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Abstract: Inkjet-printed patterns were formed on a paper substrate using anti-oxidant copper nano-ink
for application to disposable electronic devices. To prevent substrate damage, the pattern was flash
light sintered under ambient conditions using the multi-pulse technique. Pure copper nanoparticles
were coated with 1-octanethiol for oxidation resistance using the dry-coating method. Mixing these
with 1-octanol solvent at a concentration of 30 wt% produced the copper nano-ink. Photo paper was
used as the substrate. The contact angle between the photo paper and copper nano-ink was 37.2°
and the optimal energy density for the multi-pulse flash light sintering technique was 15.6 J/cm?.
Using this energy density, the optimal conditions were an on-time of 2 ms (duty cycle of 80%) for three
pulses. The resistivity of the resulting pattern was 2.8 x 10~ (3-m. After bending 500 times to a radius
of curvature of 30 mm, the relative resistance (AR/Ry) of the multi-pulse flash light-sintered pattern
hardly changed compared to that of the unbent pattern, while the single-pulse-sintered pattern
showed dramatic increase by 8-fold compared to the unbent pattern. Therefore, the multi-pulse light
sintering technique is a promising approach to produce an inkjet-printed pattern that can be applied
to disposable electronic devices.
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1. Introduction

Recently, many studies have focused on flexible electronic devices with flexible substrates [1].
Flexible substrates have various advantages, such as being light weight and easy to fabricate due to
their plasticity [2-5]. In particular, paper, a low-cost flexible substrate, decomposes without producing
harmful materials and is suitable for application to disposable electronic devices [6,7]. Moreover,
this substrate has the advantage of being suited to printed electronics [8-11]. Therefore, many studies
have used the inkjet printing method to fabricate paper electronic materials [12,13]. Various metal
nano-inks [14] have been applied via methods such as non-contact deposition to flexible substrates;
this is called the “drop-on-demand” method [15-17]. Inkjet printing is cheap, environmentally
friendly, and easy to apply in the roll-to-roll industry [18]. Recently, the inkjet printing method has
been extensively studied for application in the fields of e-paper [19,20], and smart packaging [21].
This method typically uses noble metal ink, such as gold or silver [22], which has high electrical
conductivity but is expensive. Many studies have focused on copper due to its high ratio of electrical
conductivity to price [23,24]; however, copper powders are prone to oxidation [25].

Our previous study developed an ultra-thin organic coating for vapor self-assembled multilayers
made of an alkanethiol material, 1-octanethiol, for the surface of pure Cu nanopowder to prevent
oxidation [26-28]. The coated nanoparticles were fabricated with solvent and the study optimized
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the conditions to form them into copper nano-ink [29]. After patterning, the pattern was needed
for sintering process to remove any solvent residues. The light sintering method has been studied
extensively due to its electrical performance being better than that of heat furnace sintering [30-33].
Light sintering is achieved by irradiating substrates with high-energy photons in pulses with a short
duration as shown in Figure S1 [34,35]. Recently, the multi-pulse flash light sintering technique has
been drawing attention in the field of flexible electronics due to its good sintering properties [36].
In this study, we patterned inkjet-printed ink on a paper substrate using anti-oxidant copper nano-ink.
Moreover, we used flash light sintering with the multi-pulse technique to enhance the electrical
conductivity on a low-cost, paper substrate.

2. Experimental Process

2.1. Fabrication of Copper Nano-Ink Using 1 Octanethiol-Coated Cu Nanoparticles

We synthesized 100 nm-scale copper nanoparticles using the polyol method. To remove the
residual polyvinylpyrrolidone and diethylene glycol, pure methanol and a toluene solvent were used
for washing. The washing process was completed five times. Next, polyvinylpyrrolidone-free copper
nanoparticles were coated under high vacuum (4.0 x 107 torr) using 1-octanethiol solvent [28,29].

The coated copper nanoparticles were mixed with 1-octanol solvent and sonicated for 30 min
at room temperature to make 30 wt% copper nano-ink. Photo paper (semigloss; EPSON, Suwa City,
Japan) based on cellulose with a thickness of 263 um (Figure S2) was used for the substrate.

