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A two-step flash light sintering process was devised to reduce the warping of polymer substrates during
the sintering of copper nanoparticle ink. To determine the optimum sintering conditions of the copper
nanoparticle ink, the flash light irradiation conditions (pulse power, pulse number, on-time, and off-time)
were varied and optimized. In order to monitor the flash light sintering process, in situ resistance and
temperature monitoring of copper nanoink were conducted during the flash light sintering process. Also,
a transient heat transfer analysis was performed by using the finite-element program ABAQUS to predict
the temperature changes of copper nanoink and polymer substrate. The microstructures of the sintered
copper nanoink films were analyzed by scanning electron microscopy. Additionally, an X-ray diffraction
and Fourier transform infrared spectroscopy were used to characterize the crystal phase change of the
sintered copper nanoparticles. The resulting two-step flash light sintered copper nanoink films exhibited
a low resistivity (3.81 €2 cm, 2.3 times of that of bulk copper) and 5B level of adhesion strength without
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1. Introduction

Recently, the flexible printed circuit board (FPCB) market has
expanded as the use of smart devices, such as smart phones and
tablet PCs, have gradually increased. FPCBs have been fabricated by
photolithography processes. However, conventional photolithog-
raphy has a high cost and is a time-consuming process because it
has several process steps, such as exposure, developing, and etching
[1]. For these reasons, the printing of electronics, which is a con-
venient and low-cost process, has been adopted as an advanced
alternative [2-5].

Printed electronics on polymer substrates have various appli-
cations such as flexible displays, flexible solar cells, wearable
electronics, organic light emitting diodes, radio frequency identi-
fication tags, and flexible touch pads [6-9]. The key component of
printed electronics is the fabrication of conductive circuits. For con-
ductive circuits, metal nanoparticle pastes, such as silver and gold,
have been used because of their low melting point and oxidation
stabilities [10-12]. However, silver and gold are too expensive for
commercialization. For this reason, copper nanopastes have been
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developed as an alternative to silver and gold. However, most cop-
per nanoparticles are easily oxidized or already covered with oxide
shells [13]. Therefore, the flash light sintering process combined
with poly(N-vinylpyrrolidone) (PVP) functionalization of copper
nanoparticles was proposed to overcome this problem [14-17].
The flash light sintering method can immediately remove the oxide
shells of copper nanoparticles and form pure copper films at room
temperature in ambient conditions [ 16]. In our previous papers, we
optimized the one-step flash light irradiation condition for sinter-
ing copper nanopastes on a polyimide (PI) substrate with a 225 um
thickness [14]. In the previous work, the copper nanopastes were
fully sintered without any damage to the PI substrates. However,
for thinner substrates, the flexible substrates were bent and easily
damaged during the flash light sintering. These phenomena have
been considered a critical problem to the reliability and productiv-
ity of electronic devices.

Therefore, in this study, a two-step flash light sintering method
was employed to reduce substrate warping and enhance the electri-
cal conductivity compared to the conventional one-step flash light
sintering method (Fig. 1). In order to monitor the real time sinter-
ing process, in situ monitoring of the resistance and temperature
of copper nanoink were performed using a Wheatstone bridge cir-
cuit and thermocouple based circuit, respectively. A heat transient
transfer analysis was conducted by using ABAQUS to calculate tem-
perature field of copper nanoink film and PI substrate during one-
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Fig. 1. Schematic diagram of one- and two-step flash light sintering processes.

and two-step flash light sintering processes. The sintered copper
nanoink films were characterized using several microscopic and
spectroscopic techniques, including scanning electron microscopy
(SEM), X-ray diffraction (XRD) and Fourier transform infrared spec-
troscopy (FT-IR).

2. Material and methods
2.1. Specimen preparation

To prepare the conductive copper nanoink films, copper
nanoparticles with oxide shells (mean particle size: 40 nm, oxide
shell thickness >2 nm, Quantum Sphere Inc.) were used [17]. First,
0.9 g of PVP (MW 55,000, Sigma Aldrich Co.) was dissolved in 3.0 g of
diethylene glycol (DEG, Sigma Aldrich Co.). After that, 11.4 g of cop-
per nanoparticles were dispersed in this mixed solvent with 3-roll
milling for 30 min. The fabricated copper nanoinks (solid contents:
80%) were printed on PI substrates (PI, SKC KOLON) with a 50 pm
thickness using a screen printer (Tiger SP2825-MT, Daeyoung High
Tech Co., printing speed: 100 mm/s). The printed copper nanoink
films were then dried using near infrared (NIR, wavelength range:
800-1500 nm, 500 W; Adphos L40) for 10 min at 100°C.

