RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 5

RSC/Advances

RSC Advances

ROYAL SOCIETY

OF CHEMISTRY

Low temperature sintering process of copper fine particles under
nitrogen gas flow with Cu**-alkanolamine metallacycle

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

www.rsc.org/

A novel low cost sintering process of copper fine particles to
copper conductive layer at as low as 100 °C without reductive gas
flow. Sintering of a mixture of copper particles and copper-based
metal-organic-decomposition (MOD) ink, gave a copper film with
high packing density and low resistivity (9 x 10° Q m). This novel

process may open a new strategy in the field of printed electronics.

Introduction

Unique properties and applications of metal nanoparticles and
fine particles provide an intensive development of recent
materials.” Many efforts have been made to develop low-
temperature sintering processes for printed electronics
especially for organic devices as well as printing on the
conventional polymer films. Printable processes using
nanomaterials are expected to open a door for novel
manufacturing process which dramatically decreases the
energy consumption compared to the conventional processes.
Metallic silver inks and films with high stability and a high
conductivity are one of the most representative materials for
the printed electronics technology. However, silver
migration is an old problem to be solved even now. Metallic
copper nanoparticles and fine particles are considered as a
preferable candidate according to their low cost, high
conductivity, and less electromigration.s'11 However, their easy
oxidation has prevented their practical usage, especially for
the low temperature sintering process.

In order to overcome the problems of copper, Yabuki'? and

our groupB'16 have recently studied low temperature sintering

ion

Division of Materials Science and Engineering, Faculty of Engineering, Hokkaido
University, Kita 13 Nishi 8, Kita-ku, Sapporo, Hokkaido 060-8628, Japan.
E-mail: tetsu@eng.hokudai.ac.jp
SActual address: Department of Materials and Environment Engineering, National
Institute of Technology, Sendai College, 48 Nodayama, Medeshima-Shiote, Natori-
shi, Miyagi 981-1239, Japan.
t Footnotes relating to the title and/or authors should appear here.
Electronic Supplementary Information (ESI) available: SEM image of the copper
particles used for the CuF-IPA-Cu ink. XRD patterns of solid compounds generated
from CuF-DEAE, and TGA-DTA curves of CuF-IPA complex. See
DOI: 10.1039/x0xx00000x

This journal is © The Royal Society of Chemistry 20xx

compounds for electrically conductive layer formation

Tetsu Yonezawa,* Hiroki Tsukamoto, Yinggiong Yong, Mai Thanh Nguyen, and Masaki Matsubara®

processes using a two-step strategy, that is, oxidative
annealing and reductive annealing. This two-step sintering
process gave a very low sintering temperature to submicron
copper fine particles. At present, the sintering temperature is
still a little high (150 °C,15 200 °C*' or more than
200 °C).*****® we have applied proton-initiating decomposable
polymer as the stabilizing reagent of copper fine particles and
they could be sintered at 150 °c.” In order to apply copper
inks or pastes to organic electronic devices, very low sintering
temperatures are demanded. For example, laser sintering is
one possibility of a low temperature sintering.w‘21
Recently, metal-organic-decomposition (MOD)
attracted considerable attention for low temperature sintering.
The MOD ink of copper consists of copper salts, ligands, and
some additives; this ink will decompose to form copper film
after sintering.zz'26 Kim et al.*® demonstrated that the ultimate
electrical resistivity of a film depends on the copper
concentration in copper (Il) formate (CuF)-hexylamine complex
which controls the porosity and impurity content of the film.
The lowest electrical resistivity, obtained from the ink (mole
ratio of Cu to hexylamine was 1:2.6) annealed at 200 °C
followed by formic acid reduction at 250 °C, was 5.2 x 10%Qm.
Yabuki and coworkers used complexes of copper formate and
various amines, and studied the relationship between the size
of nanoparticles and the types of amines as well as the length
of the alkyl chain. The lowest resistivity they could achieve was
5x 10® Q m at 140 °C.%® Shin et dl. reported self-reducible and
alcohol-soluble copper-based MOD ink. They used CuF as the
precursor, 2-amino-2-methyl-1-propanol as the ligand,
octylamine as the co-complexing agent, and hexanoic acid as
the sintering helper to obtain a resistivity of 2.3 x 10°Q m
after sintering at 200 °C under Nz.zz Farraj et al. investigated
the mechanism of the decomposition process of the complex
between copper formate and 2-amino-2-methyl-1-propanol.
The lowest resistivity after sintering under N, was 1.1 x 1070
m at 190 °C.% Choi et al. elucidated the nucleation and growth
copper nanoparticles which
microstructure of film during sintering. Using copper (Il)
formate as the copper source and hexylamine as the ligand,
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they achieved the lowest resistivity of the copper film (4.1 x
107 Q m) at 200 °C under a formic acid atmosphere.24

In the above reports, the sintering temperature (130 °C -
250 °C) to achieve a low resistivity in the range of 10°- 10
Q m is still high from the view of cost.

