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Conductive inks have attracted tremendous attention owing to their adaptability and the convenient
large-scale fabrication. As a new type of conductive ink, copper-based ink is considered to be one of the
best candidate materials for the conductive layer in flexible printed electronics owing to its high conduc-
tivity and low price, and suitability for large-scale manufacturing processes. Recently, tremendous pro-
gress has been made in the preparation of cooper-based inks for electronic applications, but the antioxi-
dation ability of copper-based nanomaterials within inks or films, that is, long-term reliability upon
exposure to water and oxygen, still needs more exploration. In this review, we present a comprehensive
overview of copper inks for printed electronics from ink preparation, printing methods and sintering, to
antioxidation strategies and electronic applications. The review begins with an overview of the develop-
ment of copper inks, followed by a demonstration of various preparation methods for copper inks. Then,
the diverse printing techniques and post-annealing strategies used to fabricate conductive copper pat-
terns are discussed. In addition, antioxidation strategies utilized to stabilize the mechanical and electrical
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properties of copper nanomaterials are summarized. Then the diverse applications of copper inks for
electronic devices, such as transparent conductive electrodes, sensors, optoelectronic devices, and thin-
film transistors, are discussed. Finally, the future development of copper-based inks and the challenges of
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1. Introduction

The next-generation electronic devices (e-devices) are developing
in the direction of wearables, and their advantages of light
weight and portability are attracting increasing attention." The
failure strain of monocrystalline silicon being less than 2%,* so
many silicon-based devices have poor ductility with high
weight, which makes it difficult to adapt them to the require-
ments of flexibility and portability for wearable e-devices.”” At
the same time, the high demand combined with the complexity
of the traditional device preparation process make it difficult to
achieve mass production at a low price.*° Printed electronics
(PE) technology, which combines traditional printing techno-
logy with electronic manufacturing, often wuses solution
methods to prepare customized patterns through printing."* ™
Owing to the advantages of little waste of materials and a
simple process, PE technology has been widely used in the
large-scale preparation of electronic devices.'"* Meanwhile, the
printing process can be used to prepare electronic circuits and
devices on different substrates, breaking the limitations of tra-

Hunan Key Laboratory for Super-Microstructure and Ultrafast Process, School of
Physics and Electronics, Central South University, Changsha, 410083 Hunan,
People’s Republic of China. E-mail: pei. he@csu.edu.cn, junliang.yang@csu.edu.cn

This journal is © The Royal Society of Chemistry 2022

their application in printed electronics are discussed.

ditional silicon-based circuits, and the prepared devices have
the characteristics of light weight, low cost, and bending resis-
tance, promoting the development of the next generation of
intelligent electronic devices.'>™*°

Conductive inks are one of the most important functional
materials in printed electronic devices, and their properties
determine the methods of printing and annealing. In recent
years, many conductive ink materials have been developed,
such as graphene,® > carbon nanotubes,>>® metal
nanoparticles,” >° and conductive polymers.*** Although
organic polymers have good ductility and robustness, their
conductivity is poor, necessitating additional fillers and
doping to meet the application requirements. Graphene has
no band gap, but only the ideal two-dimensional monolayer
structure has good conductivity. In contrast, metallic materials
with high intrinsic conductivity (Au ~2.44 pQ cm, Ag ~1.59 pQ
cm, Cu ~1.68 pQ cm, Al ~2.65 pQ cm, Ni ~6.99 pQ2 cm) have
great potential in low-power transmission and sensing.** As an
inert metal, gold generally does not react with other sub-
stances, and is widely used in TFTs and solar cells.**™’
However, its high price restricts its use for ink printing. As an
alternative to gold, silver shows high conductivity and good
fineness, and can be applied to a variety of printing
methods,*®*° but its low electromigration resistance makes it
prone to electromigration,’® resulting in long-term stability
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decline, and its price is relatively expensive. Copper is abun-
dant (more than 1000 times the content of silver), cheap
(1% of the price of silver), and shows good electrical conduc-
tivity (between those of silver and gold) and thermal
conductivity.**™’

Copper-based inks are attracting increasing attention. A
large number of studies have shown that copper-based inks can
achieve high conductivity through printing, which is necessary
to realize the industrialized preparation of large-scale flexible
electronic devices.*® > However, there are two obvious problems
in copper-based inks, that is, the conductivity in the initial
stage and long-term stability after preparation.’>* There are
many factors affecting the conductivity, such as the specific
gravity of the metal filler, the bridging between single metal par-
ticles (nanowires), and the porosity of the sintered film.*®
The stability is poor because copper is easily oxidized into
copper oxide (CuO) and cuprous oxide (Cu,O) when placed in
air.’” "% Therefore, how to prepare copper-based ink with low
resistivity and strong oxidation resistance is a problem that
people have been focusing on.

In recent years, copper-based ink has developed rapidly in
the field of printing electronics, including the preparation of
the ink, the improvement of the printing process, and new
applications.®*™®® To improve the electrical conductivity and
stability of copper film after printing, many efforts have been
made to modify the ink filler, adjust the printing mode, and
optimize the sintering process.®”””?> This review summarizes
the recent work on copper-based inks, including the prepa-
ration and characteristics of common copper-based inks, and
then the preparation of electronic devices through appropriate
printing methods and sintering processes. In addition, we also
introduce several methods to protect the printing plate from
oxidation. Finally, we summarize the applications of copper-
based ink, as shown in Fig. 1.
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2. Preparation and properties of
copper inks

Metal inks need to be sintered after printing to achieve neck
connection between particles for conductivity. Compared with
silver, the higher melting point of copper necessitates more
energy during the sintering process.”®”® However, with the
increase in temperature, the oxidation of copper seriously
affects its conductivity, hindering its application as a high con-
ductivity material. More importantly, flexible substrates (such
as PET, PEN, and paper) cannot exist stably at high sintering
temperatures (>150 °C). Thus, to realize sintering at lower
temperatures (<120 °C) and solve the oxidation problem,
copper-based inks with different formulations have been devel-
oped in previous research works.”*””° The different types of
ink materials can be classified as follows: copper particle ink,
copper nanowire ink, copper precursor ink, and copper mixed
ink. This section discusses different formulations of copper
inks and their performance.

2.1. Copper particle ink

As one of the earliest developed materials, the preparation
methods for metal particles are mature, such as chemical
reduction,  electrochemical  synthesis, and thermal
treatment.”®**®* Micron or nanoscale particles show the
unique properties of quantum size, but with the reduction of
size, copper particles have a higher specific surface area,
which means that they can be dispersed in solvents with a
stabilizer to form conductive inks.®® However, for copper par-
ticles, small size will make more copper element exposed to
water or oxygen to form oxides (CuO, Cu,0), which means that
copper particle inks usually need to be stored in reducing solu-
tions, such as oleic acid.**®” More importantly, the higher
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Fig. 1 Schematic diagram of the classification, fabrication, antioxidation methods and application of copper inks.
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melting point of copper oxide (CuO ~1446 °C) will increase
the temperature requirement for sintering. Although the syn-
thesis of copper particles with a smaller radius can effectively
reduce the temperature required for sintering,*®®® it will also
make the particles agglomerate and precipitate in the
solvent,®® resulting in nozzle blockage during the printing
process. At present, the mainstream solution to increase the
interaction between molecules and cover the copper particles
to form a protective layer is to add capping agents of organic
substances, such as polyvinylpyrrolidone (PVP),>**%%°* oleic
acid,” thiol,>*°> oleamine,’® cellulose®”"*® and acid.”®®° The
capping agents can be effectively desorbed during the sub-
sequent sintering process, as shown in Fig. 2a. In addition, for
different applications, additional additives (such as adhesives
and surface tension modifiers) are needed to increase the
adhesion between the ink and the substrate or change the
shear adaptability of the ink.”® Information for several copper
particle inks in terms of the materials, capping agents, sinter-
ing methods, and resistivity is listed in Table 1.

The chemical reduction generally uses substances such as
ascorbic acid'®* or hydrazine'®*'** to reduce copper-contain-
ing compounds (Cu(NOj3),,"*"%” Cu(HCOO),,”* CuCl,,"**°
etc.) to obtain elemental copper particles (CuPs). The capping
agent can achieve chemisorption in solution through the inter-
action of lone electron pairs between N, O and Cu, forming a
barrier between Cu and the outside environment (Fig. 2b).'*
Jeong et al. synthesized copper nanoparticles (CuNPs) by
polyol method, in which PVP with different molecular weights
was added to the solution to control the thickness of the oxide
layer on the surface of copper particles.’® Using PVP with a
molecular weight of 40000 g mol™", the synthesized copper
particles had a diameter of 60 + 8 nm and the minimum thick-
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ness of the CuO layer was 1.6 nm. PVP not only disperses the
synthesized Cu particles evenly, but also improves the
adhesion between the printed film and the substrate.
Yokoyama et al. optimized the PVP concentration and dis-
persion time in the CuNPs ink and obtained the best dis-
persion effect and sufficiently high interface fracture energy at
a concentration of 5 wt%.”" The sintering temperature was
reduced to 225 °C and the resistivity of the film was 44.7 pQ
cm. Moreover, this ink can be applied to various substrates
(glass, polyimide, polyaniline, liquid crystal polymer).
However, the insulation of PVP affects the conductivity of the
sintering pattern, and its high molecular weight means that its
removal requires a high temperature,*® which is not appli-
cable to substrates with a low glass transition temperature (Ty).
Thus, it is necessary to find capping agents that can be decom-
posed at low temperature.'!

Short-chain carboxylic acids are regarded as good capping
agents because of their good oxidation resistance and low
decomposition temperature.’*>™*” The length of the carbon
chain and the functional groups can affect the size and uni-
formity of the growth of copper particles. Longer carbon
chains and more functional groups can improve the van der
Waals interaction between molecules and produce greater
cohesion, to obtain Cu with smaller particle size and better
dispersion ablilty.’*® Deng et al. prepared stable copper nano-
particles with particle sizes less than 10 nm with lactic acid as
a capping agent.”® The low decomposition temperature of
lactic acid enables the cooper ink to turn into Cu film with a
resistivity of 21.0 £ 7.0 pQ cm after annealing at 150 °C. They
also found that increasing lactic acid concentration not only
reduced the size of the synthesized copper particles, but also
distributed the copper particles. However, with the addition of
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Fig. 2 (a) Schematic diagram of high-molecular-weight PVP chemisorbed on the surface of CuNPs.”® Reproduced with permission from ref. 76.
Copyright 2021 Elsevier. (b) The mechanism of PVP, CTAB, and the mix of PVP and CTAB with CuNPs.2°° Reproduced with permission from ref. 100.
Copyright 2013 Springer. (c) Molecular structures of thiols according to the stability in air when used as a capping layer for CuNPs.1°! (d) The UV-vis
stability of MPA-treated CuNPs.1%! Reproduced with permission from ref. 101. Copyright 2017 Springer.
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more acid, the pH of the ink will decrease, which will increase
the copper reduction rate, and a large number of copper cores
will rapidly accumulate, converge into large pie ces and
harden.”® The purpose of capping is to make the capping
agent form strong covalent bonds around Cu particles and
hinder the agglomeration between particles and contact with
oxygen. Therefore, in principle, a material that forms a strong
covalent bond with copper is the best choice. Compared with
copper-amine and copper-carboxylic acid bonds, copper-
sulfur (Cu-S) bonds have stronger binding energy, so thiol
solutions are the primary choice for capping.'*® However, it is
reported that thiol solution as a capping agent will etch
CuNPS, making this scheme undesirable."*' Dabera et al.
found for the first time that using mercaptan ligands with a
short alkyl chain and containing hydrophilic carboxylic acid
end groups can significantly reduce the oxidation rate of
copper nanoparticles in the air without etching copper nano-
particles,'" as shown in Fig. 2d. The extinction spectrum of
copper nanoparticles with 3-mercaptopropionic acid (MPA)
only redshifted by 5 nm after being placed in air for 16 hours,
showing high antioxidant performance. At the same time, the
low boiling point of MPA (111.5 °C at 2.0 kPa) also greatly
reduces the temperature required for sintering. High copper
content copper particle inks can produce films with low resis-
tivity after printing and sintering, but the addition of a
capping agent and the use of reducing substances can only
delay the oxidation process, which means that the copper par-
ticle ink often needs to be used immediately after preparation
in the application process. This limits the convenience of use.

