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Abstract
An intense pulsed light (IPL) was irradiated for the sintering of screen-printed copper (Cu) nano/micro-paste patterns on a 
polyimide substrate. The pattern widths and intervals affect the sintering behavior owing to the opto-thermal relationship 
during IPL irradiation. The temperature histories of the patterns during the IPL sintering process were predicted using a self-
developed heat transfer simulation program. By comparing the experimental and simulation results, the tendency according 
to the size of the Cu pattern was confirmed. At the same IPL irradiation energy, the wider the pattern and the narrower the 
interval between the patterns, the higher the heat generated. To demonstrate the tendency, in situ resistance monitoring of 
the Cu patterns was conducted and their microscopic structures were investigated using a scanning electron microscope. 
Through the tendency of IPL sintering according to the widths and intervals of the Cu pattern, guidelines of IPL sintering 
process for electrodes with multi-size pattern were suggested: A dummy pattern was added between the existing digitizer 
patterns to achieve uniform sintering in all regions. When IPL sintering was conducted with the dummy patterns, the uni-
formly sintered line resistance could be obtained in entire areas of the digitizer pattern.

Keywords Pattern width and interval · IPL sintering · Heat generation · Copper nano/micro pattern · Printed electronics

1 Introduction

The flexible printed circuit board (FPCB) market has been 
gradually increased in various areas. FPCBs have conven-
tionally been fabricated through a photolithography process. 
However, such processing is expensive and inefficiently long 
owing to complicated steps such as cleaning, preparation, 
exposure, and etching. By contrast, the printed electronics 
process is cost-effective and convenient owing to its simple 
three-step approach (printing, sintering, and inspection).

Various applications such as flexible displays [1–3], flex-
ible organic light-emitting diodes (OLED) [4, 5], flexible 
solar cells [6, 7], radio frequency identification tags (RFID) 

[8, 9], wearable electronics [10, 11], and flexible touch 
screens [12, 13] can be produced using printed electronics 
technology. The fabrication of a conductive pattern is one of 
the most important aspects of printed electronics. To fabri-
cate a conductive pattern, metal nanoparticle pastes, such as 
gold (Au) and silver (Ag), have been widely used owing to 
their high conductivity and oxidation stabilities. However, 
such materials are too expensive for commercialization [14, 
15]. To overcome these disadvantages, copper (Cu) nanopar-
ticle ink or paste has been used to fabricate an FPCB con-
ductive pattern owing to its low cost and high conductivity.

There is a need for a process capable of sintering each 
other to achieve better conductivity. There are various meth-
ods for this process, including thermal [16], laser [17, 18], 
plasma [19], microwave [20, 21], NIR [22], and IPL sin-
tering. However, Cu particles are easily oxidized by oxy-
gen, moisture, and high temperature. Owing to these weak-
nesses, conventional thermal sintering process cannot be 
used. Other methods have the disadvantage of expensive 
equipment and complicated processes. Therefore, the use 
of the intense pulsed light (IPL) sintering process was first 
introduced and patented in 1969 [23]. After 33 years, IPL 
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sintering with nanoparticle ink was reported again in two 
patents by Miyashita et al. and Hirai et al. [24, 25]. The 
IPL sintering processes of Cu nanoparticles were further 
investigated by other groups. Various factors such as sol-
vent, pH, and reductant concentration have been explored 
in detail and optimized in order to produce a nanoparticle 
ink at room temperature by Ruvini et al. [26]. Furthermore, 
Patil et al. demonstrate a simple, convenient and low cost 
synthesis method for Cu nanoparticles through the reduction 
of copper salt in ethylene glycol using rongalite as novel 
reducing agent as well as caping agent and IPL sintering 
technique used to archive conductive electrode pattern for 
printing electrode [27]. In addition, Araki et al. confirmed 
that the ratio of the carbon/Cu determined the light absorb-
ance coefficients which are the most important factors in IPL 
sintering [28]. There was also an attempt to fabricate green 
electrodes using cellulose nanocrystals (CNC), graphene 
nanoplatelets (GNP) and copper precursors via IPL sinter-
ing process [29]. Schroder et al. introduced a commercial 
IPL machine [30, 31]. Also, in our previous studies, it was 
reported that the oxide shell could be removed through a 
photo thermal reaction with a polymer binder such as poly 
(N-vinylpyrrolidone) (PVP) and ethyl cellulose (EC) during 
IPL sintering process [32–34].