In this study, we would like to propose a novel method to
obtain high conductivity of copper film at low sintering
temperature based on the addition of copper particles to a
complex of copper(ll) formate and 1-amino-2-propanol
(isopropanolamine) to form the copper ink. We expected a
higher packing density of the copper film after decomposition
of copper complex followed by the co-sintering of the added
copper and generated copper particles, leading to a higher
conductivity at a lower sintering temperature. Our results
demonstrated that without using any organic additives and
helpers as well as reductive gas during sintering, we have
successfully obtained copper films with resistivity in the order
of magnitude of 10° O m at 100 °C. To the best of our
knowledge, this is the first time to prepare ink by mixing
copper particles with copper-based MOD ink and to allow such
low resistivity at 100 °C by using copper-based MOD ink.

Experimental

Materials. Copper(ll) formate tetrahydrate (Cu(HCOO),-4H,0,
CuF) (Wako, Japan) was used as copper source. Alkanolamines
including 1-amino-2-propanol (isopropanolamine, IPA, Junsei,
Japan), 2-amino-1-butanol (2AB, TCl), and 2-
diethylaminoethanol (DEAE, Junsei) were used as the ligands
to form the complexes with CuF. Water was purified using an
Organo/ELGA Purelab system (> 0.18 MQ m). Copper fine
particles (Dowa, Japan) with median diameters of 0.8 um
(determined by SEM, Fig. S1) were used as received.

Preparation of copper (ll) formate-alkanolamine (CuF-
alkanolamine) inks. We have selected the aforementioned
alkanolamines as ligands because stable, 5 membered
metallacycles can be formed between the alkanolamines and
copper. 10 mmol of CuF (2.6 g) was added to 10 mmol of the
alkanolamines (1:1 (mol CuF: mol alkanolamine), IPA (0.75 g),
2AB (0.89 g), and DEAE (1.2 g). These alkanolamines are
bidentate. The chemical structures of the obtained CuF-
alkanolamine complexes are displayed in Fig. 1. Then, the
mixture was stirred to obtain homogeneous liquids. After CuF
completely dissolved in the alkanolamines, copper complexes
were used as the MOD inks to prepare copper films.
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Fig. 1 Chemical structures of copper-alkanolamine complexes
studied here. (a) CuF-IPA, (b) CuF-2AB, and (c) CuF-DEAE.

Preparation of copper (ll) formate-IPA-copper particle (CuF-

IPA-Cu) inks. CuF-IPA complexes were prepared using CuF (10
mmol, 2.6 g) and IPA (10 mmol, 0.75 g). Copper particles with
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median diameters of 0.8 um (Fig. S1) were added into the as-
prepared Cu-IPA complexes using a molar ratio of 1 to 6 (CuF
to copper particle), followed by mixing using a conditioning
mixer less than 30 min to form the CuF-IPA-Cu inks. The total
concentration of Cu in the ink was approximately 65 wt%
Preparation of copper films. The as-prepared CuF-
alkanolamine inks and CuF-IPA-Cu inks were deposited on
alumina substrates using a doctor blade (used thicknesses of
the printed areas were 100 um and 40 um, respectively) and
sintered in a tube furnace at 100 °C under N, gas at a flow rate
of 1 dm® min™. 99.99 % N, gas from cylinder was used for
sintering of the CuF-alkanolamine inks, and 99.9 % N2 gas
generated using a nitrogen supplier (model 05, System
Instruments, Japan) was used for sintering of the CuF-IPA-Cu
ink. The obtained copper layers were characterized and used
for further measurements.
Characterizations and measurements. Thermogravimetric-
differential thermal analysis (TGA-DTA) measurements were
performed using a Shimadzu DTG-60H. X-ray diffraction (XRD)
patterns were obtained using a Rigaku Miniflex-Il
diffractometer. Scanning electron microscopy (SEM) images of
the copper particles and copper films were collected using a
JEOL JSM-6701F field-emission type SEM. The resistivity of
copper films was measured by a four-point probe method
using a Mitsubishi Chemical Analytech Loresta-GP with an ASP
probe.