2.2. Copper nanowire ink

During the process of synthesizing copper particles, if the
ligand is limited to binding specifically to other surfaces of
copper, the nano copper will be guided to grow into
one-dimensional along the

nanowires uniaxial
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direction.*"***8>%142 Copper nanowires (CuNWs) have excel-
lent mechanical toughness and an efficient electron transfer
rate.'*® The contact between rods without melting to form a
neck connection significantly reduces the temperature
required for sintering. CuNWs are generally synthesized in
solution, using either the hydrothermal method or the organic
solvent method depending on the solvent environment."** 4
Table 2 lists the materials, capping agents, sintering methods,
aspect ratio, and resistivity of some CuNWs inks.

The hydrothermal method generally uses deionized water
as the reaction medium, with hexadecylamine (HDA),**"~***
ethylenediamine (EDA),"**>*** octadecylamine (ODA)"*>**” and
PVP**1%%1%9 a5 the limiting ligand. By controlling the heating
temperature, limiting ligand concentration and reaction time,
CuNWs with different lengths and diameters can be obtained
(Fig. 3a)."* Conductive networks composed of copper nano-
wires can be used to prepare transparent conductive films
owing to the low duty cycle.® Considering the superposition
and entanglement of multiple nanowires in practical appli-
cations, such as transparent conductive films, it is often desir-
able to synthesize CuNWs with a small diameter and longer
length. Zhong et al. synthesized well-dispersed CuNWs with an
average diameter of 28 + 2.7 nm and a length of several
hundred microns by using HDA as the capping agent.'®® HDA is
a limiting ligand widely that is used in the synthesis of copper
nanowires. It can be used as a capping agent for the synthesis
of copper nanowires, and can also be used as a ligand to
enhance the dispersion of copper nanowires and reduce the
agglomeration of the nanowires, as shown in Fig. 3b."®* The dia-
meter of CuNWs can be reduced by increasing the reaction
temperature and ligand/reducing agent concentration. However,
when the diameter is less than 30 nm, it is difficult for CuNWs
to exist uniformly and stably due to the surface effect of the
small-sized particl es.'*® Kim et al. first proposed the synthesis
of ultrafine CuNWs with an average diameter of 11.3 nm and

Table 2 Summary of CuNWSs inks detailing the materials, capping agents, reductant, length, diameter, figure of merit (FoM) and sheet resistance

Material Capping agent/reductant Length (pm) Diameter (nm) FoM Sheet resistance (Q sq™) Ref.
Cu(NO;), EDA/hydrazine 10+3 90 + 10 52.3 15 152
CuCl, HDA/glucose 35 50 72.3 25 147
CuCl, HDA/glucose 5-100 44.6 119.0 24 148
CuCl, HDA/glucose >50 66 + 17 NA NA 163
CuCl, HDA, PVP/glucose >100 28 £2.7 117 9.5 160
CuCl, Oleylamine/ascorbic acid 41.2 £ 22 100 + 47 192.6 10.3 164
CuCl, Oleylamine/tris(trimethylsilyl)silane 10-20 21+4 89.8 35 60

CuCl, Oleylamine/ascorbic acid 41.2 £22 115+5 107.2 12.6 165
CuCl,/Cu(acac)2 Oleylamine/octadecene 35-45 30-35 41.2 24.5 77

CuCl, Oleylamine/ascorbic acid 40 £ 21 134 +4 177.7 7.6 166
CuCl, HDA/glucose Aspect ratio 1570 110.9 46 161
CuCl, ODA/glucose 38+2 62 + 14 48.5 35 167
CuCl, HDA/WS, 70 11.3 154.3 28.5 162
CuCl, HDA/glucose 49.3 £19.9 45.4+17.4 66.8 31 168
CuCl, HDA/glucose NA 40 93.4 60 169
CuCl, HDA/glucose NA 30 111.3 19 170
CuCl, HDA/glucose >100 36 80.9 34.05 171
CuCl, HDA/glucose NA NA 248.1 14.2 61

CuCl, ODA/glucose 20-50 30-90 79.8 20 155
CuCl, HDA/glucose 30+13 36+5 47.7 31.6 151

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Synthesis of CUNWs. (a) Optical image of the hydrothermal method.'>2 Reproduced with permission from ref. 152. Copyright 2010 John
Wiley and Sons. (b) Schematic image of the growth of CuNWs with different concentrations of HDA.'! Reproduced with permission from ref. 161.
Copyright 2020 Springer. (c) SAED pattern of CuNWSs with the incident beam perpendicular/parallel to one of the side facets.'®? (d) Schematic illus-
tration of the growth of CUNWSs with WS,.1%? Reproduced with permission from ref. 162. Copyright 2020 American Chemical Society. (e) Optical
image of organic solvent methods.*®* (f) Schematic of the formation of CUNWs using OM.*¢* Reproduced with permission from ref. 164. Copyright
2017 John Wiley and Sons. (g) Schematic diagram of the separation and purification CuNWSs.*®” Reproduced with permission from ref. 167.

Copyright 2020 Elsevier.

length of 70pm using tungsten disulfide nanosheets as the cata-
lytic reducing agent, copper chloride as the copper source, and
HDA as the limiting ligand.'®® As shown in Fig. 3c and d,
HRTEM analysis showed that the CuNWs grew along the (110)
direction, consistent with the conventional growth mode. This
reveals the effectiveness of transition metal dichalcogenides
(TMDs) in synthesizing metal nanowires.

The organic solvent method is similar to that of aqueous
phase synthesis. Notably, the organic solvent can not only be
used as a reaction site but also as a limiting ligand to control
the uniaxial growth of CuNWs.””'®*1% Ag shown in Fig. 3e,
ascorbic acid (AA) was used as a reducing agent with oleyl-
amine (OM) was the solvent and limiting ligand to guide the
growth of CuNWs.'®* Elemental copper, as a face-centered
cubic (FCC) structure, exhibits the highest atomic packing
density in the (111) direction. Therefore, OM tends to adsorb
on the (100) surface with stronger surface activity, resulting in

16008 | Nanoscale, 2022, 14,16003-16032

limited copper core growth in this direction, and finally
guiding CuNWs to grow along the (110) direction (Fig. 3f).
CuNWs are generally synthesized along with trace copper
nanoparticles in the process, which can be effectively separ-
ated and purified by adding hydrophobic organic solvents. In
addition, Hashimi et al dispersed CuNWs in the organic
phase by adding chloroform (CHCI;) to achieve the effect of
separation and purification from CuNPs, as shown in
Fig. 3g."®” The organic solvent residue needs to be removed by
increasing the heating temperature. Meanwhile, excessive
organic matter will affect the conductivity of the nanowires.
Aqueous phase synthesis has the advantages of fast reaction,
minimal residue, and convenient purification, which is widely
used in experimental studies. Although CuNWs have excellent
light transmittance and flexibility, electron scattering is inten-
sified when the diameter is reduced to the mean free path of
copper (40 nm), which usually makes the film produced by
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CuNWs much less conductive than film produced from dense
sintered copper film.

2.3. Copper precursor ink

Copper precursor inks can decompose to produce elemental
copper under the action of reducing agents by heating or light
irradiation, while the ligands evaporate in the gaseous state.
The existence of Cu(u) gives the ink the specific characteristics
of long stability and easy processing, which effectively avoids
the oxidation and precipitation of copper in the storage period,
and greatly improves the convenience of Cu ink.'?7'7>173
Information on copper precursor inks in terms of the materials,
reducing agents, sintering methods, and resistivity is listed in
Table 3. Among previously reported Cu metal-organic decompo-
sition (MOD) inks, copper formate (Cu(HCOO),) is regarded as
an ideal precursor material owing to its advantages of good oxi-
dation resistance in air, low thermal decomposition tempera-
ture (150-250 °C), low amounts of residue and low price.'”*7°
Its decomposition equation is as follows: Cu(HCOO), — Cu +
H, + 2CO, + H,O0. In order to improve the processing efficiency
of copper precursor ink, an amine ligand was introduced to
provide central copper ions with electron-induced partial
reduction of copper(u), which significantly reduced the tempera-
ture required for copper reduction. Since coordination can be
formed in all six directions of the Cu(u) space, the configuration
of the Cu complex changes from octahedron to square plane
during the reduction process, and finally metal Cu is
obtained."” Kim et al. sintered copper foil with the lowest resis-
tivity of 5.2 pQ cm in a formic acid atmosphere by mixing
copper formate and hexylamine, and pointed out that the
content of hexamine affects the size distribution of copper par-
ticles (inverse ratio).'”® Choi et al compared the effect of
different concentrations of hexylamine on copper nucleation
and found that higher concentrations resulted in the formation
of small CuNPs and less porous copper films, as shown in
Fig. 4a."” The role of hexylamine as a reducing and capping
agent in the decomposition of copper precursor ink was con-
firmed, as shown in Fig. 4a. Compared with monoamine,
diamine can be heated to produce imine, thus competing for
0O, molecules on the active site of the copper surface to improve
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oxidation. Dong et al used 1,2-diaminopropane (PDA) and
copper formate as precursors and heated them directly in air to
obtain a copper film with a resistivity of 18 pQ cm.'”?

In the copper formate-amine complex, the decomposition
temperature is determined by the interaction between hydro-
gen on the amine group and oxygen in the formate root
(hydrogen bond); the size and porosity of the copper particles
formed after sintering are also affected by the boiling point
and coordination capacity of amine.'®*'%* Paquet et al. used a
variety of amines to coordinate copper formate, and found
that the decomposition temperature of copper formate gradu-
ally increased with the increase of hydrogen bonding.'*® In
addition, they also found that amines with a medium boiling
point and strong coordination ability with the central copper
ion (2-ethyl-1-hexylamine, octylamine and, decamine) can be
sintered at low temperature to obtain good conductivity
(140 °C,7 pQ cm), which is due to the rapid volatilization of
amines with low boiling points and weak coordination ability
during sintering, resulting in uneven growth size and agglom-
eration of the copper cores (Fig. 4b). In general, the decompo-
sition of amine-coordinated copper formate can be divided
into the processes of ligand decarboxylation and dehydrogena-
tion to produce CO, and H,. Shin et al. analyzed the key role of
the amine ligand in dehydrogenation and dehydrogenation of
copper formate from a theoretical perspective, and found that
the hydride dimer of Cu(u) self-reduced to produce a stable
binuclear Cu(1) compound after dehydrogenation (Fig. 4c)."®"
Although Cu MOD ink is convenient, the low copper content
in the solution results in relatively large resistance, and the
generation of gas will also lead to pores in the film and affect
the uniformity of film formation. In addition, CuO as a copper
precursor ink can be used to improve the Cu content.®>*83186
Rahman et al. prepared Cu patterns (resistivity ranged from
9.5 to 71.6 pQ cm) from commercial CuO ink using a green
laser (532 nm).'®” Rager et al. used CuO ink to prepare highly
conductive Cu patterns (10 pQ cm) on PET substrates; the CuO
was reduced to Cu(0) under photonic radiation and grew into
stable Cu patterns,'® as shown in Fig. 4d, in which the
decomposition needs suitable reductants or high-energy
irradiation to produce Cu(0).

