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The state-of-the-art technology of fabricating printed copper electronics is focussed largely on
thermal sintering restricting transition towards heat sensitive flexible substrates. Herein we report a
pioneering technology which eliminates the need for conventional sintering. Biopolymer-stabilised
copper particles are prepared such that they can be compressed at room temperature to generate air-
stable films with very low resistivities (2.05 - 2.33 x 1078 Q m at 20 °C). A linear positive correlation of
resistivity with temperature verifies excellent metallic character and electron microscopy confirms the
formation of films with low porosity (< 4.6%). An aqueous ink formulation is used to fabricate
conductive patterns on filter paper, first using a fountain/dip pen and then printing to deposit more
defined patterns (R <2 Q). The remarkable conductivity and stability of the films, coupled with the
sustainability of the approach could precipitate a paradigm-shift in the use of copper inks for printable

electronics.

Copper (Cu) is an excellent electrical conductor, nearly matching the
conductivity of silver (Cu: 5.96 x 10S m ™ vs Ag:6.30 x 10’S m™"), but ata
fraction of the cost (Cu: $ 0.28/0z vs Ag: $ 21.6/0z)" making it an ideal
choice for cost-sensitive large-scale applications. Driven by the Internet of
Things™’, most smart devices in the electronic industry require thin films
of copper, with thicknesses in the nano or micrometre scale. These films
are typically printed onto substrates from inks containing Cu particles
(nano/microstructures) using techniques such as direct ink writing,
doctor blading, screen/stencil printing or inkjet printing’. The deposited
film subsequently undergoes sintering (thermal’ or photon®’), a process
essential to facilitate solvent evaporation, decomposition of additives and
binder molecules followed by inter-particle coalescence to form an
interconnected network of Cu particles, resulting in an electrically con-
ductive film**. Typically sintering is performed in an inert environment
(N,/Ar) or in a reducing atmosphere in the presence of H, or formic acid
to mitigate the effects of inevitable oxidation induced by elevated tem-
peratures, usually in the range 0f 200-350 °C*°. The electrical conductivity
achieved in each case is highly variable depending on the type of ink
(nanoparticle, complex, salt, ion or hybrid), presence of stabilising agents,
additives and binding agents, type of substrate (rigid or flexible) used for
film formation, sintering temperatures and atmospheres. For thermally
(250-275°C) sintered films (vacuum, H, or formic acid), electrical

resistivities in the range of 2.3°-92" uQ cm have been reported in
literature’.

Despite the opportunities offered by Cu films, their use is particularly
hindered by the propensity of Cu to oxidise in air. Research has focussed on
surface passivation strategies to retard oxidation at the nano/microscale'" ™.
Organic ligands, particularly amines", carboxylic acids'® and alkanethiols'”
have been used to stabilize Cu particles, because of their favourable inter-
action with the Cu surface. When forming films, however, extensive surface
passivation of the Cu structures means that a high sintering temperature is
necessary to achieve high electrical conductivity.

The rapid growth of the wearable and flexible electronics
industry has motivated efforts to lower sintering temperatures
(<200 °C) or increase conductivities achieved at a given temperature,
as most flexible substrates have low glass transition temperatures and
undergo irreversible physical deformation at standard sintering
temperatures'®. Approaches include the incorporation of larger Cu
particles or flakes'’, carbon nanotubes™ and Cu salts™' to the ink, and
the use of smaller ligands'®** that allow electrons to tunnel between
domains even when not completely decomposed. Another approach
to lower the sintering temperature is to employ a Cu metal-organic
decomposition ink in which the corresponding Cu precursor
decomposes to form the metallic counterpart during the sintering
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Fig. 1 | Synthesis and characterisation of Cu-kCGN particles. a Schematic
representation showing the step-by-step synthesis of Cu-kCGN particles;

b photograph showing the formation of a stable colloidal suspension; ¢ a repre-
sentative SEM image showing the shape of particles obtained in a typical synthesis.
The scale corresponds to 100 nm. Inset in ¢ is a photograph of the Cu-kCGN powder;
d representative TEM images; and e corresponding particle size distributions for Cu-

kCGN-0.5, Cu-kCGN-1.0 and Cu-kCGN-1.5 particles respectively. Particle size has
been computed by measuring at least 100 particles for a given type. The scale
corresponds to 1 um; and f UV-Vis absorption spectra of Cu-kCGN samples
showing the peak absorptions. The spectra corresponding to Cu-kCGN-0.5 and Cu-
kCGN-1.0 have been offset along the y-axis for clarity.

process™”. This approach has the advantage of limiting complications
associated with oxidation of the metal as the ink usually consists of
air-stable species such as Cu(II) formates, nitrates and sulfates or Cu
oxides together with appropriate stabilising and reducing agents™ .
However, despite modest improvements, the state-of-the-art pro-
cessing techniques still require sintering™**, which restricts substrate
flexibility and expansion into more emerging areas such as flexible
and paper-based electronics. A technology that supports the fabri-
cation of conventional sintering-free Cu films without forfeiting their
electronic properties would revolutionise the field of Cu-based
electronics.

We set out to prepare stable aqueous suspensions of Cu particles
that could form films with conductivities approaching that of the
bulk metal without the need for thermal sintering. We hypothesised
that this could be achieved using naturally occurring sulfated poly-
saccharides that could interact with the Cu particles” ™ and intro-
duce seaweed derived k-carrageenan (k-CGN), as an effective
stabilising agent capable of providing stability without fully passi-
vating the surface layer. We demonstrate that the particles prepared
in this way can be compacted at room temperature to produce free-
standing air-stable Cu films/discs that exhibit high electrical con-
ductivity and a remarkably linear thermal response. Direct printing
onto unmodified paper (and printed circuit board (PCB)) substrates
have been demonstrated using simple ink deposition via a fountain
pen as well as stencil printing. In all instances, SEM images clearly

confirm the presence of films with excellent packing density and low
porosity (< 4.6%). A Cu film prepared using our technology has been
employed as the bottom electrode in fabricating an electro-
luminescent paper lamp to demonstrate potential scope of our
approach. These films can potentially be fabricated on a range of
substrates unlocking a diverse array of applications in the emerging
field of paper electronics and flexible wearable electronics.

