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This article provides a detailed discussion of 1-hexanoic-acid-stabilised copper nanoparticles with an
average diameter of ~80 nm prepared from cupric oxide micro-powders for low-temperature sintering
applications. The obtained fine particles were dispersed in dipropylene glycol using a bead mill to obtain
a stable paste containing 50 wt% copper. Sintering experiments at temperatures in the range of 120-
250 °C were performed under a nitrogen or 3%H,—N, gas flow. The lowest resistivity, approximately
three times that of bulk copper, was obtained at 250 °C. These particles exhibited good conductivity
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DOI: 10.1039/d1ma01242h upon sintering under nitrogen only. 1-Hexanoic acid contributed to the acceleration of sintering by

removing the Cueg4O oxide layer of the particles and activating the surface. The dispersed copper paste
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Introduction

In recent years, printed electronics have attracted a lot of
attention as a result of the spread of electronic devices because
of their simplicity and lower energy consumption compared with
conventional industrial processes, including vacuum processes
such as lithography." For example, conductive patterns such as
antennas,®” touch screen panels,*** and electrodes™®** can be
prepared using conductive inks or pastes and sintering, and such
pastes can also be applied as die-bonding materials for power
electronics packages."”™"” For this purpose, materials such as
metal nanoparticles, e.g., silver ones, nanowires, decomposable
metal complexes, graphene, and molten metals, as well as various
printing methods, including ink jet and screen printing, have
been studied. Among them, conductive inks or pastes containing
metal nanoparticles and metal complex inks have been formed by
printing on substrates and sintering.'®>?
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University, Kita 13 Nishi 8, Kita-ku, Sapporo, Hokkaido 060-8628, Japan.
E-mail: tetsu@eng. hokudai.ac.jp
? Department of Materials Science and Engineering, Faculty of Engineering, Nagoya
University, Furo-cho, Chikusa-ku, Nagoya, Aichi 464-8603, Japan
i Electronic supplementary information (ESI) available: Digital images of a water
droplet on 1-hexanoic acid-stabilised copper nanoparticles, XRD patterns of
copper nanoparticles and CuO precursor powders, RGB values of the digital
images of the copper layers sintered at various conditions, XRD patterns of the
copper layers sintered at various temperatures and under N, or 3%H,-N, atmo-
spheres, cross-sectional SEM images of the sintered copper layers, discussions on
the crystal structure of Cue4O. See DOI: https://doi.org/10.1039/d1ma01242h
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and the copper layer after sintering were observed using SEM.

Silver has good electrical and thermal conductivities (1.58 x
107° Q cm® and 429 W m 'K ', respectively). Silver also has
good resistance to oxidation in air. Because of these excellent
properties, silver is a good component of conductive pastes and
inks and has been intensively studied. However, because of the
disadvantages of silver, such as its high cost (~800 USD kg *)
and low electromigration resistance, alternative materials are
required. Copper should be considered a promising compo-
nent. Copper has similar properties to silver (1.68 x 10™° Q cm
and 401 W m 'K, respectively®®) and is considerably cheaper
than silver. In addition, copper is less likely to migrate than
silver. From these perspectives, sintering of copper fine parti-
cles/nanoparticles to form electroconductive layers has been
intensively studied in recent years.'*'®2%2673% The inner elec-
trodes of a multi-layered ceramic condenser (MLCC) can also be
prepared by sintering copper fine particle pastes.'> However,
high-temperature sintering is usually required for copper
because the melting point of copper is as high as 1084 °C.**
One approach to solve this issue is to decrease the size of
copper particles to the nanoscale to suppress the melting point,
in particular surface melting, to decrease the sintering
temperature.*> However, copper can be readily oxidised in air
and in aqueous media, resulting in the formation of cuprous
and cupric oxide (Cu,O and CuO, respectively), which hinders
the diffusion of metallic copper atoms between adjacent copper
particles and greatly affects the conductivity. Copper has var-
ious oxidation conditions. Not only Cu,O and CuO but also
crystalline structures of metaphases, such as CugO and Cug,O
were reported so far.>*° Therefore, the control of surface

© 2022 The Author(s). Published by the Royal Society of Chemistry
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conditions of copper particles is highly important for sintering.
Joshi et al. reported minor fraction of Cug,O phase could be
found in CuO nanoarchitectures which was determined by
XRD.** Carbon nanotube-CugO and CugO composites have
been proposed by Kim, et al.>® Mixed films of CuO and Cue,O
was reported by Mohamed et al.>” We have also found Cue,O
phases on the gelatine-stabilised copper fine particles collected
under nitrogen atmosphere.*®

