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Effect of copper oxide shell thickness on flash light
sintering of copper nanoparticle inkf

Gyung-Hwan Oh,® Hyun-Jun Hwang?® and Hak-Sung Kim*®®

In this study, the effect of the thickness of a copper oxide-shell on flash light sintering of Cu nanoparticles
(NPs) was investigated. The electrical properties of Cu nano-ink films with various oxide-shell thicknesses
were examined by measuring the sheet resistance. Furthermore, the amount of PVP in the Cu NP-ink was
varied to reduce the copper oxide-shell efficiently and enhance the flash light sintering of the Cu NPs.
Also, to investigate the reduction and sintering phenomena of Cu NPs with respect to the copper oxide
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shell thickness, the sheet resistances of the Cu films were measured in real-time using an in situ resistance

measuring system during the flash light sintering process. The results of this study established the
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1. Introduction

Recently, printed electronics have received increased attention
as an alternative manufacturing process for electronic devices
such as radio frequency identification (RFID) tags, wearable
electronics, and solar cells* because of their rapid and low-cost
processing compared to the conventional photolithographic
processes.®* The core technologies for printed electronics,
including nanomaterial-based conductive inks, printing tech-
nologies, and sintering processes, have been developed and are
being actively studied.

Conventionally, nanomaterial-based conductive inks made
with noble metals (such as Au and Ag) have been used in printed
electronics because of their excellent conductivity, stability, and
sintering efficiency under conventional processing conditions.
However, these noble metals are not suitable for mass-production
due to their high cost. For this reason, copper nanoparticle inks
have received much attention as a low-cost substitute for silver or
gold nanoparticles inks.* However, copper nanoparticles (NPs) are
easily oxidized in air, which results in a decrease in the electrical
conductivity of Cu films. Thus, reduction of the oxide shell on the
surface of the Cu NPs during sintering is necessary for obtaining
highly conductive Cu films. It was also necessary to sinter Cu NPs
at low temperature because Cu NPs are easily oxidized at high
temperature under ambient conditions. Laser®” and microwave®®
sintering methods have been studied to solve these problems.
However, these methods have limitations in mass-production
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maximum allowable thickness of the copper oxide shell that allows flash light sintering and also provided
the optimal amount of PVP in Cu nano-ink for a particular copper oxide shell thickness.

because of their complexity and environmental restrictions (e.g.,
vacuum pressures). Moreover, they are not suitable for sintering
large areas. Therefore, a new sintering technique enabling low
temperature and rapid large area sintering is needed for the
commercialization of flexible printed electronic devices.

We previously developed a flash light sintering process
combined with PVP functionalized Cu NP-inks to overcome the
limitations mentioned above.'** Flash light sintering can
reduce the copper oxide shell and sinter copper nanoparticles at
room temperature under ambient conditions in just a few
milliseconds without damaging the substrate. In addition,
a flash light from a xenon lamp allows sintering of a large area.
However, an in-depth study of the effect of copper oxide shell
thickness on the flash light sintering of the Cu NP-ink has not
yet been conducted.

Therefore, we investigated the effect of copper oxide shell
thickness on the flash light sintering of Cu NPs in this study. Cu
NPs covered with copper oxide shells that were 0.8 nm to 14 nm
in thickness were prepared by heating to 25-500 °C in air. The
prepared Cu NPs were sintered by flash light irradiation with
various energy densities from 7.5 ] ecm > to 12.5 ] cm™ > The
amount of PVP in the Cu NP-ink was optimized with respect to
the thickness of the oxide shell to enhance the reduction and
sintering of the Cu NPs with a thick oxide shell. Furthermore,
the number of pulse flashes was varied to efficiently reduce
thick copper oxide shells without rapid volume contraction.

The thickness of the copper oxide-shell was measured using
transmission electron microscopy (TEM), and the microstruc-
tures of the sintered Cu film were observed using scanning
electron microscopy (SEM). Crystal phase analysis using X-ray
diffraction (XRD) was performed to study the chemical shift of
the copper nanoparticles. The sheet resistances of the Cu film
were measured in real-time using an in-house resistance

This journal is © The Royal Society of Chemistry 2017
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measurement system to investigate the reduction and sintering
phenomena of the copper nanoparticles with respect to the
copper oxide shell thickness.