Results

Synthesis of Cu-kCGN particles and characterisation

The synthesis of sub-micron Cu particles uses k-CGN, a biopolymer derived
from red seaweed”, as the stabilizing agent. Structurally, this biopolymer is a
linear sulfated polysaccharide consisting of repeating 3-d-galactose and 3,6-
anhydro-a-d-galactose units (Fig. 1a) connected via a-(1,3) and p-(1,4)
glycosidic linkages®. Here, k-CGN was deemed suitable because it (i) is
stable at basic pH values (no appreciable hydrolysis or degradation); (ii)
bears hydroxyl and sulfate groups which can interact with the Cu(II) pre-
cursor forming a stable coordination complex’; (iii) is very inexpensive (£
0.55-0.85 per gram); and (iv) is optically transparent.

The preparation of Cu particles (Cu-kCGN) is carried out in
water under ambient atmospheric conditions as depicted in Fig. 1a.
First the k-CGN is dissolved at 85 °C, followed by addition of Cu(II)
chloride dihydrate. Under these conditions, the divalent Cu precursor
coordinates with k-CGN via oxygen atoms in the sulfate and
hydroxyl moieties”*”'. The reaction mixture is then basified to pH 12
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Fig. 2 | Thermal and ambient oxidative stability of Cu-kCGN particles. a PXRD
patterns showing good agreement with the standard (ICSD - 43493) and good

stability evident by the absence of peaks corresponding to oxides; b TGA analysis (in
air) showing improved stability upon increasing the proportion of k-CGN; and XPS
analysis and corresponding peak assignments for Cu 2p and O 1 s core levels for the

Binding Energy/ eV

synthesised ¢ Cu-kCGN-0.5, d Cu-kCGN-1.0 and e Cu-kCGN-1.5 powders showing
that the samples predominantly consist of Cu(0). The PXRD patterns in a have been
offset along the y axis for clarity.

(Supplementary Fig. 1). Subsequently, the Cu(II) precursor is reduced
(Supplementary Fig. 2) by addition of L-ascorbic acid (vitamin C) to
Cu(0), causing the solution to turn dark red (Fig. 1b and Supple-
mentary Fig. 3). The as-synthesised Cu particles (concentration of
0.93 mg ml ™' per reaction) appear as a viscous reaction mixture with
particles that are well-isolated from one another (Supplementary
Fig. 4). As k-CGN is a thermo-reversible gelling agent, upon cooling,
the random k-CGN coils undergo helical rearrangement™ increasing
the viscosity. The presence of well-isolated particles suggests that the
k-CGN helices partially passivate the Cu particles, preventing
agglomeration. The isolated red-coloured powder (Fig.lc inset)
consists of spherical particles as seen by the scanning electron
micrograph (SEM) given in Fig. lc.

The size and composition of the Cu-kCGN particles could be modu-
lated by varying the loading of k-CGN. Three Cu particle samples were
prepared, identified as Cu-kCGN-0.5, Cu-kCGN-1.0 and Cu-kCGN-1.5
where the number signifies the amount of k-CGN used as a percentage of
weight by volume (i.e. 0.5% (w/v) of k-CGN was added to Cu-kCGN-0.5).
The amount of Cu(II) precursor is held constant, so that the relative pro-
portion of k-CGN to Cu(II) increases from Cu-k CGN-0.5 to Cu-kCGN-1.5.
Representative transmission electron microscopy (TEM) images given in
Fig. 1d and particle size distributions in Fig. le. show that the particles
decrease in size as the amount of k-CGN is increased. This observation was
also supported by UV-Vis absorption spectroscopic analysis (Fig. 1f) which

showed a blue shift in the plasmonic peak as the amount of k-CGN
increased. A synthesis in the absence of k-CGN was also carried out as a
control experiment. However, as evidenced by representative SEM images
(Supplementary Fig. 5), the particles showed very poor uniformity in both
size and shape, corroborating the important role of k-CGN in controlling
both these parameters.

