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Abstract
Intense pulsed light (IPL) sintering or annealing technology has attracted tremendous attention from many researchers and 
a variety of industries owing to its unique features. In IPL process, the pulsed white flash-light from xenon lamp is irradi-
ated on the target materials and converts it to the desired conductive layer. The IPL process is ambient condition and room 
temperature process. The irradiated IPL on the materials can induce an extremely quick heating (several milliseconds) to 
the certain temperature by the synergetic opto-chemical, opto-thermal phenomena without damage on the low temperature 
substrates such as polymer and paper. The exact mechanisms of these opto-synergetic phenomena has been intensively 
studied by many researchers for a decade. Also, the applications of IPL techniques have become more extensive in printed 
electronics. In this review, we summarized the brief history and various applications of the intense pulsed light technology to 
conductive electrodes as well as several applications. The IPL process can provide a paved route to revolutionary eco-benign 
and low-cost manufacturing process for many applications.
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1  Introduction

The intense pulsed light (IPL) is the short pulsed white 
flash-light from xenon lamp covering the entire visible 
light range with small portion of ultra-violet and a near 
infrared light as shown in Fig. 1a [1]. There have been 
several different terminologies to name this process such 
as an intense pulsed light process (IPL) [1–10], flash-light 
process [5, 11–43], and photonic curing or photonic sin-
tering process [19, 27, 44–62]. In spite of different ter-
minologies, all of them are using same tool, the millisec-
onds short pulsed white light from xenon lamp, where the 
arc plasma was generated with applying the voltage and 

current between two tungsten electrodes though an inert 
xenon gas, followed by generating the pulsed white light 
[1, 2, 44]. The xenon gas has been generally used to gener-
ate IPL as it is the most efficient gas to convert the applied 
electrical energy to the white light with around 50% of 
efficiency [63]. Intense pulsed light (IPL) sintering has 
received the increased attention as an alternative to the 
conventional sintering techniques [1, 13, 16, 47, 49, 55]. 
The IPL irradiation from xenon lamp, which emits radia-
tion in the range between 380 and 950 nm, encompassing 
the entire visible spectrum is available to sinter the metal 
nano particles because the plasmon resonance bands of 
metal NPs are in visible spectrum [64–66]. Also, it can 
immediately reduce the metal oxide and sinter the metal 
NPs within a few milliseconds at room temperature under 
ambient conditions [1, 3, 11, 13]. As a conventional sin-
tering method, thermal sintering which directly applies 
heat to the metal nano ink was mainly used [67]. However, 
since this method needs high temperature to sinter metal 
nano inks, it was not suitable for flexible substrates made 
of polymers. Also, since the thermal sintering method 
requires a long time to sinter, oxidation occurs in the case 
of copper nanoparticles [68]. To solve this problem, several 
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sintering methods were suggested such as microwave sin-
tering method, electric sintering method, plasma sintering 
method and laser sintering method [69–75]. Especially, 
microwave sintering process, which is also called elec-
tromagnetic heating process, has been developed to the 
synthesis and treatment of various nano-materials [76–80]. 
However, these methods still had drawbacks in that com-
plicated equipment was required or the sintering range was 
narrow. Therefore, the sintering method proposed as an 
alternative method was intense pulsed light (IPL) sintering 
method. The IPL process is ambient condition and room 
temperature process and it can transform various organic 
or inorganic materials to the certain composition or crystal 
structure exhibiting the desired electrical/chemical/opti-
cal properties by irradiating the milliseconds pulsed white 
light on it. In particular, the IPL process is suitable for 
various materials such as polymers, metals and ceramic 
system [81–88]. Research for applying the IPL process 
to many kinds of metals and ceramic materials has been 

continuously conducted, and the scope of the IPL has been 
expanded. In this work, researches on IPL process using 
metal materials and various applications were summarized 
and reviewed. The irradiated IPL on the target materials 
can induce an extremely quick heating (several millisec-
onds) to the certain temperature by the synergetic opto-
chemical, opto-thermal phenomena between the irradiated 
IPL and the target materials without damage of the low 
temperature substrates such as a polymer and a paper. The 
exact mechanisms of these opto-synergetic phenomenon 
have been intensively studied by many researchers for a 
decade.

2 � IPL Sintering of Metal Particles Ink

The usage of intense pulsed light for sintering of metal par-
ticles in printed electronics was firstly introduced by Kinney 
et al. in their historical patent in 1969 as shown in Fig. 2a 

Fig. 1   a Spectrum of the intense pulsed light from xenon flash lamp 
[1]. UV–vis spectra of b silver nanoparticles [92] and c copper nano-
particles [37] [a This article is published under an open access license 
© The Authors 2009; b This work is licensed under the Creative 
Commons Attribution-NonCommercial 3.0 Unported License. To 

view a copy of this license, visit https​://creat​iveco​mmons​.org/licen​
ses/by-nc/3.0/ or send a letter to Creative Commons, PO Box 1866, 
Mountain View, CA 94042, USA; c Reprinted with permission from 
Hwang et al. [37]. Copyright (2016) American Chemical Society]

Fig. 2   Earlier ideas and related schematics on IPL sintering a the 
schematic on first concept of IPL sintering process in U.S. patent 
1969 [2]; b developed IPL sintering process [11]. [a Open access pat-
ent. b This work is licensed under the Creative Commons Attribution 

4.0 International License. To view a copy of this license, visit https​
://creat​iveco​mmons​.org/licen​ses/by/4.0/ or send a letter to Creative 
Commons, PO Box 1866, Mountain View, CA 94042, USA.]

https://creativecommons.org/licenses/by-nc/3.0/
https://creativecommons.org/licenses/by-nc/3.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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[2]. In this patent, they showed that the IPL from xenon 
lamp could sinter the metal particles or metal precursors on 
the low-temperature polymer substrate successfully. They 
also showed that the reduction of the various metal oxides 
such as copper oxide, silver oxide and lead oxide, was even 
possible without the damage of the heat sensitive polymer 
substrate by IPL irradiation for the first time in the history. 
After three decades, in 2002–2003, IPL sintering of the 
metal nanoparticles were again reported by Miyashita et al. 
in their patent [89]. They reported that the nano-sized metal 
particles such as copper, silver and gold can be sintered 
on the polymer substrates by IPL irradiation on the low-
temperature substrates. In 2006, Schroder et al. introduced 
the first commercialized R&D type IPL sintering machine 
in their conference paper in order to sinter metal nanopar-
ticles [44]. After these earlier works, many studies on IPL 
sintering techniques for various conductive inks have been 
extensively conducted with developed IPL equipment and 
processes as shown in Fig. 2b [11].

Most metal nanoparticles show surface plasmon resonance 
in the visible light region electromagnetic wave [90, 91]. 
Therefore, IPL irradiation on metal nano inks causes local-
ized heating on metal nanoparticles due to surface plasmon 
resonance. Heated metal nanoparticles are melted and con-
nected. On the other hand, most polymer substrates absorb 
only in the UV region electromagnetic wave. Furthermore, 
pulse of IPL is too short to increase temperature of the poly-
mer substrates, which have low thermal conductivity and high 
heat capacity. Thus, these phenomena make that IPL sintering 
method can sinter metal nanoparticles without substrate dam-
age. For example, silver and copper nanoparticles, which are 
mainly used in metal nano-inks, have maximum absorption at 
wavelengths of 420 nm and 590 nm, respectively (Fig. 1b, c) 
[37, 92]. However, since the maximum absorption wavelength 
depends on the particle size, shape, materials and additives of 
the metal nano ink, it is important to irradiate electromagnetic 
waves of the appropriate wavelength for the high quality of 
the IPL-sintered conductive circuit.

2.1 � Copper (Cu) Based Conductive Ink/Paste for IPL 
Sintering

Before IPL sintering technique emerged, noble metal-based 
(gold or silver) nanoparticles had been used in printed elec-
tronics due to their high conductivity, oxidation resistance, 
and low melting point [93–95]. However, cost of the noble 
metal based nano ink is too high to be used in commercial 
applications. For this reason, copper particle based ink have 
been proposed as an alternative way due to high electrical 
conductivity and cost effectiveness compared with gold or 
silver [96, 97]. However, most copper particles are easily 
oxidized at room temperature ambient condition, which 
makes sintering difficult [68, 98]. For these reasons, IPL 

sintering method has been emerged as an alternative way. 
In earlier studies, Kim et al. reported the effect of IPL irra-
diation on copper nanoparticles ink and its mechanism in 
2009 [1]. In this study, they used commercially available 
copper nano ink which has copper particles of 5 nm diameter 
uniformly dispersed in a mixed solvent of ethylene glycol 
and 2-methoxyethanol with PVP (poly N-vinylpyrrolidone) 
binders.

The use of nanoparticles in IPL sintering have the advan-
tage due to its low melting temperature. The melting temper-
ature of the metal nanoparticles dramatically decreases when 
the particle size decreases. It is because the nanoparticles 
have a high surface-to-volume ratio. According to Buffat and 
Borel [99], it can be calculated by using the Eq. (1):

The copper nano ink was printed over a 10 mm × 10 mm 
square area on various plastic substrates. The copper film 
was irradiated by IPL with various irradiation energy con-
ditions from 20 to 50 J/cm2 at room temperature and ambi-
ent condition. As shown in Fig. 3a, the sintered copper film 
with 40 J/cm2 of IPL energy showed a dense structure with 
minimized resistivity at 5 μΩ cm, which is one third that 
of reported thermally sintered copper nano ink. In addi-
tion, IPL can sinter the copper nano ink without oxidation 
and any damage of plastic substrate due to the short irra-
diation time of 2 ms. In 2010, Ryu et al. reported the exact 
reduction mechanism of copper oxide shell with PVP (poly 
N-vinylpyrrolidone) during IPL sintering [3]. They found 
that IPL irradiation degrades PVP chains and generate the 
intermediate acid such as primary alcohols, secondary alco-
hols, carboxyl acid, and acetic acid, which reduce oxide shell 
of copper nanoparticles [3–5, 12, 68]. and it reduces the 
copper oxide shell and transform it to pure copper instantly 
high temperature by IPL irradiation [3].

Hwang et al. studied the IPL sintering process by vary-
ing PVP content in copper ink with light irradiation condi-
tions [13]. A real time Wheatstone bridge electrical cir-
cuit and a high-speed data acquisition system were used to 
accurately monitor millisecond of IPL process as shown in 
Fig. 4a. It appeared that optimal amount of PVP exists for 
certain amount and certain size of copper nano particles 
[100]. Also, re-oxidation of copper particles was found by 
too long or too short pulse width of IPL, and optimized 
irradiation conditions (irradiation energy, on-time, and off 
time) was found depending on the amount of PVP dur-
ing the in-situ resistance monitoring (Fig. 4b–e). In-depth 
study of amount of PVP according to copper oxide shell 
thickness was performed by Oh et al. [12]. In this study, it 
was found that appropriate copper oxide shell thickness for 
IPL sintering is less than 4 nm thick and the multi-pulse 
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pulse light irradiation can effectively reduce the thicker 
copper oxide shell without damaging the copper film dur-
ing sintering. In addition, the effect of PVP molecular 
weight (MW) for the sintering of the copper nano particles 
was studied by Kim et al. [101]. They found that the cop-
per nano paste were dispersed and sintered well as the PVP 
MW increased. It was because polymer materials induce 
dispersion of the solution and their functions increases 
with increasing MW (Fig. 5a–f).