Table 3 Summary of Cu precursor inks detailing materials, reducing agent, substrate, printing methods, post-treatment methods and resistivity

Material Reducing agent/ligand Substrate  Method Post-treatment method  Resistivity (pQ cm)  Ref.
Cu(n) formate  Hexylamine Glass Mayer coating 250 °C formic acid gas 5.2 178
Cu(u) formate  Hexylamine Glass Doctor-blading 200 °C formic acid gas  40.5 179
Cu(u) formate ~ AMP Glass Inkjet 190 °C N, 10.5 177
Cu(u) formate DPM PI Screen IPL NA 173
Cu(u) formate  PDA PI Spin-coating 180 °C in air 18 172
Cu(u) formate  Dipropylamine/3-butylpyridine Glass NA 95 °Cin N, 8 188
Cu(u) formate  2-Ethyl-1-hexylamine PI Doctor-blading 140 °C in N, 7 180
Cu(u) formate  Pentylamine Glass NA 110 °Cin N, 5.7 175
Cu(u) sulfate NaBH, PI Inkjet Electroless plating 5.68 189
Cu(u) nitrate EG PDMS Spin-coating Laser 90 190
Cuion Formic acid, acetic acid/ammonia-water ~ PI Inkjet IPL 2.3 191
CuO NA Paper Inkjet IPL 3.1 65

CuO EG PET Inkjet IPL 10 182
CuO EG Glass Spin-coating Laser 9.5 187

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a) Mechanism of reaction of different concentrations of hexylamine to produce CuNPs.'’”® Reproduced with permission from ref. 179.
Copyright 2015 American Chemical Society. (b) Diagram of the decomposition temperature affected by hydrogen bonding of ligands (T; < T, < T3)
and the resistivity of films formed by sintering various complexes.’®® Reproduced with permission from ref. 180. Copyright 2018 Royal Society of
Chemistry. (c) Schematic of the decomposition of copper formate with amine coordination.*®! Reproduced with permission from ref. 181. Copyright
2020 American Chemical Society. (d) Schematic of the decomposition from CuO to Cu.'®2 Reproduced with permission from ref. 182. Copyright

2016 American Chemical Society.

2.4. Copper mixed ink

Copper films with uniform particle size and good connection
between particles show higher conductivity and oxidation re-
sistance. To improve the copper film quality, an extra conduc-
tive filler was added to the copper ink to increase the bridging
property.>>66:121,128,129,135,192,193 A the orowth of copper par-
ticles is affected by temperature, pH, ligand, and other factors
in the process of sintering of precursor ink, it is difficult to
form a uniform microstructure. Li et al. proposed to add an
appropriate amount of submicron copper ‘seeds’ into the
copper-amino complex to provide heterogeneous nucleation
sites for self-reduction of copper precursor.”*> In this method,
a dense and thick copper conductive pattern with uniform
microstructure and low resistivity (11.3 pQ cm) was achieved,
and the copper content in the ink was improved. Similarly,
Jang et al. added CuNPs to the precursor ink of Cu(NOj3), to
improve the weldability between the particles, resulting in an
electrode with a resistivity of 19.98 pQ cm after flash sinter-
ing,'** as shown in Fig. 5a. In addition, adding conductive
metal nanowires into copper precursor ink can change the
growth of the copper cores from homogeneous to hetero-
geneous,"> which can control the growth of copper particles
more closely arranged on the metal nanowire, resulting in the
decomposition of copper precursors at low temperature
(14.9 pQ cm, sintering at 140 °C), as shown in Fig. 5b.
Compared with precursor ink, copper particle ink requires
a higher sintering temperature due to the copper cores
melting, so the main improvement strategy is to add a metal
filler with a lower melting point to copper particle ink.'**
Chen et al. developed a copper-tin (Cu-Sn) mixed ink,"*" and

16010 | Nanoscale, 2022, 14,16003-16032

conductive copper film with sheet resistance of 14 Q/sq was
obtained by sintering metal nanoparticles with low photon
energy. The excellent catalytic effect of copper can promote
the self-reduction of other metal precursor inks, and the self-
reduction nucleation of the filler metal can in turn promote
the connection between the particles of copper ink after
printing. Tomotoshi et al. took advantage of the catalytic
effect of copper and added nickel formate and 1-amino-2-pro-
panol complex (NiF-AMIP) into micron copper sheet to cata-
lyze the in situ production of Ni at 150 °C in air to obtain a
conductive film with a conductivity of 66 pQ cm.'”® The
addition of copper reduces the temperature of NiF self-
reduction and provides a site for Ni nucleation. In turn, the
Ni attached to the growth of copper nuclei can form necking
connections between copper particles, thus achieving high
conductivity and isolation of the contact between copper and
external H,O or O,, and improving the long-term stability of
the printed film (the resistance increases by 1.8 times in 7
days at 80 °C and 80% RH), as shown in Fig. 5¢ and d. This
method can be also used to prepare nanoparticles with core—
shell structure by using the catalytic formation of nickel by
copper,'”” which showed excellent conductivity as low as
19 pQ cm. In addition, CNT is also added to Cu ink to
improve film unifromity.'*%'”*>'%> However, the resistivity of
CNTs is higher than that of pure copper, thus the resistance
of sintered pattern is increased. Although mixed copper ink
has great advantages, including increasing the copper
content of ink, improved ink film conductivity, and lower
porosity, and its convenient storage condition and simple
preparation technology for large-scale application, some con-
ductive fillers (such as silver or nanoscale precious metals)

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (a) Schematic of adding CuNPs to Cu(NOs), for improving formation quality.'** Reproduced with permission from ref. 124. Copyright 2021
Springer. (b) Schematic of metal nanowires providing nucleation sites for CuNPs growth.!?® Reproduced with permission from ref. 125. Copyright
2019 John Wiley and Sons. (c) Schematic of the decomposition/reduction of NiF-AmIP complex with Cu.*?® (d) Cross-sectional elemental distri-
bution maps of Cu and Ni.'?* Reproduced with permission from ref. 123. Copyright 2021 American Chemical Society.

are expensive, which is inconsistent with the starting point of
the low price of copper.

3. Printing and sintering methods

196,197 vacuum

Conventional processes (photolithography,
deposition,'*® etching,"®® etc.) have high requirements for
equipment and harsh preparation conditions, which limit the
application and large-scale preparation of electronic devices
on different substrates, and cause more waste. Conductive ink
adopts the additive manufacturing method because of its
special rheological properties, which can be utilized to

produce flexible and robust electronic devices on a variety of

9

Table 4 Summary of printing processes

substrates through printing techniques.>**2°® For the process

of printing of electronic devices, the goal is to obtain qualified
components or working circuits. Therefore, it is necessary to
regulate the performance of ink according to the printing
mode. For copper-based ink, the parameters to be controlled
are viscosity, surface tension, copper content and particle size.
The first two parameters limit the printing mode of the ink,
while the latter two parameters affect the quality of the printed
copper film. In this section, we will first introduce some print-
ing processes applicable to copper-based ink and the basic
requirements of this process for ink; the related information
can be viewed in Table 4.”""17142:207:218 Then we will introduce
various methods for sintering; the related information can be
viewed in Table 5.9%12%252:263,266

Line
Printing width Printing Viscosity
process Principle Advantages Drawbacks (nm) speed (cP)
Inkjet Extrusion of droplets by Low wastage of inks; good  Clogging of nozzles; coffee-ring >10 Moderate  1-20
printing piezoelectric deformation smoothness of ink trace; effect; satellite points; low
or thermal expansion good operability adhesion

Direct Extrusion of inks through Convenient operation; Ink clogging causes printing >500 Moderate  10>-10°
writing air pressure wide range of ink discontinuity; high requirements

applications for ink rheological performance
EHD jet Pull the inks by electric Flexible operation; high Expensive instruments; complex >0.1 Low 1-10*
printing field force printing efficiency; wide operation

suitability of inks
Screen Transfer ink from a screen  Rapid large-scale High roughness of ink trace; >30 High >500
printing plate to a substrate by production; easy higher viscosity ink required

scraper operation; low-cost

instruments

This journal is © The Royal Society of Chemistry 2022
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Table 5 Summary of sintering processes
Sintering Operating Sintering
process Principle Advantages Drawbacks conditions speed
IPL Decomposition of organic Convenient operation; quick  Low resolution; concentrated ~ Ambient <10 ms
sintering capping agents and necking of completion; large scale; energy in a short time conditions

copper particles due to light wide range of ink

radiation applications
Laser Generating a hot spot in a very Flexible operation; pattering  Expensive instruments; low Ambient <100 ps for
sintering small area to achieve welding [A51] sintering depth; low conditions each spot

efficiency
Plasma Removal of organic matter using  Mild sintering temperature;  Expensive instruments; low Vacuum or low- >10 min
sintering high-energy ions and electrons flexible substrates can be efficiency; complex operating  pressure
stabilized conditions; conditions

Thermal Thermal decomposition of Convenient operation; High temperature destroys Vacuum or 10-30 min
sintering organic matter and reduction of  inexpensive instruments flexible substrate; oxidation inert gas

copper oxide is prone to occur; high conditions

porosity
Chemical Reduction of acidic solutions Simple operation; room- Additional cleaning process; ~ Ambient <1 min
sintering temperature processing; pollution; insignificant conditions
short time sintering effect

3.1. Printing conductive Cu ink where 7, p, 7, and [ represent the viscosity, density and surface

3.1.1. Inkjet printing. As a digital printing method, inkjet
printing is widely used in the electronic manufacturing industry
for its wide applicability and convenience.>**>°® The method of
drop-on-demand (DOD) inkjet printing is often used to prevent
pollution and waste of Cu ink, as shown in Fig. 6a.**° The ink
performance requirements for inkjet printing are mainly
reflected in viscosity and surface tension. Derby et al. found
that good inkjet printing can be achieved when the reciprocal of
Oh is in the range of (1,10),>'° so printable inks generally
require suitable viscosity and surface tension. Oh is defined as:
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tension of the fluid, respectively, and [ is the diameter of the
nozzle.

The dispersion stability of copper particles in ink is one of
the key factors affecting whether the ink can be ejected from
the nozzle. Excessive particle size and agglomeration between
particles will block the nozzle. To achieve good printing
ability, the size of copper particles should normally be less
than a hundredth of the size of the nozzle diameter.'*?
Therefore, copper particles with large size or length are usually
screened out through a filter before printing. To avoid nozzle
clogging, Kim et al. reported a method for preparing conduc-
tive copper patterns by inkjet printing of copper sulfate and
sodium phosphinate inks.”*® Although inkjet printing has

-

Fig. 6 Printing methods for Cu inks. (a) Schematic of inkjet printing for CuNPs.2°° Reproduced with permission from ref. 209. Copyright 2019 John
Wiley and Sons. (b) Schematic of the fabrication of Cu—Fe mixed ink by direct writing.?'* Reproduced with permission from ref. 211. Copyright 2020
Elsevier. (c) Schematic diagram showing EHD jet printing.'” Reproduced with permission from ref. 117. Copyright 2019 John Wiley and Sons. (d)
Schematic illustration of screen printing.’*? Reproduced with permission from ref. 112. Copyright 2022 Springer. (e) Optical image of Mayer rod for
printing CuUNWs ink.*>! Reproduced with permission from ref. 151. Copyright 2022 American Chemical Society. (f) Optical image of large-scale R2R
printing.?*2 Reproduced with permission from ref. 212. Copyright 2016 American Chemical Society.
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good operability and high resolution, owing to the low viscosity
of the ink, the adhesion of the printed pattern to the substrate
is a major problem. Moreover, the diffusion behavior of the ink
on the substrate can also lead to the phenomenon of edge burrs
and coffeering.>® To overcome this problem, an efficient route
is modifying the printing substrate with a nanostructured self-
assembly layer with 3-mercaptopropyltrimethoxysilane,'*
which forms a silanol bond with the oxygen-treated PI film. The
functional group on the other side forms a Cu-S bond with
copper, which significantly enhances the adhesion of inkjet
printing copper on PI. In addition, increasing the contact angle
between the copper ink and the substrate can also increase the
control of the printing pattern and reduce the disorder
diffusion at the edge of the printed ink. Jun et al. pretreated the
Si/SiO, substrate with hexamethyldisilazane (HMDS), improved
the contact angle of inkjet printing copper ink, and obtained a
printing pattern with regular edges and no coffee-ring phenom-
enon.''® However, due to the entanglement of nanowires, there
are few applications in inkjet printing,*** '