Various strategies have been proposed to reduce the oxide
layer on fine copper particles and nanoparticles. First, copper
particles can be capped by organic materials or inorganic layers
to prevent oxidation.**™*> However, if organic materials remain
in the copper film after sintering, they lead to a decrease in the
electrical conductivity and mechanical strength. Second, the
formation of surface oxides can be prevented by sintering in an
inert atmosphere (nitrogen or argon) or a reducing atmosphere
(formic acid or hydrogen)."*'®*°™**> Third, metal-organic
decomposition (MOD) inks can be applied.'®*”***” MOD is a
method for obtaining a sintered metallic film by thermally
decomposing a metal complex at a low temperature. In the case
of copper(u) formate (Cu(HCOO),), which is used as a precursor
of MOD, no loss of conductivity is generated by the residue of
the printing pattern because the decomposition by-products
are volatile (H,, H,0, and CO,). Hydrogen molecules generated
from formate can reduce copper cations to metallic copper and
can prevent the oxidation of copper at high temperatures.

There are various sintering methods. In general, when
sintered at high temperatures, the diffusion of Cu atoms
becomes more active and copper particles are connected to
each other with wide necking, resulting in higher electrical
conductivity. However, flexible conventional polymer sub-
strates cannot be used for circuit boards when sintered at high
temperatures because of their low thermal stability. For flexible
polymer substrates, other sintering methods, such as laser
sintering and intense pulsed light (IPL) sintering, have been
proposed.'>*®%° However, these processes require expensive
optical equipment, and their application to large areas is not
very simple. Therefore, thermal sintering is always the cheapest
and simplest method, and copper nanoparticles or fine particle
pastes that can be sintered at low temperatures are in high
demand.

We recently proposed alkylamine or alkyl carboxylic acid-
stabilised copper nanoparticles/fine particles for printed
electronics.*>*>*° The surfaces of these copper nanoparticles
are hydrophobic, and oxidation with water and oxygen is
markedly decreased. In our previous report, pastes with
1-hexanoic acid-stabilised copper nanoparticles that were dis-
persed using bead milling were introduced for low-temperature
sintering, and the effect of the pre-addition of the dispersed
medium was introduced.’® In this paper, a detailed discussion
of the relationship between the crystal structure of copper
nanoparticles and the low resistivity obtained by low-
temperature sintering will be reported. On the copper nano-
particle surface, Cu,O and CueO could be found. During
heating at a low temperature, 1-hexanoic acid worked as a flux
to reduce Cug,O to metallic Cu and introduced the sintering
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even under nitrogen atmosphere. In addition, the effect of
sintering conditions, such as the atmosphere and temperature,
will also be discussed.

Experimental
Materials

Cupric oxide(un) micron-sized powder (CuO, Nissin Chemco,
Japan) was selected as the copper source. 1-Hexanoic acid
(HA, CH3(CH,),COOH, Junsei, Japan) was used as a capping
agent for the copper nanoparticles. The liquid-phase reduction
reaction was performed in ethanol (CH;CH,OH, Japan Alcohol),
and hydrazine monohydrate (N,H,-H,O, Kanto or Junsei, 80%)
was used as the reducing agent. The obtained copper nano-
particles were collected by centrifugation and purified with acet-
one ((CH3),CO, Kanto, Japan) and methanol (CH;OH, Junsei).
Dipropylene glycol (DPG, mixture of HO(CH,);0(CH,);OH and
CH;CH(OH)CH,OCH,CH(OH)CHj3;, Wako, Japan) was used as the
dispersion medium for the copper pastes.

Preparation and characterisation of copper nanoparticles

Copper nanoparticles and pastes were prepared as previously
reported.>® Cupric oxide micron-sized powder (1 mol, 80 g) was
introduced into 1 dm? of ethanol in a reaction flask. Then, 60 x
10> mol (7.0 g) of 1-hexanoic acid was introduced with stirring
(250 rpm) using a magnetic stirring bar. Hydrazine monohy-
drate (97 mL) was injected once. The dispersion was stirred for
1 h at 70 °C. After cooling the dispersion, the copper nano-
particles were collected by centrifugation and washed twice
with acetone and methanol. X-ray diffraction (XRD) patterns of
the obtained Cu nanoparticles were collected using a Rigaku
MiniFlex II (D/TEX Ultra) using Cu Ko radiation (1.5418 A). XRD
patterns at high temperatures were obtained using a Rigaku
Smart Lab using Cu Ko radiation equipped with a high tem-
perature attachment Reactor X. Sample heating temperature
increased with the rate of 5 °C min~". The standard patterns
were obtained from JCPDS cards (Cu: 04-0836, Cu,O: 05-0667,
Cug40: 77-1898). The structures of the Cu nanoparticles were
obtained by field-emission scanning electron microscopy (FE-
SEM, JEOL JSM-6701F, acceleration voltage 15 kV), transmis-
sion electron microscopy (TEM, JEOL JEM-2000FX, acceleration
voltage: 200 kV), and field-emission aberration-corrected TEM
(JEOL JEM-ARM200F, acceleration voltage: 200 kV). The FT-IR
analysis was carried out using a PerkinElmer Frontier MIR
spectrometer equipped with a single reflection diamond uni-
versal attenuated total reflection (ATR) accessory.