2.2. Two-step flash light sintering

Flash light irradiation was used for the sintering of the printed
copper nanoink films. This process was performed at room tem-
perature in ambient conditions. The flash light sintering system is
composed of a xenon lamp (PerkinElmer Co.), a simmer triggering
pulse controller, a power supply, capacitors, and a water cooling
system [14,15]. In this system, the xenon lamp generated white
light over a wide range of wavelengths (from 380 to 950 nm). In
this study, the flash light was applied at two steps; preheating sin-
tering and main sintering. The preheating step was performed to
reduce the substrate warping and decompose some of the organic
binder in the copper nanoink films. In the preheating step, the flash

Table 1
Material constants of copper, P, and aluminum.
Copper PI Aluminum

Thermal conductivity (k, W/m°C) 401 0.52 170
Specific gravity (p, J/kg°C) 8940 1430 2700
Specific heat capacity (G, J/kg °C) 384.6 1150 950
Melting temperature (T, °C) 2502 - -
Latent heat of fusion (H, J/kg) 2.05 x 10° - -

2 Mean-size of copper nanoparticles: 40 nm.

light irradiation energy was varied from 6 to 12]J/cm?2, while the
other flash light irradiation conditions, including the number of
pulses (35), on-time (1 ms), and off-time (30 ms), were fixed. After
the preheating step, the main sintering step was performed to sin-
ter the copper nanoink films. The flash light irradiation energy was
varied from 3 to 9]/cm? with 3 ms on-time and single pulses. The
energy of the irradiated flash light was measured by a power meter
(Nove II, People Laser Tech.).

2.3. Transient heat transfer analysis

The commercial finite element software package ABAQUS 6.12
(Hibbitt, Karlsson and Sorensen, USA) was employed to perform
transient heat transfer analysis about copper nanoink film and PI
substrate. Fig. 2 shows the finite element model and mesh struc-
ture, the x- and y-dimensions are each 1cm, and the thickness of
each component (copper, PI film, and aluminum plate) is based on
the real-size of specimen (Table 1). In this model, the 10 wm thick
of copper nanoink film was positioned on the 50 wm thick of PI sub-
strate. Also, aluminum plate which has 5 mm thickness was placed
as floor beneath of the PI film. This model neglected the effect of
PVP due to small amount and minimal influence of it [ 18]. The inter-
faces between each layer were perfectly attached by using the *TIE
function in ABAQUS. The initial temperature of model is regarded
as room temperature, 20 °C. In order to simulate the flash light irra-
diation, it is assumed that the irradiation energy is converted into
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Fig. 2. (a) The finite element model and (b) meshed structure of copper nanoink
film on PI substrates.

heat instantly. Since the flash light irradiates the top of the copper
film, the surface heat flux was generated on the top of the copper
film. The heat transfer equation of flash light irradiation energy into
the film and substrates is described as:

pcp%=V~(kVT)+Q (1)

where T is temperature, p is density, ¢, is specific heat capacity, k
is thermal conductivity, and Q is internal heat generation. These
above material constants were employed from Ref. [19]. For the
base plate which was made with aluminum, the material prop-
erty was received by manufacturer. Boundary conditions of surfaces
exposed by air are described as

KA = (T - T) @)
where n is normal vector to the surface, h is the convection coef-
ficient of the surface, Ts is the surface temperature, and T, is the
atmosphere temperature. For a surface condition, the convection
coefficient h is considered natural convection of 30 W/m2K because
there is no additional cooling system. The effect of radiation heat
was neglected in this model [19]. From this analysis, the tempera-
ture changes of copper nanoink film and PI substrates in respect to
time and depth were investigated during one- and two-step flash
light sintering processes.