For higher electrical conductivity and sintering proper-
ties, IPL sintering of mixed Cu particles has been studied 
with various sizes of copper particles. To reduce the mate-
rial cost and reduce the pores for better packing density, the 
mixed Cu nano-/micro-inks with different ratios of Cu nano/
micro particles were fabricated and sintered by IPL irra-
diation [35]. A bimodal Cu nano-ink with 25:75 wt % case 
(40 nm:100 nm Cu NPs) sintered by multi-pulse IPL irradia-
tion exhibited the lowest resistivity and the highest adhesion 
strength (5B adhesion level), which is due to the high density 
of the Cu micro structure [36]. On the other hand, Abdullah 
et al. found a correlation between the proportion of two dif-
ferent sized particles and the packing density and porosity 
of the paste [37]. They used the 2 µm micro-particle with 
the 180 nm nanoparticles to increase the electrical conduc-
tivity and reduce the material price. According to Abdullah 
et al.’s study, the ratio of large particles to entire particles 
should be theoretically about 2/3 to minimize the porosity 
when the dimension ratio of each particle is 11.11 (equal to 
2 µm/180 nm). Therefore, in this work, a copper nano/micro 
paste was prepared by mixing proper sizes of Cu particles at 
an optimum ratio (180 nm particles: 2 μm particles = 1:1.4).

The IPL sintering process of the copper paste was 
closely related the preparation conditions such as the 
screen-printing speed and drying temperature. The print-
ing speed influences the printability by determining the 
shear rate and viscosity of the paste [38, 39], and the dry-
ing temperature affects the removal of residual solvents 
and binders and the oxidation of copper particles [40]. In 

addition, not only IPL irradiation conditions (e.g. pulse 
duration [41], frequency, pulse number, irradiation energy) 
but also external conditions (e.g. UV irradiation [36, 40], 
wavelength of IPL [42, 43], heating and vacuuming [44], 
etc.) were closely related to the IPL sintering character-
istics. However, in all the previous studies, only uniform 
printed patterns were printed and sintered. In order to 
develop larger, thinner and curved electronic devices, dif-
ferent sized patterns should be printed and sintered on 
one substrate. However, a study on the characteristics of 
IPL sintering of the different sized patterns is not con-
ducted yet to the author’s best knowledge. In this work, we 
found that the sintering characteristics can change remark-
ably with different sizes of the pattern such as widths and 
intervals under the same sintering process conditions 
(100 mm/s printing speed, 100 °C NIR drying for 10 min, 
a single pulse, 5 J/cm2 of energy, and a 5-ms duration) 
(Fig. 1). This phenomenon can cause resistance uniformity 
problems in applications with multi-size patterns.

Therefore, in this study, the IPL sintering character-
istics with respect to various pattern widths and intervals 
were investigated through an analytical and experimental 
approach. The heat generation by the IPL irradiation was 
predicted according to the widths and intervals of the pattern 
using a self-developed program named ‘FLS program’. The 
macrostructures and microstructure of the sintered patterns 
were also observed and compared using an optical micro-
scope and a scanning electron microscope (SEM). Based 
on these results, we predicted the tendency of IPL sinter-
ing according to the sizes of Cu patterns and proceeded the 
uniform sintering of digitizer application with multi-sized 
pattern.

2  Experiment and Simulation

2.1  Fabrication of Cu Nano/Micro‑paste

For the fabrication of the Cu nano/micro-paste, commer-
cial Cu nanoparticles (NPs) (180 nm in diameter; Ning-
Guangbo) (10 g) and Cu micro particles (MPs) (2 μm in 
diameter; JoinM) (14 g) were used. The mixing ratio of 1:1.4 
(NPs:MPs) was selected based on the reference for higher 
packing density [37]. The Cu nano/micro particles were dis-
persed in a mixed solvent of diethylene glycol butyl ether 
(DEGBE, ≥ 99%; Sigma Aldrich) (1.85 g), ethylene gly-
col (EG, 99.8%; Sigma Aldrich) (e1 g), α-terpineol (80.0%; 
Tokyo Chemical Industry Co., Ltd.), and polymer binders 
of ethyl cellulose (EC, ≥ 49.0%; Sigma Aldrich) (0.15 g), 
Poly urethane diol (PUD, 88 wt % in  H2O; Sigma Aldrich) 
(Table 1). The mixed Cu nano/micro-paste was dispersed 
using an ultrasonicator for 3 h and a 3-roll-mill for 1 h.
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2.2  Preparation of Cu Nano/Micro‑paste Pattern