Preparation of copper nanoparticle pastes

After centrifugation to separate the obtained copper nano-
particles from the reduction dispersion, the nanoparticles were
introduced into DPG, mixed, and stirred for 12 min in a
planetary centrifuge mixer (AR-100, Thinky, Japan). Then, the
obtained premixed Cu paste was mixed with ZrO, microbeads
(30 pum, Nikkato, Japan, the same amount of copper) using a
bead milling machine (Nihon Cokes, Powder Labo.). The bead
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milling conditions used were 1000 rpm for 30 min and 2000 rpm
for 30 min. Then, the beads were separated by filtering with a
metal mesh, and the copper nanoparticles in the obtained paste
were observed by SEM to investigate aggregate formation. The
dispersion and separation processes were performed in air, and
SEM observations were carried out by dropping a copper paste
diluted 100 times with DPG onto a filter. The small amount of
methanol remaining in the paste was removed by vacuuming with
a rotary pump for 1 h with stirring at 100 rpm to prevent void
formation during sintering.

Sintering process

The obtained pastes were applied on an alumina substrate with
a doctor blade with a thickness of 40 um. The doctor blade was
moved at a speed of 24-25 mm s ' for film formation. The
prepared sample was then placed in a tube firing furnace
(As One, TMF-500N, Japan) and kept at room temperature for
30 min to replace the gas atmosphere. The gases used in this
study were 3%H,-N, (v/v) mixed gas flow and nitrogen flow
(99.99%) at a flow rate of 1 dm® min~"'. Sintering was per-
formed at various temperatures for 1 h. The resistivity of the
obtained copper films was measured by a four-point probe
method using a Loresta-GP (Mitsubishi Chemical Analytech)
with an ASP probe. XRD patterns of the obtained Cu films were
also collected. The morphology of the copper film was observed
using FE-SEM. Cross-sectional STEM images were acquired
with a thin sample prepared using a Hitachi FB-2100 (40 kV,
with micro sampling). Images were acquired using a JEOL
JEM-ARM200F.

Results and discussion
Characterisation of copper nanoparticles

The obtained copper nanoparticles were highly stable, and no
obvious colour change was observed under ambient conditions.
The particles were hydrophobic (Fig. S1, ESIt), indicating that
the surface was covered by the hydrophobic alkyl groups of 1-
hexanoic acid molecules.’>® The hydrophobicity of the particle
surface is important for preventing surface oxidation because
water molecules can oxidise the copper surface.***° Fig. 1(a)
and (b) show a TEM micrograph and the size distribution of the
obtained copper nanoparticles, respectively. The average parti-
cle size was 82.6 nm, with a standard deviation of 25.2 nm. The
size obtained here is similar to that previously reported.’® The
XRD patterns of the obtained copper nanoparticles and pre-
cursor CuO microparticles are shown in Fig. S2 (ESIt). FT-IR
measurement of the obtained copper NPs was also carried out
as shown in Fig. 2. A C=O0 stretch band at 1703 cm ™" drama-
tically moved to ca. 1540 cm™". Also, a O-H bend peak located
at 1414 cm ' slightly moved to 1429 cm ' on the copper
nanoparticles. These results strongly indicate that the car-
boxylic acid group of 1-hexanoic acid molecule are attached
to the copper nanoparticle surface. Therefore, the alkyl chains
of 1-hexanoic acid should cover the particle surface, making
them hydrophobic.
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Fig. 1 (a) Transmission electron microscopy (TEM) image and (b) size

distribution of 1-hexanoic-acid-stabilised copper nanoparticles prepared

by hydrazine reduction of CuO micro particles.

Absorbance (a.u.)
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Fig. 2 FT-IR spectra of 1-hexanoic acid (orange) and 1-hexanoic acid-
stabilised copper nanoparticles (blue) prepared by hydrazine reduction of
CuO micro particles. Attribution of the peaks of 1-hexanoic acid:
2976 cm™, O-H stretch; 1703 cm™!, C=O0 stretch; 1414 cm™, O-H
bend; 1282 cm™" C-O stretch; and 933 cm™! O—H bend.