3.1.2. Direct writing. Direct writing extrudes the liquid in
the jet cavity out of the nozzle through air pressure to form a
continuous cylindrical ink mark. As a subset of 3D printing,
direct ink writing requires the ink to have the characteristics of
viscoelasticity, shear thinning, and yield stress flow. Therefore,
the printable ink range of direct ink writing is wider, being
able to print both copper particles and nanowire ink.*'®
Siebert et al. prepared an acetone gas sensor that can work at
high temperature by writing copper and iron mixed ink on a
glass substrate in direct writing, and realized nanotip conduc-
tion between copper and iron and their oxides.>"" Khuje et al.
also demonstrated direct writing of CuNWs ink on flexible cer-
amics to prepare pressure sensors.>!” The viscosity of the ink
usually leads to the cylinder ink diameter (D) that is extruded
from the nozzle being larger than the nozzle diameter (d).
Considering the height of the nozzle (H) from the substrate
and the ink outflow speed (V) from the nozzle, ideally, due to
the conservation of volume, the initial ink diameter printed on
the substrate will be [ = D\/g, where C is the moving speed of
the nozzle relative to the substrate.?'® Owing to the existence
of the forward contact angle, the line width will be slightly
higher than /, so an effective way to improve the resolution is
to increase the nozzle movement rate to close to the ink
outflow rate or higher.

3.1.3. Electrohydrodynamic jet printing.
Electrohydrodynamic (EHD) jet printing differs from the tra-
ditional way of extruding ink by mechanical force. Its principle
is to pull the ink out of the nozzle by electric field force,>'°>*
as shown in Fig. 6¢c. When applying the high-voltage electric
field between the nozzle and the substrate, the conductive ink
in the spray chamber forms conical droplets (Taylor cone) at
the nozzle through the movement of charge. At this time, the
ink’s electric field force and gravity in the cone balance the vis-
cosity and surface tension of the ink. If a positive voltage pulse
is applied, the balance will be destroyed, resulting in a very
fine droplet flow from the tip of the Taylor cone, which is
finally printed on the substrate. By controlling the relationship

This journal is © The Royal Society of Chemistry 2022
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between the electric field force, ink viscosity, and surface
tension, EHD jet printing can realize four printing modes:
point spraying, surface spraying, line spraying, and whip
writing.”*® EHD jet printing has the characteristics of flexible
operation, high printing efficiency, and a wide range of ink vis-
cosity. Inks that are suitable for inkjet and 3D printing can be
applied for EHD jet pri nting. The most significant advantage
is that the size of the printing ink is far smaller than the
nozzle diameter, which gives EHD jet printing great advan-
tages in micro preparation, such as for thin-film transistors
and integrated circuits. Can et al. stably printed copper electro-
des with a 40 pm line width at 8000 um s™' by deposition of
high-viscosity copper ink (4000 cPs) on ZTO using EHD jet
printing technology."'” High-viscosity ink made the lines less
diffused, the edges were neat, and the pattern fidelity was high
after printing.

3.1.4. Screen printing. Screen printing uses a scraper to
transfer ink from a screen plate to a substrate.>** >’ As a plate
printing method, screen printing can achieve rapid large-scale
production. The ink floats on top of the patterned screen at
rest and is printed on the substrate through the mesh after
receiving a shear force. This requires a high-viscosity ink.
Therefore, ink with a high filler content, such as copper par-
ticle ink and copper mixed ink, is usually used. The printed
ink layer is thick (tens of microns) and has good adhesion to
the substrate.”*>*?® However, the disadvantages are the high
roughness of the deposited film and the low resolution. It is
usually used to prepare passive devices, such as electrodes or
antenna,’®!1114121,127:229 45 shown in Fig. 6d.

3.1.5. Other printing techniques. Gravure printing and
flexographic printing press ink onto the substrate by customiz-
ing the patterns on the roller.?*°*">*? In this way, high-quality
patterns can be obtained quickly and can be combined with
the roll-to-roll (R2R) printing process to complete coating, pat-
terning, and packaging to obtain devices. Zhong et al. added a
roller with an isopropanol (IPA) soaked towel to the R2R to
selectively erase the unsintered CuNWs pattern at a speed of
~2 m min~', as shown in Fig. 6f. There is little difference
between the sheet resistance (R,) before (17.8 + 1.8 Q sq™") and
after wiping (17.4 + 1.8 Q sq '), and there is no significant
change in the bending radius range of 1.5-24 mm.*'? There is
no doubt that R2R printing is the best solution to achieve
large-scale and rapid production, which is also in line with the
price advantage of copper itself.

Similarly, Mayer rod coating uses gaps in the wire coiled
around the bar to scrape off the excess solution,'”'?*3?3* ag
shown in Fig. 6e. This technique can effectively control the
thickness of the coating (about 1/10 of the wire diameter) and
has a small footprint for direct application to R2R processes.
Compared to screen and gravure printing, the ink has a lower
additive content, so the resulting film performs better in
terms of electrical conductivity.'**>

Printing resolution and printing rate have an inverse
relationship. In general, to achieve high-resolution printing,
non-contact digital printing techniques such as inkjet printing
and EHD printing are good choices. They avoid direct contact
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with the substrate during printing, ensure the completeness of
the ink, and achieve high precision printing. However, micro-
processing manufacturing the printing rate slower and the
cost of equipment is higher. Screen printing, gravure printing,
spray-coating, and other non-digital printing methods can be
done at high speed using a mask, but the disadvantage is that
it is difficult to achieve high-resolution manufacturing
(<10 pm). Recently, Kim et al. reported a reverse-offset printing
technology,'®" in which CuNWs were coated by Mayer rod and
then transferred to a gravure plate. They used a commercial
adhesive hand-roller to achieve the directional transfer of pat-
terned ink to obtain CuNW patterns with a minimum line
width of 7 pm. This printing method provides a potential solu-
tion for the rapid and efficient preparation of copper-based
inks. To achieve high throughput and quality functional com-
ponents, combining multiple printing methods may be an
effective way to break the conflict between resolution and
printing rate.

3.2. Sintering treatment methods

The preparation of conductive copper inks usually requires the
addition of organic ligands such as capping agents and disper-
sants to improve the oxidation resistance and dispersibility of
the ink. For conductivity, the covalent bonds between these
fillers can restrict electron transfer and reduce film uniformity.
Moreover, the high specific surface area of CuNPs will inevita-
bly oxidize during preparation. Thus, it is necessary to employ
an additional sintering process to remove these fillers to
connect bare copper particles to achieve conductivity. There is
an additional reductive decomposition process for copper pre-
cursors or copper mixed inks to guide the nucleation growth
of copper or other conductive metal fillers.”> The quality of the
sintered film can usually be measured in three aspects: (a) the
degree of bridging between copper particles; (b) the porosity of
the copper film; (c) the amount of oxide (CuO, Cu,0) and
organic residue content. The more uniform the necking con-
nection between copper particles, the smaller the film’s poro-
sity and the lower the amount of residue, which significantly
improves the electrical conductivity of the sintered copper
film. In order to improve the electrical properties of printed
copper inks, various sintering processes have been developed,
including photonic sintering, intense pulsed light (IPL) sinter-
ing, laser sintering, plasma sintering, thermal sintering, and
chemical sintering.

3.2.1. Photonic sintering. Photonic sintering uses light
radiation energy to complete the sintering of copper inks. The
printed ink layer absorbs specific wavelengths of light
irradiation to generate enough heat to decompose organic resi-
dues, while the extremely low melting point of nano-sized
copper (100-300 ©°C) can achieve local melting and
interconnection.>*®>*'  Conversely, the flexible substrate
absorbs few incident waves so it will not be destroyed. When
sintering different copper inks, it is necessary to consider the
wavelength to match the absorption spectrum of the material,
Fig. 7a shows a xenon lamp combined with NIR and deep UV
lamp to achieve all-photonic drying and sintering of the Cu
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ink.>*® Copper precursor inks exhibit high absorption peaks
below 400 nm and are often sintered by UV.>*> UV sintering
can yield conductive patterns in a relatively short time, but the
high-energy irradiation may make the decomposition process
violent and produce large amounts of gas, resulting in uneven
copper nucleation, excessive pores, and other factors.
Although the absorption band of copper nanomaterials in the
infrared region is small, infrared light has a strong thermal
effect, which can quickly increase the temperature of the
printed ink to achieve the decomposition of organics and
thermal fusion of copper particles.>** However, compared to
UV sintering, IR sintering requires a longer time, which can
lead to the oxidation of the copper part during the sintering
process, affecting the pattern’s conductivity.

3.2.2. Intense pulsed light sintering. IPL sintering com-
bines the advantages of UV sintering and IR sintering. It uses a
broad-spectrum (200-1200 nm) xenon lamp to irradiate printed
ink, which enables fast sintering within milliseconds in an air
environment,'*****2¢ a5 shown in Fig. 7b. Meanwhile, the
number of xenon lamps can be increased to achieve large-area
sintering, making IPL sintering the most effective sintering
method for achieving large-scale preparation of printed copper
inks. The broad spectrum of IPL is usually able to be absorbed
by any copper-containing materials (pure copper - visible band,
copper precursor — UV band, CuO - 1033 nm, Cu,O -
590 nm),>*”**® thus when irradiated by light, a variety of
copper-containing composition absorb photon energy to be
reduced to pure copper, improving the denseness of copper in
printed films after sintering. However, the high energy of IPL in
a short period may destroy some flexible substrates (PET, PEN)
with low glass transition temperatures (Tg). Three optimization
schemes are commonly used: (a) adding reducing ligands; (b)
pre-drying; and (c) multiple pulses and optimized duty cycle.
Zareei et al. used IPL to sinter copper-silver hybrid inks, and
they found that adding ethylene glycol (EG) to the ink could
reduce copper oxide on the surface of copper particles under
the effect of high-temperature photothermal chemistry.'*" This
phenomenon is attributed to the dehydration of EG to generate
acetaldehyde.**® Some other organic fillers were also found to
have similar effects, such as PVP*»**”?** and hexadecylamine
(HDA),>*® as shown in Fig. 7c. Pre-drying the ink before IPL sin-
tering can reduce the content of organic solvents in the marks,
which prevents the rapid boiling and evaporation of solvents
inside the film during IPL sintering."*" For substrates with low
T, and thermal conductivity, using multi-pulse IPL sintering
with the same energy density can effectively prevent a rapid
increase in temperature.**'>***2%> Copper particle ink printed
on paper substrate using a fixed energy density of 15.6 J cm™>
and three pulses of IPL with 80% duty cycle within 2 ms exhibi-
ted a resistivity of 2.8 x 1077 Q m.** In addition, Chu et al.
obtained conductive films with low resistance (5.12 pQ cm) by
sintering copper-silver hybrid inks on PI substrates using an
energy density of 7 J em™2, pulse time of 1 ms, off time of 9 ms,
and 20 pulses.'® Recently, Lee et al. developed a bidirectional
IPL (B-IPL) sintering method that maintains uniform heating of
the system by simultaneously radiating photon energy from

This journal is © The Royal Society of Chemistry 2022
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both front and back sides, avoiding the layering and empty cav-
ities caused by local heat conduction inside the copper film by
single-way pulsed light sintering."** IPL can achieve sintering
effects not only on large areas, but also by introducing a mask
to achieve specific patterning. It should be noted that the intro-
duction of the mask causes the diffraction of light in the gap,
resulting in a change in the line width of the sintering pattern.
This is related to the excitation voltage of the xenon lamp.*"?
Thus, IPL sintering requires the optimization of various para-
meters to achieve the best results when dealing with specific
structures, which makes the sintering process tedious.