In order to improve the electrical conductivity, the Cu 
NP-ink were fabricated with high solid contents adding 
some additive such as Cu precursor, carbon nanofibers and 
Cu flake by enhancing the packing density of printed Cu 
NP-ink pattern [14, 103,104]. Also, the IPL sintering condi-
tions were controlled to enhance the electrical conductivity 
[11–13, 16, 18, 35, 36].

The properties of copper nanoparticles paste with mix-
ing different sized nano particles were a studied by Yu et al. 
[105]. In this work, bimodal copper nano particles (40 

Fig. 3   a SEM micrographs and b electrical resistivity of the sintered 
copper nano inks with respect to light intensity [1]. c The photodeg-
radation phenomena of PVP resulting in alcohol or acid [3]. [a, b 
This article is published under an open access license © The Authors 

2009; c Reprinted by permission from Springer Nature Customer Ser-
vice Centre GmbH: Springer, Journal of Electronic Materials, Reac-
tive sintering of copper nanoparticles using intense pulsed light for 
printed electronics, Ryu et al. 2011]

Fig. 4   a Schematic diagrams of the flash-light sintering and the 
in  situ monitoring of the sintering process of copper nano particles. 
In  situ monitoring of the electrical sheet resistance changes of Cu 
nano films during the flash-light sintering process with on-times of 
b 20 ms, c 15 ms, d 10 ms, and e 5 ms [PVP amount: 0.3 g (weight 

ratio: 0.079), irradiation energy: 12.5  J cm2, pulse number: 1] [13]. 
[Nanotechnology by Institute of Physics (Great Britain); American 
Institute of Physics Reproduced with permission of IOP Publishing in 
the format Journal/magazine via Copyright Clearance Center.]
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and 100 nm diameter) were used to improve conductivity. 
Among different mixed ratios, the bimodal copper nano ink 
with 25:75 wt% cases sintered by IPL with multi-pulse light 
sintering technique was found to be optimal to sufficiently 
sinter bimodal copper film. The size effect of spherical cop-
per nano particles (20–50 nm diameters) with copper micro 
particles (2 μm diameter) on IPL sintering was also inves-
tigated by Joo et al. (Fig. 6a) [14]. The resistivity of copper 
micro particles film was higher than that of copper nano 
particles film because melting temperature of micro particles 
is much higher than that of nano particles. Interestingly, the 
mixed copper nano/micro inks with different ratio of copper 
nano/micro particles were found to have lower resistivity 
than that of only nano ink or micro ink. Among various 
mixing ratio, copper nano/micro inks with 50:50 wt% ratio 
could induce much lowest resistivity than among all other 
cases due to denser necking structure and smaller pores as 
shown in Fig. 6a. Similarly, the study using a mixture of cop-
per micro flake and copper nano particle was also reported 
(Fig. 6c–e) [106]. The film printed with the paste contain-
ing bimodal particle and flake could be sintered at a much 
lower temperature, and the presence of flakes could suppress 
the formation of cracks during sintering. In addition, flakes 
have a large number of contact points between the fillers and 
result in more electrical conduction paths (Fig. 6c–e). As a 
result, the higher electrical conductivity could be achieved 
than bimodal with fewer contact points using only particles 
of spherical type.

As other way for improving the conductivity of the copper 
electrode, copper precursors ink was studied. Copper pre-
cursors are generally used to generate copper nanoparticles 

and have been used in various studies. Especially, Patil, S. 
A. et al. demonstrate a simple, convenient and low cost syn-
thesis 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 [107]. There was also an attempt to fab-
ricate green electrodes using cellulose nanocrystals (CNC), 
graphene nanoplatelets (GNP) and copper precursors via IPL 
sintering process [108]. However, when used with conduc-
tive materials such as copper nano, the copper precursor 
can also improve the IPL sintering process efficiency. Araki 
et al. demonstrated the IPL sintering of Cu salt (Cu formate/
acetate/oleate) precursor ink based on the ink’s light absorp-
tion ability [56]. From the relationship between the ratios 
of C/Cu and the required sintering energy, it is possible to 
ascertain that integral absorbance coefficients are strongly 
correlated with the IPL sintering behavior. Finally, the wires 
formed by sintered Cu formate ink showed a 56 μΩ cm resis-
tivity. Wang et al. demonstrated the IPL sintering of Cu ion 
ink (Fig. 7a–c) [102]. The Cu ion ink was fabricated using 
formic acid, citric acid, NH4OH and Cu(OH)2 and it was 
printed on PI substrate using inkjet printing. The printed 
Cu ion ink was IPL sintered with 40 J/cm2 energy. The Cu-
patterned film after sintering showed outstanding electrical 
resistivity 5.27 μΩ cm. Rosen et al. report on using IPL irra-
diation for obtaining conductive patterns from ink composed 
of submicron particles of Cu formate, a Cu precursor that 
has a self-reduction property [109]. Decomposition of Cu 
formate can be done by IPL irradiation and is affected both 
by the mode of energy application and the properties of the 

Fig. 5   The SEM images of unsintered copper nanoparticles with the 
high magnification; PVP MW a 10,000, b 40,000 and c 55,000 and 
the low magnification; d 10,000, e 40,000 and f 55,000 [101]. [The 
effect of poly (N-vinylpyrrolidone) molecular weight on flash light 

sintering of copper nanopaste, 570, Y.-J. Kim, C.-H. Ryu, S.-H. Park, 
H.-S. Kim, Part A, Pages 114–122, Copyright (2014), with permis-
sion from Elsevier]
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printed precursor layer. Chung et al. also studied the applica-
bility of the copper precursors ink (e.g., copper(II) chloride, 
copper(II) nitrate trihydrate, copper(II) sulfate pentahydrate 
and copper(II) trifluoroacetylacetonate) with the copper nan-
oparticles in IPL sintering [15]. It was found that different 
precursor absorbed the different light wavelength region and 
the decomposition temperature was changed according to the 
kind of the precursor. As shown in Fig. 7d–j, the addition 
of the precursor could reduce the pores among the copper 
according to increase necking.

In addition, Rosen at el. Added copper nano wire and 
CNT to improve not only conductivity but also mechanical 
properties. To improve the light absorption, carbon nano-
tubes were added to the ink and the electrical conductance 
was improved about 2 times after IPL sintering process 
[109]. A study with similar effects was also performed by 
Hwang et al. (Fig. 8a–c) [110]. In this work, they found that 
optimum CNT weight fractions could improve the conduc-
tivity and fatigue resistance of copper nanoparticle ink films 
by IPL sintering process. In a study reported by Joo et al., 
copper nano wires was added to copper nano particle inks 
to improve the electrical conductivity and reliability under 

repeatable mechanical fatigue in tension and compression 
conditions (Fig. 6b) [111]. As a result, the cracks among 
copper nano particles could be reduced with increasing wt% 
of copper nano wires, resulting in increased densification 
and mechanical flexibility of sintered copper nano particle 
and copper nano wire networks (Fig. 6b).

In order to enhance the electrical conductivity, many 
researchers intensively controlled the sintering conditions 
and performed the IPL sintering combined with other pro-
cess. Yu et al. demonstrated the multi-pulsed IPL sinter-
ing of bimodal Cu NP-ink for enhancing the electrical con-
ductivity (Fig. 9a) [112]. They experimentally showed the 
stepwise sintering phenomena of the Cu particles ink with 
multi-pulsed light sintering process using in-situ resistance 
measurement setup. Ryu et al. also performed the two-step 
IPL sintering of Cu NP-ink for high electrical conductivity 
[36]. They demonstrated that the two-step sintering could 
enhance the conductivity of the Cu NP-ink film than the 
one-step sintering process. The optimized two-step IPL sin-
tered (12 J/cm2 preheating followed by 7 J/cm2 main sin-
tering) Cu pattern showed 3.81 μΩ cm resistivity, which 
is approximately 2.3 times of that of bulk Cu. Two-step 

Fig. 6   a The sheet resistance of IPL sintered Cu film with several 
weight fractions of Cu nano and microparticles and SEM images of 
the IPL sintered Cu films with different weight fractions [14]. b A 
schematic illustration of the improved reliability of IPL sintered Cu 
NW/NP ink film under outer bending (tension) and inner bending 
(compression) conditions [110]. Schematic diagram of sintering for 
paste consisting of c copper nano particles; d copper flakes; and e a 
mixture of copper nanoparticles and flakes [106]. [a Nanotechnology 

by Institute of Physics (Great Britain); American Institute of Physics 
Reproduced with permission of IOP Publishing in the format Jour-
nal/magazine via Copyright Clearance Center; b Reprinted with per-
mission from Joo et al. [110]. Copyright (2015) American Chemical 
Society; c Reprinted by permission from Springer Nature Customer 
Service Centre GmbH: Springer, Journal of Materials Science, Cop-
per pastes using bimodal particles for flexible printed electronics, 
Tam et al. [105]]



333International Journal of Precision Engineering and Manufacturing-Green Technology (2021) 8:327–363	

1 3

Fig. 7   Patterns of the ion ink printed using a roller-ball pen: a PET 
substrate (inset: IPL treated), b PI substrate (IPL treated), and c PET 
substrate (inset, upper right: IPL treated) [102]. d The resistivity of 
sintered hybrid copper patterns for copper(II) nitrate trihydrate weight 
ratio and the SEM image of sintered hybrid copper patterns for 
weight fraction of copper(II) nitrate trihydrate of e 0 wt%, f 10 wt%, g 
20 wt%, h 30 wt%, i 40 wt%, and j 100 wt% (irradiation energy: 10 J/

cm2, pulse duration: 10  ms, pulse number: 1) [15]. [a–c Reprinted 
with permission from Wang et al. [101]. Copyright (2013) American 
Chemical Society; d–j Reprinted from Flash light sintered copper 
precursor/nanoparticle pattern with high electrical conductivity and 
low porosity for printed electronics, Volume 580, W.-H. Chung, H.-J. 
Hwang, H.-S. Kim, Pages 61–70, Copyright (2015), with permission 
from Elsevier]

Fig. 8   Schematics of the IPL 
sintering system (a), and the 
shape change comparison of 
Cu NPs film only (b) and Cu 
NP/CNT composite film (c) 
after IPL irradiation [110]. 
[Reprinted with permission 
from Hwang et al. [109]. 
Copyright (2015) American 
Chemical Society]
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sintering method was also employed to prevent the warpage 
of the substrate after IPL sintering [36]. As a result, it was 
found that a two-step sintering method could sinter the cop-
per electrode on a 50 μm thick PI substrate without warpage 
(Fig. 9b, c).