As previously reported, reduction of CuO was completed
under these preparation conditions, and no CuO peak could be
found in the sample, which indicates that the reduction was
complete. The main product of the sample is metallic copper,
but a small and broad peak corresponding to Cu-rich orthor-
hombic copper oxide Cug,0(044) can be observed at 20 =
40.7°.*® The crystal structure of Cue,O has been reported in the
literature.**?>%°

The obtained particles were re-dispersed into DPG by pre-
mixing with a planetary centrifuge mixer and milling with
zirconia beads (30 pum). The optimised milling conditions
found in this study were 1000 rpm for 30 min and 2000 rpm
for 30 min.>® When a stronger milling condition was applied
(3000 rpm for 30 min), fusion of the particles occurred, forming
very large copper flakes. The XRD patterns of the copper
particles before milling and in the paste obtained after milling
are shown in Fig. 3. After the dispersion milling process, a
small and wide cuprous oxide (Cu,O) peak was observed
because the milling with beads was carried out under ambient
conditions. This small and broad peak corresponding to Cu,O
indicates that the surface of the copper nanoparticles was
slightly oxidised during milling in air with zirconia beads.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 X-ray diffraction patterns of (yellow) the prepared copper nano-
particles stabilised by 1-hexanoic acid and (blue) the copper nanoparticles
after bead milling. The peaks of the solid circle, solid triangle, and solid
square correspond to Cu(111), Cu,0O(111), and CugsO(044) planes, respec-
tively. After the milling process, a small and wide peak of Cu,O was
observed.

To confirm the detailed crystalline structure of the copper
nanoparticles, an aberration-corrected TEM bright-field (BF)
image was obtained. Fig. 4 shows the BF image of the copper
nanoparticles after milling with zirconia beads. The surface of
the particle is covered by an amorphous layer with a thickness
of approximately 1.2 nm, which corresponds to the 1-hexanoic
acid monolayer and thin amorphous layer of copper oxide. The

IR
5GUR0 (111)
2.62%0.09.

Cligd0/(024Y";
2257 0,008

Cu (260)
190002 A

Cug0 (044)
222%0.03 A

10 nm

Fig. 4 Aberration-corrected TEM bright-field (BF) image of 1-hexanoic-
acid-stabilised copper nanoparticles after milling with small zirconia beads
(30 um). (ref. Cu(200) 1.808 A, Cue,0(044) 2.215 A, Cu,O(111) 2.465 A).
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amorphous formation of copper was probably due to damage
during milling with hard zirconia beads. The particles had a
hydrophobic surface, which supported the formation of a
1-hexanoic acid monolayer. Crystalline fringe patterns in the
metallic cores were carefully observed. Lattice fringes corres-
ponding to metallic Cu(200), Cu-rich copper oxide Cug,0 (044),
and cuprous oxide Cu,O(111) can be observed in the image.
Cu,O is clearly observed on the surface, indicating that
the Cu,O layers were generated during milling. The small
and broad peak observed in the XRD pattern after milling
(Fig. 3(blue)) also suggests that a Cu,O thin layer was generated
on the surface of the nanoparticles. Conversely, metallic Cu
(200) and Cug40 (044) fringes were found in the core area of the
particles. The core of the particles mostly consisted of metallic
Cu, and a small portion of Cue,O was found. This result also
corresponds to the XRD pattern shown in Fig. 3. From the XRD
pattern obtained in this figure, another metaphase such as
CugO phase cannot be found.

X-Ray photospectroscopy (XPS) is well known as a very
powerful tool to understand the electronic state of metals and
other elements. However, in the case of copper, interpretation
of the peaks is quite difficult. No significant difference of
binding energies between metallic Cu and Cu,O. Furthermore,
in our sample, the layers of Cug,0 and Cu,O were found in XRD
patterns. It is very difficult to distinguish all three components
(Cu, CueO and Cu,0) by XPS. Therefore, we have used
abbreviation-corrected atomic resolution TEM to reveal the
crystalline structures of the surface of copper nanoparticles.
Similar discussion was also carried out in the case of gelatine-
stabilized copper fine particles.*®

In order to understand the stability of 1-hexanoic acid-
stabilised copper nanoparticles against temperature, in situ
heating XRD measurements were carried out (Fig. 5). The
relationship between the temperature and the ratios (w/w) of
each component (Cu, CugO and Cu,O) obtained by using

Intensity (a.u.)

RS A

25 30 35 40 45 50 55 60 65
20 (degree) Cu-Ka
Fig. 5 In situ heating XRD patterns of 1-hexanoic acid-stabilised copper
nanoparticles. The sample was heated under air.
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Fig. 6 The weight ratios of Cu (orange left y-axis), Cu,O (red left y-axis),
and Cug4O (small green diamonds: left y-axis, green circle: right y-axis)
phases in 1-hexanoic acid-stabilised copper nanoparticles. The weight
ratios were calculated from the XRD patterns obtained at high tempera-
tures (Fig. 5) using reference intensity ratio (RIR) calculation.

reference intensity ratio (RIR) method is indicated in Fig. 6.
Oxidation of copper surface and increasing of Cu,O peak height
can be observed with the temperature increasing. However, up
to 80 °C, we can find a small peak corresponding to Cug,O (044)
at 20 of 40.7°. This peak intensity change with temperature
strongly supports that the peak here is different from those of
metallic Cu, Cu,O and CuO. The weight ratio of Cug,O
decreased with the increase of the temperature and over
100 °C, this peak completely disappeared (Fig. 6, green). These
changes in the XRD patterns strongly indicate that during
heating, mainly metallic Cu was oxidised directly to Cu,O and
that Cue,O metaphase is relatively stable even under air.