2. Materials and methods
2.1 Specimen preparation

Commercially available Cu nanoparticles with an oxide shell
(20-50 nm in diameter, copper(n) oxide shell; QSI-nano) were
used in this study. Cu NPs with various oxide shells were
prepared by heating at different temperatures using a forced
convection oven for 2 hours (Table 1). To oxidize copper nano-
particles uniformly, Cu NPs were evenly spread on a plate. The
prepared Cu NPs (11.4 g) were dispersed in a mixed solvent of
diethylene glycol (DEG, 99%; Samchun Chemical) (6 g) and
poly(N-vinylpyrrolidone) (PVP, MW 40 000; Sigma Aldrich) (0.9-
1.0 g) using a three-roll mill. The amount of PVP was fixed at
0.9 g in order to observe how sintering changes with the
thickness of the copper oxide shell. The amount of PVP was
varied from 0.9 to 1.0 g with intervals of 0.025 g to optimize PVP
content in the flash light sintering process. The fabricated Cu
NP-inks were printed on a polyimide (PI) substrate using
a doctor blade method and were dried on a hot plate (100 °C) for
3 h.

2.2 Flash light sintering and in situ monitoring of Cu NP-ink

The printed Cu NP-inks were sintered by flash light irradiation
at room temperature and ambient conditions. The flash light
sintering system consisted of a xenon lamp (Perkin-Elmer Co,),
a power supply (PSTek Co.), capacitors, a pulse controller, and
a reflector (Semisysco Co) (Fig. 1). The white light from the
xenon lamp has a broad wavelength range from 380 to 950 nm.
Cu NP-ink films were placed at a distance of 3 mm from the
lamp and the irradiation energy was varied from 7.5 J cm™ > to
12.5 J cm % In order to observe the thickness effect of the
copper oxide shell, the number of pulses, on-time, and off-time
were fixed at the optimized values from the previous study
results.*

In order to monitor the sintering process in real time, the
change in the resistance of the Cu NP-ink films over a period of
a few milliseconds was measured using a Wheatstone bridge
electrical circuit, a source meter (2611A; Keithley), and an
oscilloscope (DL1740E; Yokogawa).

Table 1 Thickness of copper oxide shell depending on heating
temperature

Acronym of copper Heating temperature Thickness of

nanoparticles (during 2 hours) copper oxide shell
Cu NPs-RT 25 °C 0.8 nm

Cu NPs-100 100 °C 2.1 nm

Cu NPs-200 200 °C 3.6 nm

Cu NPs-300 300 °C 7.1 nm

Cu NPs-400 400 °C 12.6 nm

Cu NPs-500 500 °C 14.0 nm

This journal is © The Royal Society of Chemistry 2017
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Fig.1 Schematics of the photonic sintering process of Cu NP-ink with
copper oxide shell using flash white light.

2.3 Characterization

The thickness of the copper oxide-shell was measured using
transmission electron microscopy (TEM, JEM-2100F) and the
microstructures and surfaces of the sintered Cu film were
observed using scanning electron microscopy (SEM, S4800
Hitachi). Crystal phase analysis was performed using X-ray
diffractometry (XRD, D/MAX RINT 2000, Cu Ka radiation) to
investigate the oxidation or reduction of the oxide. The elec-
trical sheet resistances of the Cu nanofilms were measured
using a four-point probe method.

3. Results and discussion

HR-TEM was used to evaluate the oxide shells of the Cu nano-
particles (NPs). Cu NPs used in this study were manufactured
using a vapor condensation process, which resulted in a cop-
per(u) oxide (CuO) shell on the surface of the nanoparticles for
passivation.'*** For this reason, a copper oxide shell that was
0.8 nm thickness was observed even for the non-treated copper
nanoparticles (Fig. 2a). It was also observed that the thickness
of the copper oxide shell increased from 2.1 nm to 14 nm as the
oxidation temperature increased from 100 °C to 500 °C (Fig. 2b-
f) and these values were determined through averaging that
based on various TEM images (Fig. Sla—ft). This is because Cu
nanoparticles were easily oxidized in the air, and high temper-
ature accelerated the oxidation.*

XRD patterns shown in Fig. 3b demonstrated that pure
copper phase peaks (43.2°, 50.4° and 74.1°) decreased and
copper(i) oxide (Cu,O) peaks (36.4° and 38°) increased as the
oxidation temperature increased.” This means that higher
temperature caused significant oxidation of pure copper in air