Furthermore, Ryu et al. Studied the IPL sintering of cop-
per nano / micro ink by changing the sintering condition 
in order to reduce the warpage of the substrate [113]. Fig-
ure 10a shows the schematics of the IPL sintering system 
with vacuum heating plate. The vacuum pressure for sub-
strate holding was fixed to 0.2 MPa, and the heating tem-
perature was varied from 25 to 200 °C. When the substrate 

heating was applied to the substrate, IPL irradiation was 
conducted to the specimen after stabilization of specimen 
temperature. Figure 10b explains the substrate vacuum 
holding and heating effect on IPL sintering and substrate 
warpage. In this study, the warpage was differently gener-
ated with respect to the heating temperature. When the Cu 
NP/MP-ink film was IPL sintered with only vacuum condi-
tion, significant temperature difference in Cu layer occurred. 
This temperature difference results in poor morphology of 
sintered bottom part Cu NP/MP-ink film due to insuffi-
cient heat energy. On the other hand, the IPL with heating 
vacuum holding condition IPL sintered the Cu layer with 

Fig. 9   a SEM images of IPL sintered Cu nano-ink with respect to the 
pulse number: 1 is unsintered state, 2 is SEM image at 1st drop (after 
3 pulse irradiation), and 3 is SEM image at 3rd drop (after 5 pulse 
irradiation) (irradiation energy: 6  J/cm2, pulse duration: 1 ms, pulse 
interval: 4 ms and pulse number: 5) [112]. b The optical images and 
c schematic diagrams of substrate warping reduction during two-step 
IPL sintering process [36]. [a Nanotechnology by Institute of Phys-

ics (Great Britain); American Institute of Physics Reproduced with 
permission of IOP Publishing in the format Journal/magazine via 
Copyright Clearance Center; b, c Reprinted from Two-step flash light 
sintering of copper nanoparticle ink to remove substrate warping, 
Volume 384, C.-H. Ryu, S.-J. Joo, H.-S. Kim, Pages 182–191, Copy-
right (2016), with permission from Elsevier]

Fig. 10   a Schematic of IPL sintering system with vacuum heating 
module. Inset figure express substrate heating and vacuum holding. 
b The schematic diagrams of substrate warpage reduction during the 

IPL sintering with substrate vacuum heating [113]. [Reprinted from 
Ryu et al. [112], Copyright (2019), with permission from Elsevier]
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low temperature difference, allowing dense structure about 
top- and bottom-part of Cu layer. Also, low temperature dif-
ference in PI layer resulted in reduced warpage after IPL 
sintering.

To improve the conductivity of the sintered Cu ink, the 
wavelength of the IPL was controlled or additional light 
sources were used together during IPL sintering process 
by several researchers [11, 37]. Hwang et al. reported IPL 
sintering process combined with deep-UV and NIR irradia-
tion for highly conductive Cu NP-ink (Fig. 11a) [11]. The 
resistivity of IPL sintered Cu NP-ink film with NIR irradia-
tion was lower than that of only IPL irradiation case. It was 
noteworthy that deep UV irradiation during IPL sintering 
could further enhance the reduction and sintering of the Cu 
oxide shell, because the PVP coating layer was decomposed 
more effectively under deep UV irradiation. A study was 
also conducted to improve the quality of the sintered cop-
per nanoparticles by controlling the wavelength range of the 
light to be irradiated using a band-pass filter (Fig. 11b–d) 
[37]. The copper nanoparticles were effectively sintered by 
intensive irradiation in the wavelength range near 590 nm, 
(from 500 to 600 nm) which is the absorption wavelength of 
the copper nanoparticles.

Park et al. fabricated highly functioning electrodes com-
posed of Cu, Ni, and Cu/Cu10Sn3 core/shell nanoparticles 
on PI substrate (Fig. 12a). The IPL sintered ink showed a 
resistivity of 49 μΩ cm and normalized resistance variation 
of around 1 after long-term 85/85 test. Also, these electri-
cal properties were also showed well on PET substrates by 
formation of an thin film Ag NPs layer, which resulted in 
53.8 μΩ·cm with little increase of resistance under 85/85 
test [114]. Meanwhile, Son et al. fabricated 1-octhanethoil 
coated Cu nanoparticles (NPs) for prevent oxidation of pure 
Cu surface (Fig. 12b, c). It showed improved long-term sta-
bility against oxidation and durability, sintered Cu patterns 
showed almost no resistance change over 2 months in the air 
and 1000 cycles of bending (bending radius: 2.5 mm) [38].

IPL sintering of Cu NPs on silicon wafer substrate has 
been regarded to be difficult due to its high thermal con-
ductivity (k) compared to polymer substrates such as PI. To 
solve this problem, Hwang et al. applied multiple pulsed 
IPL to sinter bimodal Cu NPs on silicon wafer (Fig. 13). It 
was demonstrated that the multi-pulse with 30 pulses and 
artificial oxidation of Cu NPs were necessary to successfully 
sinter the Cu NPs on silicon wafer, showing a resistivity of 
9.37 μΩ cm [39].

Fig. 11   a The morphology change of Cu nanoparticles in nano-ink 
during the photonic drying and sintering process [11]. Wavelength 
spectrum of the IPL b with 500 nm high-pass filter, c with 600 nm 
low-pass filter, and d 500–600 nm band-pass filter [37]. [a This work 
is licensed under the Creative Commons Attribution 4.0 Interna-

tional License. To view a copy of this license, visit https​://creat​iveco​
mmons​.org/licen​ses/by/4.0/ or send a letter to Creative Commons, PO 
Box 1866, Mountain View, CA 94042, USA; b–d Reprinted with per-
mission from Hwang et al. [37]. Copyright (2016) American Chemi-
cal Society]

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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Fig. 12   a Schematic showing the procedures of spray printing and 
flash-light-sintering to form Cu-based nanoparticle-driven electrodes 
[114]. Schematic diagrams of b the vapor self-assembled multilayers 
(VSAMs) technique and c an 1-octanethiol-coated copper nanoparti-
cle [38]. [a Nanoscale by National Center for Nanoscience and Tech-

nology; Royal Society of Chemistry (Great Britain), Reproduced with 
permission of RSC Pub in the format Journal/magazine via Copyright 
Clearance Center; b, c Reprinted from Son et  al. [38], Copyright 
(2018), with permission from Elsevier]

Fig. 13   a Schematics of flash 
white light sintering process 
of PVP functionalized Cu 
NP-pastes on the pyramidal-
textured silicon wafer substrate, 
b the resistivity of the bimodal 
Cu NP-paste with the oxidized 
Cu NPs, b The IPL sintered Cu 
front finger electrode and back 
contact electrode for crystal-
line silicon solar cells [39]. 
[Reprinted from Hwang et al. 
[39], Copyright (2018), with 
permission from Elsevier]
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2.2 � Silver (Ag) Based Conductive Ink/Paste For IPL 
Sintering

In spite of the low cost of the copper particles, it still has 
weak resistance of oxidation [115]. Therefore, silver nano-
particles, which are cheaper than gold and more conductive 
than copper, are suited for the fabrication of ink and has been 
studied widely.

In 2011, Kang et al. used the intense pulsed light (IPL) 
to sinter the inkjet-printed silver nanoparticles ink at room 
temperature [115]. The silver nanoparticles with sizes from 
20 to 40 nm in diameter were prepared to fabricate silver 
inks with a solid content of 50 wt%. The temperature of 
the printed silver nanoparticles ink pattern increased by 
500 ℃ when the IPL was irradiated with light energy of 
50 J/cm2. As a result, it was confirmed that the grain size of 
silver nanoparticles increased three times (86.3 ± 7.2 nm) 
after sintering compared to before sintering. The sintered 
silver nanoparticles film had an average resistivity of 49 ± 3 
nΩ ⋅m , and it was suitable for printing electronic technolo-
gies such as RFID tags.

Niittynen et al. investigated the three alternative sinter-
ing methods, which were plasma, IPL, and laser sintering 
method and compared their sintering performance [116]. 
Table 1 showed the qualitative feasibility comparison of the 
characteristics of each sintering method. IPL method had 
better conductivity and mechanical performance than that of 
other sintering due to a more uniform and denser nanostruc-
ture as shown in Fig. 14a. The IPL sintered silver film had 
a resistivity from 3.3–13.6 μΩ ⋅ cm and these values were 
2.5–5 times the values of bulk silver resistivity. Overall, it 
was reported that IPL sintering showed the best performance 
among the methods that could replace traditional thermal 
sintering.

Galagan et al. showed that the resistivity of silver nano-
particles had a value of 7 times bulk silver after conventional 
thermal sintering for 6 h at 130 ℃ [48]. The resistivity of 
nine times bulk silver was obtained only within 5 s using 
IPL sintering and this value was similar to that of thermal 
sintered film (Fig. 14b).

Chung et al. investigated the IPL sintering process of 
silver nanoparticles inks on PET substrates [16]. The in-
situ monitoring was performed for studying IPL sintering 

mechanism. As shown in Fig. 14c, the sheet resistance 
decreased for each pulse until the fourth pulse was irradi-
ated, but there was almost no sheet resistance change after 
the fourth pulse in ten-pulse case. Therefore, the four pulses 
were applied in the sintering of printed Ag film. As a result, 
the IPL sintered silver nanoparticles film was showed 0.95 Ω
/sq of sheet resistance, which is two times lower than that 
(2.03 Ω/sq) of the thermally sintered one for 1 h at 120 ℃. 
Also, there were no damages of PET substrate in case of 
IPL sintering because of the very short sintering time [17].

The morphology and microstructure of the IPL sintered 
silver film according to IPL sintering conditions were inves-
tigated [7, 18]. As shown in Fig. 15a, it was reported that 
consecutive light pulsed could induce the delamination of 
the printed silver nanoparticles during IPL sintering process 
[7]. It is because the internal vaporization induced from the 
thermal decomposition of the organic additives at this time 
could not be exhausted. As shown in Fig. 15b, the micro-
structures such as film delamination and porosity affect the 
resistance of sintered silver nanoparticles ink. Also, the 
cracks formation of nanoparticle film can be critical issue. 
Several studies have been reported that crack formation and 
resistivity of the sintered Ag film were affected depending 
on the substrate [8, 17, 49, 117]. When the Au-nanoparticles 
ink was IR-sintered, the crack formation was observed in 
the case of the glass substrate, but not in the paper sub-
strate [117]. The conductivity of film printed on the glass 
substrate was not measured due to this crack formation, but 
the resistivity of 25 μΩ cm was measured in film printed on 
the paper substrate. The adhesion to the paper substrate was 
better compared to the glass substrate because it was also 
influenced because of the crack formation of nanoparticles 
film. Also, the resistivity of silver nanoparticles ink printed 
on paper was lower than that of the Au nanoparticles ink. 
This was because there was no crack formation in sintered 
silver nanoparticles film as shown in Fig. 15c.

Therefore, it is important to reduce or prevent crack for-
mation in order to improve the quality of the sintered silver 
nanoparticles film. Park et al. investigated the two steps IPL 
sintering process to reduce crack formation (Fig. 15d) [18]. 
The first step was preheating step before the main sintering, 
and 15 rectangular pulses were irradiated having 5 ms on-
time with a 30 ms gap between pulses. The second step was 

Table 1   Qualitative feasibility 
comparison for the resulting 
conductivity, adhesion, 
suitability for roll-to-roll 
processing, temperature and 
degree of process control for the 
four tested sintering [116]

Reprinted from Niittynen et al. [115], Copyright (2014), with permission from Elsevier

Sintering method Conductivity Mechanical 
performance

Roll-to-roll 
compatibility

Temperature Controllability

Thermal +++ +++ −− −− +
Plasma + −−− −−− +++ +
Laser ++ −−− ++ − +++
Photonic +++ +++ +++ −−− ++
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the main sintering step, which the single pulse was used, 
and the total energy was varied from 10 to 20 J/cm2. When 
the 15 J/cm2 preheating-20 J/cm2 sintering was performed, 
the delamination was observed while in the case of the 10 J/
cm2 preheating and 20 J/cm2, the silver film was uniformly 
sintered without pores and became more densely packed 
because the organic binder was removed smoothly during 
the preheating step. The silver film showed the resistivity 
(36.32 nΩ ⋅m ) through the optimal two-step IPL sintering 
process, and it was lower than that of silver film thermally 
sintered (40.84 nΩ ⋅m).

