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Abstract
Flexible electrodes have attracted much attention in consumer electronic applications. In this
work, laser direct writing is used to fabricate copper/graphene composite electrodes on a flexible
substrate in one step. This direct writing process with a low power laser can reduce copper ions
in thin films to form copper nanomaterials and spontaneously interconnect them to gain good
conductivity, while the laser also induces the growth of multi-layer graphene that coats on
copper to improve the oxidation resistance of electrodes. The electrical performance and
chemical composition of flexible electrodes can be tuned by laser power, scanning speed, and
defocus distance. A mechanism of in situ reduction and interconnection of copper nanomaterials
during laser direct writing has been proposed. This method could largely reduce the oxidation
issue by avoiding synthesis and sintering processes of copper nanomaterials. These as-written
copper electrodes have good stability and have potential applications in flexible electronics, such
as flexible heaters or antennas as demonstrated.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Flexible electrodes can be used in many applications, such as
wearable devices [1, 2], solar cells [3, 4], touch screens [5, 6],
etc. They are usually based on highly conductive materials,
such as silver [4, 7], gold [8], and indium tin oxides (ITOs)
[9]. Owing to the development of printing technology with
nanoparticles (NPs) [10–12], nanowires (NWs) [6, 13, 14],
and core–shell NWs [15], selective patterning of electrodes on
flexible substrates can be realized for fabricating flexible
devices. However, because gold and silver are expensive and
ITO is brittle during deformation, it is necessary to find other
alternatives for practical applications. Recently, copper (Cu)
nanomaterials have emerged as a potential material for flex-
ible electronics due to its good electrical/thermal properties
and economical merits [16, 17]. Usually, such Cu

nanomaterial based electrodes start with the synthesis of Cu
nanomaterials that are sintered together using heat [18], laser
[10], or chemicals [16] later to meet the conductivity
requirement. Due to their large surface to volume ratio, oxi-
dation of Cu nanomaterials is more difficult than bulk Cu. In
order to tackle this problem, a commonly used method is
covering Cu nanomaterials with a layer of protective mate-
rials, such as polymer [18] or carbon materials [19]. However,
it complicates the fabrication process and such introduced
protective layer would present at the interface of the Cu
nanomaterials, which would impede the electron from passing
through unless high temperature sintering in inert gas or
vacuum is used to decompose it and interconnect Cu nano-
materials [20, 21]. Unfortunately, this high temperature sin-
tering process is undesirable for industry and could cause
electrode delamination or damage of flexible substrates

Nanotechnology

Nanotechnology 30 (2019) 185301 (10pp) https://doi.org/10.1088/1361-6528/aafe4c

0957-4484/19/185301+10$33.00 © 2019 IOP Publishing Ltd Printed in the UK1

https://orcid.org/0000-0003-4455-1421
https://orcid.org/0000-0003-4455-1421
mailto:gwei@buaa.edu.cn
https://doi.org/10.1088/1361-6528/aafe4c
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6528/aafe4c&domain=pdf&date_stamp=2019-02-18
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6528/aafe4c&domain=pdf&date_stamp=2019-02-18


[18, 22], and is also difficult to implement area-selection
precisely. So far, many attempts have been reported to replace
high temperature thermal sintering, such as intense pulsed
light sintering [23] and the selective laser sintering/welding
process [24, 25]. These methods can pattern Cu electrodes
quickly, but the problem of the easy oxidation of Cu nano-
materials in fabrication, processing and subsequent applica-
tion, has yet to be solved.

To address this issue, CuO or Cu2O NPs, Cu ions have
been used as a Cu source to synthesize Cu NPs and sinter
them together with thermal heating or intense pulsed light
[10, 23, 26, 27], because they are much more stable than Cu
NPs in ambient conditions [23]. This method not only sim-
plifies the steps of synthesis, but also has the advantages of
operating at room temperature, is environmentally friendly,
and produces less impurities. Further, combined with the laser
direct writing technique, it can achieve rapid processing and
selective patterning.