To investigate the sintering characteristics of the Cu nano/
micro-paste pattern with respect to the dimensions of the 
printed patterns (width and interval), the screen plate was 
designed to print various pattern dimensions classified by 
the pattern width (50, 100, 200, 300, and 1000-μm) and pat-
tern interval (50, 100, 200, 300, and 1000-μm). To demon-
strate the effect of the Cu nano/micro pattern dimensions on 
the IPL sintering, ten columns of each pattern were arrayed 
horizontally (Fig. 1). The fabricated Cu nano/micro-paste 
was printed onto PI substrates (SKC Kolon PI) with a 25-μm 
thickness using a screen printer (Tiger SP2825-MT; Daey-
oung HighTech Co.) at a printing speed of 100 mm/s. The 
printed Cu nano/micro-paste patterns were dried using the 

near infrared (NIR) wavelength range (800–1500 nm, at 
500 W; Adphos L40) for 10 min at 100 °C.

2.3  IPL Sintering of Cu Nano/Micro‑paste Pattern 
with Respect to the Pattern Dimensions

The printed Cu nano/micro-paste patterns were sintered 
using IPL irradiation from three xenon lamps (maximum 
recommended power of 4.5 kW water-cooled, wavelength 
of 350–950 nm; First light Lamps, Ltd.). The IPL irradiated 
from xenon lamps was reflected using a large area reflector, 
which can uniformly cover an area of 110 mm × 130 mm. 
The sintering process was applied at room temperature and 
under ambient conditions. In this study, the IPL irradiation 
energy was varied from 4 to 6 J/cm2, whereas other IPL 

Fig. 1  Printed Cu nano/micro pattern with respect to the pattern widths (50, 100, 200, 300, and 1000 μm) and intervals (50, 100, 200, 300, and 
1000 μm)

Table 1  Properties of the 
copper electrode, PI substrate 
and aluminum plate for simulate 
the flash light sintering process

Properties Copper electrode PI substrate Aluminum plate

Heat capacity (J/kg K) 384 1090 902
Thermal conductivity (W/m k) 401 0.4 237
Density (kg/m3) 8940 1420 2700
Thickness (μm) 10 25 5000
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irradiation conditions, such as the number of pulses (1) and 
pulse duration (5 ms), were fixed. The irradiation energy of 
the IPL was measured using a power meter (Nova II; Ophir 
Optronics Solutions, Ltd.)

2.4  Heat Transfer Simulation Using Finite Difference 
Numerical Calculation Method

To predict the temperature history of a Cu pattern during 
IPL irradiation, a heat transfer simulation was conducted. 

An analytical model was deduced for the finite difference 
method calculation, as shown in Fig. 2. According to the 
heat transfer theory [45], a general two-dimensional finite 
difference formulation of the heat conduction in implicit 
method can be expressed as follows:

Fig. 2  Schematic figure of a two-dimensional based finite difference analysis and b line-by-line tridiagonal matrix algorithm (TDMA) method
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where k, C, and ρ are the thermal conductivity, specific heat 
capacity, and density, respectively. Subscripts m and n are 
the x- and y-direction node locations, and Ti is the tempera-
ture at time i. In the original equation, there was a term 
related to the internal heat generation rate q̇ , but since there 
was no heat source inside the copper pattern, q̇ became 0 
and this term was deleted. This equation can be simplified 
as follows:

The time-dependent transient heat conduction formula-
tion is calculated using an implicit method. This is because 
an explicit method requires an extremely small time-step 
and takes a long time to calculate such finite difference 
formulations [46, 47]. For this reason, an implicit method 
with relatively stable computations and a large time-step 
was used. Using this implicit method to solve the unknown 
temperature variables at time i + 1, a numerical calculation 