The multi-pulses sintering method was investigated by 
Moon et al. to improve the characteristic of the sintered 
silver mesh film because the maximum temperature was 

varied depending on the width of the mesh [19]. Fig-
ure 16a, b showed that as the mesh width decreased, the 
maximum temperature increased with the same sintering 
energy. The defects such as micro-pores and delamina-
tion were observed in the film because the surface of the 
film was sintered faster than the inside due to the high 
energy. Thus, the evaporated organic material was trapped 
in the film and it caused interfacial defects. To remove 
these defects, a preheating step was performed with multi-
pulses and each pulse was irradiated with 5 J/mc2 energies 
for 1 ms. As the number of pulses was increased from 5 
to 15, the defects like micro-pores and delamination dis-
appeared as shown in Fig. 16c–g. As a result, the sin-
tered 3 μm-mesh-width film showed the sheet resistance 

Fig. 14   a Top-view and cross-section SEM images of IPL sin-
tered Ag ink samples. Uniform structure is presented [116]. b Typi-
cal cross-section profiles of inkjet printed silver lines after ther-
mal (30  min at 130 ℃) and flash sintering (5  s) on glass substrate 
[48]. Comparison of the cases for pulse number 10 and 4 (energy: 
0:75  J  cm−2 per pulse). c In  situ monitoring result for the ten-pulse 
case. d In situ monitoring result for the four-pulse case. e The sheet 
resistances of normal silver nano-inks, thermally sintered silver nano-

inks and IPL sintered silver nano-inks [16]. [a Reprinted from Niit-
tynen et al. [115], Copyright (2014), with permission from Elsevier; 
b Reprinted from Galagan et al. [48], Copyright (2013), with permis-
sion from Elsevier; c–e Nanotechnology by Institute of Physics (Great 
Britain); American Institute of Physics Reproduced with permission 
of IOP Publishing in the format Journal/magazine via Copyright 
Clearance Center.]
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of 27 Ω∕sq having an optical transmittance of 84.7%. A 
more selective approach about IPL irradiation condition 
was performed by Chung et al. [16]. The printed silver 
nano inks were sintered using IPL sintering with vari-
ous IPL irradiation condition (Fig. 17a). During sintering 
process, the resistance change was measured in real time. 
Also, the scanning electron microscope analysis was per-
formed to observe microstructure of IPL sintered silver 
nano inks. As a result, using the optimized white light irra-
diation conditions, it showed lower sheet resistance than 
the thermal sintering method without damaging the PET 
substrate. In the silver nanoparticles case, multiple pulses 
did not show a better result than a single pulse [16]. On the 
contrary, in the copper nanoparticles case, multiple pulses 
give smoother morphologies, because the multi pulses pro-
cess prevents the excessive vaporization of organic binder 
of inks and disruption of the coherent conductive network 
[4, 5]. Kwak et al. sintered printed silver electrode on the 
transparent PET substrate using back-irradiation [118]. 
Back-irradiation means that a IPL is irradiated on the 
opposite side of the electrode printed side. This method 
prevents vapor trapping and enables effective vapor vent-
ing which makes defects in the electrode. Kwak et al. 

performed back-irradiation IPL sintering of inkjet-printed 
Ag patterns of PET substrates (Fig. 18). Back irradiation 
sintering method showed defect-free high conductivity 
Ag patterns on transparent plastic substrates that prevents 
vapor trapping with effective vapor venting. Therefore, 
high conductivity of 2.3 × 107 S/m under 10 J/cm2 could 
be obtained within a few milliseconds [118].

The characteristic of IPL sintered silver nanoparticles 
ink printed on the different substrate was also studied by 
Yung et al. [17]. The nanoparticles were 8–15 nm and 
its solid content was 14 wt%. Nanoparticles of this size 
grew to 100–200 nm IPL sintering. After flashing two 
times, the silver nanoparticle ink was the most signifi-
cant melting when printed on photonic paper as shown in 
Fig. 17b–e. In the case of film printed on PI and paper sub-
strate, crack and voids were observed, but they were not 
found when printed on PET and silver nanoparticles were 
densely packed. These cracks affected the resistivity of 
sintered silver film and the sintered silver film on photonic 
paper showed higher resistivity compared to other cases as 
shown in Fig. 17f. Therefore, the optimal resistivity was 
6.2 μΩ cm after the flash sintering of silver nanoparticles 
film printed on the PET.

Fig. 15   a Schematic of film swelling phenomena induced by IPL 
sintering with consecutive light pulses. b Microstructures of IPL-
sintered nanosilver films (W = 150  μm) as a function of film thick-
ness and light energy [7]. c Optical microscope images of inkjetted 
interdigitated Ag-contacts are shown on a PET (to the left) and on 
a paper (to the right) substrate after thermal annealing at 120 °C for 
30  min and exposure to the IR-lamp A for 15  s, respectively. The 
black color of the printed lines is due to the illumination from below 
the substrates that were used in order to enhance the contrast [117]. 
d A schematic of the two-step IPL sintering process with two differ-
ent energy combinations [18]. [a, b Journal of micromechanics and 

microengineering: structures, devices, and systems by Institute of 
Physics (Great Britain); American Institute of Physics Reproduced 
with permission of INSTITUTE OF PHYSICS PUBLISHING in 
the format Journal/magazine via Copyright Clearance Center; c 
Reprinted from Tobjörk et al. [116], Copyright (2012), with permis-
sion from Elsevier; d Journal of micromechanics and microengineer-
ing: structures, devices, and systems by Institute of Physics (Great 
Britain); American Institute of Physics Reproduced with permission 
of INSTITUTE OF PHYSICS PUBLISHING in the format Journal/
magazine via Copyright Clearance Center.]
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2.3 � Silver(Ag) and Copper(Cu) Hybrid Conductive 
Ink/Paste for IPL Sintering

Recently, Silver(Ag) nanoparticles(NPs) have been used 
most extensively because of their high electrical conductiv-
ity and oxidation stability [69, 119]. However, the high cost 
of Ag materials limits their use on a commercial scale [120]. 
As an alternate material to Ag, copper(Cu) has been actively 
studied due to its low cost (about one percent of Ag cost) 
and high electrical conductivity (only 6% less than that of 
Ag) [121]. Despite these advantage, Cu was not used alone 
in printing electronic processes. It was because that Cu eas-
ily oxidized in ambient conditions as mentioned before. In 
particular, nano-sized Cu can be more easily oxidized than 
bulk Cu due to higher surface activity [122–125]. There-
fore, synergistic combinations of two-type materials were 
the solution that can compensate for the shortcomings of 
the materials. Among the various combinations of two-type 
materials, the structure of Ag coated Cu core–shell NPs has 

been developed and explored [127–130]. To synthesis the 
Ag coated Cu core–shell NPs, thin Ag shell can be deposited 
on the surface of a Cu core. The simple method of formation 
Ag shell was heterogeneous nucleation [131]. The Ag-amino 
complex composed of Ag(I) β-ketocarboxylate [132] and 
2-ethylhexylamine solvent was used to form seeds on the 
surface of Cu particles. Ag-amino complex and Cu NPs and 
ethanol were combined to form a conductive nano-ink. To 
adjust the thickness of Ag shell, Ag-amino complex and Cu 
particles were introduced at different mass ratio. As mass 
ratio of Cu particle was decreased, resulting in thick Ag 
shell of core–shell NPs. The formed conductive ink was 
printed at PI film and precured at a temperature of 140 °C to 
form a core–shell having a uniform thickness in Fig. 19a–c. 
It can be seen that the thickness of Ag shell of core–shell 
NPs varied depending on the ratio of Ag in Fig. 19d. The 
sintering energy, the resistivity after sintering were greatly 
changed depending on the thickness of the shell. Among the 
core–shell nano-ink films, Cu–Ag core–shell nano-ink films 

Fig. 16   a Calculated temperature in the Ag layers with respect to sin-
tering time and line width when a single-pulsed IPL was irradiated 
with a pulse duration time of 5 ms and a light energy of 5 J/cm2. b 
Maximum peak temperature of a IPL sintered Ag layer with respect 
to light energy and line width [19]. c Calculated temperature of 3-μm 
wide Ag lines with respect to pulse numbers and pulse duration time, 

and the cross-sectional SEM images of the Ag lines treated with the 
two-step IPL sintering method. A preheating step composed of d 5 
pulses, e 10 pulses, f 15 pulses or g 20 pulses, and a main sintering 
step with a single rectangular pulse of 5 J/cm2 for 1 ms was consecu-
tively conducted [19]. [Reprinted from Moon et  al. [19], Copyright 
(2017), with permission from Elsevier]
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exhibited the lowest resistivity of 3.4 μΩ cm upon applying 
an IPL energy of 4.9 J/cm2 for 2100 μs, this being even lower 
than that of sintered pure silver films (5.3 μΩ cm) and the 
sintered Cu/Ag combined nano-ink films (4.06 μΩ cm) [20]. 
It was because in situ-formed Ag nanoparticles help bond 
the Cu particles, and enough connection between these Cu 
particles can enable them to endure high energies/thermal 
shock while retaining a good surface [133]. Compared with 
the pure Cu film abruptly increased owing to oxidation after 
2 h [20], while the sintered core–shell nanoink film did not 
exhibit significant changes in resistivity more than 60 h in 
Fig. 19e [133]. The high oxidation resistance of core–shell 
nano-ink films was explained by the free energy of the metal. 
The Ag-rich phase at the surface can be more stable than 
the Cu-rich phase because of the higher surface energy of 
Cu (1.85 J/m2) compared to that of Ag (1.25 J/m2) [134]. 

Therefore, Core shell nano-ink films with appropriate Ag 
shell thickness had high oxidation resistance at high tem-
perature conditions. Therefore, structure of core–shell NPs 
can be widely used to generate printed electronics for low-
cost, reliable, high electrical conductivity.

In order to take advantage of the high electrical conductiv-
ity of silver and the low cost of copper, Chu et al. fabricated 
a hybrid ink for IPL sintering by mixing Ag and Cu [135]. 
The Ag/Cu hybrid ink must penetrate into the via-hole that 
connects the circuit formed on both sides of the substrate. 
When the IPL is irradiated, not only the circuits on both sides 
of the substrate but also ink in the via-hole must be sintered. 
Therefore, the rheological analysis and the optimization of 
the sintering process were performed together. As shown in 
Fig. 19f–h, the unsintered Cu/Ag hybrid ink showed Cu MPs/
Ag NPs covered with binders. After single-pulse sintering, 

Fig. 17   a Schematic for the sin-
tering processes for silver nano-
particles about pulse numbers 
[16]. SEM images of ink-jet 
printed tracks on various sub-
strates: b on PI substrate before 
sintering, c on PI substrate after 
flashing two times, d on PET 
substrate after flashing two 
times, and e on photographic 
paper after flashing two times. f 
The relationship between elec-
trical resistivity and the number 
of flashings for tracks ink-jet 
printed on to various substrates 
[17]. [a Nanotechnology by 
Institute of Physics (Great 
Britain); American Institute 
of Physics Reproduced with 
permission of IOP Publishing 
in the format Journal/magazine 
via Copyright Clearance Center; 
b–f Reprinted from Yung et al. 
[17], Copyright (2010), with 
permission from Elsevier]
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reduction of the Cu MP oxide shell with removal of binders 
and necking between Cu MPs/Ag NPs occurred (Fig. 19g). 
However, there is a difference of grain size between the surface 
and inside of the via-hole due to the thickness difference of the 
ink between the pattern area and the via-hole section, which 
resulted in differences of resistivity and grain size after IPL 
sintering. Meanwhile, 20-pulse sintered case showed improved 
necking between Cu MPs/Ag NPs compared to the single-
pulse case because of the sufficient time for sintering of Cu 
MPs/Ag NPs with removal of the Cu MP oxide shell. Moreo-
ver, the overall grain size significantly increased, affecting the 
surface area and inside of the via-hole simultaneously. From 
the results, the multi-pulse sintering method enables a dense 
structure with minimized resistivity difference between pattern 
area and via-hole section.