Results and discussion

Metal source and alkanolamines. The most important
advantage of CuF is its self-reduction ability, as it forms copper
and releases hydrogen gas during the decomposition (eqgs. 1-
3).27’28 Moreover, alkanolamines also shows reduction
abilitiees.® This facilitates the reduction of Cu®" from CuF to
Cu(0), and prevents the oxidation of copper during sintering
and reduces surface oxides from the commercially available
fine copper particles. The low decomposition temperature of
the CuF-alkanolamine complexes allows for the formation and
sintering of copper particles to be performed under nitrogen
gas only, thus negating the need for the use of reductive gases
such as hydrogen or formic acid.?*?® At the same time, the low
decomposition temperature meets the requirement of low
temperature and cost for printed electronics, that is, printable
on the plastic substrates with low glass transition temperature
as well as on organic electronics parts. Finally, the
decomposition of CuF results in H, and CO,, without leaving
any organic residues that can decrease the conductivity of the
film. Usually, metallacycle complexes exhibit high stability.
These complexes also exhibit low evaporation or
decomposition temperatures.

Stability of copper (ll) formate-alkanolamine complexes.
Alkanolamines including IPA, 2AB, and DEAE were selected to
study the stability of MOD inks prepared using a 1:1 molar
ratio of CuF and the alkanolamine. Fig. 2 shows the colour
changes of different CuF-alkanolamine complexes over time.
For the CuF-IPA and CuF-2AB complexes, there were no
obvious colour changes after 14 days and 6 h, respectively.

This journal is © The Royal Society of Chemistry 20xx
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However, some solid components formed with the Cu-2AB
complex after 4 h, as shown in Fig. 2b. In contrast, the colour
of the CuF-DEAE complex began to change from indigo to light
blue after keeping for 1 h (Fig. 2c). The color of CuF-DEAE
complex continuously changed to light turbid blue with time.
This indicates the formation of solid materials with light blue
color in the liquid.

Oh

0.5h 1h

Fig. 2 Photographs of different CuF-alkanolamines complexes after for
various time: (a) CuF-IPA, (b) CuF-2AB, and (c) CuF-DEAE complexes.

XRD measurements of the CuF-alkanolamine complexes (Fig.
3) were performed. After preparation, all the CuF-
alkanolamine complexes exhibited an amorphous phase as
noted by the XRD patterns. With a storage time of up to 14
days, negligible changes were observed in the XRD pattern of
the CuF-IPA complex. The XRD patterns of the CuF-2AB
complex showed intense peaks after keeping for 4 h, indicating
the formation of crystalline products. Unfortunately, the solid
products could not be identified. On the other hand, after only
0.5 h, the XRD pattern of CuF-DEAE complex revealed peaks
related to crystalline phases. By comparing this pattern with
JSPDS cards, we found that copper formate hydroxide
(CH,CuO3, Cu(HCOO)(OH)) was the main component of the
corresponding solid (Fig. 52).29 This compound is greenish blue,
and the colour change observed in Fig. 2c can be explained by
the colour of this compound.

In both cases, the XRD peaks became sharper and more
defined with increased storage times. Based on these results,
it was concluded that among the alkanolamines used in this
study, IPA formed the most stable complex with CuF.

The aforementioned results were attributed to the stability
of the structures of different CuF-alkanolamine complexes (Fig.
1). According to hard soft acid base theory,30 IPA and 2AB can
form bidentate interactions with copper, resulting in stable
structure of five-membered metallacycles. However, as DEAE
is a tertiary amine with two ethyl groups that bind to N, it is
sterically hindered. Therefore, the bidentate structure shown
in Fig. 1c should be more unstable than those of the other two
complexes. Therefore, Cu(HCOO)(OH) was generated and
formed a solid powder.

This journal is © The Royal Society of Chemistry 20xx

IPA and 2AB have similar molecular structures (Figs. 1a and
1b). However, CuF-IPA did not form any solid compounds,
probably due to differences in the self-assembly of the two
complexes. CuF-2AB complexes may stack on each other owing
to their amphiphilic structure. Therefore, no colour change
was observed in Fig. 2b, but self-assembled solid components
were formed after several hours. We chose IPA as the optimal
ligand for complex formation with CuF in the next step of our
study due to the best stability of the CuF-IPA complex.

14 days
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Fig. 3 X-ray diffraction patterns of different CuF-alkanolamine

complexes over time: (a) CuF-IPA, (b) CuF-2AB, and (c) CuF-DEAE

complexes.

Conductivity of copper film prepared from CuF-IPA complex.
In order to investigate the resistivity of the copper film
fabricated using the CuF-IPA complex, the printed complex
was sintered under N, at 100 °C. Layers of CuF-IPA complex
were prepared using a doctor blade with the thickness of 100
pm.

