ms. (a) In situ monitoring result for the off-time 10 ms
case. (b) In situ monitoring result for the off-time 5 ms case. (c) In
situ monitoring result for the off-time 0 ms case.

In order to determine the optimal on-time for sintering,
on-times of 6, 4, and 1.5 ms with a fixed irradiation energy
of 3 J cm−2 were tested. The resistance changes are shown
in figures 6(a)–(c) as a function of on-time. The sheet
resistance decreased with decreasing on-time. The gradual
growth of neck-like junctions among the silver nanoparticles
was observed, as shown in the SEM images (tables 1(d)–(f)).
The connections between silver nanoparticles were perfectly
formed in the case of 1.5 ms of on-time. On the basis of the
results of previous experiments, these connections between
nanoparticles are closely associated with the sheet resistance
of silver nano-ink patterns.

In order to optimize the energy per pulse for sintering
silver patterns, changes in the resistances of the silver patterns
during sintering processes with different irradiation energies
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Figure 6. In situ monitoring results and SEM images for on-time 6,
4 and 1.5 ms. (a) In situ monitoring result for the on-time 6 ms case.
(b) In situ monitoring result for the on-time 4 ms case. (c) In situ
monitoring result for the on-time 1.5 ms case.

(2.5, 3 and 3.5 J cm−2) were tested (figures 7(a)–(c)).
As shown in these figures, the sheet resistance decreased
with increasing pulse energy. The SEM images of the flash
light sintered silver nanoparticles show that connections
developed between the silver nanoparticles and the grain size
of the particles became larger with increasing pulse energy
(tables 1(g)–(i)). The sheet resistance of the silver patterns
sintered at 3.5 J cm−2 pulse energy was also lower than
with any other condition. However, interfacial delamination
between the silver film and the PET substrate occurred above
a pulse energy of 3.5 J cm−2, as shown in the FIB images
(figures 8(c) and (f)), because the high light energy intensity
damaged the PET substrate. The optimally sintered silver
pattern (on-time 1.5 ms, off-time 0 ms, one pulse and 3 J cm−2

per pulse) shows coarse grains and a smooth interface with
the PET substrate. The surface of the unsintered pattern
was bumpier than that of the pattern sintered under optimal
irradiation conditions (see figures 8(a), (d) and (e)).

Figure 9 shows images of the silver patterns as a function
of irradiation energy. When a 3.5 J cm−2 pulse was used, the
silver pattern detached from the PET substrate due to the high
light intensity (figure 9(d)).

The color of the silver nano-ink pattern changed from
dark gray to yellow upon flash light sintering (figure 9).

Figure 7. In situ monitoring results and SEM images for the energy
2.5, 3 and 3.5 J cm−2 cases. (a) In situ monitoring result for energy
2.5 J cm−2. (b) In situ monitoring result for energy 3 J cm−2. (c) In
situ monitoring result for energy 3.5 J cm−2.

This color change due to white light irradiation is due
to the photochromism phenomenon [21, 22]. When silver
nanopatterns are irradiated with white light, electrons are
emitted from the nanoparticles. The emitted electrons are
transferred to oxygen molecules and the silver nanoparticles
become oxidized, resulting in colorless inborn silver. The
silver nanopattern became yellow upon exposure to light of
wavelength 420 nm, which is the wavelength at which silver
nanoparticles (30–50 nm) absorb light. It should be noted that
the light from the xenon lamp has a wavelength range from
390 to 900 nm (figure 1(b)) [22].

In order to compare the flash light sintered silver nano-ink
with thermally sintered nano-ink, some specimens were
thermally sintered in an electronic furnace. As shown in
figure 10, denser necking structures were observed in the
specimen sintered at 150 ◦C than in that sintered at 120 ◦C.
The sheet resistance decreased as the sintering temperature
increased (figure 12). However, the PET substrate was
damaged when the specimen was sintered at 150 ◦C, as shown
in the microscopy images (figure 11(b)), while the PET film
of the specimen sintered at 120 ◦C was not damaged, as
the glass transition temperature of PET is about 120 ◦C. In
addition, the PET film of the specimen flash light sintered
under optimal conditions (on-time 1.5 ms, off-time 0 ms, one
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Figure 8. FIB images of energy per pulse: (a) unsintered, (b) 3 J cm−2, pulse number 1, (c) 3.5 J cm−2, pulse number 1, (d) unsintered (at
the angle of 45◦), (e) 3 J cm−2, pulse number 1 (at the angle of 45◦), (f) 3.5 J cm−2, pulse number 1 (at the angle of 45◦).

Figure 9. Digital camera images of energy per pulse: (a) unsintered, (b) 2.5 J cm−2, pulse number 1, (c) 3 J cm−2, pulse number 1, (d)
3.5 J cm−2, pulse number 1.

Figure 10. SEM images of thermal sintering: (a) 80 ◦C, 1 h, (b) 120 ◦C, 1 h, (c) 150 ◦C, 1 h.

pulse and 3 J cm−2 per pulse) was not damaged. Moreover,
the flash light sintered pattern shows coarser connections
and larger grains among the sintered silver nanoparticles as
compared with the thermally sintered pattern (see table 1(h)
and figure 10(c)).

Finally, it should be noted that the silver pattern flash light
sintered under optimal conditions shows a sheet resistance two
times lower (0.95 �/sq) than that of the thermally sintered
pattern (2.03 �/sq; see figure 12) without damage to the PET
substrate and without interfacial delamination between the
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Figure 11. Microscope images of the PET substrate: (a) unsintered, (b) thermally sintered (150 ◦C, 1 h), (c) flash light sintered (3 J cm−2,
pulse number 1).

Figure 12. The sheet resistances of normal silver nano-inks,
thermally sintered silver nano-inks and flash light sintered silver
nano-inks.

silver film and the PET substrate. However, this is still higher
than that of bulk silver films (0.01 �/sq). This might be due
to the pores in the sintered silver film. Future work will focus
on improving the quality of sintered silver films and silver
nano-ink optimization.

4. Conclusion

In this study, through in situ monitoring of a flash light
sintering process, the optimal conditions for sintering silver
nanopatterns that did not damage the PET substrate were
found. The optimized flash light sintering process reduced the
sheet resistance of the silver film (0.95 �/sq) to below that of
thermally sintered silver film. The in situ monitoring system
could be used for finding the optimal sintering conditions for
other metal nano-inks printed on various polymer substrates.
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