2.4. Characterization

To measure the electrical resistivity of the copper nanoink films,
the electrical sheet resistance and the thickness of the sintered cop-
per nanoink films were measured using a four-point probe method
and an alpha step (KLA Tencor AS500, Tencor instruments), respec-
tively. The adhesion strength of sintered copper nanoink films were
assessed with the 3 M tape test (ASTM D3359)[20]. The in situ mon-
itoring system was used to measure the resistance and temperature
changes in real time during the flash light sintering process. This
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Fig.3. (a)Theresistivity and (b) opticalimages of one-step sintered copper nanopar-
ticles ink with respect to the main sintering energy.

in situ resistance monitoring system was composed of a Wheat-
stone bridge circuit, oscilloscope, and source meter. Additionally,
an in situ temperature monitoring system was devised with a
non-inverting amplifier circuit with an op-amp (LM 324N, STMicro-
electronics), a power supply (SDP 30-3DT, SM Techno), and type-K
thermocouple (Labfa-cility, UK). To determine the glass transition
temperature of the PI film, differential scanning calorimetry (DSC;
SDT-Q600, TA instruments) was performed (measuring condition:
5°C/min in N, gas condition). The microstructure of the copper
nanoparticles was observed via an SEM (54800, Hitachi, 15 kV oper-
ating voltage). To characterize the phases of the materials, crystal
phase analysis was conducted using XRD (D/MAX 2500, Rigaku)
and FT-IR (Bruker IFS-66/s, Bruker Co.).

3. Results and discussion

For the sintering of copper nanoink films, the irradiation energy
was varied from 3 to 9]/cm?2 with the other fixed variables in the
flash light conditions (on-time: 3 ms and single pulse). Fig. 3 shows
the resistivity and optical image of the one-step sintered copper
nanoink films. As shown in Fig. 3(a), the resistivity of the copper
nanoink films decreased as the irradiation energy was increased.
When the irradiation energy was 9]/cm?, the copper nanoink films
were partially burned (Fig. 3(b)). In this case, the resistivity of
the copper nanoink films increased slightly compared to that of
the 7]/cm? irradiated copper nanoink films. Therefore, the 7]J/cm?
irradiation energy was chosen as the optimum energy. For the
7]/cm? irradiation energy, the resistivity of the copper nanoink film
was 12.68 w2 cm, which is greater than that of the bulk copper
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Fig. 4. (a) The resistivity and (b) optical images of two-step sintered copper nanoparticles ink with respect to the preheating energy and main sintering energy.

(1.68 €2 cm). Additionally, as shown in Fig. 3(b), the PI substrates
bent when the copper nanoink was fully sintered.

The two-step flash light sintering method was performed in
order to reduce the substrate warping. Fig. 4 shows the resistivity
and optical image of the two-step sintered copper nanoink films
with respect to the preheating and main sintering conditions. In
the preheating process, the total flash light irradiation energy was
varied from 6 to 12]J/cm? (on-time: 1 ms, off-time: 30 ms, pulse
number: 35). After preheating, the single flash light application for
the main sintering was applied for 3 ms of on-time, varying the
light energy from 3 to 9]/cm?. As shown in Fig. 4(a), the resistivity
of the sintered copper nanoink films decreased as the irradiation
energy increased. When the main sintering energy was 3 J/cm?,
the copper nanoink film was not fully sintered, regardless of the
preheating energy, because of the insufficient light energy. When
the main sintering energy was 9]/cm?, the copper nanoink film
was bent and partially damaged because of excessive irradiation
energy. Accordingly, the 7]/cm? main sintering energy was the
optimum power for the main sintering of copper nanoparticles.
Based on these results, the resistivity of the copper nanoink film
was measured as 3.81 €2 cm, 0.3 times of that of the one-step sin-
tered copper nanoink film. As shown in Fig. 4(b), the PI substrate
warping was remarkably reduced compared to the one-step flash
light sintered copper nanoink film (see Fig. 3(b)).

Fig. 5 shows the adhesion test results of the one-step (7]/cm?
main sintering) and two-step (12]/cm? preheating and 7]/cm?
main sintering) sintered copper nanoink films. As shownin Fig. 5(a),
some of the copper patterns were peeled out when the one-step

flash light energy was irradiated. Meanwhile, in the two-step flash
light sintering case, the copper pattern did not be peeled out and it
had 5B adhesion level (Fig. 5(b)). It might be because the high den-
sity of copper structure contributed to the high level of adhesion
during the two-step sintering.