2.2. Inkjet Printing Followed by Flash Light Sintering

1-Octanethiol-coated copper nano-ink was printed on the paper substrate using an inkjet printer
(DMP-2831; Dimatix, Santa Clara, CA, USA). Sixteen nozzles were used, with a drop spacing of 20 pm
(1270 dpi). Jetting voltage was 32 V at a temperature of 40 °C. The length and width of the pattern
were 10 and 5 mm, respectively. The length and width of the sample used for a bending test were 10
and 1 mm, respectively. The printed patterns dried at room temperature.

Flash light sintering was conducted using a system (IPL-45kW_2100; PS Tek, Gunpo-si,
Gyeonggi-do, Korea) with an energy density of 15.6 J/cm?. A xenon lamp was used for the light
source, and the distance between it and the substrate was 43 mm. Energy densities for all conditions
were measured using an illuminometer (NOVA II; OPHIR Photonics Group, North Logan, UT, USA).
Compared to conventional light sintering, single-pulse flash light sintering is defined as having a
higher peak power for a shorter time. Multi-pulse flash light sintering was conducted with on-times
of 1,2, and 3 ms, with duty cycles calculated to be 67%, 80%, and 86%, respectively, under the same
energy density but differing peak power, as explained in the Figure S3. The copper pattern used for
flash light sintering had a thickness of 1.2 pm. The contact angle was measured using a contact angle
analyzer (Phoenix 300; Kromtek, Dubai, United Arab Emirates) while the thickness of the copper
pattern and its resistivity were measured using probes (Alpha-Step and 4 point, respectively).

3. Results

3.1. Single-Step Flash Light Sintering

The copper pattern was sintered using white light at an energy density of 15.6 J/cm? with a single
pulse in one step; the experimental conditions are summarized in Table 1. This single-step sintering
process was conducted with two sets of parameters. First, a single pulse of 4-ms duration and 1.3-MW
peak power was used. Then, a single pulse of 16 ms duration and 0.285 MW peak power was used.
The pattern resistivity under the first conditions was 5.4 X 107> Q-m with a relatively large standard
deviation (Figure 1a). However, the resistivity was not measured under the second set of conditions
due to incomplete sintering of the copper pattern. Observation of the microstructure of the pattern
confirmed the resistivity trend: under the conditions of 4 ms and 1.3 MW, the Cu surface seemed to be
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sintered, with a necking structure among the copper nanoparticles (Figure 1b,c). However, for the case
of 16 ms and 0.285 MW, it was observed that Cu nanoparticles did not form any necking. Based on
these observations, we concluded that the single-pulse conditions varying peak power and time,
under the same energy density, seem to be unsuitable for sintering on the paper substrate.

Table 1. Single-pulse flash light sintering conditions.

Energy Density (J/cm?)  Peak Power (MW) Time (ms) Average Resistivity (Q2-m)

1.3 4 54 %1075
15.6
0.285 16 X
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Figure 1. Average resistivity and microstructural observation results of Cu printed patterns after
single-step flash light sintering: (a) comparison of average resistivities for two sets of single-pulse
sintering conditions, and scanning electron microscope images for conditions of (b) 1.3 MW and 4 ms,
and (c) 0.285 MW and 16 ms.

3.2. Multi-Step Flash Light Sintering with the Same Energy Density

The paper substrate had low thermal conductivity; therefore, it needed sufficient time to cool
to prevent a drastic increase in temperature. To overcome this problem, the copper pattern was
sintered via multi-step flash light sintering under the same energy density of 15.6 J/cm? as optimized in
Figure S4. This technique prevented a drastic temperature increase and allowed successful fabrication
of the copper pattern.