In this study, a Cu ion thin film is prepared on a flexible
substrate, and then Cu ions are reduced to Cu nanomaterials
and interconnected spontaneously by laser direct writing for
selective patterning of Cu electrodes. Water-soluble Cu ion
thin film is facile to fabricate and stable in atmosphere, and
non-irradiated areas can be easily removed after patterning.
Laser direct writing can also produce amorphous carbon or
graphene in the as-fabricated electrodes. The influence of the
laser parameters on the electrical performance and chemical
composition of flexible electrodes are investigated. The
application of such as-written Cu electrodes has also been
demonstrated in flexible resistive heaters and antennas.

2. Methods

2.1. Patterning of Cu electrodes

The Cu ion ink contained 10 ml of deionized (DI) water,
0.97 g copper (II) nitrate hydrate (Cu(NO3)2·3H2O), 0.1 g
polyvinyl pyrrolidone (PVP, K30, Mw≈40 000 g·mol−1),
and polyethylene glycol (PEG). All reagents were purchased
from Sinopharm Chemical Reagent Co. Ltd. Before coating,
the surface of the polycarbonate (PC) substrate was treated

with oxygen plasma to enhance the substrate’s hydrophilicity.
First, the as-prepared Cu ion ink was drop-casted on the PC
substrate followed by drying in an oven at 50 °C. The process
of laser direct writing was conducted using a continuous wave
diode laser (K808DAHFN-20.00W, BWT Beijing Ltd) with
a wavelength of 808 nm. The reflector is a protective silver
reflector, and the focusing lens is a k9 flat convex lens
(f=25 cm). After selective patterning, the non-irradiated
areas were washed with DI water since the Cu ion film is
water soluble, leaving the as-patterned Cu electrodes on PC
substrates.

2.2. Characterization

The microstructure and morphology were characterized by
field emission scanning electron microscopy (Merlin Com-
pact, Germany) and an optical microscope (OM, Carl Zeiss,
Germany). To analyze the chemical composition of the
electrodes, x-ray diffraction (XRD, Rigaku D/max, Japan),
and Raman spectrum (inVia-Reflex, Renishaw, the UK) were
measured. The electrical properties of Cu electrodes were
tested by a digital source meter (Keithley, 2400, USA).

3. Results and discussion

Figure 1 illustrates the processes of the coating of the Cu ion
film and the laser direct writing of the Cu electrodes. The Cu
ion ink was drop-casted on the PC substrate followed by
drying. After selective patterning by laser direct writing, the
non-irradiated areas could be washed with DI water since the
Cu ion film is water soluble, leaving the as-patterned Cu
electrodes on the PC substrates. Figures 2(a) and (b) depict
the change in the Cu ion thin film after laser direct writing.
After irradiation, the blue film changed into a reddish color,
typical of Cu, while the thickness was reduced from
140–130 μm as illustrated in figures 2(a) and (b). Meanwhile,
the sheet resistance of the irradiated area decreased to less
than 1Ω·sq−1. Because the temperature is very low during
laser scanning (as shown in figure 2(c)), the measured mac-
roscopic temperature during laser direct writing is only about
40 °C), the reduction of Cu2+ is unlikely due to the generation

Figure 1. Schematic of the laser selective patterning Cu electrodes.
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of aldehydes, which requires a temperature of at least 180 °C
[17, 27, 28]. To validate this, direct thermal heating of the
Cu2+ film in an oven was conducted. The results indicate that
even 200 °C oven heating is impossible to produce Cu0. As
presented in the schematic mechanism of the reduction of
figure 2(d), the laser irradiation can convert the PVP ring
structure into methylene, methylamine, and propanoic acid
through photodegradation with the assistance of the OH
radical coming from the PEG [28, 29], and the methylamine
and propanoic acid can come from the hydrolysis [29]. The
propanoic acid could further decompose into formic acid, and
then react with Cu2+ to generate Cu0 [23, 30]. Simulta-
neously, carbon dioxide and amorphous carbon were also
generated during this reaction [28]. It is interesting that this
amorphous carbon could present in the electrodes or grow
into graphene wrapped on Cu particles (as illustrated in
figure 2(e)) since the Cu can act as a catalyst and substrate
[31], which will be discussed later in detail. The inter-
connection of the generated Cu nanomaterials will also occur
through laser induced in situ joining to improve the con-
ductivity of as-fabricated electrodes.