3 � IPL Welding of Nanowires

Transparent electrodes technology is one of the fastest grow-
ing area in the printed electronics market. Recently, demand 
for various electronics devices such as solar cells [136, 

137], organic emitting diodes (OLED) [138, 139], wearable 
devices [45, 140], touch screens [141, 142], and transparent 
displays [143, 144] have been increased due to the develop-
ment of electronic and communication technologies. Most 
of transparent electrodes are formed with Indium Tin Oxide 
(ITO)-based electrodes, however the ITO electrodes have 
some problems such as a brittleness properties, indium scar-
city, and high cost [146–147]. The demand for ITOs is grad-
ually reduced as bendable and rollable electronic devices 
become popular. Recently, carbon materials such as carbon 
nanotubes (CNTs) [141, 144, 148] and grapheme [149, 150], 
which have ductile properties, or metal nanowires [152–153] 
have attracted great interest to apply in flexible transpar-
ent conducting electrodes (FTCEs). Among these, there is 
an increasing tendency to use metal nanowires which have 
high electrical conductivity, are usable in flexible substrates 
and can maintain high transmittance. These metal nanow-
ires, which have high conductivity, transmittance and good 
bending properties on a flexible substrate, are subjected to 
a welding process to ensure better electrode characteristics. 
This section will focus on the metal nanowire FTCEs which 
are welded via IPL irradiation.

Silver nanowire (Ag NW) is one of the most attracted 
material of the FTCEs in recent years, and has a high con-
ductivity and transmittance intrinsically. Because of the 
ductile nature of Ag NWs, they have excellent mechanical 
properties when applied to flexible substrates. Generally, Ag 
NWs were synthesized by the polyol process and produced 
by the reaction of Ag precursor such as AgNO3 with Poly-
vinylpyrrolidone (PVP) and some chlorides such as CuCl2, 
NaCl, and FeCl2. The synthesized Ag NWs were washed, 
dispersed and coated on a flexible transparent substrate such 
as polyethylene terephthalate (PET), poly (vinyl-butyral) 
(PVB), and polycarbonate (PC) film in the form of ink. Vari-
ous coating process such as drop coating, aerosol-jet nozzle 
printing, bar coating, spray coating was applied to fabricate 
Ag NWs FTCEs. In order to enhance the electrical, optical, 
and mechanical properties of the Ag NWs FTCEs, various 
welding processes such as heat [154], laser [155], plasma 
[156], cold [105], IPL welding [21, 157] have been studied. 
Especially, IPL welding process was continuously developed 
because it has a fast processing time, large process area and 
can be applied in ambient condition at room temperature.

Chung et  al. used Ag NW inks with hydroxypropyl 
methylcellulose (HPMC) binders coated on polyethylene 
terephthalate (PET) substrates and welded via IPL and ultra-
violet C (UV-C) irradiation to produce highly conductive 
transparent electrodes [22]. In order to remove the HPMC 
binder and weld the AgNWs, UV-C light assisted two-step 
IPL welding process was conducted. The sheet resistance 
of the films after the UV-C pre-treatment and main flash 
white light welding process decreased as the irradiation 
energy of the UV-C light was increased. This was because 

Fig. 18   a Schematic of a metal NP pattern printed on a transparent 
substrate. b, c During front irradiation with IPL, sintering starts from 
the top of the pattern, frequently leading to a defective pattern. d, e 
During back irradiation, sintering starts from the bottom of the pat-
tern, leading to a defect-free pattern [118]. [Reprinted from Kwak 
et al. [117], with the permission of AIP Publishing]
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the photo-catalytic effect of UV-C light irradiation could 
decompose the HPMC binder, thereby inducing closer con-
tact among the Ag NWs as shown in Fig. 20a. From the 
study, they reported successful welded and embedded Ag 
NW films achieved by the optimal combined light welding 
process, shows an excellent mechanical reliability, transmit-
tance (98.76%) and sheet resistance of a film (77.93 Ω/sq).

On the other hand, it was also reported that the flash-
induced plasmonic interactions of Ag NWs for exceptionally 
low sheet resistance (≈ 5 Ω/sq), high transparency (90%), 
and strong adhesion on plastic substrates [23]. Localized 
heat energy with a self-limited photo thermal reaction could 
be generated at the junctions of NWs, resulting in ultrafast 
and completely welded Ag NWs. In addition, it was found 
that the spectral peaks in the near-infrared (NIR) region 
could locally melt the interface between the Ag NW network 
and a polyethylene terephthalate (PET) substrate by surface 
plasmon polaritons (SPPs), and 310% higher adhesion force 
of Ag NWs to the PET than that of pristine Ag NW/PET 
film was demonstrated. The mechanism underlying effective 
welding and adhesion strengthening for the AgNW network 
was theoretically investigated by a 3D finite-difference time-
domain (FDTD) analysis. Interestingly, the high EHG peaks 
were observed in ultraviolet (UV, wavelength in 400 nm) and 

NIR (wavelength in 830 and 900 nm) frequencies, indicat-
ing that intensive thermal energy can be generated by the 
UV and NIR light (Fig. 20d). It can be seen that the UV 
frequency (wavelength in 400 nm) generated the heat on the 
gap between the Ag NWs, and NIR frequency (wavelength 
in 830 and 900 nm) generated the heat on the surface of the 
Ag NWs. From these heat generations from surface plasmon 
resonances on the Ag NWs, top and bottom Ag NWs could 
be welded each other.

These results were also reported in other studies. Garnett 
et al. introduced finite element method simulations of optical 
heat generation at Ag NW junctions during the IPL welding 
process [152]. From Fig. 21a it is clear that heating is most 
efficient when the illumination wavelength is close to the 
localized surface plasmon (LSP) resonance of an individual 
Ag NW and when the polarization direction is correct to 
effectively drive such a resonance in the top NW, as deter-
mined by polarization selection rules. In short, when flash 
light in the wavelength region around 400 nm was irradiated 
to the Ag NWs, the heat generated by the LSP was the larg-
est at the junction between the Ag NWs.

Also, Jang et al. studied selective wavelength plasmonic 
welding of silver nanowire film. Figure 21b–f shows that 
the sheet resistance of the Ag NW film was greatly reduced 

Fig. 19   Schematic diagram: a Mask printing and fabrication of Cu–
Ag alloy electrodes or circuits by b low-temperature precuring and c 
rapid-sintering (LTRS) under an air atmosphere. (Inset) Photograph 
of flexible Cu–Ag alloy electrode on a polyimide (PI). d Resistivity 
evolution of a printed pure Cu electrode and Cu–Ag electrodes as a 
function of supplied energy of photonic sintering e Relative resist-
ance of electrode prepared from pure Cu, Cu–5Ag, Cu–13Ag, Cu–

20Ag, Cu–30Ag at 180 °C [133]. Cross-sectional SEM images of Cu/
Ag hybrid ink: f unsintered, g single- and h 20-pulse sintered cases 
(irradiation energy: 7  J/cm2) [135]. [a–e Reprinted with permission 
from Li et al. [132]). Copyright (2017) American Chemical Society; 
f–h Reprinted from Chu et al. [134], Copyright (2019), with permis-
sion from Elsevier]
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when only the 400–500 nm wavelength region was irradi-
ated in the IPL welding experiments [157]. As a result of 
the scanning electron microscope (SEM) analysis as well 
as the change of the sheet resistance, it was confirmed that 
the Ag NWs were completely welded and the substrate was 
not damaged. In addition, as shown in Fig. 21g–m, the heat 
generation of junctions between Ag NWs at each wavelength 
was simulated to support the experimental results by COM-
SOL multiphysics [157]. As shown in Fig. 21h, the heat 
generated by the absorbed light was concentrated around the 
junction area. This indicates that a local hot spot known as 
the plasmon-enhanced area occurred at the spherical nanow-
ire junction point [158, 159]. Meanwhile, when the incident 
light with the wavelength over 500 nm was irradiated, the 
surface plasmonic resonance happened on the overall silver 
nanowire (not on the junction points). Therefore, by these 
phenomenon, the Ag NWs and PET substrate might be dam-
aged because the temperature of the overall Ag NW was 
increased. Thus, the conductivity and the transmittance of 
the Ag NW film was decreased. Therefore, to improve the 
welding characteristic of Ag NW, the flash light with a wave-
length from over 400 to under 500 nm should be irradiated.

On the other hand, there have been attempts to predict 
generated heat and resistance changes that occur when the 
Ag NWs coated on a polymer substrate are welded by IPL 
irradiation. Dexter et al. develops a multiphysical approach 
for predicting evolution of conductivity, NW fusion and 
nanoscale temperature gradients on the substrate during 
pulsed light sintering of Ag NWs on polycarbonate [160]. 
Their approach can predict the change in sheet resistance 
after IPL when the NW material, NW diameter and initial 
optical absorption of the as-deposited NW network are 
known. In addition, the MD simulations was conducted 
that the kinetics of fusion between Ag NWs is significantly 
dependent on the NW diameter, with the rate of sintering 
reducing faster beyond a critical NW diameter (≈ 20 nm 
here for Ag). Finally, using a thermal Finite Element Anal-
ysis (FEA), new insight into temperature gradients in the 

substrate during IPL was provided. It shows that the ratio 
of NW temperature to substrate temperature reduces with 
increasing pulse fluence because increasing pulse fluence, 
via greater pulse duration, results in the heat diffusing to a 
greater extent into the substrate.

Research for improving the adhesion of Ag NW film with 
the substrate has been carried out. A conductive, uniform, 
and ultra-smooth flexible transparent composite film was 
produced by embedding silver nanowires (Ag NWs) into 
poly(vinyl-butyral) (PVB) without pressure or high-temper-
ature annealing [161]. The adhesion of Ag NWs was greatly 
improved by embedding them in PVB, and surface rough-
ness and sheet resistance (Rs) improvements were achieved 
through the use of the intense pulsed light (IPL) method, 
which welded the interconnections among Ag NWs in a 
short time without heat or pressure treatment. When exposed 
to an IPL energy of 4 J/cm2 for only 500 �s , the sheet resist-
ance of PVB/Ag NWs with the IPL (PAI) composite film 
reached 12.6 Ω/sq with a transmittance of 85.7% (at 550 nm) 
(Fig. 22a–c); no clear changes in the sheet resistance were 
observed after a substrate bending and tape test, suggesting 
excellent flexibility. In the case of PAI, the change in sheet 
resistance was only 2.6% after a 2000-bend test, and the 
resulting bending radius was less than 1 mm. The trans-
parent and flexible embedded Ag NWs fabricated using 
spin-coating, IPL exposure, and transfer method were suc-
cessfully used in OLEDs. From these results, it was found 
that a transparent electrode having strong adhesion with the 
substrate can be manufactured when the Ag NW was embed-
ded into the PC substrate.