Thermal and ambient oxidative stability of Cu-kCGN particles

Powder X-ray diffraction (PXRD) patterns collected for the Cu-
KCGN particles were in good agreement with the standard face-
centred cubic system observed for Cu (Fig. 2a and Supplementary
Fig. 6). Notably, although all processing of the particles and PXRD
were collected in air, there is no evidence of surface oxides and all
peaks are of good intensity and align perfectly with the standard
(ICSD - 43493), suggesting good stability in an ambient environ-
ment. Given the predisposition of Cu to oxidise when exposed to
moisture and oxygen, particularly at elevated temperatures™,
thermogravimetric analysis (TGA) was used to assess the thermal
stability under an oxygenated environment (Fig. 2b). An increase in
weight over time was observed because of the gradual oxidation and
the resulting formation of Cu,O and CuO”. The stability of Cu
particles is influenced by the amount of k-CGN present in each Cu
sample. k-CGN acts as a protective barrier retarding the com-
mencement of oxidation when the samples are heated in an
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oxygenated environment as evidenced by the delayed on-set of
aerobic oxidation. Cu-kCGN-0.5, Cu-kCGN-1.0 and Cu-kCGN-1.5
samples commence oxidation at 116, 183 and 266 °C respectively,
indicating improved stability as the amount of capping ligand is
gradually increased. Pristine k-CGN begins decomposition at about
180 °C which is completed at 500 °C, leaving a residue of 20% which
does not undergo further decomposition” (Supplementary Fig. 7).
Therefore, as the temperature is gradually increased in an oxygenated
environment with the decomposition of k-CGN, surface Cu layers
begin to oxidise resulting in an increase in weight. The sample with
the lowest amount of k-CGN undergoes rapid oxidation and reaches
a maximum weight gain of 21%. The other two samples, which have
higher amounts of k-CGN begin oxidation at an elevated temperature
(183 and 266 °C, respectively) and reach a weight gain of 17%.
Consequently, the Cu-kCGN-0.5 sample shows an additional weight
gain of 4% despite having slightly larger particles (and therefore a
lower surface to volume ratio), indicating lowest stability of the
3 samples. The shape of the thermograms corresponding to
Cu-kCGN-1.0 and Cu-kCGN-1.5 show two steps in oxidation; for-
mation of Cu,O and CuO, which is separated by a meta-stable state
of oxidation, Cu;0,, observed at about 400 °C*. On the contrary, the
Cu-kCGN-0.5 sample rapidly oxidises to Cu,O and subsequently
CuO. The metastable state is not evident for this sample. Addition-
ally, the TGA data and elemental analysis (Supplementary Table 1) of
the Cu-kCGN powders, both show that the amount of x-CGN in
each sample is very low (C<1.5%) and therefore the observed
thermal and ambient oxidative stability is impressive.

X-ray Photoelectron Spectroscopy (XPS) analysis was performed to
further probe the surface stability of the Cu-kCGN powders as shown in Fig.
2c-e (and Supplementary Fig. 8). The presence of the characteristic Cu 2ps,
(932.56 £ 0.05 V) and Cu 2p;, (952.52 £ 0.05 V) peaks confirm the pre-
sence of metallic Cu, which is also corroborated by Cu LMM Auger electron
spectroscopy (Supplementary Fig. 9)*. Notably, apart from a small amount
of Cu(OH),, which is likely to be a result of the strong base reacting with
minute amounts of the metal precursor, all powders show very good stability
under ambient conditions, with the highest stability for Cu-«CGN-1.5 as
evident by more defined narrower Cu 2p peaks and a smaller peak for
Cu(OH), (also noticeable in the O 1s region). In addition to the peaks
corresponding to C-O-C and C-O, which originate from k-CGN" (Sup-
plementary Fig. 10), the O 1s XPS of all three types show an additional peak
(530.27 £ 0.22 V), which is absent in pure k-CGN. A peak in this region has
been designated to an interaction between an oxygen bonded to a carbon
atom and transition metal elements***'. Therefore, XPS analysis shows that
k-CGN stabilises the Cu by an interaction via oxygen atoms. A similar
interaction, between the metal and oxygen atoms, is reported in the litera-
ture for k-CGN capped gold* and silver”’ nanoparticles.

The XPS of the S 2p region showed relatively insignificant peak
intensities (Supplementary Fig. 11). We speculate that the sulfate appen-
dages are buried in, away from the surface and hence difficult to detect
especially as there is only one such sulfate group per disaccharide unit.
Matrix assisted laser desorption ionization time of flight mass spectrometry
(MALDI-TOF MS) was carried out to test this hypothesis. The characteristic
fragments corresponding to the 3-linked B-d-galactose (G-units) and
4-linked a-d-galactose (D-units) units of k-CGN (Supplementary Fig. 12),
are visible in the negative mode, confirming our postulation.

Film formation by compression

The as-synthesised particles (Fig. 3a) although not immediately conductive,
when gently ground using a mortar and pestle, gradually transformed into a
reflective layer (Fig. 3b), which was very conductive (Fig. 3c). This unex-
pected finding formed the basis for exploring a pressure treatment to gen-
erate conductive Cu films. Accordingly, the powder was transferred into a
stainless-steel quick press die-set and compressed using a bench press (Fig.
3d and Supplementary Fig. 13). Preliminary measurements performed with
a digital multimeter showed extremely low resistance verifying the excellent

conductivity of these unsupported (i.e. with no underlying substrate) Cu
films (Fig. 3e inset and Supplementary Fig. 13). This approach permits
thickness modulation via the amount of powder used in the preparation and
the force of compression. Shape modification can be achieved by simple
customisation of the die-set. For subsequent characterisations, the film
thickness was maintained between 25-30 um for ease of handling (Sup-
plementary Fig. 14).

Electrical properties and long-term stability of Cu films fabri-
cated via room-temperature compression

The four-terminal resistance of the films fabricated from each of the three
powders were measured (Supplementary Table 2) using the van der Pauw
method*. All films show very low resistivities, with values for Cu-k CGN-0.5
and Cu-kCGN-1.0 approaching that of bulk Cu (1.69 x 10™* Q m
or 5.96 x 10’S m ™). For a metal film of this nature, the measured resistance
is governed by additives and impurities (and their properties) as well as the
microstructure (efficiency of packing)**. As k-CGN itself is an insulator,
higher loadings will undoubtedly contribute to increased resistance.
However, in this context as loadings are not vastly different and the carbon
percentage is low (Supplementary Table 1), the microstructure of the film,
which is influenced by the particle size and distribution is likely to play a
dominant role. To understand the influence of film microstructure and
surface morphology on the measured electrical conductivity of the com-
pressed Cu films, the porosity of representative SEM images, as a percentage
of the total area of the image, was computed using ImageJ software
(Supplementary Fig. 15). It is clear that the film made using Cu-kCGN-1.0
particles (Fig. 3e) is very compact with a negligible porosity of 1.76%, and
accordingly shows the highest conductivity"*"” (4.53 £0.51 x 10’Sm™).
Conversely, the film derived from the smallest particles (Cu-kCGN-1.5)
shows the lowest conductivity (0.67 +0.95 x 10’Sm™") because of the
apparent high porosity of 9.03% arising from the inter-particle gaps
(Fig. 3g). This is further impacted by the smaller grain size (i.e. smallest
particles among the three samples) which contributes to an increased
number of grain boundaries per unit area, generating a larger barrier for
electron transport™. The electrical conductivity of the Cu-kCGN-0.5
film (4.05+0.10 x 10’Sm™) is only marginally lower than that of
Cu-kCGN-1.0. This could be attributed to the presence of larger particles
with a broader size distribution which has a favourable effect on the
microstructure. The measured electrical conductivity is further influenced
by the applied pressure (Supplementary Fig. 16 and 17), which dictates how
well the particles are compressed.