The electrical property of the laser-irradiated area is very
sensitive to the parameters of the laser direct writing process.
Figure 3(a) shows the dependence of the laser power and the
sheet resistance with two different laser defocus distances
(0 and 6 mm). Overall, the sheet resistance, with the increase
of laser power, presents a trend of first descending and then
rising. The processing window of the laser power for
obtaining Cu electrodes with good conductivity varies with
laser defocus distance. Laser power from 1–4.5W is appro-
priate for a defocus distance of 0 mm, while it is 1.5–5W for
a defocus distance of 6 mm. When the laser power is rela-
tively low (<1 or 1.5W), the laser-irradiated areas are non-
conductive with a sheet resistance larger than 10 kΩ because
Cu2+ have not been reduced. When the laser power was
beyond 4.5 or 5W, the substrate was damaged because of the
overheating caused by the high energy of the laser. The
minimum sheet resistance is 2.53Ω·sq−1 at 2.5W for a

defocus distance of 0 mm, while this value is 0.17Ω·sq−1 at
4W for a defocus distance of 6 mm. These sheet resistances
are similar as the reported values of 0.3–0.5Ω·sq−1 for laser
sintered Cu NP electrodes [25, 32], and 0.11Ω·sq−1 for
thermal sintered Cu NW at 220 °C [33], as summarized in
table 1. This suggests that laser direct writing can realize the
rapid fabrication of Cu flexible electrodes with high con-
ductivity while the process is much simpler with only one
step, working at near room temperature, and involves no pre-
synthesis of NPs or NWs.

Figures 3(b) and (c) indicate the dependence of sheet
resistance with laser scanning speed and defocus distance. As
depicted in figure 3(b), the resistance decreases first and then
increases as the scanning speed increases similar to the
effect of laser power. Particularly, a scanning speed from
3–20 mm s−1 is an appropriate processing window in this
study. To study the effect of the defocus distance during laser
direct writing, the resistance of the patterned electrodes at
various laser defocus distances, when the laser power is 3.5W
and the scanning speed is 5 mm s−1, is measured as plotted in
figure 3(c). The sheet resistance decreases with the increase of
defocus distance, and the value is as low as 0.17Ω·sq−1

when the defocus distance is 6 mm. If continually increasing
the defocus distance over 6 mm, the sheet resistance rises up
slowly but generally it is maintained below 3Ω·sq−1 when
the defocus distance exceeds 4 mm. It is worth noting that the
change in the defocus distance will cause the enlargement of
the size of laser spot, which determines the line width of the
Cu electrode after laser direct writing. Figure 3(d) shows the
V–I characteristic curves of patterned electrodes under dif-
ferent laser parameters. The V–I curves under different laser
parameters display good linear Ohmic characteristics. The slope
of the V–I curves varies obviously with the laser parameters
representing the different conductivity. Therefore, by controlling
the laser power, scanning speed, or defocus distance, tuning the
laser energy density, in other words, electrodes with different
sheet resistance and line width can be obtained. The sheet
resistance could vary from 0.17–40Ω·sq−1, indicating the

Figure 2. The OM image and the scanning electron microscopy (SEM) image (side view) of Cu ion thin film (a) before and (b) after laser
irradiation. (c) Snap-shot of temperature distribution on the C substrate during laser direct writing measured with an infrared camera.
Schematics of (d) laser induced chemical reduction, and (e) the structural change during laser induced reduction and joining of Cu
nanomaterials.
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possibility of fabricating Cu structures with various resistances
in one step by changing the laser parameters.