RSC Adv., 2017, 7, 17724-17731 | 17725
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Fig.2 HR-TEM images of (a) Cu NPs-RT, (b) Cu NPs-100, (c) Cu NPs-
200, (d) Cu NPs-300, (e) Cu NPs-400, (f) Cu NPs-500 and (g) sche-
matic illustration of the surface composition change of Cu NPs.

as shown in eqn (1), which produces a thicker copper oxide shell
(Cu,0). When the temperature was higher than 300 °C, the
peaks associated with copper(u) oxide (35.5° and 38.7°)
remarkably increased and pure Cu phase peaks (43.2°, 50.4°
and 74.1°) were difficult to observe because the copper(i) oxide
shell on the surface of the Cu NPs was further oxidized eqn (2),
resulting in thick Cu oxide shells.

4Cu + 0, — 2Cu,0 (1)

—
Y
~

(b)

Before flash-light sintering
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2Cu,0 + 0, — 4Cu0 @)

Key data from the characterization of Cu NPs are schemati-
cally illustrated in Fig. 2g. Cu NPs were oxidized under ambient
atmospheric conditions to form a surface oxide composed of
Cu,O (detected by FTIR and XRD), which was covered with
a thin outer layer of CuO (XPS, XRD, and FTIR).” The temper-
ature of the atmosphere played a significant role. Specifically,
a Cu,O layer was formed on the surface of the Cu NPs below
100 °C, while a complex oxide of Cuz;0, formed at about 150 °C.
A thin layer of CuO formed on the outer layer at temperatures
above 200 °C. Thus, the compounds observed during formation
of a Cu oxide shell (Cu,O) followed the order Cu,0O, Cuz0,, and
CuO with increasing temperature; eventually, all oxides coex-
isted on the surface.’ The results of XRD (Fig. 3b) are in
agreement with these results from previous studies. The cop-
per(u) oxide (CuO) peaks were observed even in the non-heated
Cu nanoparticles (Cu NPs-RT) (see the black line in Fig. 3b), and
these were derived from the synthesis process of Cu NPs.

To reduce and sinter the Cu NPs with a copper oxide shell, we
functionalized the Cu NPs with PVP (Cu NPs: 11.4 g, PVP: 0.9 g)
and varied the irradiation energy of the flash light from 7.5 J
cm ?to 12.5 ] cm ™ ?; one pulse of flash light with a duration of 10
ms was used, based on our previous study.” As shown in Fig. 3a,
the resistivity of the Cu NP-ink films decreased as the irradiation
energy increased up to 12.5 ] cm ™. These results are consistent
with those reported in our previous studies.”® The PVP layer
decomposed and evaporated after flash light irradiation, allow-
ing the copper oxide shell to be reduced. The copper nano-
particles were simultaneously sintered by the flash light,
resulting in a decrease in resistivity. However, it was found that
Cu NPs with thicker oxide shells had a higher resistivity after
flash light sintering (Fig. 3a). This may be because Cu oxide shells
disturbed the sintering of Cu NPs during flash light irradiation.
XRD patterns shown in Fig. 3c demonstrated that pure copper
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Fig. 3 Flash light sintering of Cu NP-ink with different oxide-shell. (a) The resistivity of the flash light sintered Cu nano-ink films as increasing the
irradiation energy from 7.5 J cm~2 to 12.5 J cm™2 (single pulse with pulse duration of 10 ms). XRD patterns of the (b) unsintered and (c) flash light-

sintered of Cu nano-ink films with different oxide shell thickness (irradiation energy: 12.5 J cm
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~2, pulse duration: 10 ms, pulse number: 1).
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phase peaks (43.2°,50.4° and 74.1°) decreased as the thickness of
the oxide shell increased, although the intensity of the pure Cu
phase peaks increased and the peaks of the Cu oxide (CuO and
Cu,0) decreased after flash light irradiation. Therefore, it could
be concluded that the copper oxide shell disturbs the sintering of
the Cu NPs. The peaks associated with copper(u) oxide (CuO)
were entirely removed for all cases after flash light sintering
(Fig. 3c). This indicates that copper(u) oxide (CuO) was reduced to
pure copper by OH radicals derived from PVP decomposition
through flash light irradiation according to eqn (3).2>*