The blue layer of the CuF-IPA complex turned into a brown
film (Figs. 4a and 4b) after 1 h of sintering at 100 °C under
nitrogen flow (99.99%). In the XRD pattern of the sintered
sample, all of the observed peaks belonged to metallic copper.
This XRD pattern clearly indicate that reduction of cu? to
Cu(0) proceeds at 100 °C in the presence of IPA. The formation
of metallic copper was due to the decomposition of CuF
accompanied by the generation of H, reductive gas. After
reduction of Cu2+, IPA evaporates slowly because boiling point
of IPA is 160 °C. The decomposition of the CuF-IPA complex
was also confirmed using TGA-DTA (Fig. S3). Decomposition of
CuF-IPA occurs even at lower than 100 °C. It is possible that
copper ions were also reduced during heat treatment of CuF-
IPA.”

J. Name., 2013, 00, 1-3 | 3
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Fig. 4 (a-b) Photographs of CuF-IPA complex prepared using CuF and

100

IPA (1:1 molar ratio) before and after sintering at 100 °C under N, for 1
h, respectively; (c) XRD pattern of the film shown in Fig. 4b.

However, when only CuF-IPA complex was used for printing,

it was difficult to obtain a uniform copper film after sintering
(Figs. 4a-b). Conductivity was not detected for the copper film
obtained after sintering the CuF-IPA ink at 100 °C, owing to the
formation of many cracks and the inhomogeneity of the
copper film. This problem was also reported by Shin et al.
when 2-amino-2-methyl-1-propanol was used as the ligand
and isopropyl alcohol was used as the solvent to prepare a
copper complex ink.??
Copper films prepared from CuF-IPA-Cu inks. To overcome the
aforementioned problems, instead of using organic additives
or sintering helpers as in previous studies,zz'26 we introduced
copper particles into the CuF-IPA complex to make the ink. The
total copper concentration in this ink is approximately 65 wt%.
In this way, the use of organic additives and sintering helpers
as well as a reducing gas could be avoided while the packing
density of the copper film was improved after the
decomposition of the copper complex followed by the co-
sintering of the added copper and generated copper particles.
This can lead to a higher conductivity of the resulting copper
film at a lower sintering temperature.

The sintering temperature was reduced to 100 °C and the
resistivity of the film was measured using the sample prepared
by adding 0.8 um-copper particles. The particle size of 0.8 um
was optimal in this study because in smaller particles, much
protective agents, which cover the copper particles, prevent
interactions between copper particles during sintering.
Conversely, bigger particles lead to a poor packing density
owing to the large pore volume.

4| J. Name., 2012, 00, 1-3
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Fig. 5c shows the SEM image of the sintered copper films
obtained from the CuF-IPA-Cu ink. The connections among
copper particles were observed in the films prepared using
0.8- um copper particles after sintering for 1 h at 100 °C. Under
these conditions, a resistivity of 9.0 x 10°Q m was obtained.
The relatively lower concentration of IPA contributed to the
higher packing density of the obtained copper film. Figs. 5a
and b show the photographs of the CuF-IPA-Cu ink after
printing at room temperature and after sintering at 100 °C,
respectively. Compared to the sintered film from the CuF-IPA
complex, the sintered copper film prepared from the CuF-IPA-
Cu ink exhibited much higher uniformity. No cracks were
observed on the surface of film. By adding copper particles
into the ink, the packing density was significantly improved
after sintering at 100 °C. Tight connections among copper
particles were observed in the SEM image (Fig. 5c) of the film
after sintering, which resulted in the low resistivity. This result
demonstrated the effectiveness of the developed method in
terms of producing a film with high conductivity at a low
sintering temperature.

Fig. 5 (a-b) Photographs of CuF-IPA-Cu ink after printing and after
sintering at 100 °C under N, for 1 h, respectively. (c) Cross sectional
SEM image of the copper film shown in Fig. 5b. The CuF-IPA-Cu ink was
prepared using 0.8-um copper particles and a 1:1:6 molar ratio of CuF
to IPA to copper particles with 1 to 1 to 6.

Conclusions

In conclusion, highly conductive copper films were achieved at
a very low sintering temperature of 100 °C by using a copper-
based MOD ink and a without reducing gas for the first time.
Without usage of reducing gases, such as hydrogen, makes the
system safer and simpler. The addition of copper particles to
CuF-IPA complexes at sintering temperature of 100 °C resulted
in a film with a resistivity of 9.0 x 10°Q m. The developed
sintering process had significant advantages in the production

This journal is © The Royal Society of Chemistry 20xx
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of a highly conductive film for printing, including: (i) enhanced
packing density, smoothness and uniformity of the copper film
based on the direct sintering of the added copper particles and
copper particles generated during the decomposition of the
copper complex, (ii) avoided the use of organic additives and
sintering helpers as well as reducing gas, and (iii) reduced
energy and time. Sintering at 100 °C enable us to use this
sytem with PET films. Optimization of detailed sintering
parameters and preparation of stable pastes or inks are
underway in our laboratory and will be reported in due course.
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