The grain size of the metallic copper in the obtained copper
nanoparticles was determined from the Cu (111) peak using
Scherrer’s equation, as shown in Fig. 2. The grain size of the
obtained copper nanoparticles was 14.1 nm, and that of the
copper nanoparticles after milling was 15.0 nm. The large
difference between the particle diameter and the grain size
indicates that these copper nanoparticles have an internal
polycrystalline structure. According to Pawlow’s thermody-
namic model,>*> the sintering temperature of metal nano-
particles and fine particles depends on the particle size. A
smaller grain size is likely to be more useful for low-
temperature sintering. The diffusion rate of metal atoms at
the grain boundaries higher than that in
crystalline cores.

is usually

Sintering of printed copper nanoparticle pastes

The obtained copper nanoparticle pastes were printed on
alumina substrates and sintered under pure nitrogen gas flow
(99.99%) and 3%H,-N, mixed gas flow. As indicated in Fig. 5
and 6, under air, the copper nanoparticles were oxidised when
heated under air. Therefore, for obtaining conductive copper
layers, inert or reductive atmosphere is required. Sintering at
higher temperatures was beneficial in both cases. Fig. 7 shows
digital images of the printed copper paste layers deposited on

4806 | Mater. Adv, 2022, 3, 4802-4812
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Fig. 7 Digital images of the surface of the sintered copper nanoparticle
layers. (a) Before sintering, (b—e) sintered at various temperatures indicated
in the image under 3%H,—N, gas flow, (f) before sintering, (g—j) sintered at
various temperatures under nitrogen gas flow.

()250°C’

N:

an alumina substrate using a doctor blade (40 um) before and
after sintering at various temperatures under 3%H,-N, mixed
gas or nitrogen gas. Before sintering, the printed copper layer
shows a red-black colour consistent with the plasmon absorp-
tion of the copper nanoparticles. Fig. 7(a) and (f) are the digital
images of as prepared copper nanoparticle films before sinter-
ing. Fig. 7(b)-(e) show digital images of the copper layer
sintered under 3%H,-N, mixed gas. A copper metallic lustre
can be observed after sintering, which indicates that sintering was
successfully carried out and neckings among the particles were
generated. Conversely, as shown in Fig. 7(g)-(j), when the printed
layer was sintered under nitrogen flow, no obvious lustre of the
copper layer could be found. his is probably due to the fact that
fewer necking points were fabricated during sintering under
nitrogen flow, as nitrogen is not a reductive gas. In fact, no
electrical conductivity was observed when the copper layer was
sintered at 120 °C under a nitrogen gas flow, as indicated in Fig. 8.
In Fig. S3 (ESIf), RGB (red-green-blue) values of the digital
images of the sintered copper layers (Fig. 7) were plotted against
the sintering temperatures. The maximum brightness of the
digital images was obtained after sintering at 200 °C. The bright-
ness of the layers sintered at 250 °C under nitrogen flow con-
siderably lower than that of the layer sintered at 200 °C. This can
be attributed to oxidation of copper particles during sintering
without reducing atmosphere as discussed above.

The electrical resistivities of the copper layers sintered
between 120 and 250 °C under 3%H,-N, or nitrogen gas flow
are shown in Fig. 8. Surprisingly, our particle layer shows good
electrical conductivity after sintering under 3%H,-N, mixed
gas at temperatures as low as 120 °C, which can be used on
poly(ethylene terephthalate) (PET) films. The copper layers
obtained by sintering under H,-N, mixed gas flow had a lower
resistivity than those sintered under nitrogen gas. Under
3%H,-N,, the lowest resistivity obtained in this study was
5.1 x 107° Q cm at 250 °C, which is three times that of bulk
copper (1.7 x 107° Q cm). In the previous report, the similar

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Relationship between the resistivity of the copper layer film after
sintering and the sintering temperature. Red: Sintered under nitrogen gas
flow. Blue: Sintered under 3%H,—N, gas flow.

system sintered at 200 °C under 3%H,-N, gas flow showed the
resistivity of 6.63 x 10~° Q cm,*® and it is well corresponding to
the results obtained in this study. At temperatures above
160 °C, the value was less than 107 Q cm. It did not reach
107° Q cm level, even after sintering at 250 °C. Because of the
lack of reductive conditions, copper oxide layers on the surface
of copper nanoparticles prevented necking formation and an
increase in conductivity. Reductive conditions are important
for generating very low resistivity.