3.2.3. Laser sintering. Laser sintering focuses high-energy
beams in petite sizes (micron scale) by emitting coherent light,
and the sintering of copper ink in air can be achieved by
selecting a laser of matching wavelength.'®”?4%2>17253 The
principle of the laser sintering device is shown in Fig. 7e. The
coherent light passes through a beam splitter and then passes
through a microscopic objective to obtain a focused spot, the

This journal is © The Royal Society of Chemistry 2022

size of which can be observed using the CCD above. The XYZ
motion stage can be moved to achieve directional sintering of
the printed ink marks. Huang et al. used a femtosecond laser
to sinter CuO inks at 1030 nm.'®® High-resolution copper
tracks with a resistivity of 130.9 pQ cm and line width as
small as 5.5 pm were obtained on PI substrates. The mecha-
nism of CuO reduction can be explained by the dehydration
decomposition of ethylene glycol in the ink to produce acet-
aldehyde, which was mentioned in the previous section. Laser
sintering can be used for selective sintering of copper nano-
wire junctions. Han et al. used a 532 nm laser to sinter a perco-
lation CuNWs network.>*? The laser-induced plasma effect on
the metal surface at this wavelength enables localized welding
at the nanowire junctions, which significantly reduces the
contact resistance between nanowires. Most importantly, laser
sintering can move along any structural surface, which gives
the sintering digital properties with the potential for achieving
three-dimensional structures and expanding the patterning of
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printed films. However, it is usually poorly adapted to high-vis-
cosity copper inks due to the low penetration depth.>**2%°
FDTD simulations and experimental tests revealed that copper
nanoparticles could reduce the plasmonic absorption of metal
NPs and enhance the scattering effect when agglomerated
around a copper micron sheet,”*® thus increasing the pene-
tration depth of laser can achieve good sintering of printed
copper ink of 16.5 pm thickness. A highly conductive copper
film (15 pQ cm) was formed on a 3D structure after laser
irradiation with 532 nm wavelength. Laser sintering has
shown great advantages in microfabrication, processing, and
digitization. However, the sintering rate is too slow and it is
difficult to further reduce the size of the focused spot due to
the optical diffraction limit. Although it has been found that
the introduction of microspheres under a microscope can sig-
nificantly reduce the focused spot to break the physical limit,
the reduction to micron-sized focal length poses a challenge to
the processing method.>*®">%8

3.2.4. Plasma sintering. Plasma sintering excites gases
(Ar, H,, O,) to generate high-energy ions and electrons.?**72%!
In the plasma system, the excited non-equilibrium species
bombard the surface of the printed material with high electric
potential energy (1-10 eV),”® effectively removing organic
matter from the copper ink, thermally decomposing precur-
sors to produce copper nuclei, and promoting the diffusion of
bare copper grain boundaries to achieve sintering; the equip-
ment is shown in Fig. 7d. The greatest advantage of plasma
sintering is the room-temperature operating environment,
thus enabling sintering of printed patterns on flexible sub-
strates (PEN, PET, etc.) at lower temperatures (~80 °C). The
plasma has different chemical properties depending on the
type of gas added to the cavity. Kim et al. used step-by-step
plasma to sinter CuNP ink at 250 W to obtain films with a res-
istivity of 21.06 pQ cm.>®®> The organic phase was first decom-
posed by oxygen plasma in the presence of Ar, and hydrogen
plasma was subsequently added to reduce the copper. This
method is more efficient than sintering in a 350 °C calciner
and protects the flexible substrate from high-temperature
damage. Gao et al. prepared submicron copper particle ink on
PET by sintering in a reverse particle etching (RIE) plasma sin-
tering system using a mixture of H, and Ar.>*® Copper patterns
with a resistivity of 15.9 pQ ¢cm were obtained by sintering for
10 min in an operating environment below 75 °C. Plasma sin-
tering can also be used to treat copper precursor inks. Farraj
et al. printed copper-AMP (2-amino-2-methyl-1-propanol)
metal-organic decomposition (MOD) ink on PEN, and then
used plasma with Ar and N, to sinter.>®®> Highly conductive
patterns with resistivity only four times that of pure copper
(7.3 pQ cm) were obtained after optimization of parameters
such as pre-drying temperature, time, and amount of addi-
tives. However, the biggest disadvantage of plasma sintering is
that the equipment is expensive, and most of it needs to be
performed under vacuum and low pressure, which makes it
challenging to apply to R2R printing. In addition, plasma has
a limited penetration depth, which requires long sintering
times (~10 minutes) and is less efficient.
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3.2.5. Thermal sintering. Thermal sintering, as one of the
most basic sintering methods, is widely used for the sintering
of various copper inks for its convenience, ease of operation,
and inexpensive equipment. Thermal sintering is achieved by
directly raising the system’s temperature to achieve the
decomposition of the organic phase in the copper ink and
mutual fusion between the particles. Although the melting
point of bulk copper is as high as 1083.4 °C, it can be reduced
to less than 300 °C as the particle size is reduced to the
nanometer level.>*® Thus, copper inks can be sintered by
instruments such as ovens, hot tables, and
calciners,”*113122:123,:130.264 Hoyever, the high decomposition
temperature of the organic additives (e.g., PVP ~200 °C)**°
makes the sintering system destroy flexible substrates (PET,
PEN, paper, fabric, etc.). Moreover, copper will produce oxides
in an air atmosphere above 200 °C, so it is usually necessary to
carry out the sintering under vacuum or inert gas.

3.2.6. Chemical sintering. Chemical sintering is more
moderate than all the previous sintering methods and usually
uses acidic solutions (formic acid,>®> acetic acid,"**>*'* lactic
acid,*® etc.) to remove oxides and residues. Formic acid vapor
has been used in both pretreatment and heat treatment pro-
cesses.”®®> The pretreatment with formic acid vapor replaced
the organic protective layer around the copper nanoparticles to
form easily decomposable copper formate, then ensured that
the copper was not oxidized and a conductive network with
conductivity of 9.1 x 10* S em™" (16% of that of bare copper)
was obtained after the sintering process. In addition, Zhang
et al. used lactic acid on sprayed CuNWs to remove organic
coverings and oxides from the nanowire surface to reduce the
contact resistance at CuNWs junctions.**® Optimization experi-
ments were performed to obtain the minimum resistance
values using the parameters of 1 wt% concentration of lactic
acid submerged for 5 min and seven sprayed layers. Chemical
sintering has the advantages of simple operation, mild reac-
tion conditions, and room-temperature processing, but the
introduction of solutions can cause some pollution. At the
same time, the printed copper films usually require an
additional cleaning process to remove the residual solution,
which may make the final film less conductive.

4. Antioxidant method

Owing to its atomic structure, copper can easily react with
water and oxygen to produce oxides (CuO, Cu,O) under
ambient conditions.*®” Especially when the size is reduced to
the nanometer level, the higher specific surface area will make
copper more susceptible to oxidation, which will seriously
hinder electron transfer and increase the resistance of the
printed film. In addition, high melting point oxides (CuO
~1446 °C, Cu,0 ~1235 °C) can lead to holes and cracks inside
the film during sintering, making the film highly porous and
mechanically tough, which limits the application of printed
copper inks in electronics.*>'**> Therefore, it is crucial to
improve the stability of copper nanoparticles under environ-
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mental conditions by introducing additional fillers and pro-
cesses. Depending on the principle, there are two types: chemi-
cal and physical treatment.

4.1. Chemical treatment

Chemical protection usually uses a solvent to produce a protec-
tive layer or remove oxides from the copper. The most main-
stream method is to produce a dense passivation layer consist-
ing of metal salts on the outermost surface by reacting an
organic corrosion inhibitor with the copper."*>?%%*%° The pas-
sivation layer keeps O molecules from the environment and
the electrochemical process of the doped material in the passi-
vation layer can give the passivation layer resistance to acids
and alkali. The commonly used corrosion inhibitors are azole
nitrogen, amines and some self-assembled organic short
chains.?’®*”" Polat Genlik et al. used benzotriazole (BTA) to
passivate the CUNW network. Surprisingly, they found that the
sheet resistance of the BTA-passivated film increased by only 1
Q sq~" and the transmission decreased by only 2%."%® After
bonding with a PEDOT:PSS (pH < 4) layer, the transparent con-
ductive film was not oxidized after heating at 150 °C, which
allows the stable presence of CuNW flexible transparent elec-
trodes during the preparation of optoelectronic devices. BTA
can form a thin polymer layer that is insoluble in water and
organic solvents on the surface of CuNWs, preventing the
contact of Cu with O, and H,O. Considering the toxicity of
BTA, Zhou et al. investigated the passivation effect of 1,2,4-tri-
azole with TT-LYK on the copper surface,””> as shown in
Fig. 8a. Both corrosion inhibitors can form coordination
effects with copper surfaces to produce copper salts, and their
reaction equations are shown below:

Cu®" + 1,2, 4-triazole — Cu-1, 2, 4-triazole
Cu?" + TT-LYK — Cu-TT-LYK

Using Freundlich adsorption isotherm fitting, the standard
adsorption free energies of 1,2,4-triazole and TT-LYK were
—25.92 k] mol™ and —23.43 k] mol™" (between —20 and 40 kJ
mol ™), respectively, indicating that these two corrosion inhibi-
tors formed multiple passivation layers on the copper surface,
mainly by physical adsorption and supplemented by chemical
adsorption (Fig. 8b). The similarity of the two corrosion inhibi-
tors in the adsorption type and passivation process allowed
the mixture to improve the corrosion inhibition of the films
further. Kwon et al. used 3-mercaptopropyl-trimethoxysilane
(MPTS) to passivate the sintered copper films based on the
strong covalent bonding between Cu and S."°* The weak Cu()
and Cu(1) elements present in the copper films were effectively
removed to obtain the metal salt of Cu(SC;HeSi(OCHj;)3). This
passivation layer protects the copper from resistance setting
under ambient conditions for 15 days, as shown in Fig. 8c.

Self-assembled organic short chains play a prominent role
in passivating copper without affecting the electrical conduc-
tivity. Recently, Peng et al. investigated the effect of passivating
copper with sodium formate on oxidation resistance and cor-
rosion without affecting electrical conductivity.?”*> They found

This journal is © The Royal Society of Chemistry 2022
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that the formate treatment leads to a (110) lattice reconstruc-
tion on the surface of copper foil. The four OH™ on the
double-core Cu,(p-HCOO),(OH), match perfectly with the out-
ermost Cu(n) to form a Cu(n) — Cu(i) —» Cu(0) longitudinal
structure. This dense passivation structure hinders the adsorp-
tion of oxygen and water on the copper surface and shows a
good anticorrosion effect under the action of NaOH, salt spray,
H,0,, and Na,S, while the reason for not affecting the electri-
cal conductivity may be the quantum tunneling effect.
However, it should be noted that the formic acid passivation
layer cannot exist under strongly acidic conditions, so the pas-
sivation process should avoid pH < 3. Based on the excellent
effect of formate, Sheng et al used iodine ions to control
copper growth to obtain 2D morphological Cu nanoplates with
(111) surface as the base.”” The Cu nanoplates immersed in
formate solution formed a dense passivation layer covered by
formate on the Cu (111) surface after 12 h treatment at 120 °C.
The passivated Cu-FA showed good stability at 350 °C and the
resistance increased by only 10% after one day of immersion
in 0.1 M NaOH solution (Fig. 8d). The formate decomposition
temperature is low, with few by-product residues and good pas-
sivation protection, but the current studies all require a long
treatment time (about 12 hours) in an formate solution
environment to obtain good passivation.