Resistivity (p) of an ideal metallic film increases with temperature (T)
due to increasing density of phonons in the lattice”, in accordance with
p ~ aT, where « is the temperature coefficient of resistance. The opposite is
true for granular films formed by weakly coupled metal particles™', where
electrical conductivity is limited by the tunnelling barriers formed between
the particles, which become more transparent at high temperatures. Thus,
direction and shape of the p(T) dependence provides an excellent tool for
probing the microscopic nature of electron transport in metal films. To probe
the temperature dependence of resistivity of the fabricated films, four-
terminal resistance was measured over a temperature range of 145 to 400 K
(—130 to 130 °C). As shown in the graphs in Fig. 4a, the films composed of
Cu-kCGN-0.5 and Cu-kCGN-1.0 show a remarkably linear relationship
with temperature, similar to that of commercial Cu foil (Com-Cu-Foil, 99.8%
metal content). Some nonlinearity is observed in the Cu-kCGN-1.5 sample,
possibly due to resistance at the inter-particle barriers. This is not unexpected
as this sample also showed the highest deviation from bulk Cu in respect to
measured resistance. The corresponding a values (Supplementary Table 3)
were calculated (a.,;) using the linear plot in Fig. 4a and Eq. 1**

R:Rref[l +“(T_ Tref)] (1)
where R s the resistance at a given temperature T, and Ris the resistance at

a given reference temperature T for which the « value is calculated (20 °C
for this work). All values deviate from the expected value for pure bulk
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Fig. 3 | Film formation using room temperature
compression and film morphology. Photographs
showing a the dried Cu powder; b the formation of a
lustrous film on the mortar upon gentle grinding of
the powder; c a low resistance reading (8.9 Q) on the
multimeter confirming that the layer in b is very
conductive; d schematic representation showing the
compression process of Cu powders to fabricate Cu
films; representative SEM images of increasing
magnification (scale bars represent 1 um, 1 um and
100 nm respectively) showing the surface mor-
phology of the films prepared using e Cu-kCGN-0.5;
f Cu-kCGN-1.0 and g Cu-kCGN-1.5 powders. Inset
in e shows a photograph of a typical Cu film pre-
pared in this work.

Cu (0.00369 — 0.00409 °C™" (at 20 °C))*>*, as these are thin metal films and
therefore affected by imperfections including vacancies, dislocations, for-
eign molecules and additives™. The trend however, illustrates that a decrease
in particle size causes progressive reduction of «,. The organic content
alone is far too low (Supplementary Table 1) to have a notable effect on o,
Thus, a far more plausible explanation, is the effect of grain boundaries. The
higher the number of grain boundaries, the greater the deviation. Grain
boundaries are defects in a polycrystalline material and are usually located at
the interface between two crystallites. Although the crystal structure and the
composition of the adjacent grains are identical, the change in orientation
causes a planar defect, increasing electron scattering*®** which affects the
electron-phonon interaction presented by the p ~ aT relation. Thus, larger
particles generate a lower number of grain boundaries per unit area,
compared to smaller particles*®™ (Fig. 3e-g), consequently, the effect of
grain boundaries become more pronounced for smaller particles™. A similar
trend in « values has also been experimentally observed for gadolinium
metal particles where the deviation was the highest for nanoparticles and
lowest for microparticles™. A plot of resistivity vs temperature enables the
deduction of resistivity of Cu-kCGN films at 20 °C; (p,o) (Fig. 4b and
Supplementary Table 3). The corresponding «., and p,o values are

summarised in Fig. 4c. Remarkably, the resistivity of these films (p,0)
prepared via a conventional sintering-free room-temperature compression
approach closely matches that of the bulk metal, with those of Cu-kCGN-1.0
and Cu-kCGN-0.5 only 1.22 and 1.38 times greater, respectively. The high
conductivities obtained using our room temperature compression approach
is enhanced by the oxidative stability of the particles, which retards
formation of an outer oxide layer that could otherwise deplete film
conductivity”, and the formation of a smooth planar surface (Supplemen-
tary Fig. 18) which minimises unfavourable electron scattering caused by
surface roughness™.