The XRD patterns of the copper layers sintered at various
temperatures under 3%H,-N, and nitrogen gas flow are shown
in Fig. 9. (Extra XRD patterns of Cu nanoparticle layers sintered
at 140 °C and 180 °C are added in Fig. S4 (ESIt) (3%H,-N, gas
flow) and Fig. S5 (ESIt) (nitrogen gas flow)) Enlarged peaks in
the range of 20 = 30-40° are shown separately in the same
figure. The copper layer sintered under a 3%H,-N, gas flow a
show very small peak corresponding to Cu,O up to 150 °C
according to the reducing atmosphere. In contrast, in the XRD
patterns of the copper layer sintered under nitrogen flow, the
peak corresponding to cuprous oxide (Cu,O) became slightly
larger after sintering at 150 °C, and this peak is increased with
the increase of the sintering temperature. It can be clearly
observed in the XRD pattern of the copper layer sintered at
250 °C. This can be attributed to the high sensitivity of metallic
copper to a small amount of oxygen in the nitrogen flow
(99.99%). However, the peak corresponding to Cug,0(044)
could not be found in any of the XRD patterns after sintering.
This phenomenon indicates that Cug,O was reduced to metallic
copper during sintering in both cases. This reduction with the
change in the crystalline structure generates a large diffusion of
copper atoms. This diffusion of copper atoms could form
neckings between the particles, which enhances the conductiv-
ity of the copper layer, even after sintering under nitrogen gas

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 X-ray diffraction patterns of the copper layers sintered at various
temperatures under nitrogen gas flow and 3%H,—N, mixed gas flow. The
peak height is normalised to the height of the Cu(111) peak (20 = 43.3°).
Red triangle, red broken line: Cu,O(111) (20 = 36.4°). Green diamond,
green broken line: CugsO(044) (20 = 40.7°).

flow. When the paste layer is sintered, the Cue,O layer is
reduced to metallic copper by removing oxygen atoms as H,O
molecules, and Cu ions are also removed as RCOO-Cu com-
plexes. A detailed discussion is provided below.

Scanning electron microscopy (SEM) images of the surface
morphology of the copper layer after sintering are shown in
Fig. 10. These images reveal that the particles form wide
necking structures and connect with each other by sintering
under a 3%H,-N, gas flow, even when the particles are fully
covered by 1-hexanoic acid molecules. After milling, the copper
nanoparticles were slightly oxidised, and Cu,O layers were
formed, according to the XRD pattern shown in Fig. 3. Wider
necking and network of the particles can be more clearly
observed after sintering at higher temperatures (Fig. 10e and
g). In contrast, for the copper layers sintered under non-
reductive nitrogen gas flow, wide necking structures cannot
be found in the SEM images (Fig. 10b, d, f and h), and the
particles retained their shape, even at 250 °C. However, after
sintering, good conductivity was observed, even after sintering
under nitrogen. This suggests that a metallic connection of the
particles was formed by the sintering process.

Cross-section of these sintered Cu nanoparticle layers was
also observed by SEM (Fig. S6, ESIt). The particles were densely
packed in the sintered layers. The nanoparticles were well
sintered especially in the surface region. The layers obtained
by sintering under 3%H,-N, gas flow show the connected
surface layers (Fig. S6(e) and (g), ESIT) as indicated also in
Fig. 10(e) and (g).

Fig. 11 shows the grain size of the sintered copper layers at
various temperatures under a 3%H,-N, flow and nitrogen flow.
The grain sizes were calculated using Scherrer’s equation from
the Cu(111) peaks shown in Fig. 9, Fig. S4, and S5 (ESI{). In
both cases, the grain size of the copper layer after sintering was
larger than that of the copper particles. This strongly suggests
that copper atom diffusion occurs, even at 140 °C. The grain
sizes of the copper layer sintered under 3%H,-N, flow were
larger than those sintered under nitrogen flow. The grain size

Mater. Adv., 2022, 3, 4802-4812 | 4807
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Fig. 10 Scanning electron microscopy (SEM) images of the surface of the
sintered copper nanoparticles after sintering at various temperatures.
(a,c,e,g) Sintered under 3%H,—N, mixed gas flow, (b,d,f,h) sintered under
nitrogen gas flow. Sintering for 1 h at (a and b) 150 °C, (c and d) 180 °C, (e
and f) 200 °C, and (g and h) 250 °C.

of the copper layer sintered at 200 °C under 3%H,-N, flow was
almost double that sintered under nitrogen flow. This result
indicates that the reduction of Cu,O and Cug,O to metallic
copper strongly enhances the very high diffusion coefficient of
copper atoms, according to the crystalline structure changes
during the reduction.