(1)

kΔy
Ti+1
m−1,n

− Ti+1
m,n

Δx
+ kΔx

Ti+1
m,n+1

− Ti+1
m,n

Δy
+ kΔy

Ti+1
m+1,n

− Ti+1
m,n

Δx

+ kΔx
Ti+1
m,n−1

− Ti+1
m,n

Δy
+ q̇m,nΔxΔy = 𝜌ΔxΔyC

Ti+1
m

− Ti
m

Δt

(2)Ti+1
left

+ Ti+1
top

+ Ti+1
right

+ Ti+1
bottom

− 4Ti
node

=
Ti+1
node

− Ti
node

�

� = �Δt∕l2, � = k∕�C, l = Δx = Δy

of the tridiagonal matrix algorithm (TDMA) was con-
ducted as follows:

where A and d denote the n × n and n × 1 constant matrix, 
respectively, and x is an n × 1 unknown matrix. This TDMA 
method was applied to n nodes of each vertical line, allowing 
a line-by-line (n × m) TDMA calculation to be conducted. As 
shown in Fig. 3, a 3 × 3 TDMA calculation can be expanded 
to an n × n TDMA calculation. An FLS simulation was con-
ducted using Microsoft Visual Studio 2015 and National 
Instrument LabVIEW 2015 software based on the 2D finite 
difference model.

2.5  Characterization

To measure the electrical conductivity of the Cu nano/micro-
paste pattern, their sheet resistance and thickness were meas-
ured using a 4-point probe method (1-μm-diameter probe tip, 
1-mm probe tip interval; Modusystems, Inc.) with a source 
meter (2015 THD, Keithley) and an alpha step (KLA Tencor 
AS500, Tencor instruments). Furthermore, to investigate the 
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Fig. 3  3 × 3 TDMA calculation method and expanded 2D finite difference model calculated by line-by-line (N × M) TDMA method



476 International Journal of Precision Engineering and Manufacturing-Green Technology (2021) 8:471–485

1 3

sintering process with respect to the pattern dimensions, an 
in situ resistance monitoring was conducted while a IPL was 
irradiated onto the patterns. The in situ resistance monitor-
ing system was composed of a Wheatstone bridge circuit, 
a source meter, and an oscilloscope. The microstructures 
of the Cu nano/micro-paste patterns were observed using a 
scanning electrode microscope (SEM, S4800; Hitachi) with 
a 15 kV operating voltage.

3  Results and Discussion

3.1  Results on IPL Sintering Experiments

An IPL pulse with a fixed irradiation condition (a sin-
gle pulse, 5-ms pulse duration, and 5 J/cm2 of irradiation 
energy) was irradiated onto the various sizes of Cu nano/
micro patterns. The irradiation of the IPL caused surface 
plasmonic resonance, and the electrons in the Cu particles 
were vibrated and generated heat [48–50]. The polymer 
binders were decomposed and removed by the generated 
heat [34]. During this occurrence, the Cu oxide shell was 
removed with the decomposition of the polymer binder. In 
addition, the generated heat created a necking between the 
Cu nanoparticles, connecting them [41].

Figure 4a shows the resistivity of the IPL sintered Cu 
patterns according to the pattern intervals and widths at an 

irradiation energy of 5 J/cm2. It was noteworthy that the 
resistivity of the specimens after the IPL sintering under 
the same irradiation energy and conditions decreased as the 
width of the patterns widened and the interval narrowed. 
Figure 5a–e shows the sintered Cu patterns according to 
their intervals with a fixed width of 50-μm, which were 
observed using an optical microscope. Please note that this 
is the 50-μm width row case shown in Fig. 4a. The Cu pat-
tern with a 50-μm width and 50-μm interval sintered by IPL 
irradiation showed a resistivity of 31.05 μΩ cm. The Cu 
pattern with a 50-μm width with wider widths of 1000-μm 
had the lowest resistivity to 11.36 μΩ cm. By contrast, the 
Cu pattern with a 50-μm width with wider intervals of 1000-
μm had the highest resistivity to 44.75 μΩ cm. This indicates 
that the resistivity of the Cu pattern decreased as the interval 
narrowed and the width widened.