3.2.1. Multi Step Sintering under Various Duty Cycle

As shown in Table 2, the sintering conditions were varied by cooling time, with a duty cycle
calculated for each set of conditions under a constant peak power of 0.93 MW. A duty cycle of 80%
gave the lowest resistivity value, indicating that the optimal cooling time was 0.5 ms (Figure 2a).
The microstructure appeared as we would expect from the resistivity trend, with that for the 80%
duty cycle exhibiting a high density of copper nanoparticles (Figure 2c). By contrast, scanning
electron microscope images for duty cycles of 100% and 50% showed many pores among the sintered
nanoparticles. Accordingly, the optimal condition included a duty cycle of 80%. As shown in Figure 2b,
the temperature increased with duty cycle. The temperature measured for the optimal duty cycle
was 114 °C, which was a little lower than with conventional heat sintering technology. This can be
explained by the heat dissipation, as discussed in the following section.
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Table 2. Multi-pulse sintering conditions with various duty cycles.

Energy Density (J/em?)  On-Time (ms)  Off-Time (ms) Pulse Peak Power (MW)  Duty Cycle (%)

0 100
0.25 89
15.6 2 0.5 3 0.93 80
1 67
2 50
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Duty cycle (%) Duty cycle (%)

Figure 2. Sintering results for various duty cycles under the same energy density of 15.6 J/cm?:
(a) copper pattern resistivity, (b) microstructure, and (c) temperature.

3.2.2. Calculating Heat Dissipation

Using the equations below,

dT

QianXVXCp,vXE 1)
dT
Qout = =9 X V X Cpv X at )

Qin, out: Heat transferred to the fluid (J);
q: Object density (kg/cm3);

V: Object volume (m3);

Cp,v: Heat capacity (J/kg-K);

we calculated the heat consumption for the paper substrate, which may explain the lower temperature
found with the multi-pulse sintering. Our study used the transient heat transfer model, which can
calculate the amount of convective cooling or heating using each material’s heat capacity (Table 3).
The results of these calculations are presented in Table 4. For an energy density of 15.6 J/cm?, the energy
dissipated as heat was calculated to be 0.22-0.34 ], showing that almost all the heat was dissipated via
the copper pattern. However, the substrate temperature also changed during sintering, so the real
values would be lower than these. Note that Qj, increased with duty cycle.
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Table 3. Heat capacity (C) and density (p) of copper and paper.

Properties Copper Paper
C (J/kgK) 390 1400
p (kg/m3) 8940 929

Table 4. Heat dissipation calculation results.

Duty Cycle (%)  Qin ) Qout ) Qin — Qout )

100 0.75 0.34
89 0.73 0.32
80 0.71 0.41 0.30
67 0.64 0.23
50 0.63 0.22

3.2.3. Effect of Varying Multi-Pulse Time

We conducted multi-step sintering with various sintering times by varying the number of pulses
using the same energy density of 15.6 J/cm?, on-time of 1 ms, and duty cycle of 67% (Table 5). The lowest
resistivity value of 3.8 x 1077 (-m was obtained with eight pulses (Figure 3a). As shown in Figure 3b,
eight pulses also gave the best necking structure among the copper nanoparticles. By contrast,
there were some pores in the surface for all other numbers of pulses; this microstructure explains why
the resistivity value was highest for eight pulses.

Table 5. Multi-pulse sintering conditions with various sintering times (each pulse lasted 1 ms).

Energy Density (J/cm?) ~ On-Time (ms)  Off-Time (ms) Pulse Peak Power (MW)

3 2
4 1.61
5 1.38
6 1.18
15.6 1 0.5 7 1.03
8 0.93
9 0.84
10 0.78
11 0.73

To improve the electrical resistivity, our next step was to increase the sintering time to better
induce the densified necking structure. We used a sintering on-time of 2 ms, giving a duty cycle of
80%, and measured the resistivity after 2—6 pulses (Table 6). Resistivity increased with the number of
pulses with three pulses giving the lowest resistivity of 2.8 x 1077 Q-m (Figure 4a) compared to its
resistivity of 1.68 x 1078 (-m for the bulk Copper [37]. As before, the corresponding scanning electron
microscope image showed densified structure of the copper nanoparticles (Figure 4b). When the peak
power rose above 0.93 MW for more than three pulses, more pores appeared in the structure. For a
peak power lower than 0.93 MW, the microstructure showed an incomplete sintering microstructure.
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Figure 3. Results of multi-pulse sintering for various sintering times under the same energy density
of 15.6 J/em? with a pulse on-time of 1 ms: (a) resistivity measurements and (b) scanning electron

microscope images.