Film formation via compression was done under ambient atmospheric
conditions, therefore surface stability was evaluated using a further XPS
analysis which shows (Supplementary Fig. 19 and 20) very similar data to
that of corresponding isolated Cu powders, hence, excellent stability.
Notably the compressed films show a more pronounced peak at
530.27 £ 0.22 eV indicating improved interaction between Cu and k-CGN
when compressed (Insets in Supplementary Fig. 19). The long-term stability
was further assessed by leaving the Cu-kCGN-1.0 film (best-performing
sample) under ambient conditions for 7.5 months followed by a subsequent
XPS analysis. As presented in Fig. 4d (and Supplementary Fig. 21), the
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Fig. 4 | Electrical properties and long-term stability of films prepared via com-
pression. a Four-terminal sheet resistance vs temperature measurements;

b resistivity vs temperature measurements for films prepared using Cu-kCGN-0.5,
Cu-kCGN-1.0, and Com-Cu-Foil. Inset in a shows four-terminal sheet resistance vs
temperature measurements for films prepared using Cu-kCGN-1.5 powder. Inset in
b shows the resistivity vs temperature measurements for films prepared using Cu-
KCGN-1.5 powder. (graphs in a and b are fitted using Eq. 1 with corresponding o,
values shown in ¢); ¢ Comparison of measured resistivities (at 20 °C) and tem-
perature coefficient of resistance of each Cu film; d XPS analysis and peak

Binding Energy/ eV

Days

assignments for Cu 2p core levels for Cu films prepared using the Cu-xCGN-1.0
powder, left under ambient atmospheric conditions for 7.5 months. Inset in d shows
XPS analysis and corresponding peak assignments for O 1s core levels; e overlay of
d and XPS analysis of Cu 2p core levels for a similarly exposed Com-Cu-Foil sample;
and flong-term four-terminal sheet resistance measurements for Cu films prepared
using Cu-kCGN-1.0 powder and Com-Cu-Foil. The error bars represent +/-
standard deviation for at least two four-terminal resistance measurements, per-
formed according to the van der Pauw method.

stability of the film is significantly better compared to a similarly exposed
Com-Cu-Foil sample (Fig. 4e). The latter shows prominent satellite peaks
indicating the presence of Cu(II) species, hence, surface oxidation™. The
four-terminal sheet resistance was also monitored over time and shows
(Fig. 4f and Supplementary Fig. 22) excellent stability over 250 days, with
only a 4% increase in resistance. All films fabricated with the current for-
mulation are highly reflective and show very good resemblance to that
typically observed for metallic Cu (Supplementary Fig. 23), with high
reflectivity up to a wavelength (A) > 600 nm, which then decreases gradually
at A < 550 nm because of inter-band transition energy losses”. Formation
of a continuous passivation layer is implausible as the carbon content is low
(Supplementary Table 1). However, the films show appreciable stability. We
postulate that this is a result of the supramolecular arrangement of k-CGN
helices which accumulate at the interparticle gaps, i.e. at the grain bound-
aries, when compressed under high pressure, passivating these sites which
are most susceptible to oxidation®'. Additionally, when compressed under
high pressure, particles are forced into place, rather than the gradual coa-
lescence observed in conventional sintering, enabling controlled densifica-
tion, minimizing interparticle gaps and pores, thereby restricting ingress
and lateral diffusion of oxygen.

Fabrication of films on paper and PCB substrates

To demonstrate the practicality of our conventional sintering-free
approach, Cu patterns were drawn on filter paper using an ink formula-
tion. The particles were suspended in deionized water together with
L-ascorbic acid (15 mM) as an antioxidant'®”” (Fig. 5a) followed by ink
deposition using a fountain pen (or a calligraphy dip pen). The deposited
pattern was subsequently dried under vacuum to completely remove the
solvent and pressed to form a highly reflective and conductive paper

electrode as seen in Fig. 5b—d. These paper electrodes are flexible and can be
subjected to physical deformation without film delamination. The optical
microscope and SEM images in Fig. 5e and f, show that the Cu particles pack
densely in between the randomly distributed cellulose fibres, giving rise to an
interconnected compact layer of Cu (Fig. 5g). All patterns are deposited on
unmodified filter paper, thus, there is potential for further improvement via
appropriate surface pre-treatments®>*’. We also demonstrate successful
patterning on PCB substrates using this technology (Fig. 5h). Con-
ventionally, PCB circuits are made by depositing a layer of Cu followed by
lithography/masking and etching to remove the unwanted coverage
resulting in a circuit of a desired pattern. A combination of etching and
plating techniques serves as the mainstream fabrication method with
appropriate modifications in microfabrication and processing to achieve
finer traces®*®. For this work, the PCB substrate was UV/Oj; treated to
improve surface hydrophilicity, prior to ink deposition. Remarkably, the
resulting print was very smooth and highly reflective with very low resis-
tance (Fig. 5i) owing to the presence of a dense layer of well-connected Cu
particles (Fig. 5j, k).

Printing conductive Cu patterns on paper and fabrication of an
electroluminescent paper lamp

To demonstrate that the existing ink formulation can be used in combi-
nation with standard printing technology often used to deposit such
materials in the field, we employed a printing approach that utilises a
stainless-steel stencil to transfer patterns on to filter paper. As shown by the
results illustrated in Fig. 6a and b, Cu patterns were successfully transferred
on to the underlying filter paper (unmodified) and show very good con-
ductivity as evidenced by the low resistance readings depicted in the cor-
responding photographs given in Fig. 6¢—f. The latter also shows good
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a

Fig. 5 | Fabrication of Cu films on paper and PCB substrates. Photographs
showing a the Cu ink used to prepare patterned electrodes on paper and PCB
substrates; b various Cu patterns on filter paper; ¢ physical deformation of an
electrode on filter paper - no delamination of the Cu film occurs upon bending; d a
typical sample used for four-terminal electrical measurements of films on paper and
the corresponding optical micrograph (scale bar corresponds to 200 um); SEM
images of e filter paper (scale bar corresponds to 100 um); and f Cu films on filter
paper (of increasing magnification with scale bars representing 100 um, 10 um, 1 pm
and 100 nm respectively); g cross sectional EDXS analysis of a Cu film on paper

showing the overlayed image and elemental composition (scale bars correspond to
500 pm): Al (from the SEM stub), C, O and Cu; Photographs showing h smooth and
highly reflective Cu patterns on PCB substrates; i a typical sample used for four-
terminal electrical measurements of films on PCB substrates; SEM images of j the
PCB substrate (scale bar corresponds to 10 um); and k Cu films on PCB substrates
(of increasing magnification with scale bars representing 1 mm, 10 um and 1 pm
respectively).