In addition, the use of acidic solutions (lactic acid, acetic
acid, formic acid) also plays a role in improving the electrical
conductivity.'”>?%>?7> The reason is that acids can remove
oxides from the surface of copper particles through reduction
reactions, and most organic capping agents (such as HDA and
ODA) are more soluble in acidic solvents. Therefore, acids can
be used to remove oxide and organic residues during the depo-
sition of CuNWs for transparent conductive films. Hashimi
et al. prepared transparent films of CuNWs with a sheet resis-
tance of 35 Q sq~" and 81% transmittance using an optimized
purification method.'®” Owing to the oxidation problem of
copper nanowires with a high aspect ratio, the sheet resistance
initially increased 10 times. However, the sheet resistance of
the film can be significantly reduced to the initial value by
acetic acid immersion for 10 min, and this phenomenon can
be repeated up to five times. Acid solvent immersion treatment
is simple and fast, but can cause environmental pollution pro-
blems, while an excessive number of rinses will reduce the
initial conductivity of copper printed films, which is caused by
the peeling of copper particles from the surface during the
cleaning process (Fig. 8e).

4.2. Physical treatment

Physical protection also involves applying a protective layer,
but the difference is that no chemical reaction is involved in
the formation of copper salts. Depending on the degree of
encapsulation, physical protection can be divided into core-
shell and coating structures.

4.2.1. The core-shell structure. The core-shell structure
provides protection by forming a perfectly encapsulated anti-
oxidant shell layer on the outside. The shell layer material can
be inorganic oxides (SiO,, Al,O;, Zn0),>’®*”” metals (Ag, Au,
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graphene,”"” various
(nickel formate, nickel acetylacetonate),
ration options include galvanic displacement,
deposition,*”® electrodeposition,®' atomic layer deposition,>”®
and thermal deposition.®**”” In order to meet the need for
higher electrical conductivity, metal shell layers are the best
choice. Precious metals with oxidation resistance and high
electrical conductivity such as Ag and Au are widely used in
the preparation of copper core-shell structures. Based on the
difference in the standard reduction potentials of silver (E, =
0.779 V) and copper (E, = 0.46 V), Lee et al. prepared copper-
silver core-shell nanoparticles in a solution of AgNO; by galva-
nic displacement at 80 °C for 2 h."'°* HRTEM analysis revealed
that copper element dominated the center of the nano-
particles, and the edges were dominated by silver element, as
shown in Fig. 9a. Huang et al. found that the introduction of
some smaller sized copper nanoparticles around the large
copper nanoparticles could significantly shorten the time of
galvanic displacement (~20 s).°® The small-sized copper nano-
particles were used for catalytic replacement of Ag ions, while
the large-sized copper nanoparticles provided nucleation sites
for the growth of AgNPs.

Although galvanic displacement is the simplest method
without additional reducing agents and additives, the reaction
consumes copper particles, resulting in surface defects, which is
not suitable for preparing CuNWs with core-shell structures.
This will reduce electrical conductivity, because the reduction in
diameter significantly affects the electron transport, especially
when the linewidth is close to the mean free range of the elec-

metal precursors
7127 etc. The prepa-
98119 chemical
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trons. Stewart et al. found that the core-shell copper nanowires
with good structure can be obtained by using chemical depo-
sition.>”® The addition of ascorbic acid in alkaline solution inhi-
bits the oxides and promotes the reduction of silver ions on the
surface of CuNWs, leading to Cu@Ag nanowires that were stable
at 160 °C and 85% RH for 24 hours. Zhang et al. formed a
homogeneous alloy protective shell by co-depositing Au and Ag
atoms in KAu(CN), and KAg(CN), solutions using CuNWs flex-
ible transparent films as the cathode and graphite flakes as the
anode,®" as shown in Fig. 9b. The cyanide of Ag and Au can
reduce the standard electrode potential difference from 0.7 V (Ag
~0.8 V, Au ~1.5 V) to 0.2 V, which achieves good co-deposition
for excellent optoelectronic properties (14.2 Q sq™' at 90.1%
transmission, 2000 times bending) and corrosion resistance
(168 h in atmosphere, 200 s in H,0, solution, 1800 s in sulfuric
acid solution to maintain integrity). However, it is noted that the
CuNWs must be immersed in the solution after the current is
applied, otherwise the galvanic displacement will occur first.
The preparation of a self-assembled core-shell structure by
co-reduction of various metal precursors can improve the
storage and printing stability of ink. Li et al. reported that a
simple mixture of Cu formate and Ni formate composite inks
can spontaneously form Cu@Ni core-shell nanostructures
after thermal annealing at 170 °C for 15 min.'”” Different
decomposition temperatures of copper formate (starting at
110 °C) and nickel formate (starting at 185 °C) were found to
be critical for the generation of core-shell structures by ther-
mogravimetry-differential thermal analysis coupled with mass
spectrometry (TG-DTA-MS). Moreover, the catalytic effect of

This journal is © The Royal Society of Chemistry 2022
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copper reduced the overall decomposition temperature
(~170 °C). Depending on the Ni content, the printed patterns
have a high electrical conductivity of 19-67 pQ cm and high
oxidation resistance at 180 °C ambient conditions.

Cus-shell structures can also be prepared by using inorganic
compounds or carbon materials. Tigan et al. used atomic layer
deposition (ALD) to prepare CUNWs@Al,0;/Zn0.>’® Compared
with conventional bare CuNWs transparent film heaters
(~100 °C), the shell layer protection allowed the upper heating
limits to be raised to 273 °C and 204 °C with uniform heating.
Xiao et al. used microwave-induced metal dissolution to syn-
thesize CUNWs@ZnS$, and the visible light response due to the
narrowing of the band gap enabled the H, evolution rate to
reach 10722 pmol h™ g and the quantum efficiency to reach
69% under 420 nm LED light irradiation.®® Jung et al. used
ultrasonic spray pyrolysis to achieve large-scale preparation of
Cu@barium borosilicate (BBS) glass particles.””” The melting
point difference between metallic copper and BBS glass
formed a core-shell structure with a shell layer only 3.9 nm
thick. The sintering process with BBS glass as binder and
accelerator achieved good adhesion of copper to the substrate
and high-density patterning with a film resistivity of 2.01 pQ
cm (very close to the resistivity of pure copper), which only
increased to 2.26 pQ cm after one month exposure to air. The
excellent electrical and thermal conductivity of graphene mean
that it can also be used as a shell layer material. Dopamine
stirred in copper ink can decompose at high temperatures to
produce graphene shell layers in situ, but annealing tempera-
tures above 800 °C are only applicable to highly temperature-
resistant substrates, such as ceramics.'***'”

4.2.2. The coating structures. Although the core-shell
structure has achieved excellent results for comprehensive pro-

This journal is © The Royal Society of Chemistry 2022

tection of individual Cu particles from oxidation, the nano-
scale processing and manufacturing bring problems such as
long cycle time, high cost, and poor compatibility. The coating
structure directly adds a large protective layer to the printed
copper film to prevent contact between oxygen, water, and
other substances with copper. With the characteristics of fast,
low cost, and compatibility with the R2R process, it is an
alternative for future industrial manufacturing of high-oxi-
dation-resistance copper inks. The coating structure here is
not limited to the deposition of a protective layer on the
surface of the printed copper film, but extends to the hybridiz-
ation of the internal structure of the copper film to improve
the durability of the necked joints. The materials used for the
coating are generally organic polymer substances,””'®%'%°
graphene,""*"7° metals,"*>"*? oxides,"”" etc. The strong inter-
action of the organic polymer with the copper surface and its
excellent mechanical properties can effectively isolate the
copper from the external environment without peeling off, and
the operability of the organics can give the coatings special
properties, such as corrosion resistance. Mock et al. prepared
high-performance CuNWs transparent conductive films (7.6 Q
sq~" at 77% transmittance) in oleylamine solution and used
PDMS and PMMA coatings with electron beam evaporation of
Si0, and AlLO; to protect CuNWs from oxidation.'®® It was
found that the stability of the PDMS-coated CuNWs films
decreased, which was attributed to the high permeability of
PDMS to air and the chemical reaction with CuNWs. On the
contrary, as coatings, PMMA, SiO, and Al,O; can effectively
improve the service life of CuNWs. Modifying the polymer
surface with a low permeability oxide layer retains the excellent
mechanical properties of the polymer and also solves the oxi-
dation problem caused by high water permeability.
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Considering the oxidation problem of water molecules from
microcracks and pinhole leakage of PI, Hong et al. spin-coated
PI resin on prepared copper nanowire films and deposited a
100 nm thick SiO, layer on the PI layer as a sealing layer,””® as
shown in Fig. 10a. The comparison revealed that CuNWs with
the SiO, sealing layer showed almost no change in heating re-
sistance at high temperature over 320 °C and also had electri-
cal properties comparable to those of AgNWs after 7 days
under a humid environment. However, this method introduces
an additional process of depositing the coating. Organic coat-
ings can be electropolymerized on copper surfaces by voltam-
metric cycling in acidic solutions. Ma et al. electropolymerized
PANi, PNEA, and molybdate-doped PANi-Mo and PNEA-Mo
coatings on copper surfaces in oxalic acid solutions.”®® The
XPS and molecular dynamics analysis revealed that the intro-
duction of the ethyl group in the organic polymer backbone
reduces the physical defects of the coating, and the molybdate
doping further reduces the porosity of the coating and repel
the cations in the solution to maintain the charge balance
inside the coating, as shown in Fig. 10b.

The excellent electrical conductivity, light transmission,
and high sealing properties of graphene make it ideal as a
coating material. Lu et al. used the plasma enhanced chemical
deposition (PECVD) process to deposit graphene on copper
ink to achieve copper ink reduction, sintering, and passivation
in one step.''* Conductive copper patterns with a resistivity of
0.03762 mQ cm were produced at an optimal ratio of H,/CH, =
8. This rapid preparation using the integrated coating and sin-
tering process is favorable for large-scale copper ink appli-
cations. However, problems such as steps and defects at the
polycrystalline copper interface affect the graphene adhesion
stability, and defects such as voids and folds after polycrystalline
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graphene adhesion do not effectively prevent the contact of corros-
ive elements (O,, H,0) with copper. Wang et al. prepared transpar-
ent conductive films with a UV-curable resin-CuNWs-monocrys-
talline graphene structure."””® CVD was used to deposit a single
monocrystalline graphene layer on copper (111) foil. The perfect
interface of Cu (111) allows the single-crystal graphene to be seam-
lessly stitched together to form a continuous network, giving the
CuNWs transparent conducting network excellent electrical pro-
perties (19 Q sq ™, 84.3% transmittance) and oxidation resistance
(AR/R, < 0.2 after 180 days under ambient conditions). However,
controlling the growth of this graphene and additional wet
etching of the copper foil increases the cost of using this process,
which is still a challenge in applying to industrial production.