Table 6. Multi-pulse sintering condition (each pulse 2 ms).

Energy Density (J/cm?)  On-Time (ms)  Off-Time (ms) Pulse Peak Power (MW) Duty Cycle (%)
2 1.38
3 0.93
15.6 2 0.5 4 0.71 80
5 0.57
6 0.49
350
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Figure 4. Results of multi-pulse sintering for various sintering times under the same energy density
of 15.6 J/em? with a pulse on-time of 2 ms: (a) resistivity measurements and (b) scanning electron

microscope images.
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To improve the resistivity, we increased the sintering on-time to 3 ms, with conditions listed in
Table 7. As shown in Figure 5a, the value of the measured resistivities were relatively higher than
those in Figures 3a and 4a. The microstructures also showed many pores on the copper pattern
surface (Figure 5b). Therefore, multi-pulse sintering has a set of optimal conditions for the duty
cycle and number of pulses. When the duty cycle (or on-time) and number of pulses differed from
these, the resistivity of the copper pattern was higher. Thus, under the same energy density, the most
important parameters are sintering time and peak power.

Table 7. Multi-pulse sintering condition (each pulse 3 ms).

Energy Density (J/om?)  On-Time (ms)  Off-Time (ms) Pulse Peak Power (MW) Duty Cycle (%)

2 0.86
15.6 3 0.5 86
3 0.57
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Figure 5. Results of multi-pulse sintering for various sintering times under the same energy density
of 15.6 J/cm? with a pulse on-time of 3 ms: (a) resistivity measurements and (b) scanning electron
microscope images.

3.2.4. Analysis of Patterns Produced Using the Optimal Multi-Pulse Parameters

We used the optimal parameters to produce patterns on paper and polyimide substrates and we
compared these quantitatively by X-ray photoelectron spectroscopy analysis (Figure 6a). The elements
detected were carbon, copper, sulfur, and oxygen. The copper pattern on the paper substrate contained
more sulfur and oxygen than that on the polyimide (Kolon, Nanjing, China) substrate. The resistivities
of these patterns were 8.3 x 1078 and 2.8 X 1077 (3m on the polyimide and paper, respectively.
The difference was due to the two different energy densities we used; that used on the polyimide
substrate was twice that used on the paper substrate, suggesting that sintering at a higher energy
density easily removes sulfur and oxygen as XPS analysis confirms absence of Cu-S bonding shown
in Figure S5. In contrast, the copper pattern on the paper substrate still had CuS on its surface
(Figure 6b). As shown in Table 8, CuS has higher resistivity than pure copper under the same sintering
conditions [38,39]; therefore, the remaining CuS has higher resistivity. Cross-sectional images showed
that the copper nanoparticles had not fully densified, resulting in a higher resistivity than for bulk
copper (Figure 6¢).
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Figure 6. Results from sintering with optimal multi-pulse parameters under two energy densities
(32.1and 15.6 J/em?) on two surfaces (polyimide and photo paper, respectively) using X-ray
photoelectron spectroscopy: (a) proportions of elements, (b) peak (at 162 eV) showing that Cu-S
bonds remained at the surface, and (c) cross-sectional scanning electron microscope images of the
paper substrate.

Table 8. Resistivities of copper and copper sulfide at the same sintering temperature.