CuO + 20H — Cu + H,0 + 0, 3)

2Cu0 + 20H — Cu,0 + H,0 + 0, (4)

However, when the oxidation temperature was higher than
300 °C, peaks associated with copper(1) oxide (Cu,O) remained
even after flash light sintering. Thus, Cu oxide shells thicker
than 7.1 nm (>300 °C) were not reduced fully due to a lack of OH
radicals from PVP chains, resulting in residual copper(i) oxide
(Cu,0) eqn (4). Moreover, the thick oxide shell caused
agglomeration in Cu NPs as shown in Fig. S2a-cf because
hydrophilic copper oxide enhanced the agglomeration of NPs
due to their highly polar nature.*** The agglomeration of NPs
reduced the surface area for PVP adhesion, resulting in an
incomplete reduction of Cu oxide and a low uniformity in the
Cu NP-ink films (Fig. S2d¥). For these reasons, the resistivity of
the sintered Cu NPs-300, 400 and 500 with oxide shells thicker
than 7.1 nm (>300 °C) dramatically increased (Fig. 3a).

In order to investigate the reduction of the oxide shell and
flash light sintering mechanism of Cu NPs, a Wheatstone bridge
electrical circuit and an oscilloscope were used to monitor the
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sintering process of Cu NP-ink (PVP weigh fraction: 7.3%) in
real time under optimum irradiation energy conditions (irra-
diation energy of 12.5 ] cm ™2, pulse number of 1, pulse duration
of 10 ms) (Fig. 4). It was observed that the electrical resistance of
the Cu NPs-1 ink film decreased to about 3.7 Q sq " immedi-
ately after flash light irradiation (Fig. 4a). In this period, the Cu
oxide shell surrounding the Cu NPs might be reduced via
decomposition of the PVP coating layer and sintered by flash
light irradiation. However, we found that the decrease in the
resistance during flash light irradiation was restricted as the
oxidation temperature increased (Fig. 4b-e). Moreover, when
the Cu oxide shell was thicker than 2.1 nm, the sheet resistance
increased again during flash light irradiation. This may be
because the Cu oxide was not reduced fully and Cu NPs were re-
oxidized during flash light irradiation due to a lack of PVP
chains, resulting in more inter-granular pores as shown in the
SEM images (see insets in Fig. 4b-e). Also, when the oxidation
temperature was higher than 400 °C, the sintered Cu NP films
had an island-like film surface (Fig. 4e) because of the
agglomeration of Cu NPs with a thick oxide shell. These results
corresponded to the previous electrical resistivity and XRD
results (Fig. 3). Hwang et al. demonstrated that the PVP amount
for a complete reduction of copper oxide is linearly proportional
to the amount of copper oxide shell.”® Therefore, it was neces-
sary to optimize the amount of PVP with respect to the thickness
of the Cu oxide shell to enhance the reduction of the Cu oxide
shell and improve the electrical resistivity.

The optimal amount of PVP in Cu NP-RT ink was previously
determined to be 7.3 wt% (0.9 g PVP and 11.4 g Cu NPs) to
ensure the full-reduction of a thin Cu oxide shell (thickness of
0.8 nm)." To fully reduce thick Cu oxide shells, the amount of
PVP was increased to 1.0 g. As shown in Fig. 5a-c, inks of Cu
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Fig. 4 In situ monitoring of sheet resistance change of Cu films during the flash light sintering process (irradiation energy: 12.5 J cm~2, pulse

duration: 10 ms, pulse number: 1). (a) Cu NPs-RT, (b) Cu NPs-100, (c) Cu NPs-200, (d) Cu NPs-300, and (e) Cu NPs-400 (inset: SEM images of the