In order to analyze morphology of copper about various sin-
tering conditions, SEM images of the copper nanoink film surface
were obtained to. Fig. 6(a) shows the SEM images of the unsin-
tered copper nanoink film. In the unsintered copper nanoink film,
the PVP covered the copper nanoparticles well. After 6]/cm? of
preheating energy was applied, the PVP on the copper nanoparti-
cles were slightly removed because the PVP decomposed during
the preheating step (Fig. 6(b)). As the preheating energy was
increased, more PVP was removed (Fig. 6(c) and (d)). Nevertheless,
after the preheating process, necking among the copper nanopar-
ticles was not observed. Fig. 7 shows the resistivity changes of
the copper nanoink films measured using the in situ resistance
monitoring system. As shown in Fig. 7, the resistivity remained
infinite during the preheating process, regardless of the preheat-
ing energy, because the copper nanoparticles were not sintered
and necked and only PVP was slightly removed (Fig. 6(b)-(d)).
After the main sintering energy was irradiated, the resistivity of
the preheated copper nanoink films drastically decreased to 8.45,
6.98, and 3.81 w2 cm, respectively (Fig. 7(b)-(d)). All the cases
were sintered well without re-oxidation phenomenon. Fig. 6(e)
shows the SEM images of the one-step sintered copper nanoink
film. In this case, necking between each copper nanoparticle was
observed instead of an enlarged grainy structure. In the 6 J/cm? pre-
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heated and 7]/cm? main sintered copper nanoink film, the copper
nanoparticles formed as a grainy structure (Fig. 6(f)). As the pre-
heating energy was increased, the copper nanoparticles were more
agglomerated and formed a larger grainy structure than those of
the one-step sintered case (Fig. 6(f)-(h)). In the case of 12]J/cm?
preheating followed by 7 J/cm? main sintering, the copper nanopar-
ticles were formed as the largest and most uniform grainy structure,
possibly due to the higher preheating temperature increasing the
density of the sintered structure (Fig. 6(h)) [21,22].

Fig. 8 shows the in situ temperature monitoring and heat trans-
fer analysis results of copper nanoink film during one-step and
two-step sintering. As shown in Fig. 8(a), the temperature of the
one-step sintered copper nanoink filminstantly increased to 280 °C,
allowing for the complete decomposition of PVP and sintering
of the copper nanoparticles [23]. After the flash light irradiation
ended, the sintered copper nanoparticles cooled rapidly and trans-
formed into a solid phase [19]. This phenomenon is also observed in
finite element analysis results, the temperature of copper nanoink
film was increased abruptly up to 290 °C during flash light irradi-
ation. Then, the heated copper nanoink film was cooled to room
temperature with similar rate of experimental one. Based on cor-
rection of these results, finite element analysis of temperature
profile in respect to depth and time was performed. Fig. 9(a)
shows the temperature profile of copper nanoink film in thick-
ness direction during one-step sintering process. The temperature

of copper nanoink was sufficiently increased even bottom of the
film due to the high conductivity of copper. It indicates that cop-
per nanoink film was sufficiently heated to the bottom of the
copper nanoink film (see Fig. 9(a)). Therefore, reduction of cop-
per oxide and sintering reaction between copper nanoparticles
occurred simultaneously for all the parts. However, these reactions
might interfere the sintering phenomena between copper nanopar-
ticles, resulting in relatively higher resistivity than that of two-step
sintered case. In the two-step sintering case (Fig. 8(b)), the temper-
ature of the preheated copper nanoink film slightly increased to
around 230°C, which could decompose the PVP [19,24], not sin-
ter the copper nanoparticles. This result corresponds with finite
element analysis results, as shown in Fig. 8(b). The temperature
of copper nanoink film was increased gradually up to 230°C dur-
ing preheating process and also even to the bottom of the copper
nanoink film (see Fig. 9(b)). The uniform increase of temperature
of copper nanoink film allows decomposition of PVP and elimina-
tion of the copper oxide. However, in the preheating process, the
sheet resistance was not changed because temperature was not
sufficiently high to sinter the copper nanoparticles (Fig. 6(b)-(d)).
It is because the diameter of nanoparticles used in this work is
varied 20 nm-50 nm which have the melting point around 250°C
[23]. When the main sintering energy was irradiated, as shown
in Fig. 8(b), the temperature of the copper nanoink film drasti-
cally increased to 280 °C. Therefore, in this temperature, sintering
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phenomena and growth of grain boundary of copper nanoparticles
occurred owing to the sufficient temperature for partially melting
and sintering the copper nanoparticles (see Fig. 8(b) and 9(c)). Then,
the heated copper nanoink film was decreased to room tempera-
ture, which is similar temperature trend with the one-step sintered
copper nanoink film case. As aresult, the two-step sintering method
divides sintering process into two stages, reduction and sintering.
By dividing the flash light sintering process, the high densification
rate and grain growth was obtained after main-sintering process.
Fig. 10 shows the cross-sectional SEM images of the one-step
(7]/cm? main sintering) and two-step (12]/cm? preheating and