To observe the microstructure of the Cu pattern, a scan-
ning electron microscope (SEM) analysis was conducted 
(Fig. 5f–k). Before IPL irradiation, the Cu micro-particles 
and nanoparticles were covered with a Cu oxide shell and 
a polymer binder layer (Fig. 5k), which interfered with the 
electrical current flow through the particles. After the IPL 
irradiation (Fig. 5f–j), the polymer binder and oxide shell 
covering the Cu particles were removed through the instant 
heat generated during the IPL sintering, which is similar to 
previous studies [34, 41, 51]. As shown in the SEM images 
of Fig. 5f, the coalescence among the particles during the 

Fig. 4  a Resistivity of the Cu patterns with respect to their widths and intervals after IPL sintering with irradiation energy of 5 J/cm2. b The 
specimen with the width of 50 μm and interval of 1000 μm. c The specimen with the width of 1000 μm and interval of 50 μm
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IPL irradiation was well formed in the case of the 50-μm 
pattern interval. Meanwhile, necking junctions among the 
particles were not sufficiently formed in the case of the 
1000-μm pattern interval (see the SEM images of Fig. 5j). 
From Fig. 5f–j, it can be concluded that the necking between 
the particles was denser as the interval narrowed, which con-
tributed to its lower resistivity.

On the other hand, Fig. 6a–e shows the sintered Cu pat-
terns according to their various widths with a fixed interval 
of 50-μm, as shown using an optical microscope. In the SEM 
images of the microstructures for each case (Fig. 6f–j), it was 
found that the sintering of the Cu particles during the IPL 
irradiation was noticed as the width of the patterns widened, 
which resulted in a lower resistivity. As shown in Fig. 6j, 
where the pattern width was the widest (1000-μm) and the 
interval was the narrowest (50-μm), Cu nanoparticles were 
sintered together by melting junction between each particles. 
In the case of 1000–50 case, because the width of the pattern 
is wide, it is difficult to escape the heat generated between 

the particles. Also, because the interval of the pattern is nar-
row, the cooling through the substrate is very small and the 
temperature may increase significantly.

3.2  Results on Heat Transfer Simulations

To investigate the reason for the different sintering phe-
nomena according to the pattern dimensions, an analytical 
heat transfer simulation of the Cu paste pattern was con-
ducted using the FLS program. IPL irradiation conditions 
same as the experiments were entered into the program. In 
addition, the properties of the Cu pattern, PI substrate, and 
aluminum plate shown in Table 1 were used. As shown in 
Fig. 7, the temperatures were rapidly increased immediately 
after the IPL irradiation at 5 J/cm2. When the interval of the 
Cu pattern was wider than 200-μm, there were no notice-
able differences in the maximum temperature. By contrast, 
it was found that when the interval of the Cu pattern was 
decreased from 200 to 50-μm, the maximum temperature 

Fig. 5  The Cu patterns with the width of 50 μm and the intervals of 
a 50  μm, b 100  μm, c 200  μm, d 300  μm, e 1000  μm which were 
sintered by IPL irradiation of same energy (5  J/cm2) and observed 
with optical microscope. The Scanning Electron Microscope (SEM) 

images of the coper pattern with the width of 50 μm and the intervals 
of f 50 μm, g 100 μm, h 200 μm, i 300 μm, j 1000 μm which were 
sintered by IPL irradiation of same energy (5  J/cm2). K The SEM 
image of the Cu pattern before IPL sintering
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was remarkably increased. As the interval of the pattern 
decreased from 1000 to 50-μm, the maximum temperature 
increased from 489.1 to 500.6 °C (see the inset in Fig. 7).