In addition, metal fillers as coating materials can also effec-
tively improve the durability of copper inks, which is related to
the copper particle sintering process.'*>"*"'** Sintering drives
the movement of the outer atoms of copper and the nearby
atoms to combine to form a neck connection. Owing to the
smaller diameter and increased contact area, the Cu neck con-
nection is usually fragile. The additional metal filler acts as a
bridging agent for the independent copper source during the
sintering process, reducing the disadvantages of easy oxidation
and poor mechanical toughness caused by the copper neck
connection. The commonly used metal fillers are Ni, Sn, and
Ag due to their lower melting points and better stability than
Cu. Chen et al. developed a Cu/Sn hybrid ink. The low melting
point of Sn allowed for a 21% reduction in the energy required
for IPL sintering while achieving good connectivity around the
Cu nanoparticles (14 Q sq™")."*' Cu/Sn inks achieved better
adhesion after sintering compared to pure Cu inks and were
almost defect-free when prepared at ultrafine line widths
(3.5 pm). Chung et al. used electro-explosion to prepare Cu/Ag
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Fig. 10 Coating structure. (a) Schematic illustration of CuUNWSs/PI/SiO, composite film.2”° Reproduced with permission from ref. 279. Copyright
2019 John Wiley and Sons. (b) Cross-section SEM of PNEA-Mo coating and schematic of the anticorrosion mechanism of PNEA-Mo coating in
H»S0, solution.?8% Reproduced with permission from ref. 280. Copyright 2020 Elsevier. (c) Schematic diagram of coating a PVP layer onto a Cu elec-
trode.'®® Reproduced with permission from ref. 169. Copyright 2020 Elsevier. (d) Schematic of coating graphene on Cu film by PECVD.!3
Reproduced with permission from ref. 113. Copyright 2021 American Chemical Society. (e) Schematic of the flexible SCG/CuNWs/UVR composite
film.2”° Reproduced with permission from ref. 170. Copyright 2020 Elsevier. (f) Schematic of the welding process by AgNPs via IPL.*?! Reproduced

with permission from ref. 121. Copyright 2021 American Chemical Society.
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hybrid nanoparticles (4.06 pQ cm) on PI substrates under opti-
mized voltage conditions and flash sintering light energy, and
the conductive patterns were able to exist stably for more than
15 h when heated at 100 °C."**

5. Applications

The remarkable electrical properties of copper-based inks have
motivated their applications for electronic components, such
as flexible transparent heaters (FTHs),°**’%?”° transparent
conductive electrodes (TCEs),"***®! sensors,>”**° thin-film
transistors,”>'"” photovoltaic devices'*”"'’® and antennas.®>'*®
Here, we will briefly summarize the recent progress in the
development of copper-based functional electronics.

5.1. Transparent conductive electrodes (TCEs) and flexible
transparent heaters (FTHs)

Conventionally used transparent electrodes of ITO have disad-
vantages such as high price, rigidity, and preparation require-
ments. CuNWs have become the most promising alternative to
ITO in achieving high conductivity and high transmission
owing to the high aspect ratio.'”®'***’® Although CuNWs are
non-transparent, the high aspect ratio allows them to achieve
lateral conductivity with a low duty cycle. The quality of the
sample can be measured by the sheet resistance (Rs) and the
transmittance (T,) under 550 nm wavelength. The figure of
merit (FoM) is defined as:**>
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The FoM values calculated for some TCEs are compiled in
Table 2. Tran et al. used a nanosecond pulsed laser to sinter
CuNWs for the selective preparation of high-performance
TCEs.'® The laser energy density and scanning speed were
optimized by simulation to eliminate thermal damage to the
flexible substrate, and the obtained CuNWs TCEs had a sheet
resistance of 60 Q sq”' and a transmittance of 93.6% at
550 nm. Acetic acid immersion removes impurities such as
copper oxide and PVP, resulting in a 5% increase in the resis-
tance of the transparent electrode at 1500 cycles with a 10 mm
bend radius. Zhong et al. prepared large-scale CuNWs TCE
(22.1 Q sq7", 85.6% transmittance), IPL irradiation of CUNWs
self-embedded in plastic substrates provided excellent
mechanical toughness (10 000 cycles of bending durability and
over 120 hours of resistance stability under ambient con-
ditions) so that the LEDs can stably illuminate even under
bending and pasting,'®® as shown in Fig. 11a. Alternatively,
TCEs can be prepared by artificially controlling the duty cycle
of copper traces to achieve a mesh structure.”*" Kwon et al. pre-
pared a conductive copper network with a line width of 20 pm
and a blank width greater than 200 pm using selective laser
sintering of CuNPs ink coated on PEN.”® The conductivity of
the copper pattern was 1.67 x 10™* Q m, and at a bending
radius of 2.25 mm it could be continuously cycled 1000 times,
as shown in Fig. 11b.

Due to the resistance Joule effect Q = V* x t/R, transparent
heaters can be used for defrosting and de-icing displays and
composite glass for LCDs, billboards, and vehicles.”>*”® Hong
et al. prepared CuNWs transparent conductive film with water
and oxygen barrier (relative resistance change less than 0.3
times after 7 weeks of immersion in water).>”> A uniform
heating case of 132.7 °C can be obtained at 10 V. Even if the

b

Fig. 11 (a) Photographs of the LED circuit with TCE.*° Reproduced with permission from ref. 160. Copyright 2016 Royal Society of Chemistry. (b)
Optical image of Cu grid transparent conductor.?®® Reproduced with permission from ref. 283. Copyright 2016 American Chemical Society. (c)
Time-dependent temperature curves of FTH by applying voltage.279 (d) Photographs of water boiling before and after being heated by FTH.27°
Reproduced with permission from ref. 279. Copyright 2019 John Wiley and Sons.
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PDMS mill is filled with water above, it can be heated to boil
water without affecting the light intensity change of the series
LED lamps, as shown in Fig. 11c and d. Zhong et al. prepared
FTHs heaters using a roll-to-roll process combined with IPL
irradiation; the temperature distribution was uniform under
the applied voltage, and the temperature rise with the voltage
rise would reach saturation within 70 s.>'> Bobinger et al. pre-
pared FTHs (R, = 10.3 Q sq™', T = 83.4%) by inkjet using
copper chloride as a precursor for the preparation of
CuNWs."®* The FTHs were able to be heated uniformly and the
resistance remained well linear with temperature.
Subsequently, they prepared a heating film using a similar
copper nanowire system and applied it to a thermoacoustic
loudspeaker for the first time (the response was in good agree-
ment with the simulation fit).'®® Although the copper FTHs
can obtain a good heating effect and fast response time,
copper is easily oxidized at high temperatures, leading to a
severe decrease in its electrical conductivity.

5.2. Sensors

Copper ink applied by printing techniques can be directly
used as a flexible sensor to detect physiological and physical
signals, which can be used for the expensive metal sensing
components in commercial applications.®*13%:135:168:191 The
excellent mechanical toughness of CuNWs is widely used in
the field of strain sensors. Zhang et al prepared
CuNWs@IOnGel composite films with porous structure using
PS microspheres.>®® The porous structure created by the PS
microspheres within the gel improves the compressibility of
the film and exhibits extremely high sensitivity as a pressure
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sensor (S = 39.7 kPa™' in the range of 0.7-1000 Pa). The
embedded structure of nanowires and gels provides the sensor
with good mechanical stability (3000 finger bending cycles).
They demonstrated the composite film as a sensor to monitor
human physiological signals, effectively identifying three TCM
static pulse waves (Chen, Zhong, and Fu), as shown in Fig. 12a.
Khuje et al. prepared CuNWSs pressure sensors on piezoelectric
ceramics.”’” The array of sensors was attached to the surface
of human skin to monitor small pulse signals. The sensing
mechanism can be explained by the fact that the longitudinal
pressure forces the presence of more CuNWs contact points at
the upper and lower interfaces, providing more channels for
electron transport and leading to a decrease in film resistance,
as shown in Fig. 12b and c. Kwon et al. inkjet-printed copper
inks with high adhesion on PI substrates."”" It has high oxi-
dation resistance (stable under ambient conditions for more
than 15 days) while maintaining ultra-high mechanical dura-
bility (100 000 bending cycles). In the absence of conductive
gel, the copper electrodes are capable of stable measurement
of ECG, EMG and EOG signals. Wearable electronic devices
also need to work stably for the long-term. Zhang et al. showed
highly conductive (0.808 Q sq™") and flexible (1000 bending
cycles) composite films obtained using reduced graphene
oxide (RGO) and CuNWs.*** By depositing on polyester cloth,
the thin and light flexible circuits can be used for LED lighting
for long periods of time (>30 days under ambient conditions).
The higher sensitivity and lower oxidation potential of
copper are also widely used in electrophysiological appli-
cations. Redondo et al. demonstrated for the first time the
application of 3D-printed pure copper electrodes prepared
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Fig. 12 (a) Three different test pressures by TCM are defined. Inset: Photograph of tester’s pulse test.2®® Reproduced with permission from ref. 266.
Copyright 2020 Royal Society of Chemistry. (b) Plot depicting the sensor performance for characterizing the arterial pulse. Inset: Photograph of
tester's pulse test. (c) The sensing mechanism of the resistive pressure sensor.2” Reproduced with permission from ref. 217. Copyright 2021
American Chemical Society. (d) Cyclic voltammograms of different concentrations of glucose. Inset: Photograph of the sensor.2%* Reproduced with
permission from ref. 264. Copyright 2020 Elsevier. (e) SEM of acetone sensor.?!! (f) Dynamic response at operating temperature of 300 °C to 1, 10
and 100 ppm of acetone vapor.2'! Reproduced with permission from ref. 211. Copyright 2020 Elsevier.
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using fused filament fabrication (FFF) for non-enzymatic
sensing of glucose.>®* By optimizing the sintering temperature
to obtain the highest purity copper film, the sensor exhibited a
wider linear range (1-50 pM), lower monitoring limit
(0.06 pM), and higher sensitivity (0.03 pM " ¢cm™*) compared
to other copper-based systems, as shown in Fig. 12d. Siebert
et al. mixed micron-sized copper and iron powders through 3D
printing to form a continuous pattern, thermally annealed in
the air to form a heterojunction structure of metal oxides.*'*
Based on the physicochemical changes occurring at different
temperatures, the sensor has good selectivity for acetone vapor
at an operating temperature of 300 °C with a gas response of
50% at 100 ppm vapor concentration and a minimum power
consumption of 0.26 pw, as shown in Fig. 12e and f. The excel-
lent performance is attributed to the metal oxide pinpoint
contact porous bridging structure.

5.3. Optoelectronic devices

In order to prepare flexible optoelectronic devices, flexible con-
ductive electrodes must first be prepared. Copper ink can be
printed on a variety of flexible substrates (PET, PEN, PES) to
give the traditional rigid electrodes bendable and foldable
characteristics, and its low cost and high conductivity mean it
is the main material to replace precious metal (Ag, Au)
electrodes,”®*® as shown in Fig. 13. Yang et al. developed a
bottom electrode for a flexible perovskite solar cell (PSC) by
depositing a protective layer of ZnO with Al doping (AZO) on
the CuNWs transparent conducting electrode using atomic
layer deposition (ALD)."”" While retaining excellent electrical
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properties (34.05 Q sq~', 87.77% transmittance at 550 nm),
the protective layer of AZO also effectively prevents the
diffusion of iodine ions from perovskite into the CuNWs elec-
trode to induce the decomposition of NWs (almost no change
in resistance after 7 days of exposure to the perovskite layer).
The power conversion efficiency (PCE) of the PSCs prepared
based on this composite electrode was 14.18% and the filling
factor (FF) was 70.77% by improving the energy band arrange-
ment in the interfacial layer. Moreover, the PCE changed non-
significantly after 600 cycles at 12.5 mm bending radius. Im
et al. first demonstrated flexible OLED devices using CuNW
transparent conductive electrodes."*” High-performance fiber-
reinforced transparent plastic conductive films (R; = 25 Q sq %,
transmission = 82%) were prepared by encapsulating CuNWs
with UV light-curable resin. Even after 10000 cycles at a
bending radius of 5 mm and 14 days of aging test at 80 °C,
there was no significant change in resistance. The prepared
windmill-shaped OLEDs achieved a maximum luminance of
about 10* cd m™ at a driving voltage of 9 V with a current
density much higher than 10> mA cm™2, and can stably emit
green light under bending. Wang et al prepared flexible
OLEDs using a single layer of monocrystalline graphene and
UV-curable resin to protect CuNWs for improved durability as
an anode output.’””® Compact coverage of CuNWs with a single
graphene layer results in electrodes with good mechanical
durability (>1000 cycles) and long-term stability (<0.2 times
change in resistance after 100 days under ambient conditions).