7]/cm?2 main sintering) sintered copper nanoink films. As shown
in Fig. 10(a), in the one-step sintered copper nanoink film, the
top side of the copper pattern was sintered and well necked,
while the bottom side of the copper pattern was not. It is because
simultaneous reactions such as oxide reduction and sintering of
copper nanoparticles reduce the overall morphology quality of sin-
tered copper structure, especially bottom of the copper nanoink
film. On the other hand, the two-step sintered copper nanoink
film case (see Fig. 10(b)) shows the well sintered and densely
agglomerated on both the top and bottom sides of the copper
pattern owing to the splitting oxide reduction and sintering pro-
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cess, resulting in low resistivity and high adhesion strength (see
Figs. 4 and 5).

To confirm the residual PVP after the flash light was applied, the
FT-IR spectra of the copper nanoink films was analyzed (Fig. 11). The
unsintered copper nanoink films showed many peaks, such as C—N
(1294cm1), CH; (1423 cm~'), CH, (1461 cm~1), C=0(1652cm™?)
and -OH (3410cm™!), from the chemical bonding in PVP and
copper nanoparticles. In the preheated copper nanoink films, the
intensities of these peaks decreased significantly because some
of the PVP were decomposed. This result was an evidence of our
hypothesis that preheating decompose of PVP and eliminate the
copper oxide (see explanation in Fig. 8). After the main sinter-
ing energy was applied, all peaks attributed to PVP disappeared
completely [25-27]. Additionally, in the one-step sintered copper
nanoink films case, most of the peaks disappeared.

Fig. 12 shows XRD of the sintered copper nanoink film. The XRD
patterns of the unsintered copper nanoink films have pure copper
peaks (43.2°,50.4° and 74.1°) and oxidized copper peaks (36.4° and
38°). When 12]/cm? preheating energy was applied, the intensity
of the oxidized copper peak (36.4°) decreased and the pure cop-

Two-step (12 Jem® preheating and 7 Jem® main sintering) sintered
One-step (7 Jem® main sintering) sintered
- ~——— Preheated (12 Jem® preheating)

Unsintered
Cu@32%)

Cu(504°)

Intensity (a.u.)

EO&M"%O@S{") "

e PN
T T T T T T
30 40 50 60 70 80
2Theta (°)

Fig. 12. The XRD patterns of copper nanoparticles ink with respect to the irradiation
conditions.

per peak (43.2°) slightly increased because the preheating energy
reduced the PVP-functionalized copper oxide shells. However, the
oxidized copper peaks still remained after the preheating process
because the preheating energy was insufficient in evaporating all of
the organic binder. The oxidized copper peaks (36.4° and 38°) dis-
appeared and the intensities of the pure copper peaks increased
after the 7]/cm? main sintering energy was applied, due to the
complete reduction of the copper oxide shells. Additionally, the
two-step sintered copper nanoink film has a greater intensity of
the pure copper peak than the one-step sintered copper nanoink
film.

The optical image of the sintered copper nanoink film with
optimum two-step flash light irradiation condition (12 J/cm? of pre-
heating followed by the 7]/cm? of main sintering) was shown in
Fig. 13(a). The copper nanoink film was bent in a convex shape
when the 12]/cm? preheating energy was applied. Then, after irra-
diating with the 7 ]J/cm? main sintering energy, the copper nanoink
film became flat again (Fig. 13(a)). Fig. 13(b) depicts the schematic
diagram of the substrate warping reduction. Also, the shrinkage
occurred during main-sintering process. During the preheating

. Preheated Main sintered
Unsintered | (12 J/om? preheating) | (7 J/cm? main sintering)
(@
Stress removed area
Preheating
S—————————

Printed copper nanofilm

Cooling
| —| y
- , ! *

Tivo-step sintered copper nanofilm

| ’ —
Thermal expansion of PI substrate
with copper nanofilm.

Thermal expansion of PI substrate

Convex bended copper nanofilm and
stress of top side of PI film was removed.