Some researches were reported to use IPL sintering for 
welding of AgNW on PET substrates. In 2012, Jiu et al. 
found that AgNW can be adhered strongly on PET substrate 
by a high intensity pulsed light sintering technique [162]. 
They performed adhesive tests and bending tests were per-
formed with an adhesive tape (3 M, USA) and automatic 
bending apparatus, respectively. Figure 22d shows the rela-
tive resistance of the electrode at the different number of 
peeling test cycles. The sheet resistance was maintained 
constantly when the light intensity was higher than 1.14 J/
cm2 while the films and its resistance could not withstand the 
peeling test when light energy was low. In sequence, bend-
ing test was performed because the flexibility is also one of 
the important factor on flexible devices. When irradiation 
energy was higher than 0.74 J/cm2, the resistance change did 
not occur before 1000 cycles as shown in Fig. 22e. Also, the 
transparency has increased as the sheet resistance decreased 
as shown in Fig. 22f, because the high transparency means 
that the amounts of AgNWs are small. This paper suggested 
that various films can be designed for various applications 
by optimizing the light sintering parameters.

Additionally, to improve the electrical conductivity of the 
Ag NWs, graphene layer can encapsulate silver nanowires 

Fig. 20   a The schematic diagram for welding mechanism of silver 
nanowire using combined flash white light irradiation [22]. b Sche-
matic illustration of the AgNW FPW procedure and conceptual appli-
cation towards a transparent flexible energy harvester. c The FDTD 
simulation results of HGE and EHG for light polarized parallel to 
the first NW. The inset shows the spectrum of the xenon flash lamp. 
d The local field distribution at a NW junction. The field enhance-
ment response under the UV spectrum (400  nm) at the NW gap 
(left image). The inset shows FDTD simulation results that exhibit 
the self-limiting nature of the FPW. The field distribution caused by 
SPP (right image) under 800  nm electromagnetic wavelength [23]. 
[a This work is licensed under the Creative Commons Attribution 
4.0 International License. To view a copy of this license, visit https​
://creat​iveco​mmons​.org/licen​ses/by/4.0/ or send a letter to Creative 
Commons, PO Box  1866, Mountain View, CA 94,042, USA; b–d 
Reprinted by permission from Park et al. [23]]

◂

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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(AgNWs) using the intense pulsed light (IPL) method 
was reported and shown in Fig. 23a–f [163]. This result 
in approximately a four-fold reduction in the sheet resist-
ance of IPL-treated graphene/AgNWs compared to that of 
IPL-treated AgNWs providing fast welding of Ag wire-to-
wire junctions in stacked electrodes of graphene/AgNWs, 
enhanced conductivity and long-term stability under oxy-
gen and sulfur atmospheres. In addition to graphene, there 
have been attempts to construct electrodes by mixing silver 
nanowires with other materials. Hwang et al. compared 
and analyzed the degree of necking when silver nanowires 
(NWs) and silver nanospheres (NSs) were mixed at each 
ratio (Fig. 23g) [164]. This work combines experiments, 
mass transfer simulations, and electromagnetic simulations 
to understand how neck growth kinetics during sintering 
and self-damping optical behavior in IPL is affected by the 
nanostructure shape (specifically NWs and NSs here). Neck 

growth kinetics at Ag NW–NS interfaces is substantially 
anisotropic, greater than that at NW–NW interfaces, and 
lesser than that at NS–NS interfaces. The dominant mecha-
nism behind this difference is an interface specific change 
in dislocation generation during sintering. Too high NS 
content causes stronger self-damping behavior along with 
lesser neck growth rate, which limits the optical absorption 
capacity before low enough resistivity is reached. Excessive 
NW content reduces optical absorption efficiency to such 
an extent that it overwhelms the accompanying advantages 
of increased neck growth kinetics and more sustained opti-
cal absorption. Mixing NWs and NSs in an optimal ratio 
(50:50 here) reaches a balance between neck growth kinet-
ics, optical absorption efficiency, and sustained temperature 
in multiple pulses. The ideal nanostructure shapes to be 
mixed should concurrently reduce self-damping, increase 
or retain high optical absorption efficiency, and increase or 

Fig. 21   a Finite element method simulations of optical heat gen-
eration at silver nanowire junctions during the nanowelding process. 
Heat generation efficiency as a function of wavelength for light polar-
ized perpendicular (red) or parallel (blue) to the top nanowire for a 
junction with a 2 nm gap [152]. b The wavelength spectrum of flash 
white light passed by 400–500  nm band-pass filter compared with 
the spectrum of flash white light without optical filter. c Sheet resist-
ance of the AgNWs without filter and with low-pass filter (irradiation 

energy, 6–10 J/cm2; pulse number, 1; on-time, 10 ms), SEM images 
of the AgNWs films welded by IPL using 400–500 nm band-pass fil-
ter with the irradiation energy of d 6, e 8, and f 10 J/cm2. Heat gen-
eration at the junction point when the wavelength was g 400, h 420, 
i 450, j 500, k 650, and l 950 nm. m The averaged heat generation 
value at the junctions of the Ag NWs [157]. [a Reprinted by permis-
sion Garnett et al. [151]; b–m Reprinted with permission from Jang 
et al. [156]. Copyright (2018) American Chemical Society]
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Fig. 22   a Transmittance spectrum of IPL-treated and non-treated 
pristine PVB/AgNWs, PET/ITO, and PET/IZO films. b Sheet resist-
ance response to the intense pulsed light method induced welding. c 
Figure of merit values for relative sheet resistance and transmittance 
values of the PET/ITO, PET/IZO, and PVB/AgNWs films with and 
without IPL [161]. Variations in sheet resistance of AgNW films as 
a function of d peeling and e bending cycles, f Transmission spectra 
of AgNW films before and after high intensity pulsed light sintering 

[162]. [a–c This work is licensed under the Creative Commons Attri-
bution 4.0 International License. To view a copy of this license, visit 
https​://creat​iveco​mmons​.org/licen​ses/by/4.0/ or send a letter to Crea-
tive Commons, PO Box 1866, Mountain View, CA 94042, USA; d–f 
Journal of materials chemistry by Royal Society of Chemistry (Great 
Britain) Reproduced with permission of ROYAL SOCIETY OF 
CHEMISTRY, in the format Journal/magazine via Copyright Clear-
ance Center.]

Fig. 23   Schematic illustration for the processing steps of IPL-treated 
AgNWs encapsulated by a graphene layer. a Gold transfer lines pat-
terned on a glass substrate. b Air-spray coating of AgNWs. c Gra-
phene transfer onto AgNWs coated on a glass substrate. d IPL optical 
sintering using a Xenon flash lamp on AgNWs encapsulated by gra-
phene sheets. e Nanowelding at junctions of AgNWs encapsulated by 
graphene sheets. f Schematic image of single-layer graphene(SLG)/
AgNWs after IPL exposure. Graphene is tightly attached to welded 

AgNWs [163]. g The self-damping coupling and optical absorption, 
which drive temperature evolution in IPL, are tunable by nanostruc-
ture shape. The introduction of NWs into a NS ensemble reduces 
the dependence of optical absorption on neck growth [164]. [a–f 
Reprinted by permission from Yang et  al. [162]; g Reprinted with 
permission from Hwang et  al. [163]. Copyright (2018) American 
Chemical Society]

https://creativecommons.org/licenses/by/4.0/
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retain similar levels of neck growth rates as the unmixed 
nanostructures.

On the other hand, as the above research, a study was 
conducted to analyze the mechanism during the IPL process 
with the theme of mixing nanoparticles and nanowires. Dex-
ter et al. investigated the effect of nanomaterial shape distri-
bution in Ag NW–NP composite films on sintering tempera-
tures and sintered material properties in IPL, yielding the 
following insights and implications on process performance 
and material properties [165]. Mixing nanowires with nano-
particles can reduce the maximum sintering temperatures to 
around 150 °C, while retaining film resistivity within 4–5 
times that of bulk silver. This has significant implications on 
reducing substrate distortion and damage when using ther-
mally sensitive substrates like polymers and paper, without 
compromising on process throughput or sintered material 
conductivity. Based on these experiments choosing a NW 
content of 50% will minimize materials cost while retaining 
the low processing temperatures, high processing speed and 
low film resistivity achieved here. In addition, electromag-
netic simulations were performed to determine the inherent 
dependence of the self-damping behavior in the IPL process 
on the nanomaterial shape distribution of the deposited film. 
This approach implies that the processing temperature of 
IPL can be controlled according to the type of nanomaterial 
through the prediction of self-damping behavior.

In addition, the study on self-damping nature of densifica-
tion and neck growth during IPL sintering of nanoparticles 
was studied by MacNeill et al. in 2015 [166]. Similarly, the 
temperature change of the optical absorption and densifica-
tion of nanoparticles during IPL sintering was studied by 
Bansal et al. [167]. These papers used a coupling method to 
investigate the self-damping nature of nanoparticles. Nano-
particle densification, neck growth, and optical absorption 
are interrelated and determine the temperature during IPL 
process. It is not constantly changing, but it has a property 
of being maintained when certain conditions are established. 
This has been demonstrated through experimental and ana-
lytical results, and various studies have been conducted [152, 
164, 168]. All of these phenomena are closely related to 
a study of self-limited plasmonic welding of Ag NWs by 
Garnett, E. C., et al., in 2012, mentioned with Fig. 21a. They 
have demonstrated an optical method for welding together 
Ag NWs selectively at junction points by taking advantage 
of the extreme field concentration offered by plasmonics. 
The process is naturally self-limited owing to the very strong 
dependence of the plasmonic light concentration on the dis-
tance between the wires during IPL process. These papers 
basically explain that as IPL is irradiated on nanomateri-
als, necks grow between them, which changes the distance 
between them. As the sintering proceeds, the plasmonic phe-
nomenon is reduced to suppress itself so that the sintering no 
longer proceeds. This is likely to have a greater impact when 

applied not only to polymer substrates, but also to silicon 
and ceramic substrates, where the CTE is high and IPL has 
to be irradiated for a relatively long time.

Copper nanowire (Cu NW)-based flexible transparent 
conducting electronics (FTCEs) represent an enormous 
breakthrough for the development of efficient, scalable and 
facile processing techniques. From the standpoint of com-
mercialization, a cost-effective and eco-friendly procedure 
for welding nanowires is imperative to fabricate Cu NW net-
work-based transparent electrodes. However, the oxide shells 
that form on Cu NWs are difficult to be eliminated under 
ambient conditions using, conventional sintering methods 
like mechanical pressing, conventional thermal sintering, 
plasma sintering, and microwave sintering.

To overcome these limitation, IPL welding process was 
adopted for welding of ultra-long Cu NW networks. The 
IPL irradiation which has a pulse on-time of 5 ms, energy 
of 1 J/cm2 per 1 pulse was conducted on the Cu NWs film. 
The sheet resistance of the Cu NWs electrode was gradually 
decreased as the irradiation light energy increased to 3 J/cm2 
because neck-like junctions were formed successfully and 
they grew larger as the irradiation light energy increased. 
The Cu NWs were welded at the junctions due to local heat 
generation derived from absorption of IPL irradiation energy 
with respect to the Zipper effect of metal nanowire [152, 
169]. Wide angle XRD measurements were conducted to 
determine the structure of the percolated Cu NWs on a PET 
substrate before and after IPL irradiation. After welding with 
IPL irradiation, complete absence of the Cu oxide peaks was 
observed, and Cu became more crystalline, as the reflections 
appear to be more prominent in the XRD patterns.