The temperature history was also calculated using the 
FLS program (Fig. 8) according to the widths of the Cu 
patterns. As shown in Fig. 8, as the width of the pattern 
increased from 50 to 1000-μm with a fixed interval (50-μm), 
the maximum temperature increased from 500.6 to 590.8 °C. 
Comparing the simulation results with the SEM analysis 
image (Fig. 6j), it seems that Cu nano/micro particles can be 
sintered at a temperature of 590.8 °C. It can occur reasonably 
because the sintering of the copper nanoparticles proceeds 
before reaching to melting point, and the surface energy col-
lapses due to the movement and resonance of atoms at the 
junctions between the particles [52, 53]. The generated heat 
accumulates in the copper electrode and rises in tempera-
ture without escaping to the PI substrate. In addition, since 

Fig. 6  The Cu patterns with the interval of 50 μm and the widths of 
a 50  μm, b 100  μm, c 200  μm, d 300  μm, e 1000  μm which were 
sintered by IPL irradiation of same energy (5  J/cm2) and observed 
with optical microscope. The Scanning Electron Microscope (SEM) 

images of the coper pattern with the interval of 50 μm and the widths 
of f 50 μm, g 100 μm, f 200 μm, i 300 μm, j 1000 μm which were sin-
tered by IPL irradiation of same energy (5 J/cm2)

Fig. 7  Temperature distributions of the Cu patterns which have same 
width of 50 μm and different intervals (50, 100, 200, 300, 1000 μm)



479International Journal of Precision Engineering and Manufacturing-Green Technology (2021) 8:471–485 

1 3

the FLS program is a numerical computational program, it 
cannot reproduce the plasmonic behavior of copper nano-
particles or the motion of electrons and atoms. Therefore, in 
order to check the tendency of heat generation, the proper-
ties of the bulk copper were used, which may be different 
from the actual temperature. For that reason, it can occur 
reasonably because the sintering of the copper nanoparti-
cles proceeds before reaching to melting point, and the sur-
face energy collapses due to the movement and resonance 
of atoms at the junctions between the particles. Because of 
this, a strong resonance between electrons occurs between 
the surfaces of the nanoparticles, through which the surfaces 
of the copper particles melt and sinter.

To understand the in-depth mechanisms of the different 
temperature history from the pattern dimensions, the thermal 
distributions of three extreme pattern dimensions were cal-
culated using the FLS and are plotted in Fig. 9a. The same 
IPL energy (5 J/cm2) was irradiated onto the 3 cases of the 
Cu paste patterns. The temperature distributions at three dif-
ferent time points  t1 (12.5 ms),  t2 (15 ms),  t3 (17.5 ms) were 
plotted and shown in Fig. 9b. During the simulation, it was 
assumed that the IPL was absorbed by only the Cu paste 
patterns and generated heat. Heat generation in PI substrate 
was assumed to be negligible because the polyimide film 
absorbs UV near the 300 nm wavelength region [54, 55]. 
As shown in Fig. 9c, at the time of  t1, heat was generated in 
each printed Cu electrode part, and dissipated to the nearby 
polyimide substrate. It is worth noting that, in Cases 2 and 
3, the heat cannot be dissipated as quickly as in Case 1. This 
phenomenon is clearer in Case 3, where the width of the pat-
tern is 1000-μm, and it is likely that the intervals among the 
patterns in Case 2 were all filled with Cu patterns. In Case 
3, the heat from the printed Cu pattern was dissipated only 
at the two ends of the electrode, and thus the temperature of 

the Cu pattern increased more quickly and reached a higher 
level (see Case 3 at  t1 (12.5 ms) in Fig. 9c). At the end time 
of the IPL irradiation at  t2, in Case 3, the maximum tempera-
ture was 590.8 °C, which is much higher than in the other 
Cases (Case 1, 489.1 °C; Case 2, 500.6 °C). The temperature 
difference remained the same even after the IPL irradiation. 
Note that, at the time of  t3, the temperature of the Cu pattern 
in Case 3 was cooled down more slowly than in the other 
Cases and remained higher (444.4 °C) (Case 1, 332.2 °C; 
Case 2, 344.4 °C).

The heat generated by the surface plasmonic effect is pro-
portional to the area of the copper pattern. Therefore, the 
highest temperature is observed in Case 3, which has the 
largest copper electrode per unit area. The generated heat 
accumulates inside the copper electrode having high thermal 
conductivity (401 W/m K), and slowly escapes to the PI 
substrate having low thermal conductivity (0.12 W/m K). 
In addition, the heat dissipated to the PI substrate can be 
transferred to adjacent patterns because the interval between 
the patterns is very narrow. Therefore, the wider the width of 
the pattern and the narrower the interval of the pattern, the 
temperature increases the most during IPL sintering. On the 
other hand, the generated heat is discharged through the PI 
substrate for thermal equilibrium after finishing IPL irradia-
tion. In Case 1, the electrode area is the smallest in the unit 
area. The amount of generated heat is relatively small, and 
the heat does not accumulate inside the copper electrode and 
escapes to the PI substrate. The heat dissipated through the 
PI substrate is easily reduced because there are no adjacent 
electrodes around it. Therefore, the narrower the width of the 
pattern and the wider the interval of the pattern, the tempera-
ture increase the least during IPL sintering.