Cooling

P

Convex bended copper nanofilm

Main sintering

and agglomeration of copper pattern

(b)

Fig. 13. (a) The optical images and (b) schematic diagrams of substrate warping reduction during two-step flash light sintering process.
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Fig. 14. The temperature changes of PI film in respect to depth and time during two-step flash light sintering process: (a) preheating and (b) main sintering.
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Fig. 15. DSC curve of the PI film used in this work.

process, the top surface of the PI substrate adjacent to the copper
film was heated rapidly as the temperature of the copper pattern
increased up to 230°C in the preheating process (see Fig. 13(b)).
The temperature of the bottom surface of the PI substrate far from
the copper film did not increase during the milliseconds duration
of the sintering, as the thermal conductivity of the PI film is low.
This temperature difference between the top and bottom surfaces
of the PI film induce different thermal expansion that generates
the convex shape warping as depicted in Fig. 13(b). This result was
confirmed by finite element analysis (see Fig. 14(a)). The significant
temperature gradient through the depth direction of PI film was
observed during preheating process due to its low thermal conduc-
tivity. Therefore, these temperature gradients contributed to the
convex shape of PI film. Also, in that high temperature, the top of
the PI film was softened during preheating process. It is because the
glass transition temperature of PI film is about 173 °C from the DSC
analysis as shown in Fig. 15 [28]. Hence, the internal stress of top of
the PI film was decreased to almost zero due to the glass-transition
phenomena beneath the preheated Cu nanoink film, which allows
PI film in convex shape after cooling. Then, after the 7]/cm? main
sintering energy was applied, the copper pattern and PI substrate
also heated up and expanded together, which shrank again when it
was cooled down (Figs. Fig. 13(b) and Fig. 14(b)). During this step,
the copper pattern’s shrinkage compensates for the convex warp-
ing of the PI substrate due to its high modulus, while it does not
dominate the warping during the shrinkage after the preheating
step. Note that after the main sintering step, the copper nanoink
film was transformed as a fully sintered metal copper film with
a high elastic modulus. the cooling steps after the preheating and
main sintering are similar. Major differences between two cooling
cases after the preheating and the main sintering, are the materials

’ Hanya ' ty

Fig.16. The two-step sintered copper patterns on Pl substrate without any substrate
warping.

properties of the Cu films: Unsintered one or fully sintered one. Dur-
ing the cooling after the preheating step, the copper nanoparticles
are not sintered at all exhibiting almost no modulus: the gathered
copper nanoparticles have almost no modulus in a macroscopic
view, thus it does not contribute to the warpage generation and
its shape during cooling. Meanwhile, during the cooling after the
main sintering, the copper patterns are fully sintered and exhibit
the high modulus of the metal Cu film. Therefore, during the cool-
ing, it shrinks compensating the Pl warpage in opposite direction,
which makes the entire film flat.

Consequently, the preheating improved the electrical conduc-
tivity and removed the warping of the copper nanoink film. As a
result, the resistivity of the two-step sintered copper nanoink films
was 3.81 w2 cm, which is approximately 2.3 times greater than
that of the bulk copper by dividing sintering process into two pro-
cedures, reduction and sintering processes, as mentioned above.
Also, these findings are corresponding with temperature moni-
toring, resistance monitoring, FT-IR, and XRD analysis. Therefore,
the two-step sintering is determined that copper nanoink film has
high conductivity with enhanced crystallization of copper struc-
ture, contrary to the one-step sintered case. Using the optimized
two-step sintering technique, highly conductive copper nanoink
films could be successfully printed and sintered without any warp-
ing of the substrate (Fig. 16).

4. Conclusion

In this study, a two-step sintering method was devised to
reduce substrate warping and enhance conductivity. The opti-
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mized two-step flash light sintering process (12 J/cm? preheating
followed by 7]/cm? main sintering) sintered the copper pattern
on the PI substrate without residual warping and its resistivity
was 3.81 w2 cm, which is approximately 2.3 times of that of bulk
copper. Also, the adhesion strength of two-step sintered copper
nanoink film has 5B level than that of one-step sintered case is
3B level. The two-step sintering mechanism was analyzed using
resistance and temperature monitoring of copper nanoink film,
and these results were verified with the simulation result consid-
ering heat transfer analysis of copper nanoink film and PI substrate.
Also, various characterizations such as SEM image, resistance mon-
itoring, temperature monitoring, FT-IR analysis, and XRD patterns
demonstrated that the copper nanoink film was fully sintered and
densely agglomerated owing to the splitting sintering process into
two-step, reduction and sintering. Therefore, two-step flash light
sintering can be widely used for printed electronics.
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