The XRD patterns of the sintered copper layers prepared
under nitrogen flow (Fig. S5, ESIT) show a broad peak corres-
ponding to Cu,O, but no peak corresponding to Cue,O can be
observed. This suggests that the reduction of the surface Cug,O
and Cu,O is important for the formation of neckings. Even
under a nitrogen atmosphere, the surface copper oxide layer
containing Cue,O was removed because of the carboxylic acid
group of the stabiliser 1-hexanoic acid. (Fig. 12) The estimated
reaction is shown in eqn (1). 1-Hexanoic acid dissolves the
oxide layer on the surface of the copper particles under heating.
By heating the copper particle layer, metallic copper atoms were
generated on the surface, changing the crystal structure.
(Cug,40: cuprite structure, Cu: fee, Fig. 13(a)). During structural
deformation, necking between the particles was created to
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of copper in the copper layers. The grain sizes were obtained from Cu(111)
peaks of X-ray diffractograms shown in Fig. 9, Fig. S4, and S5 (ESIY) using
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Fig. 12 Schematic illustration of the sintering procedure of 1-hexanoic-
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Fig. 13 Schematic illustration of crystalline structural changes during
sintering. (a) Cug4O to Cu and (b) Cu,O to Cu.
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minimise the surface energy. However, at higher temperatures,
metallic copper was oxidised to Cu,O by the oxygen molecules
included in nitrogen gas (99.99%).

Cug,0 + 2RCOOH — Cu (RCOO), + 63Cu + H,0

(1)

Moreover, in the presence of hydrogen, the Cu,O layer is
reduced to metallic Cu (eqn (2)) more rapidly and form strong
neckings between the particles, which results in a lower resis-
tivity than the Cu layer sintered under nitrogen gas flow. The
crystalline structure change from Cu,O (cuprite structure) to
Cu (fec).

Cu,0 + H, — 2Cu + H,0 )

Fig. 13 shows the crystalline structures of the components of
the copper nanoparticles and their changes to metallic copper
during sintering. The explanation of this structure is intro-
duced in ESIt (Fig. $7,* $8°* and S9, ESIf). Cue,O has an
orthorhombic structure, and Cu,O shows a cuprite structure.
And metallic Cu has an fcc structure. As the unit cell of Cug,O
contains 128 Cu and 2 O atoms, it is very complicated to be
instantly understood. Therefore, a crystal with a shape close to
that of fcc metallic copper were cut from the Cue,O unit cell
(Fig. S9, ESIf) and displayed for easier understanding
(Fig. 13(a) left). This cell has two rhombus faces with four
rectangle faces.

As discussed above, during sintering, 1-hexanoic acid works
as a flux and reduces the surface even under nitrogen flow to
expose the metallic copper atoms on the surface. The exposed
copper atoms connect the nanoparticles for necking. With
reduction from Cug4O to metallic Cu (Fig. 13(a)), the length
of the c-axis decreased by almost 11%. It can be estimated that
this change in the crystal structure from orthorhombic to face-
centred cubic leads to a large copper atom diffusion coefficient,
even at low temperatures. Conversely, Cu,O can be reduced to
metallic Cu during sintering under a 3%H,-N, flow. In this
case, there is a considerable structural change from the cuprite
structure to fcc, as shown in Fig. 13(b). This change also
introduces a large copper atom diffusion rate.

In the case of silver, Suganuma et al. proposed a similar
strategy, ‘‘nano-volcanoic” eruption.>® Intermediate Ag-O
fluids were generated at the grain boundary of Ag and rede-
posited on the surface. This mechanism enhances the diffusion
of Ag atoms at low temperatures and enables the formation of
strong dye bonds and highly conductive films by the low-
temperature sintering of silver nanoparticles. However, in the
case of copper, the reduction of Cug,O by the flux 1-hexanoic
acid and of Cu,O by hydrogen enhances the diffusion of
Cu atoms.

To understand the sintering process of 1-hexanoic-acid-
stabilised copper nanoparticles, thin samples of the cross-
section of the sintered layer were observed by aberration-
corrected TEM. The sample for this observation was prepared
using a focused ion beam (FIB).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Aberration-corrected TEM images and SAED pattern of the cross-
section of the obtained copper layer sintered under 3%H,-N, flow. The
sintering temperature was 200 °C. (b) is an enlarged image of the red
square area in (a). Green numbers shown in (b) are the distances of the
fringes corresponding to crystalline Cug4O. Brown numbers shown in (c)
are the face indexes of the corresponding metallic copper. This indicates
that the core of this thin layer is metallic, and the surface is slightly oxidised
to Cug4O. The sample was exposed to air after FIB treatment.

Fig. 14 shows the aberration-corrected TEM results of the
cross-sectional thin sample of the copper layer obtained by
sintering under a 3%H,-N, flow at 200 °C. The necking and
network of copper particles can be observed in Fig. 14(a). The
enlarged image of the necking position (Fig. 14(b)) shows clear
lattice fringes corresponding to Cue,O (green numbers). The
calculated lattice angles between (404) and (175) and between
(036) and (616) of Cue,O were 59.5° and 61.0°, respectively. The
angles indicated in Fig. 14(b) correspond well with the calcu-
lated values. The lattice fringe corresponding to metallic copper
is indicated by the brown numbers. Fig. 14(c) shows the
selected area electron diffraction (SAED) pattern of the thin
copper layer sample. The spots fit well with metallic copper.
The brown numbers indicate the corresponding face numbers
of the metallic copper. These TEM observations strongly sug-
gest that the surface of the FIB-sliced samples was slightly
oxidised to Cug,0 because the samples were exposed to air after
FIB treatment, and the core of the sample can be attributed to
metallic copper, which suggests that the sintered layer is
composed of metallic copper, as indicated by the XRD patterns
shown in Fig. 9.