To understand the conductivity of patterned Cu electrodes,
chemical compositions are measured using XRD and Raman
spectroscopy. As illustrated in figure 4(a), all regions irradiated
with a low power laser (1.5W) present the color of metallic
Cu. Although the laser irradiation regions with different
parameters could mostly be conductive, a black area appears
in the middle portion under a higher laser power of 4.5W
(figure 4(a)), which might be the reason for the increase in

sheet resistance. This black region is due to the high laser
intensity because of the Gaussian distribution of the laser
beam. Micron-sized spheres can be observed in this region
with a film wrapped over the surface. Characterized by energy-
dispersive X-ray spectroscopy EDS analysis, the sphere con-
sists of a surface carbon shell and an internal Cu core (location
I: 85% of C and 15% of Cu, location II: 98% of C and 2% of
Cu), which suggests the formation of carbon film during laser
direct writing. The XRD patterns in figure 4(b) indicate that the
electrodes are metal the Cu and Cu2O phases under the laser

Figure 3. Electrical properties of Cu electrodes under different laser parameters. The changes in sheet resistance (a) with the laser power in
two defocus distances (0 and 6 mm) when the scanning speed is 5 mm s−1, (b) with the scanning speed when the laser power is 4 W and the
defocus distance is 6 mm, (c) with the defocus distance when the laser power is 4 W and the scanning speed is 5 mm s−1. (d) The V–I
(voltage–current) characteristic curve of patterned electrodes under different laser parameters.

Table 1. Comparison of the resistivity of electrodes using different Cu sources.

Materials Substrate Resistivity (Ω·m) Sheet resistance (Ω/sq) References

Cu bulk — 1.678×10−8
— —

Cu NPs PI/PEN (2–8)×10−7 0.3–0.5 [22, 28]
Cu NWs PI/filter paper — 15 0.11 (220 °C) [16, 34]
CuO NPs PI 3.1×10−7 0.14 [32]
Cu(OH)(NO3)/Cu(NO3)2 PET 2.4×10−6

— [8]
Cu(NO3)2 PC 3.4×10−6 0.17 This work
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powers of 1.5 and 4.5W. When the laser power is 2.5W, the
electrode mainly contains Cu metal with an almost invisible
Cu2O phase. The three diffraction peaks at 43.5°, 50.7°, and
74.4° correspond to the (111), (200), and (220) planes of the
Cu phase, respectively, while the three diffraction peaks at
36.6°, 42.6°, and 61.3° belong to the Cu2O phase [23, 27]. The
calculated ratio of the Cu2O/Cu phase varies with different
laser powers (0.221 for 1.5W, 0.153 for 2.5W, and 0.336 for
4.5W). By comparing their sheet resistances (10.32Ω·sq−1

for 1.5W, 2.53Ω·sq−1 for 2.5W, and 17.13Ω·sq−1 for
4.5W), it can be found that the sheet resistance is proportional
to the ratio of Cu2O/Cu, suggesting the composition and
electrical conductivity of patterned Cu electrodes could be
controlled by playing with laser power. Here, the increase of
Cu2O might lead to a decline in electrical conductivity, which
might be due to the uncompleted reduction of Cu2+ at low laser
power or the oxidation of Cu at high laser power during laser
direct writing. In addition, there is a weak peak at 26.6°
corresponding to graphite under the laser power of 4.5W,
which confirms the existence of crystallized carbon film as
observed on the surface of the micron -sized spheres. It is also
worth noting that no CuO phase has been detected in either the
low and high laser power cases, suggesting such a black region
at 4.5W is not due to the oxidation of Cu.