sensitivity to pattern length with gradual increase in measured resistance
(from pattern 1 to 4) as the length of the pattern is increased. Although some
edge defects and discontinuity in the transferred ink pattern (Supplemen-
tary Fig. 24) can be observed in a few prints, all continuous patterns are
conductive (Supplementary Fig. 24). It is important to note that this is a
mere demonstration to show that printing can be done, and further opti-
misation is necessary (including surface modification of the paper substrates
to limit spreading of the ink, ink viscosity adjustments, concentration/
loading optimisation) and will support in perfecting the print. Although
further optimisation is necessary, the results are conclusive proof-of-con-
cept, demonstrating the ease and efficiency with which paper electrodes can
be prepared using this approach. These electrodes are potentially the basis
for developing paper-based electronic devices which is not feasible with
conventional heat-based sintering. We foresee that the development of the
technology will require additional electrical and surface understanding to
gain insight into surface and interfacial chemistry of Cu films prepared using
this technology to facilitate device design.

To demonstrate the flexibility of the printed Cu patterns on paper, a
bending test was performed using the setup reported by Komolafe et al.*
(Supplementary Fig. 25) in which a printed Cu film on paper (1 mm x
7mm, Fig. 6g: inset) was subjected to 1000 bending cycles along two
bending radii; 10 mm and 5 mm. As shown in Fig. 6g, an increase in the
relative resistance (R/Ry) is observed for both bending radii with a R/R, of
1.6 and 5.7 for 10 mm and 5 mm, respectively. A smaller radius is expected
to have a larger impact on the R/R, value, in accordance with similar
observations in literature”**", as a smaller radius impacts the strain on the
substrate and film to a greater extent”. To maintain the current system as
sustainable as possible, we wished to avoid modification of the paper

substrate or encapsulation, or film passivation used in other systems to
improve rigidity. Hence, the relative increase in resistance is appreciable.

Although Cu films have been previously printed on various flexible
substrates, in respect to cellulose/paper, most reports focus on a copper-
cellulose composite where cellulose serves as a matrix material’”>. The
presence of cellulose in larger proportions as well as existence of both copper
and copper oxides makes it difficult to achieve high electrical conductivities.
However, in this work, the development of a compression-based approach
to fabricate copper films have proven to be successful in realising films with
excellent electrical conductivity (2.05 - 2.33 x 10® Q m at 20 °C) and high
metallic character without the need for sophisticated sintering techniques
and inert or reducing atmospheres’. Our approach is relatively simple and
greener, supporting sustainable chemistry and processing.

To demonstrate that a Cu electrode developed using our compression
approach can be used to fabricate electronic devices, we fabricated an
electroluminescent paper lamp as proof-of-concept. The lamp was based on
atypical capacitor architecture that utilised a compressed Cu electrode as the
bottom contact. The subsequent layers in order of deposition include a
dielectric layer to prevent short-circuiting and to promote light reflection, a
phosphor layer consisting of doped zinc sulfide which emits light in
response to an applied electric field, a silver electrode to facilitate uniform
charge distribution and a top PEDOT:PSS transparent electrode to allow
light transmission’*”* (Fig. 6h and Supplementary Fig. 26). The Cu base
layer was printed (stencil) and processed using our standard room tem-
perature compression protocol. The subsequent layers were deposited via
printing and cured for 10 min each at 120 °C in a vacuum oven. As evi-
denced by the photograph given in Fig. 6i (and Supplementary Fig. 26), the
electroluminescent effect can be clearly observed upon applying an
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Drying Curing Curing
RT Compression 120 °C 120 °C
Filter paper Bottom Cu Dielectric Phosphor
(unmodified) Electrode Layer Layer

Fig. 6 | Printing conductive Cu patterns on paper and fabrication of an elec-
troluminescent paper lamp. Photographs showing a a typical stencil printed Cu
pattern; b the printed patterns on filter paper before and after compression; a
measured low resistance (< 2 Q) corresponding to individual patterns denoted by ¢ 1;
d 2; e 3; and f 4, following compression. Insets of ¢ — f show the specific pattern of
which the resistance is measured and the corresponding dimensions. In all patterns
given in ¢ - f, W = 3 mm; g a plot of R/R, vs bending cycles showing the relative
change in resistance when a printed Cu film on a paper substrate is subjected to 1000
bending cycles with a bending radius of 10 mm and 5 mm respectively. Inset in

800

400 600
Bending Cycles

200

Printing Printing
B —_—
Curing Curing
120 °C 120 °C
Ag PEDOT:PSS
Electrode Top Transparent
Electrode

g shows a photograph which depicts a Cu film being subjected to bending in the test
set up; h a schematic showing the step-by-step fabrication process of an electro-
luminescent paper lamp which uses a compressed Cu film on unmodified filter paper
as the bottom electrode and i a photograph showing the light emission from the
paper based electroluminescent device in response to an electric field. Unmodified
filter paper was used as the substrate for all patterns and the printing was done using
an ink consisting of Cu-kCGN-1.0 particles.

alternating electric field. Successful fabrication and demonstration of a
proof-of-concept device based on our compressed Cu electrode material
illustrates the potential scope of applications of our system.