On the other hand, as an extension of the welding of 
Cu NWs, a research has been carried out to achieve strong 
adhesion strength to substrates that can be used in FTCEs 
applications [170]. The prepared NW film was shielded by 
a disposable, thick paper mask carved with a star shaped 
pattern for selective IPL irradiation. Then, the film covered 
with the mask was irradiated by IPL at 710 V for 520 μs. 
After irradiation, the non-irradiated NWs were selectively 
wiped away by fabric soaked with isopropanol (IPA), which 
was used as the main solvent for the Cu NW ink (Fig. 24a). 
For all star-shaped conducting patterns, uniform RS values 
were observed, with only slight changes in the average RS 
and its deviation before (17.8 Ω/sq ± 1.8 Ω/sq) and after 
(17.4 Ω/sq ± 1.8 Ω/sq) wiping, indicating that there was lit-
tle damage on IPL irradiated NWs after R2R wiping process. 
In addition, it was successfully demonstrated that high effi-
cient flexible phosphorescent organic light-emitting diode 
(PhOLED) and transparent heater with uniform heating and 
a fast response time can be achievable using R2R-patterned 
Cu NW FTCEs.

In addition, Cu NW film is considered to be an amazing 
candidate for next generation of flexible, transparent and 
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stretchable conductors. A stretchable conductors with Cu 
NW percolation network on poly urethane (PU) flexible sub-
strate were fabricated using a simple IPL welding technique 
at room temperature in air within only one-step [45]. It is 
clear that Cu NWs were almost completely embedded in PU 
after the IPL welding with irradiation energy of 272 mJ/cm2 
for only 20 μs on-time (Fig. 24h). Repeated stretching test 
and bending test were carried out to confirm the mechanical 
properties of Cu NW/PU conductor. While stretching and 
releasing the Cu NW/PU conductor to 10% strain for 1000 
cycles, the resistance change was very small compared to 
other reference results. The bending performance was also 
investigated by curving the Cu NW/PU conductors along 
a cylinder with diameter of 20 mm from 0° to 180°. The 
resistance of Cu NW/PU conductors kept superior stabil-
ity against deformation even after 100 bending cycles. The 
excellent mechanical properties were corresponding to the 
strong adhesion between CuNWs and PU substrates by IPL 
irradiation. This process provides an effective method for 
fabricating simple, low-cost, large-scalable patterned con-
ductive electrodes on flexible plastic substrates.

On the other hand, a high-performance copper nanowire 
(Cu NW) network (sheet resistance ≈ 17 Ω/sq, transmit-
tance 88%) fabricated by plasmonic-tuned flash welding 
(PFW) with ultrafast interlocking and photochemical reduc-
ing is reported, which greatly enhance the mechanical and 
chemical stability of Cu NWs (Fig. 25) [171]. High intensity 

visible light is emitted by the plasmonic-tuned flash, which 
strongly improves Cu nano welding without oxidation. Near-
infrared spectrum of the flash induced an interlocking struc-
ture of NW/polyethylene terephthalate interface by exciting 
Cu NW surface plasmon polaritons (SPPs), increasing adhe-
sion of the Cu nanonetwork by 208%. This strong adhesion 
of Cu NWs provided considerable bending stability over 
30,000 cycles. The finite-difference time-domain (FDTD) 
simulations theoretically confirmed that junction nanoweld-
ing and adhesion strengthening of Cu NWs could occur by 
visible (wavelength from 600 to 650 nm) and NIR (wave-
length from 900 to 975 nm) light, respectively.

4 � Applications Of Intense Pulsed Light (IPL) 
Sintered Conductive Electrodes

For the fabrication of small electronic devices, multi-layered 
structuring became important for application in industrial 
field [172]. Krivec et al. successfully demonstrated multilay-
ering of via-free conductive structure (Fig. 26a). Ag nano-
ink was printed firstly on 200 μm thick PET substrate, then 
dielectric layer and Ag pattern were subsequently printed. 
The printed Ag patterns and dielectric layer were sintered 
using IPL method, sintering condition of each layer was 
slightly adjusted to find appropriate sintering condition. The 
fabricated multilayer planar coil structure were successfully 

Fig. 24   a Schematic illustration of the patterning method for Cu NW 
FTCEs using a mask for selective IPL irradiation. SEM images show 
the b surface and c cross section of Cu NW-coated areas with and 
without IPL irradiation. The left side shows the nonirradiated area, 
and the right side presents the irradiated area. d Surface image of the 
boundary between the nonirradiated area and the irradiated area after 
removal of NWs (wiped away by wet fabric). The NWs in the non-
irradiated area are clearly eliminated [170]. e Schematic illustration 

of the fabrication process of CuNW/PU conductors. f SEM image of 
as prepared CuNWs. Tilted SEM images of CuNW networks on PU 
matrix g before and h after photonic sintering. i Plot of transmittance 
(λ = 550  nm) versus sheet resistance for photonic sintering CuNW 
conductors [45]. [a–d Reprinted with permission from Zhong et  al. 
[169]. Copyright (2016) American Chemical Society; e–i Reprinted 
with permission from Ding et  al. [45]. Copyright (2016) American 
Chemical Society]
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tested and verified by comparing several experiments and 
finite element method simulations [173].

Mu et al. investigated IPL sintering conditions of a thick 
direct-ink-write (DIW) Ag wire on 3D printed light absorb-
ing substrates. Since printed pattern with DIW showed much 
thicker than other printing methods, multi-cycle sintering 
method was studied to obtain optimized sintering condition 
(Fig. 26b–d). By controlling sintering parameters, optimally 
IPL sintered case (light exposure duration: 8 s, total light 
exposure: 40 s) showed the resistivity of comparable to oven 
sintered cases [174]. Therefore, it is reliable, fast, and can be 
easily combined with 3D printing systems. In addition, 3-D 

printing technique is suitable for polymer system processing 
technology [175–188]. Polymers that are easy to mold and 
can be used in various devices can be applied to complex 
applications through 3-d printing technique. In addition, 
polymers can be applied to not only substrates of the various 
electrodes but also one material of polymer-metal compos-
ite structure. These applications can be directly applied to 
IPL process. On the other hand, Devaraj et al. investigated 
a new process that can transform planar printed circuits on 
thermoplastic sheets into freeform interconnect–polymer 
assemblies for facile integration with a desired 3D surface 
[189]. Importantly, IPL-induced inter-NW neck growth 

Fig. 25   a Schematic illustration 
of the Cu NW PFW process. 
b Spectral and polarization-
dependent simulations of 
local light absorption for the 
Cu NW junction from 400 to 
800 nm wavelength. The inset 
shows the field enhancement 
response under the visible light 
(wavelength of 600 nm) for 
light polarized perpendicular/
parallel to the first NW. c Local 
heat generation as a function of 
Cu NW overlap length, which 
shows the self-limiting nature 
of the PFW process. The insets 
show field distribution simula-
tions as a function of Cu NW 
overlap length. d Normalized 
flash light spectrum emitted 
by discharging voltage of 350, 
650, and 800 V at a pulse width 
of 0.66 ms. e Normalized flash 
intensity at 600 nm wavelength 
emitted by various discharging 
voltages and pulse widths. The 
green dashed line indicates the 
systematic constraints caused 
by the limited power supply and 
capacitance of the flash lamp 
[171]. [Reprinted by permission 
from Park et al. [170]]
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significantly compensates for crack growth induced reduc-
tion in resistance during thermoforming and IPL. With 
the optimal parameters found here, this process achieved 
interconnect resistance of < 10 Ω/cm within 90.8 s at 100% 
maximum strain over a 1 square inch forming area. The 
potential of this approach to enable surface size and mate-
rial insensitivity, robust integration, and easy replaceability 
for conformal circuit fabrication was discussed.

A solar cell converts the energy of light directly into 
electricity by the photovoltaic effect that is a physical and 
chemical phenomenon. Jang et al. fabricated DSSC with 
IPL sintering of Ag NWs film on PET substrate and selec-
tive wavelength filter (400–500 nm with a band-pass filter). 
The selective wavelength filter improved welding phenom-
ena between Ag NWs, which resulted in high conductiv-
ity (51.275 Ω/sq) with high transparency (95.343%). The 
optimally IPL sintered transparent electrode was applied 

to DSSC, which exhibited 1.6% of efficiency by improved 
welding phenomena of Ag NWs (Fig. 26e, f) [157].

TFTs were conventionally fabricated by depositing thin 
films of active semiconductor layers, the dielectric layers, 
and metallic contacts over a non-conducting substrate. 
Sarkar et al. fabricated TFT by changing from deposition of 
Ag electrodes to printing and IPL sintering of Ag nano-ink 
(Fig. 27a–c) [40]. IPL sintering condition of inkjet printed 
Ag nano-ink on PET substrate was optimized, the optimized 
condition was applied as source/drain contacts in the fabri-
cation of flexible TFTs, which showed field effect mobility 
of 0.09 cm2/V/s and ON/OFF ratio of 106 which are simi-
lar with the value obtained for TFTs with conventional Ag 
deposited cases.

With the increasing demand of electronic devices, 
demand of transparent conductive films instead of expen-
sive and brittle sputtered indium tin oxide (ITO) films was 

Fig. 26   a Schematic presenta-
tion and the corresponding 
macro image of the double-
layered coiled coil Ag structure 
[173]. b Conformal printing 
silver trace on the surface of 3D 
printed VeroWhite; c side view 
of IPL-sintered silver wire on 
3D printed no-planar Gray60; d 
the IPL-sintered silver wire on 
3D printed TangoBlack hollow 
cubic [174]. e An image of flex-
ible DSSC fabricated with Ag 
NW films. f Photocurrent den-
sity voltage curves for DSSCs 
with Ag nanowire transparent 
electrodes before and after flash 
white light irradiation (energy, 
8 J/cm2; on-time, 10 ms; pulse 
number, 1) with band-pass filter 
(wavelength range from 400 to 
500 nm) [157]. [a Reprinted by 
permission from Krivec et al. 
[172]; b–d Smart Materials 
and Structures by Society of 
Photo-optical Instrumentation 
Engineers; American Institute 
of Physics; Institute of Physics 
(Great Britain) Reproduced with 
permission of IOP Publishing in 
the format Journal/magazine via 
Copyright Clearance Center. e, f 
Reprinted with permission from 
Jang et al. [156]. Copyright 
(2018) American Chemical 
Society.]



352	 International Journal of Precision Engineering and Manufacturing-Green Technology (2021) 8:327–363

1 3

increased. It stimulated the development of transparent 
conductive materials having 90% in the visible spectrum 
and a sheet resistance under 20 Ω/sq. However, a high tem-
perature (300–500 °C) is needed to achieve better crystal-
lization of the metal oxide [190]. Lee et al. reported that a 
flexible transparent conducting Ag NWs film fabricated by 
embedding Ag NWs at the surface of a transparent PVB 
(Fig. 27d–h). The Ag NWs networks can be improved by 
using the IPL irradiation, sheet resistance was decreased to 
12.6 Ω/sq with a transmittance of 85.7% (at 550 nm). It was 
applied to OLEDs application, which exhibited compara-
ble or higher electro luminescent feature than known flex-
ible electrodes (e.g., indium-zinc-oxide on polymer plastic) 
[161].