Materials Sintering Temperature (°C) Resistivity ((2-m)
Copper 2 x 1070 [38,39]
200
Copper sulfide 8 x 1073 [38,39]

3.3. Bending Properties of the Copper Pattern on Paper Substrate

We used the optimal conditions for single-pulse (1.3 MW, 4 ms) and multi-pulse sintering (2 ms,
three pulses, duty cycle of 80%) to produce patterns whose bending properties were evaluated for a
radius of curvature of 30 mm. The relative resistance of the single-pulse sintered pattern increased
after bending 100 times, and exhibited dramatic increase in relative resistance of eight compared to
the unbent pattern after 500 bending cycles (Figure 7a). By contrast, the relative resistance of the
multi-pulse sintered pattern increased by only 0.6. This result can be explained by the porous structure;
the microstructure of the single-pulse sintered pattern had many pores on the copper surface which
can propagate cracks (Figure 1b), thereby causing the increase in the relative resistance. A copper
pattern successfully fabricated on the paper substrate using multi-pulse sintering under the optimal
conditions is shown in Figure 7b.
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Figure 7. (a) Relative resistances of patterns produced by single- and multi-pulse sintering under their
optimal conditions and (b) photograph of the multi-pulse sintered pattern.
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3.4. The Characteristic of Multi-Pulse Sintering

When a single pulse irradiates a copper pattern, it induces the photothermal effect causing an
increase in temperature (Figure 8a). With a paper substrate, the heat cannot diffuse due to its low
thermal conductivity (Table 9). Therefore, the heat remains in the copper pattern, causing a drastic
temperature increase, and inducing local sintering there. As a result, there are many pores on the
copper pattern surface. By contrast, multi-pulse sintering gave a different result due to the more
favorable peak power and cooling time. When a photon enters the copper pattern there is a temperature
increase due to the photothermal effect; however, the more favorable peak power does not induce a
drastic temperature increase and the cooling time allows the temperature to drop again. Therefore,
the copper pattern achieved a reasonable temperature in the flash sintering process. This phenomenon
induced a gradual temperature increase, helping to densify the structure of the copper pattern [40,41].
The flash light sintering mechanism can provide a range of reasonable sintering conditions based on
the values for peak power and time that we used (Figure 8b).
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Figure 8. (a) Mechanisms of single- and multi-step sintering, and (b) diagram of strategy for finding
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the optimal flash sintering conditions under the same energy density.

Table 9. Thermal conductivities of various substrates.

Substrate Thermal Conductivity (W-m~1.K-1)

PI 0.52 [40]
PET 0.19 [40]
Photo paper 0.04 [40]

PET poly(ethylene terephthalate), PI: polyimide.
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4. Conclusions

To fabricate flexible and disposable electronics successfully, this study conducted a flash light
sintering process on a paper substrate. We measured the electrical conductivity and durability of the
copper patterns formed under the same energy density (15.6 J/cm?). To improve on single-step flash
sintering, we conducted multi-step sintering under varied conditions, such as duty cycle and number
of pulses. The optimal conditions were a duty cycle of 80% at 2 ms with three pulses, achieving a
resistivity of 2.8 x 10~/ Q-m. Multi-pulse sintering gave better quality than single-pulse sintering under
the same energy density. Under the bending test of 500 times, the relative resistance of the multi-pulse
sintered copper pattern hardly changed compared to the unbent pattern while the single-pulse sintered
pattern showed dramatic increase in its relative resistance by 8-fold compared to that of the unbent
pattern. Therefore, we successfully fabricated a copper pattern on a paper substrate which presents
possibilities for developing disposable electronic devices.

Supplementary Materials: The following are available online at http://www.mdpi.com/2673-3978/1/1/4/s1,
Figure S1: (a) Flash light sintering process and (b) relationship of energy density to peak power and time.
Figure S2: (a) Photo paper surface, (b) cross-sectional image, and (c) contact angle between the substrate and
copper nano-ink. Figure S3: Relationship between duty cycle, on-time, and off-time. Figure S4: Results of
multi-pulse sintering for various energy densities under the same condition with varying pulses: (a) resistivity
measurements and (b) scanning electron microscope images. Figure S5: X-ray photoelectron spectroscopy of

multi-pulse light-sintered, inkjet-printed copper pattern on PI substrate under the energy density of 32.1 J/cm?.
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