Discussion

We demonstrate a different approach to the fabrication of highly
conductive Cu films based on the room temperature compression of k-
CGN stabilised Cu particles. Three types of Cu particles have been
synthesised, Cu-kCGN-0.5, Cu-kCGN-1.0 and Cu-kCGN-L.5, by
varying the loading of k-CGN. The particles are of sub-micron range
and size can be tuned by modulating the amount of k-CGN and this
proportion also has an impact on the stability of the resultant Cu
powders. The isolated powders can be compressed at room tem-
perature to fabricate unsupported copper films with conductivities
close to those of the bulk metal in the absence of any heat treatment.
SEM images show that the particles are densely packed in the films,
forming a well-connected network of compressed particles with a very
smooth surface which minimizes scattering and enhances electron
transport. The successful transfer of the process to paper and PCB
substrates and the excellent conductivity, flexibility and mechanical
stability of the films formed demonstrates the broad applicability of
this approach. Combining the conductivity and oxidative stability of
the copper films, with the low energy synthesis of the particles from
renewable resources and the ease with which films can be formed on a
range of substrates, this system has the potential to open new doors in
the use of copper inks for printable electronics.

Methods

Materials

Copper(II) chloride dihydrate (CuCl,.2H,0, 99%, Fisher Scientific), Kappa
carrageenan (sulfated plant polysaccharide, Sigma-Aldrich), L-ascorbic acid
(99 + %, Alfa Aesar), sodium hydroxide (99 + %, Alfa Aesar), disposable
polypropylene centrifuge tubes (50 ml, Fisher Scientific), IPA (99.5%, Fisher
chemical) and acetone. The materials and solvents were used as received
without further purification.

Synthesis of copper particles

An aqueous solution of k-CGN was prepared by dissolving k-CGN (0.6 g,
0.5% w/v) in 120 ml of deionised water at a temperature of 85 °C and stirred at
800 rpm. Upon complete dissolution, CuCl,.2H,0 (2.37 mmol, 0.02 M) was
added to the reaction flask. Subsequently, the reaction mixture was basified to
a pH of 12 using a NaOH (2.7 M) solution. Then the reducing agent,
L-ascorbic acid (2.0 M, 10 ml) was added until a pH of 4-5 was reached upon
which the blue solution turns yellow, white, and finally red. The appearance of
red colour takes about 15 min. The reaction was maintained at 85 °C and
stirred at 800 rpm for 5 h and then cooled down to room temperature. The
particles were isolated by centrifuging at 8000 rpm for 15 min using a Thermo
Scientific Heraeus Megafuge 8 centrifuge. Each reaction (total volume about
135 ml) yields 126 + 5.8 mg of the Cu-kCGN particles. Therefore, the con-
centration of Cu per reaction is 0.93 mg ml™". The solid particles were then
repeatedly washed with deionised water and dried under vacuum to isolate
the particles in the form of a red powder. (All experiments were performed
under ambient conditions, unless otherwise stated).
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Fabrication of free-standing films

The dried Cu particles were ground to a fine powder using a mortar and
pestle and transferred (30 mg) to a quick press-die set (circular in shape with
a diameter of 7 mm) and then a load was applied using the hydraulic bench
press (See Supplementary Fig. 13 and Supplementary Note 17). The pres-
sure was varied from 2.44 x 10 - 1.22 x 10’bar, to study the effect on film
formation and resulting conductivity. Commercially available Cu foil
(Com-Cu-Foil, 99.8% metal basis) of similar thickness (25 um) was chosen
as a suitable candidate for comparison, to benchmark our films as it is widely
used for diverse electrical applications. Attempts to fabricate similar
unsupported Cu films using commercially available metallic Cu powders
were proven unsuccessful.

Fabrication of conductive patterns on paper and PCB substrates
The Cu ink was formed by suspending the Cu particles in deionized water
(60~70 mg ml ") together with L-ascorbic acid (15 mM) as an antioxidant,
followed by sonication (5 min). The contact angle and surface tension of the
Cu ink was 38.4° and 59.2 mN m ™" respectively (Supplementary Fig. 27).
The ink was then deposited using a fountain pen or a calligraphy dip pen (for
improved control over line thickness). For paper substrates no pre-
treatment was done. For PCB substrates, UV/Oj3 treatment (10 min) was
done prior to deposition. Subsequently, the deposited pattern was dried
under vacuum and compressed (2.44 - 6.10 x 10*bar) using a hydraulic
bench press to realise a conductive Cu pattern. For printing, a stainless-steel
laser cut stencil (MCI precision screens Ltd) was used, and the ink was
transferred on to the underlying filter paper using a squeegee.

Resistance measurements using four-terminal van der Pauw and
collinear methods
The van der Pauw method was deemed suitable to measure the sheet
resistance and deduce the electrical conductivity of compressed free-
standing copper films of thickness in the range of 25-30 pm. As shown by
SEM images the samples are adequately homogenous and exhibit low
porosity. However, prior to measuring our own samples, to validate our
experimental set up, we first measured the electrical conductivity of com-
mercially purchased Cu foil (99.8% metal basis, 1.673 puQ) cm at 20 °C). The
van der Pauw method, measurement set up in our laboratory and relevant
calculations provided an average electrical resistivity of 1.69 x 10* Q m (or
1.69 pQ2 cm) for commercial copper foil which is in good agreement with the
provided value.

The pressed free-standing Cu films were cut to a square shape
(5 x 5 mm®) using a scalpel and loaded onto non-magnetic headers and
fixed in place at the centre using double-sided tape. Four-contacts were
made from each edge of the sample to the gold coated probes using silver
paint (RS Pro conductive paint). Current-voltage dependences were
measured using a Keithley-2400 sourcemeter and a Keithley-2010 mul-
timeter. Four different current and potential contact configurations were
carried out for each sample and processed using the van der Pauw tech-
nique. For temperature dependent resistance measurements, the headers
were loaded onto a vacuum cryostat with temperature controlled in the
range of 100 K < T < 500 K. The temperature in the liquid nitrogen cooled
cryostat was changed as required in the range of —150 °C to 150 °C, using
a Lake Shore Cryotronics (model 335) temperature controller. During all
the measurements, low pressure in the cryostat was maintained by the
vacuum pump (Pfeiffer Hi CUBE) at a level of < 1 x 107* hPa. For Cu
patterns deposited on paper (Fig. 5d) and PCB (Fig. 5i) substrates, sample
homogeneity, substrate porosity and surface roughness can limit the
accuracy of van der Pauw measurements, hence the collinear 4-point
probe method was used to measure the resistance of these samples. Four
contacts, which cross the entire width of the sample were made on each
long bar or snake-patterned sample, using silver paint and silver wires.
The potential across the sample was measured using the inner two con-
tacts and the resistance was calculated in accordance with the collinear
technique.