3.3  Demonstrations for IPL Sintering Tendency

The phenomena mentioned above were verified through an 
in situ resistance monitoring experiment. For the experi-
ment, the three most extreme cases among the cases men-
tioned above were determined (Case 1, the narrowest 
width of 50-μm and the widest interval of 1000-μm; Case 
2, the narrowest width of 50-μm and the narrowest interval 
of 50-μm; and Case 3, the widest width of 1000-μm and 
the narrowest interval of 50-μm), as shown in Table 2. 
To measure the temperature of the pattern simultaneously 
during the IPL sintering process, in situ temperature moni-
toring was applied in previous studies [35, 56]. However, 
in this study, the pattern width was narrower than the ther-
mocouple, which has a diameter of 200-μm, and thus the 
temperature monitoring was not possible. For this reason, 
instead of in situ temperature monitoring, in situ resistance 
monitoring was conducted to check the change in resist-
ance during IPL sintering. To measure the resistance of 
the various sizes of the Cu patterns, 5 mm of both ends of 

Fig. 8  Temperature distributions of the Cu patterns which have same 
interval of 50 μm and different widths (50, 100, 200, 300, 1000 μm)
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the patterns were first sintered, and a silver paste was then 
applied followed by Cu tape. The silver paste decreased 
the contact resistance between the Cu pattern and the Cu 
tape (Fig. 10a). A Wheatstone bridge circuit was used and 
connected to the oscilloscope. Figure 10b shows the in situ 

resistance monitoring results. Before the IPL irradiation, 
all three cases showed infinite resistance. The resistance 
was suddenly decreased once the IPL was irradiated. In 
all three cases, the reduction rate of the resistance differed 
despite the same IPL conditions (a single pulse, 5 J/cm2 of 
energy, and a duration of 5 ms), which is consistent with 
the experiment and simulation results. The resistance of 
Case 3 (the widest electrode width of 1000-μm and nar-
rowest interval of 50-μm) decreased the most, demonstrat-
ing the lowest resistivity, owing to its largest heat absorp-
tion area (the widest pattern width) by the IPL as well as 
the smallest heat spreading area (the narrowest interval). 
By contrast, Case 1 with the narrowest electrode width 
(50-μm) and widest interval (1000-μm) showed the highest 
resistivity owing to the smallest heat generation area by 

Fig. 9  a Heat generation on the Cu electrodes in 3 Cases with time 
scale. b Expanded figure of peak point of Case 1, 2 and 3 with spe-
cific time point  t1 (12.5 ms),  t2 (15 ms), and  t3 (17.5 ms). c 2-dimen-
sional temperature distribution and maximum temperature of the 

Cu electrodes of Case 1, Case 2, and case 3 in standard length of 
1050 μm when the temperature is rising  (t1 = 12.5 ms), is maximum 
 (t2 = 15 ms), and is decreasing  (t3 = 17.5 ms)

Table 2  Three extreme conditions of the copper patterns which have 
different widths and intervals, resistivity and heat generation

Case 1 Case 2 Case 3

Width (μm) 50 50 1000
Interval (μm) 1000 50 50
Resistivity (μΩ cm) 44.75 31.05 11.36
Temperature (°C) 489.1 500.6 590.8
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the IPL with the largest heat spreading area. The in situ 
resistance monitoring results clearly show the effects of 
the pattern dimensions on the sintering behavior of the Cu 
patterns, derived from the fact that the increased heating 
and temperature by the IPL are dependent on the pattern 
width (the heat absorption and generation area by the IPL) 
and the pattern interval (the heat spreading area between 
patterns).