Fig. 15 shows the aberration-corrected TEM results of the
cross-sectional thin sample of the copper layer obtained by
sintering under nitrogen flow at 200 °C. Similar to the copper
layer sintered under 3%H,-N, flow (Fig. 14(a)), neckings and
connections of the particles can be observed, as shown in
Fig. 15(a). In the enlarged images in Fig. 15(b) and (c), clear
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Fig. 15 Aberration-corrected TEM images and SAED pattern of the cross-
section of the obtained copper layer sintered under nitrogen flow. The
sintering temperature was 200 °C. (b) and (c) are enlarged images of the
red square area in (a). (d) is an enlarged image of the red square area in (c).
Green numbers shown in (b) and (c) are the distances of the fringes and
face indexes corresponding to Cug4O crystal. Red numbers shown in (c)
and (d) are the distances and face indexes corresponding to crystalline
Cu,O. Brown numbers shown in (e) are the face indexes of the corres-
ponding metallic copper. This indicates that the core of this thin layer is
metallic, and the surface is slightly oxidised to CuesO during sample
preparation. The sample was exposed to air after FIB treatment. Cu,O
was not reduced to copper by sintering under nitrogen.

lattice fringes can be observed. The calculated lattice angles
between (448) and (236) and between (036) and (054) of Cug,O
were 50.1° and 77.9° respectively. The indicated angles in
Fig. 15(b) and (c) correspond well with the calculated values.
However, unlike the sintering in the 3%H,-N, flow environ-
ment, the sintering in nitrogen flow showed the presence of
Cu,O at the edge of neckings, as shown in Fig. 15(b) and (d)
(red numbers). This strongly suggests that the necking growth
between copper nanoparticles was inhibited by the presence of
Cu,0, probably because Cu,O cannot be reduced by 1-hexanoic
acid. The existence of Cu,O in the sintered copper layer under
nitrogen flow is also indicated by the XRD patterns shown in
Fig. S2 (ESIT). From the XRD patterns, the use of hydrogen is
highly recommended for the sintering of copper nanoparticles
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at higher temperatures (> 160 °C). Fig. 15(e) shows the selected
area electron diffraction (SAED) pattern of the thin copper layer
sample, and all spots are attributed to metallic copper (brown
numbers). This indicates that the core of the sintered copper
layer consisted of metallic copper.

Fig. 16 is a schematic illustration of necking formation
between 1-hexanoic-acid-stabilised copper nanoparticles by
low-temperature sintering in a 3%H,-N, flow and nitrogen
flow. To prepare the copper nanoparticle pastes in DPG, the
bead milling process was carried out in air. The copper nano-
particles were covered by a very thin Cu,O layer and Cue,O
islands, as observed in the high-resolution TEM image of the
copper nanoparticles. When the particles were sintered in a
3%H,-N, flow, all oxides could be reduced to metallic copper
and wide neckings were generated as a result of the large
copper diffusion coefficient because of the change in crystal
structure during reduction. Conversely, when the particles
entered the nitrogen flow, Cue,O was successfully reduced by
the flux effect of 1-hexanoic acid, generating necking between
the particles. However, Cu,O stopped the necking. Therefore,
especially at higher temperatures, the grain growth, growth of
the necking structure, and network of copper particles after
sintering were significantly improved by sintering in the
presence of hydrogen, as shown in Fig. 10 and 11, and a higher
conductivity was obtained, as indicated in Fig. 8.

Conclusions

In the present study, copper nanoparticles stabilised with
1-hexanoic acid were successfully fabricated. Homogeneous
copper nanoparticle pastes were obtained using a mill with
small bead particles. The obtained paste was printed on an
alumina substrate with a doctor blade and sintered under a
nitrogen or 3%H,-N, mixed gas flow. The copper layers obtained
after thermal sintering were electrically conductive. The lowest
resistivity obtained in this study was 5.1 x 107° Q cm (250 °C
under 3%H,-N,). 1-Hexanoic acid dissolved the Cus,0 oxides on
the surface of the particles and promoted particle-to-particle

© 2022 The Author(s). Published by the Royal Society of Chemistry
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bonding. In the sintering under nitrogen, they were bonded in
the presence of 1-hexanoic acid, but because of the nitrogen
flow, Cu,O was eventually observed at high temperatures.
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