Furthermore, two typical Raman peaks of carbon mate-
rials are observed at 1370 and 1585 cm−1 referred as the D
and G bands of graphite [35, 36] in all regions of the pat-
terned Cu electrodes (figure 4(c)). The appearance of the G
band represents that the structure of the wrapped carbon shell
on the Cu sphere is mainly a plane structure of graphite
(sp2-hybridized carbon), while the D band shows the presence

of defects in the graphitic lattice [8, 37]. The D band of red
regions is almost invisible but the G band can be observed
clearly. Generally, the I(D)/I(G) ratio indicates the defects
and disordered structure of graphite or multi-layered gra-
phene. The ID value of non-defected graphene or graphite is
relatively small as compared to other carbonaceous structures,
such as amorphous carbon [36, 37]. Consequently, the pre-
sence of the G band in the red region indicates the generation
of graphite. The D and G bands both can be observed in the
black regions, but the I(D)/I(G) ratio of the non-spherical
region is lower than that of the with-sphere region, and
increased from 0.445–0.844. Therefore, more structural
changes and defects existed in the with-sphere region than the
non-spherical region, because more sp3-hybridized carbon
might be formed in a spherical structure [8, 37].

Figure 5(a) displays the spherical structure in the Cu
electrode at high laser power. Similar to the spherical struc-
ture in figure 4(a), the surface of the sphere is wrapped with a
layer of transparent film composed of carbon. The surface
wrinkles can be observed clearly in the insert of the high
magnification image, which is similar to the morphology of
graphene. Figure 5(b) is the C1s XPS pattern of the Cu
electrode. The C1s peak at 284.8 eV is identified as C–C or
C=C, confirming the existence of graphene (or graphite) [8].
The peak at 286.4 eV and 288.6 eV are identified as C–O and
COO–, respectively. This may be caused by residual PVP,
PEG, and carboxylic acids or graphene oxide generated after
laser irradiation. The transmission electron microscopy
(TEM) image shown in figure 5(c) shows that Cu NPs (as
shown by yellow circle) are wrapped with film-like structure.
These NPs with a (111) lattice of 2.07 Å are very small,

Figure 4. (a) OM images of Cu electrodes at 1.5 and 4.5 W and the SEM image of the black region. (b) The XRD patterns of Cu electrodes
fabricated at 1.5, 2.5, and 4.5 W. (c) The Raman spectra of different regions in the electrodes.
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∼10 nm, see figure 5(d). The high resolution TEM images of
the Cu electrode display sheet structures of the carbon film
with a lattice spacing of 2.55 Å, corresponding to the hex-
agonal lattice plane spacing d220 of graphite, see figure 5(d).
The corresponding fast Fourier transform pattern in the inset
of figure 5(d) illustrates a single 6-fold symmetric diffraction
pattern, indicating the orientation of the hexagonal graphene
network [38, 39]. Figure 5(e) confirms a typical multi-layer
graphene structure with d002=3.53 Å [40, 41]. A typical
interconnected interface of two Cu NPs is also presented in
figure 5(f), whose connection is attributed to laser induced
joining. The observed 2.10 and 1.84 Å lattices belong to the
(111) and (200) planes of Cu [18, 42]. Herein, this one-step
laser direct writing on Cu ion film could induce the reduction
to get Cu nanomaterials and in situ joining to form conductive
electrodes. It might be of great interest that this photon
reaction process could stimulate the carbonization of organics
and grow graphene sheets on as-formed Cu nanomaterials
because Cu can serve as a catalyst during the growth [31, 43].

To understand the joining process of Cu NPs in laser
direct writing, figure 6 illustrates the changes of the micro-
structure of the Cu electrodes. Figure 6(a) indicates the dif-
ference in the microstructure between the red and black
regions. The red regions are mainly a network distributed on
both sides of the Cu electrode corresponding to the low
energy density area of the laser beam, while the black region
is a spherical structure in the middle of the Cu electrode
because of the Gaussian distribution of the laser. At high laser
energy density, the black region with the presence of multi-
layered graphene is formed, while the red region is dominated
by Cu with little graphene under low laser energy density (as
shown by the C1s XPS results in figure 5(b)). Figure 6(b)