The predicted maximum temperatures of the Cu pattern 
with respect to the pattern widths and intervals are shown in 
Fig. 11. The temperature calculated using the FLS program 
showed almost the opposite tendency as the resistivity (see 
Fig. 4a, and for comparison, Fig. 11), which is reasonable 
because the lower resistivity indicates that the sintering 
was sufficient owing to the higher sintering temperature at 
the same IPL irradiation energy. Therefore, it can be con-
cluded that the wider width of the patterns and the narrower 
intervals can induce a higher heat generation with the same 
IPL irradiation inducing a higher sintering temperature. 

Therefore, the IPL sintering condition should be carefully 
designed by considering the pattern dimensions.

Unfortunately, in a real application, multi-sized pattern 
might be needed essentially in one electrodes. In this case, 
the IPL sintering conditions cannot be controlled in each 
patterns at the same time. Thus, in this study, the concept 
of dummy patterns was newly proposed for the uniform sin-
tering degree on the different sizes of the Cu electrodes. 
To show the applicability of the dummy pattern concept, 
a digitizer pattern was applied. A digitizer is a large-sized 
printed electrode pattern, which is used for the touch panel 
of a smartphone or tablet PC. The digitizer electrode con-
sisted of various sized patterns, as shown in Fig. 12b. Three 
patterns with a line width of 200-μm and intervals of 50-μm 
were applied, and these pattern bundles were separated using 
a 2-mm spacing. After the IPL sintering process, the patterns 
were not sufficiently sintered and the uniformity was poor 
under IPL irradiation conditions of a 5-ms pulse duration, 
a single pulse, and 5 J/cm2 of energy. Observed using an 

Fig. 10  a Fabricating 10 lines of Cu pattern specimens for in situ resistance monitoring, b In-situ resistance monitoring results of three Cases of 
Cu patterns with same IPL irradiation energy (5 J/cm2)
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optical microscope, the polymer binders were not sufficiently 
removed and the Cu electrodes were delaminated (Fig. 12c). 
In addition, it was found that in a sparsely patterned area, the 
pattern was not sintered at all. It occurred because heat gen-
eration was insufficient for complete removal of the polymer 
binder with the IPL irradiation owing to the small pattern 
area. This phenomenon caused a thermal imbalance between 
the pattern and substrate and induced a delamination of the 
electrodes and a warpage of the entire printed circuit board. 
To solve this problem, a dummy pattern which is not related 
to the actual electrical circuit was printed between the pat-
tern bundles (Fig. 12a). The dummy patterns were added 

to the original patterns in the sparsely patterned areas, and 
the IPL sintering was conducted under same conditions as 
before. As a result, all patterns could be sintered sufficiently 
(the color of the entire Cu pattern was shiny pink owing to 
the sufficient sintering) without damage, delamination, or 
warpage of the PI substrate (Fig. 12e). In addition, the uni-
form line resistance (22.41 Ω for 74 cm of an electric circuit 
with a width of 50-μm) could be obtained in entire areas of 
the digitizer pattern.

4  Conclusions

In this study, the IPL sintering tendency according to the 
sizes of the copper pattern was demonstrated. When the pat-
tern was the widest at 1000-μm and the narrowest at 50-μm, 
it was expected that the highest heat was generated and the 
temperature increased to 590.8 °C calculated by FLS pro-
gram. This high temperature effectively sintered the copper 
nano/micro particles, resulting in the lowest resistivity of 
11.36 μΩ cm. From experiment and simulation results, the 
narrower the width and the wider the interval, the less heat 
was generated, and the resistance reduction rate tends to 
be lowered. The heat generation database according to the 
dimension of the pattern was obtained through FLS program 
and compared with IPL sintering tendency. A dummy pat-
tern was inserted between the digitizer electrodes printed 
with multi-sized pattern to generate the same heat in all 
regions during IPL sintering. When IPL sintered with the 
dummy patterns, the uniform line resistance (22.41 Ω for 
74 cm of an electric circuit with a width of 50-μm) were 
measured in entire areas of the digitizer pattern. If it is pos-
sible to calculate the heat generation temperature according 
to the sizes of the Cu pattern, it was proved that uniform 
sintering of electrodes with multi-sized pattern.

Fig. 11  Heat generation temperature after IPL irradiation (5  J/cm2) 
followed by pattern intervals and widths using FLS program calcula-
tion
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