The composite film has a higher work function (4.87 eV)
compared to the ITO (4.7 eV) anode, which increased the hole
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Fig. 13 (a) The J-V curves of flexible PSCs based on different electrodes. Inset: Photograph of flexible PSC and schematic diagram of doping AL
Reproduced with permission from ref. 171. Copyright 2020 American Chemical Society. (b) Photograph of OLED device operating in (left) flat and
(right) flexed states.'” Reproduced with permission from ref. 147. Copyright 2014 American Chemical Society. (c) Energy band diagram of the OLED
device (left) and photograph of the OLED operating in different states (right).}’® Reproduced with permission from ref. 170. Copyright 2020 Elsevier.
(d) Schematic image of the OFETS (left) and transfer characteristics of OFETs (right).?> Reproduced with permission from ref. 285. Copyright 2020

Elsevier.
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injection rate and the luminance to 8760 cd m™> at a current
density of 4.25 cd A™". This is much higher than the OLED
with flexible ITO (1.2 cd A™" at 5883 ¢cd m™2).

Similarly, CuNP inks play an important role in opto-
electronic devices. In contrast to the CuNWs thin-film
approach, a controlled Cu grid trace is used to replace ITO
electrodes. This has the great advantage of reducing the cost of
production, knowing that the synthesis of CuNWs is much
more complex than CuNPs. Georgiou et al. prepared the first
OPVs using CuNPs ink as a substrate electrode by using inkjet-
printing.>®® The best PCE value of 3.35% was obtained when
the number of Cu grids was six (17% c overage, Js. = 11.39 mA
em™?, FF = 50.72%). However, this Cu electrode oxidizes
rapidly at 160 °C in an air environment, leading to device
failure, and the exposed Cu electrode will cause large leakage
currents owing to the line height and surface roughness. One
year later, the same group prepared the first ITO-free OLED
based on a CuNPs/PEDOT:PSS hybrid substrate electrode with
an improved process.”®” Instead of depositing copper ink
directly on the substrate, they chose to pre-deposit it on the
glass substrate and then transfer it to the substrate by the
reverse nanoimprinting transfer method to form embedded
Cu grids. The biggest advantage of this approach is that it
results in a flatter surface for the electrodes, reducing leakage
current and thus increasing efficiency, resulting in a
maximum CE of 3.6 cd A™'. In the same way, Kamijo et al.
demonstrated high-resolution OLEDs with CuNPs grids as the
bottom electrodes.*®® The OLED luminescence intensity in the
case of CuNPs ink traces with small pitch (<5 pm) and narrow
line widths (0.5 pm) was close to that of the ITO reference.
Similar to the previous work, a thickly doped hole injection
layer is used to reduce the roughness of the Cu gate electrode
and avoid short circuits.
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5.4. Thin-film transistors

Thin-film transistors are the basic components of smart-
phones and other electronic displays.”®>**° Although there
have been many studies on the trench layer, there are disad-
vantages of complicated processes (magnetron sputtering,
vapor deposition) and expensive materials (gold, silver) for the
deposition of the source-drain connecting the trench.>"*%?
Copper can solve the high cost problem owing to its high resis-
tivity and low price, and the transistors obtained by printing
can also exhibit properties such as flexibility and stretchability.
Can et al. used EHD to print a copper source-drain on ZTO
under vacuum sintering (380 °C) for transistors.'’” The
average effective mobility in the saturation region was 0.50 cm?®
v~' s7! with an on-to-off current ratio of 5.5 x 10°. Li et al.
investigated the effect of different ratios of poly(ethylene
oxide) on the viscosity of copper nanoplate ink and prepared
organic field-effect transistors on SiO, substrates in combi-
nation with IPL sintering.”®® The average field-effect mobility
was 0.253 em” V' and the on/off current ratio was 10°.

5.5. Flexible circuits

Flexibility is the goal of future electronic devices. Lightweight,
easy to produce, and reliable complex integrated systems
require  highly  conductive, low-cost interconnection
paths.***?* Copper ink is the most promising material for pre-
paring flexible circuits, which can be achieved by printing on
flexible substrates (PET, PEN, PES). Zareei et al. prepared flex-
ible circuit-lit LEDs by screen printing copper-silver hybrid
inks on PET."*' The lowest porosity of 1.2% and square resis-
tance of 0.072 Q sq~" were obtained with an AgNPs content of
16 wt% and IPL sintering photon energy density of 10.6 J
cm™>. This gave the best adhesion to PET substrate without
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Fig. 14 (a) Photograph of flexible Cu pattern on Pl substrate (left) and operation of LED chips connected to conductive Cu patterns.'®® Reproduced
with permission from ref. 189. Copyright 2017 Elsevier. (b) Stretchability test of the CUNWs conductor.2>? Reproduced with permission from ref. 252.
Copyright 2014 John Wiley and Sons. (c) Photograph of the helical-structured CuNWs electrodes.’®® Reproduced with permission from ref. 163.
Copyright 2014 Springer. (d) The printed Cu ink on the PI substrate lights the LED under bending conditions.®® Reproduced with permission from
ref. 95. Copyright 2018 Elsevier. (e) Calculated and measured S11 results of the fabricated UHF dipole tag antennas. Inset: Photograph of the UHF

dipole RFID tag.''? Reproduced with permission from ref. 112. Copyright 2022 Springer. (f) Photograph of Cu V-shaped dipole antenna.
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Reproduced with permission from ref. 125. Copyright 2019 John Wiley and Sons.
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peeling even after pasting by tape, and maintained high con-
ductivity for 7 days even under harsh conditions (70 °C, 100%
RH). Chen et al. prepared copper patterns (14.3 pm thickness
and 5.68 pQ cm) on PI substrates by inkjet printing with a two-
step chemical plating process.’®® The Cu pattern printed on
the PI substrate has smooth edges, exhibits a distinct metallic
luster, and can be bent many times. Even after one year of
operation, the LEDs continue to light up, as shown in Fig. 14a.
Son et al. prepared flexible circuits (2.1 x 1077 Q m and 100 pm
line width) using copper nanoparticle inks protected by 1-octa-
nethiol coating.’® The circuit is stable under environmental
conditions for 2 months and can withstand 1000 cycles of
bending tests. Good electrical conductivity was achieved by
stable lighting of the LEDs even after bending, as shown in
Fig. 14d. Stretchable copper electrodes have been reported.
Han et al. prepared highly flexible conductors using laser-
welded CuNWs on Eco-Flex films under ambient conditions.?>**
The conductive films obtained by this method were able to
maintain a stable resistance at 250% stretching and for 20 000
bending cycles compared to conventional thermal annealing,
which causes warping and rupture of the films, as shown in
Fig. 14b. Won et al. prepared spiral PDMS mills by casting and
then transferred CuNWs to the mills to obtain stretchable con-
ductors with a special structure,'® as shown in Fig. 14c. The
relative resistance of this conductive spring changed by only
3.9% at 700% stretching.

5.6. Antenna RF tags

Copper inks are also widely used in flexible antennas and
radio frequency identification (RFID) tags.®>*®114127:238 Hong
et al. used formate and thiol-passivated copper paste (with a
conductivity of 13400 S cm™') to fabricate an ultra-high-fre-
quency (UHF) RFID tag by screen printing. The resistance of
the passivated copper electrode was stable at 60 °C for more
than 500 hours and the dipole antenna has a maximum gain
of —2 dB, a reflection coefficient (S;;) of —38 dB, and good
applicability on PI, paper, and fabric substrates (read ranges of
12.8, 11.3, and 7.7 m, respectively);''” the S;; of RFID is shown
in Fig. 14e. Zhang et al. used a composite ink system compris-
ing copper nanowires and copper precursor sintered at low
temperature (140 °C) to obtain conductive patterns with resis-
tivity of 14.9 pQ cm. V-Shaped dipole antennas (length =
30 mm, width = 5 mm, and angle of 30°) were printed on PET,
and the antenna return loss was tested at 2.3 GHz at about 32
dB.125

6. Summary and outlook

Copper inks are widely used in the field of flexible printing,
with the advantages of low-cost and good electrical conduc-
tivity, and are the best substitute for precious metal inks, such
as silver. This paper reviewed the research progress of copper-
based inks in flexible electronics in recent years, discussed the
process improvement of copper ink preparation, printing, and
sintering, summarized the methods to improve the conduc-

This journal is © The Royal Society of Chemistry 2022
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tivity and durability of copper patterns after film formation,
and introduced the emerging applications of copper inks in
flexible electronic devices, such as transparent electrodes,
sensing, optoelectronic devices, and antennas. Although
encouraging progress has been made in the development of
copper inks, there are still two major problems in the appli-
cation of next-generation electronic devices: the feasibility of
printing patterns and long-term stability.

It is still difficult to achieve effective sintering of copper
inks on some thermal substrates (PET, PEN), and regulating
the parameters of sintering for different ink systems increases
the complexity of the preparation process. Copper precursor
inks may be a feasible solution to achieve efficient printing
and low-temperature sintering. The ionic form avoids blocking
the mesh or nozzle during printing and oxidation during
storage, and selecting precursors with low decomposition
temperature can avoid damage to the flexible substrate during
the sintering process. Photonic sintering is an effective
method for large-area preparation owing to its advantages of
speed and low cost, but high-energy pulsed light may cause
local excess heat, which needs further optimization during
operation.

The reliability of copper inks in applications is also a major
issue of current research. Additives and the copper content in
the ink can affect the porosity, surface defects, and step flat-
ness of the film after sintering. Passivation is a simple method
that can be operated on a large scale. The development of
formic acid roots promises high oxidation resistance without
compromising conductivity. However, the formation of dense
passivation layers requires the provision of epitaxial copper
boundaries with a tight, flat structure, which prevents passiva-
tion from improving in efficiency. The rapidity and compatibil-
ity of coating protection mean that it could be a future solu-
tion to achieve stable copper use, but the preparation process
needs to be optimized to improve the degree of wrapping at
the interface between the coating and copper.

In addition, adhesion and resolution are also issues that
need to be overcome. The degree of adhesion of the copper ink
to the flexible substrate determines whether it can work stably
in bending and folding situations. This can be improved by
adding cellulose to the ink or pretreating the flexible substrate
to improve the bonding with the copper molecules. High
resolution is a requirement for the miniaturization of printed
electronic devices. EHD jet printing and laser sintering are
good choices, but the complexity and high cost of the equip-
ment do not match the advantages of copper, causing it to be
difficult to achieve in industrial production.

In general, significant progress has been made in the devel-
opment of copper-based inks. For printability problems, many
new methods have been proposed regarding raw materials and
additives to obtain uniformly dispersed and easily stored inks.
For conductivity problems, methods such as passivation layers
and coatings have been proposed to reduce or avoid the gene-
ration of oxides. We investigated the development of various
conductive inks in the market and predict that the share of
copper inks will gradually equal that of the mature and stable
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silver inks in the next 10 years, with a 30% share of the
total.>*® The future development of wearable electronic devices
will require not only flexibility but also stretchability. Although
CuNWs have made progress in the research of stretchable com-
posite elastomers, Cu nanosheets/micron sheets with lower
cost are still far from silver composite elastomers in achieving
high stretchability. We hope that future research will propose
new solutions for the preparation and printing methods of
copper-based inks to achieve a printing system with good
stability, cost-effectively with a simple process and low waste
production, which can promote the development of copper-
based ink in the field of flexible printed and wearable
electronics.
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