Cu nano-ink sintered by flash light).
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NPs-100, 200 and 300 showed the lowest electrical resistivity
when the amount of PVP was 0.900 g, 0.925 g, and 0.950 g,
respectively. As shown in the XRD patterns, we also observed
that the copper(n) oxide (CuO) phase peaks (35.5° and 38.7°)
disappeared completely and copper(1) oxide (Cu,O) phase peaks
(36.4°) decreased, while pure Cu phase peaks (43.2°, 50.4°, and
74.1°) increased after the optimization of PVP amount (Fig. 5d-
f). This is because the amount of PVP was sufficient to efficiently
reduce the Cu oxide shells, resulting in a lower porosity and
more connections among the nanoparticles compared to cases
with less PVP and the worst resistivity (see inset SEM images in
Fig. 5d—f). Optimization of the amount of PVP with respect to
the thickness of the oxide shell resulted in an enhanced
reduction of Cu oxide and improved sintering of Cu NPs, which
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reduced the electrical resistivity of the sintered Cu films.
However, when the Cu oxide shell thickness was 7.1 nm, the
resistivity of the sintered Cu film was still high (about 450 pQ
cm) even after the amount of PVP was optimized. Moreover,
when the Cu oxide shell thickness was thicker than 12.6 nm,
more PVP functionalization caused damage in the Cu films after
flash light irradiation, as shown in Fig. 5g. Thicker layers of PVP
and Cu oxide shells disrupted the light absorption and the
sintering of Cu NPs and caused delamination of Cu films due to
the residual layers of PVP and Cu oxide on the Cu NPs. There-
fore, it was concluded that Cu NPs with oxide shells thicker than
10 nm were not suitable for the flash light sintering process. Cu
NPs with oxide shells less than 7 nm thick were necessary for
fabricating highly conductive Cu NP-inks.
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Fig.5 Optimization of PVP amount for reducing and sintering of Cu NP-ink with different oxide-shell thickness. (a—c) The resistivity of Cu hano-
ink films with different amount of PVP with respect to the thickness of Cu oxide shell. (d—f) XRD patterns of the flash light-sintered Cu nano-ink
films before- (black line) and after- (red line) optimization of PVP amount (irradiation energy: 12.5 J cm™~2, pulse duration: 10 ms, pulse number: 1).
(g) Optical images of the optimally PVP functionalized Cu nano-ink films after flash light sintering (irradiation energy: 12.5 J cm™2, pulse duration:

10 ms, pulse number: 1).
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It was also found that the Cu NP-200 ink still had a high
resistivity (Fig. 5b), and the copper(i) oxide (Cu,0) phase peak
(36.4°) still remained in this sample even after optimization of
the amount of PVP (Fig. 5e). This may because the PVP layers
were not decomposed entirely by flash light with a single pulse
because they were quite heavy. Incomplete decomposition of
PVP resulted in an incomplete reduction of the Cu oxide shell
(Fig. 6a). To resolve these problems, multiple pulses (irradiation
energy per pulse of 2 J cm ™2, pulse duration of 3 ms, and pulse
gap of 3 ms) were applied with an increasing number of pulses
from 4 to 10. It was noteworthy that the resistivity of the Cu
films decreased as the pulse number increased up to 7 (Fig. 6b).
This was because a thick Cu oxide shell was gradually reduced
with PVP decomposition, and Cu NPs were increasingly sintered
as the number of pulses increased (Fig. 6a). To investigate the
gradual reduction and sintering process, the sheet resistance
change observed in a Cu film was monitored during multi-
pulsed flash light irradiation in real time (Fig. 6c). The sheet
resistance of the Cu films decreased incrementally after each
flash light pulse irradiation. The sheet resistance decreased
significantly after the first and the second pulses, followed by
less significant decreases after the following pulses. Finally, the
sheet resistance stabilized at its final value (4.2 Q sq ') after the
seventh pulse. Both the reduction of the Cu oxide shell and
sintering of Cu NPs continued during pulse irradiation up to the
seventh pulse. However, the resistivity increased again when
more than 7 pulses were used because Cu NPs were re-oxidized
due to the excessive irradiation energy (Fig. 6b). We also found
that 0.925 g of PVP produced a higher conductivity than any

(a)

Single pulse
Partially reduced
& sintered

Multi-
- pulse
J ) irradiation
b 600
( ) [ —a— PVP 8.114 wt% (0.925 g)
500 - ‘ e PVP 8.333 wt% (0.950 g)
— A —a— PVP 8.772 wt% (1.000 g)
£ ‘\
O a04 1 \
o AN LA
ES \| -
< aw0d ¢ Al A
= i ~A_ !
= ° e, F A o
@ 200 | NA— - ®
3 — 1§ ) =
24 100 4 N b _m
N o
- =
0 T T T T T T T
4 5 6 7 8 9 10

Pulse number

Fig. 6

View Article Online

RSC Advances

other PVP amount (Fig. 6b), which was in agreement with the
results of the PVP optimization (Fig. 5).