Characterisation

The morphology of the particles was studied using a JEOL 2100 F TEM
operating at 200 kV equipped with a Gatan Orius CCD camera and JEOL
scanning transmission electron microscopy (STEM) detectors. Image]J
software was used to analyse the TEM images and compute particle size
distributions. SAED patterns were also acquired with the Gatan Orius CCD
camera. Calibration was done using an evaporated aluminium film as a
reference (from Agar Scientific). Optical microscopy images (Cu particles in
suspension, Cu films, Cu patterns on paper and PCB substrates) were col-
lected using an Olympus BX51 Microscope in reflection mode unless
otherwise specified. UV-Vis-NIR absorption spectra of aqueous Cu sus-
pensions were obtained in the wavelength range of 300 nm to 1400 nm
using an Agilent Cary UV-Vis-NIR spectrophotometer. For the current
work, UV-Vis absorption spectroscopy was adopted to identify the presence
of metallic copper and obtain a preliminary understanding regarding par-
ticle size, distribution and degree of agglomeration in various samples prior
to conducting other more specific characterisation techniques such as TEM,
SEM and XPS. TGA was performed (in air) using a TA instruments Dis-
covery TGA with 100 pl Platinum-HT sample pans. PXRD measurements
were collected using a Panalytical materials research diffractometer. The Cu
particles were finely ground prior to loading onto the sample holder.
Loading of samples and data acquisition was performed in air. The PXRD
peaks were assigned using the Mercury software and the CDS National
Chemical Database (ICSD - 43493). For SEM imaging a small sample of Cu
(powder, free-standing film and patterns coated on substrates) was placed
on the aluminium stub using adhesive carbon tape and imaging was per-
formed using a JEOL 7100 Field Emission Scanning Electron Microscope
with an accelerating voltage of 15kV. For Cu particles in the form of a
powder, iridium (8 nm) was coated prior to imaging. Coating of iridium was
also done for samples on paper and PCB substrates to avoid background
charging caused by non-conductive substrates. For Cu patterns on paper
substrates, Energy-dispersive X-ray spectroscopy (EDXS) was acquired
using an Oxford Instruments Ultim®Max-100 detector and processed with
Oxford Instruments Aztec software. XPS (particles and free-standing films)
was performed using the Kratos AXIS ULTRA with a monochromated Al
Ko X-ray source (1486.6 eV) operated at 10 mA emission current and 12 kV
anode potential (120 W). Spectra were acquired with the Kratos VISION II
software. A charge neutralizer filament was used to prevent surface char-
ging. Hybrid-slot mode was used for measuring a sample area of
approximately 300 x700 pm. The analysis chamber pressure was 5 x 10~°
mbar. Three areas per sample were analysed. A wide scan was performed at
low resolution (binding energy range 1400 eV to —5 eV, with pass energy
80 eV, step 0.5eV, sweep time 20 min). High resolution spectra at pass
energy of 20 eV, step of 0.1 eV, and sweep time of 10 min each were also
acquired for photoelectron peaks from the detected elements, and these
were used to model the chemical composition. Sample loading to the XPS
was performed in air. The spectra were charge corrected by setting the C 1s
peak to 284.7 eV. Data analysis and processing was done using CasaXPS
software. MALDI-TOF-MS data was collected using a Bruker Autoflex Max
MALDI-TOF spectrometer. Samples were prepared by mixing the Cu
particles (Cu-kCGN-1.5) with the matrix (DCTB: trans-2-[3-(4-tert-
Butylphenyl)-2-methyl-2-propenylidene]malononitrile) in an Eppendorf
tube followed by addition of deionised water. This was then mixed rigor-
ously using a vortex mixer and spotted on a polished steel plate for analysis.
Bending tests were performed using a printed Cu film (on unmodified filter
paper) of dimensions 1 cm x 7 cm, and testing was performed along two
bending radii; 5mm and 10 mm, using the setup reported by Komolafe
et al.* The set up consist of a cylindrical mandrel (which can be changed
depending on the required bending radius) across which the sample is
clamped in place via two sample holders (Supplementary Fig. 25). The
movement of the sample is controlled by a motor. The latter is programmed
using the Arduino software. A Kruss DSA30 drop shape analyser was used
to measure the contact angle and surface tension of the Cu ink. To compute
the surface tension, the images acquired by the drop shape analyser were
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processed using Image] software with the pendent drop analysis plug-in
reported by Daerr et al.”.

Fabrication of an electroluminescent paper lamp

A Cu film was printed on unmodified filter paper, dried under vacuum, and
compressed to obtain a conductive film. Subsequent ink layers consisting of
particles and polymer binders (smart fabric ink Ltd) were then deposited via
stencil printing and each layer was cured at 120 °C for 10 min in a vacuum
oven. These include a dielectric layer (barium titanate, TC-C9001), a
phosphor layer consisting of doped zinc sulfide (TC-P0001), a silver elec-
trode (TC-C4001), and a top PEDOT: PSS transparent electrode
(TC-C4006).

Data availability
The data that support the plots in this paper and other findings of this study
are available from the corresponding author upon reasonable request.
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