A purpose of sensor is to perceive any changes related to 
object and convey the relevant information to a computer 
by electrical output. Among them, thin film flexible sen-
sors increasingly received attention because they are easy 
to apply any structure. Han et al. reported that ultrathin 
transparent and conformable pressure-induced bending sen-
sor with high flexibility and stretchability (Fig. 28a–g). Ag 
NWs were printed on PET substrate, and IPL sintered Ag 
NWs showed extremely flexible and stretch-compatible up to 
100% uniaxial strain [19]. Kim et al. IPL sintered Ag flake/
Ag nanocrystal (NC) hybrid materials incorporated into a 
PDMS substrate (Fig. 28h–k). The addition of NCs into an 
Ag flakes network greatly enhanced electrical conductivity 
and sensitivity of strain sensors. As a result, strain sensors 

Fig. 27   a Optical image of various printed patterns on PET sheet, 
b Enlarged optical microscopic image of printed silver source/drain 
contacts, c Schematic of fabricated flexible OTFTs with printed sil-
ver source/drain [40]. Characteristics of OLED devices with PVB/
AgNWs with IPL composite and IZO anode. d Schematic section of 
the OLED device. e Photographic images of operating PVB/AgNWs-
based OLEDs in flexible modes, compressive stress. f Current den-
sity–voltage–luminance characteristics. g Current efficiency and 

power efficiency as a function of luminance. h Normalized EL inten-
sity versus wavelength [161]. [a–c © [2017] IEEE. Reprinted, with 
permission, from Sarkar et al. [40]; d–h This work is licensed under 
the Creative Commons Attribution 4.0 International License. To view 
a copy of this license, visit https​://creat​iveco​mmons​.org/licen​ses/
by/4.0/ or send a letter to Creative Commons, PO Box 1866, Moun-
tain View, CA 94042, USA.]

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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had highly stretchable (up to 80%) and sensitive (gauge fac-
tor: 7.1) with high durability over 10 000 stretching under 
50% strain [57]. Moreover, similar works related to stretch-
able sensors were extensively studied by sintering of NWs- 
or NPs-based inks on stretchable substrates [45, 58, 191].

Apart from the applications mentioned above, the IPL 
sintering method has high potential to expand various field. 
Takahashi et al. fabricated Ag electrode for damage sens-
ing of carbon-fiber-reinforced plastic (CFRP) structures 
(Fig. 29a, b). Ag inkjet printed on CFRP substrate and sin-
tered using IPL irradiation, sintered with 3 J/cm2 irradiation 
energy in 5 ms exhibited good strain sensing ability of CFRP 
composite, which is comparable with thermally sintered case 
[41]. Oh et al. newly synthesized Cu/Cu10Sn5 core/shell NPs 
for the large-area, low-cost, flexible conductors on trans-
parent PEN substrates (Fig. 29c–i). The low melting point 
of Cu10Sn3 shell layer allowed highly conductive and rolla-
ble electrodes even under low IPL energy, resulted in non-
damaging of PEN substrates. The fabricated electrodes were 
successfully demonstrated with the fabrication of a flexible 
touch screen and an antenna for wireless communication 
system [192].

In 2017, Jang et al. applied intense pulsed light sintered 
transparent electrodes on wearable heaters [193]. They used 
electrospun ultra-long metal nanofibers (mNFs) such as 
AgNFs on PET substrates and demonstrate their potential 
use as wireless wearable heaters. With a roll-based electro-
spinning system, continuous network of long metal nanofib-
ers was fabricated on large area flexible polymers (Fig. 30a). 
They applied developed transparent electrode on a wearable 
heater with temperature control system using a Bluetooth 
of smartphone as shown in Fig. 30b. The wristband-type 
stretchable and flexible heating film connected to the wire-
less controller was attached to human skin. As shown in 
Fig. 30b, the heater showed stable temperature in real time 
even in mechanical deformation by wireless control system. 
As a result, wearable devices fabricated by IPL sintering are 
expected to present a promising strategy in many applica-
tions including flexible and stretchable heater.

To fabricate transparent electrode, copper nanowire films 
were also considered to be a good candidate because it is 
much cheaper than silver nanowires with a comparable elec-
trical conductivity. With a IPL sintering technique, copper 
nanowire films could be fabricated on polymer substrate in a 

Fig. 28   a–f Measured capacitance of the sensor attached to a gloved 
fingertip while applying pressure to an electronic scale. g Force 
applied to the fingertip with the capacitance formed on the sen-
sor [211]. h Photograph of the smart glove with the attached strain 
sensors. i Relative resistance change in the glove under various fin-
ger gestures. j Photographs of the sports performance monitoring 
band upon applying forces with 1–4 kg dumbbells. The inset shows 
a photograph of the strain senor attached to the backside of the band. 
k The relative resistance change in the sports performance monitor-

ing band when the band was stretched and released by the force of 
the arms [57]. [a–g Journal of materials chemistry. c Materials for 
optical and electronic devices by Royal Society of Chemistry (Great 
Britain) Reproduced with permission of Royal Society of Chemis-
try in the format Journal/magazine via Copyright Clearance Center; 
h–k Nanoscale by National Center for Nanoscience and Technology; 
Royal Society of Chemistry (Great Britain) Reproduced with permis-
sion of RSC Pub in the format Journal/magazine via Copyright Clear-
ance Center.]
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very short time with reducing oxidation problems [45, 194]. 
Ding et al. developed stretchable conductors with CuNW 
percolation network on PU flexible substrate using IPL 
sintering technique [45]. Intense pulsed light welded the 
CuNWs at contact spots and also reducing the oxides on the 
surface of CuNWs. Additionally, the CuNW network was 
embedded into the surface of PU matrix with great adhe-
sion by softening phenomenon of the PU surface. Finally, 
they applied metal nanowires as heater and good perfor-
mance with small applying voltage was achieved as shown 
in Fig. 30c. In addition, a patterned heater and a transpar-
ent heater glove were fabricated as shown in Fig. 30d, e, 
respectively.

On the other hand, research on IPL sintering of silver 
nanowire coated on the woven fabric, not on the transpar-
ent film, has been progressed. Hwang et al. investigates a 
scalable Intense Pulsed Light (IPL) sintering process for 

fabricating silver nanowire on woven polyester heating 
patches (Fig. 31) [195]. Just 300 microseconds of IPL sin-
tering results in 30% lesser electrical resistance, 70% higher 
thermal performance, greater durability (under bending up 
to 2 mm radius of curvature, washing, humidity and high 
temperature), with only 50% the added nanowire mass com-
pared to state-of-the-art. Figure 31d shows the evolution of 
average temperature of the as-deposited and IPL sintered 
nanowire-fabrics under 1 V applied voltage. The tempera-
ture increases rapidly upon applying voltage, until it reaches 
saturation at around 120 s due to balance of thermal losses 
with joule heating. A higher voltage of 1.2 V led to blacken-
ing of the fabric indicating fabric damage due to excessive 
heating. Since heat generation in the Ag nanowire-fabrics 
is due to Joule heating, a lower sheet resistance leads to 
higher Q, which leads to higher steady-state temperature 
for the same applied voltage. IPL sintering enhances the 

Fig. 29   a Specimen dimensions and b the contact resistance 
increased as a result of deformation of the electrode sintered by IPL; 
the thermally sintered electrode showed negligible changes in con-
tact resistance [41]. c Schematic diagram of the TSP, including Cu/
Cu10Sn3 interconnections, Ag nanowires (NWs), and spacers, fabri-
cated on PEN substrates. d Photo of the fabricated, flexible TSP and e 
phot of the result of the TSP operation. The letters “UNIST KRICT” 
were written on the TSP. f Photograph and optical microscopic image 
(in the inset, red and blue arrows denote the Cu/Cu10Sn3 electrode 

and the PEN substrate, respectively) of the antenna fabricated on the 
PEN substrate. This image is reproduced with the permission of the 
copyright owner. g Frequency response of the reflection coefficient 
(S11) of the Cu/Cu10Sn3 antenna. h Circuit diagram and i schematic 
diagram of the wireless operable OLED with the Cu/Cu10Sn3 antenna 
[192]. [a, b Reprinted from Takahashi et al. [41], Copyright (2015), 
with permission from Elsevier; c–i Reprinted with permission from 
Oh et al. [191]. Copyright (2016) American Chemical Society]
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Joule heating by enabling an increase in the ΔT of nearly 
10 °C (26–30% increase) for both Dip-3 and Dip-5 samples 
(Fig. 31d). The maximum ΔT of 32 °C, reached for IPL-sin-
tered Dip-5 Ag nanowire-fabric, is quite close to the required 
value of 35 °C for personal heating patches on garments. 
Figure 31e shows the temperature response of the optimally 
IPL-sintered Dip-5 Ag nanowire-fabric, for ten repeated on/
off voltage cycles with 2 min on time and 2 min off time. The 
heating and cooling response and the maximum saturation 
temperature are preserved with high repeatability, indicat-
ing high thermal stability of the IPL-sintered patches under 
cyclic operation. These results are expected to be used in 
our daily life such as wearable electronics, artificial skin and 
bendable sensors.

The various applications presented above are still 
being studied and developed. On the other hand, we will 
introduce several applications that have the potential to 
greatly improve the performance when applying the IPL 

process. In addition, various fields that are currently being 
actively researched have a potential to be applied to the 
IPL process. First of all, IPL process can be applied to the 
high precision algorithm device such as a Micro-Electro-
Mechanical System based Inertial Navigation Systems 
(MEMS-INS) [196], mid-wavelength infrared (MWIR) 
polarizer [197] and an organic magnetoresistance (OMAR) 
sensors [198]. In addition, it can be used to make a chem-
ical reacting materials such as catalysts [199–201] and 
water splitting materials [202, 203]. Also, IPL process 
technology has the potential to be used to fabricate energy 
storage units [204–208] in line with recent development 
of new, clean, high efficiency energy industry. Lastly, its 
application in military parts [209] and antibacterial mate-
rials [210] has been outstanding. Like these potential 
applications, IPL process has a tremendous possibility to 
be applied to various research area.

Fig. 30   a Characterization of a stretchable, transparent and large-area 
AgNF heater. b A photograph and IR images of the wearable heater 
with a wristband-type wireless operation device [193]. Application of 
CuNW/PU conductors as heater. c Temperature under applied volt-
ages d the schematic illustration and actual photo of the patterned 
CuNW/PU heater, infrared images of the heater when the voltage 
was off (above right) and on (bottom right). e Photo of heater glove 
wearing on hands (left), infrared images of the glove when the volt-

age was off (above right) and on (bottom right) [45]. [a, b This work 
is licensed under the Creative Commons Attribution 4.0 Interna-
tional License. To view a copy of this license, visit https​://creat​iveco​
mmons​.org/licen​ses/by/4.0/ or send a letter to Creative Commons, PO 
Box 1866, Mountain View, CA 94042, USA; c–e Reprinted (adapted) 
with permission from Ding et  al. [45]. Copyright (2016) American 
Chemical Society]

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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5 � Conclusion

In this review, short history and several important research 
works about IPL sintering were briefly summarized and 
reviewed. This review focused on specifically metal ink 
sintering with IPL and its applications. The irradiated 
IPL on the materials can induce an extremely quick heat-
ing (several milliseconds) to the certain temperature by 
the synergetic opto-chemical, opto-thermal phenomena 
without damage on the low temperature substrates such 
as polymer and paper. IPL process is ambient and room 
temperature condition sintering process without damage of 
low-temperature substrate. The sintering quality depends 
much on the metal nanoink contents and substrate’s prop-
erty as well as IPL conditions such as light energy, pulse 
width/number and wavelength of the light. The IPL pro-
cess can be used several nano-micro metal particles, flake 
or wire ink as well as semi-conductor ink or energy har-
vesting/storage materials, which will be our next review 
work. It is certain that the IPL process will provide a paved 
route to revolutionary eco-benign and low-cost manufac-
turing process for many applications in near future.
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