Fig. 7a shows a comparison of the resistivity of the Cu NP-200
(3.6 nm thick oxide shell) films sintered by flash light. As shown,
the Cu NP-200 ink functionalized by 0.925 g of PVP had smaller
pore sizes and more connections among the nanoparticles than
those of the 0.900 g PVP case, which resulted in a decrease in the
electrical resistivity (—27.6%). This was because the higher
amount of PVP more effectively reduced the thick Cu oxide
shells. Meanwhile, the lowest resistivity Cu film was obtained
using multiple flash light irradiations. The XRD pattern of the
optimal PVP functionalized (PVP of 0.925 g) and sintered (pulse
number of 7, irradiation energy per pulse of 2 J cm ™2, 3 ms pulse
duration, and 3 ms pulse gap) Cu NP-200 ink showed a pure Cu
peak (43.2°) with less Cu oxide (36.4°) due to further reduction
of the Cu oxide shells and crystallization of the pure Cu phase
(Fig. 7b) and the peak ratios of Cu oxide peak (36.4°) to pure Cu
peak (43.2°) were 0.4020, 0.2888 and 0.1182 in cases of single
pulse with 0.900 g PVP, single pulse with 0.925 g PVP and
multiple pulse with 0.925 g, respectively (Fig. 7c). Furthermore,
as shown in the inset SEM image in Fig. 7a, the optimized
conductive Cu film had a larger grain size and a resistivity of
43.83 uQ cm, which was 57.1% lower than that obtained from
a single pulse with 0.900 g PVP. Therefore, it was demonstrated
that multi-pulsed flash light irradiation enhanced the reduction
and sintering of Cu NPs with thick Cu oxide shells and PVP
layers.

Multiple pulses reduced and sintered the thick Cu oxide
shell more effectively without an abrupt volume contraction as
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(a) Schematic of single and multiple pulsed flash light sintering processes for Cu NPs-200 ink (thickness of oxide shell: 3.6 nm). (b) The

resistivity of the flash light sintered Cu nano-ink films as increasing the number of pulse from 4 to 10 (a pulse energy: 2 J cm™2, pulse duration: 3
ms, and pulse gap: 3 ms). (c) In situ monitoring of sheet resistance change of Cu films during the flash light sintering process.
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compared to single pulse processes. Unfortunately, however,
the resistivity of the optimally sintered Cu film with a 3.6 nm
thick oxide shell (43.83 pQ cm) was still higher than that of the
Cu film with a 0.8 nm thick oxide shell (17.34 pQ cm). This is
due to the thick Cu oxide shell on the surface of the Cu NPs,
which inhibits light absorption and sintering of Cu NPs. Even
though the resistivity of the Cu film was still high, it is a highly
significant discovery that Cu NPs with thick oxide shells (<7 nm)
can be sintered by flash light irradiation at room temperature
under ambient conditions in just a few milliseconds without
damaging the substrate.

4. Conclusion

In this work, the effect of the thickness of the copper oxide shell
on the flash light sintering of Cu NPs was investigated. In
addition, the amount of PVP functionalization was optimized
with respect to the thickness of the copper oxide shell in order
to enhance the reduction and sintering of Cu NPs with a thick
oxide shell. It was found that PVP functionalization improved
the reduction of thick Cu oxide shells. However, Cu NPs with
oxide shells thicker than 7 nm were not suitable for the flash
light sintering method, because they agglomerated and showed
a low reduction rate even after optimization of the amount of
PVP. Therefore, it was concluded that it is preferable to have
a copper oxide shell that is less than 4 nm thick for the flash
light sintering process. It was also noteworthy that multi-pulsed
flash light irradiations could decompose thick PVP layers and
reduce thicker Cu oxide shells effectively without damaging the
Cu films. The optimally PVP functionalized and flash light
sintered Cu film with a 3.6 nm oxide shell had a resistivity

17730 | RSC Adv., 2017, 7, 17724-17731

of 43.83 uQ cm, which was 57.1% lower than that of the
non-optimized Cu film (102.2 pQ cm). The novel photonic sin-
tering technique for Cu NP-ink described here is a viable
approach to realize room temperature in situ sintering of prin-
ted electronics.
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