shows a typical sintered structure of Cu nanomaterials in
electrodes under low laser energy density. The laser induces
the reduction of the Cu2+ into the Cu NPs and the inter-
connection of such NPs together, to form a network structure
accompanied by some gas emission possibly, as suggested in
figure 2(d). As laser energy density increases, the Cu structure
could melt under high local heating temperature induced by
laser and solidify into a large sphere due to the assistance of
surface tension, as shown in figure 6(c). Usually, the melting
of Cu NPs requires a high temperature, but here the macro-
scopic temperature is only 40 °C according to the measure-
ment (see figure 2(c)). It seems impossible to melt Cu NPs.
However, the surface plasmon effect [44, 45] induced by a
laser would enhance the local temperature greatly at the
contact area of the Cu NPs to promote melting [34, 46]. The
jagged holes in the spherical structure also indicates that it is
formed by merging of multiple Cu NPs. In these micro-sized
spheres, the content of carbon is below 5% as shown by the
EDS analysis. As the laser energy density increases further,
black regions appear in the center of Cu electrodes and the
content of carbon increases. Figure 6(d) shows the surface of
the formed spheres in the black regions, illustrating a carbon
shell on an internal Cu sphere. According to the EDS ana-
lysis, the proportion of Cu and carbon is about 40:60.
Although EDS is a semiquantitative analysis, it still shows the
significantly different composition from the change tendency
of the Cu and carbon ratio. The increase in carbon content
indicates an increase in the degree of carbonization.

The microstructures are closely related to the electrical
properties because the increase in conductivity is derived
from the connection of Cu NPs. At first, the laser induces an
interconnection between the Cu nanomaterials to form a

Figure 5. (a) Graphene sheets coated on Cu particles observed in the electrode. Inset: high magnification image of the surface. (b) The C1s
XPS pattern and (c)–(f) TEM images of the Cu/graphene electrode.
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network structure, which greatly enhances the conductivity of
the electrodes. With the increase in laser energy density, the
higher local temperature caused by the surface plasmon effect
creates more intense joining between Cu NPs or even melting
to further transform a network structure into large spheres.
Such large spheres cause less interconnection area in elec-
trodes, leading to a slight decrease of electrical conductivity.
As the laser energy density continually increases, the multi-
layered graphene structure will be present in the electrodes
and cover the surface of as-formed Cu spheres. Although the
conductivity of graphene is very good in plane (resistivity Cu
at 20 °C is 1.678×10−8Ω·m, graphene is 10−8Ω·m,
graphite parallel to layer is 2.5–5.0×10−6Ω·m, and gra-
phite perpendicular to layer is 3×10−3Ω·m [47, 48]), it
presents at the interface of Cu spheres with limited contrib-
ution to the improvement in conductivity. Moreover, there are
many defects in the graphene (as the Raman spectroscopy
results indicate in figure 4(c)) produced by this laser process,
resulting in an obvious decline in conductivity.

Some tiny Cu NPs are observed on the surface of the
sphere (the inset in figure 6(d)), which may be formed by
rapid solidification of Cu during laser scanning. Also, the
similar ultra-small particles can also be found on the surface
of the network structure, highlighted by a bright yellow circle
in the inset of figure 6(b). Nevertheless, the size of the par-
ticles at low laser energy density is much smaller than that of
high energy density. Two reasons can explain the growth of
such tiny NPs. The first is that there is a difference in the
thermal conductivity of graphene and Cu. The measured

thermal conductivity of single layer graphene is in the range
3000–5000W/(m·K) at room temperature [48], and the
thermal conductivity of Cu is 401W/(m·K) respectively
[48]. Because, after the laser scanning, the local heat transfers
faster in the graphene wrapped Cu than in the Cu network,
such Cu NPs on the surface of the graphene will be more
easily aggregated. The second is that the wettability of the
same material is better than that of the dissimilar material.
Therefore, the Cu NPs attached to the surface are easily
formed on the graphene because the wetting angle is an
obtuse angle [49].

Figure 7 shows the oxidation resistance of patterned
Cu/graphene electrodes. Figure 7(a) indicates the change in
conductivity in 24 h at different temperatures. The rate of
change of the resistance is below 20% when the temperature
is under 80 °C, showing good reliability. However, when the
temperature reaches above 110 °C, the oxidation will increase
the resistance rapidly, eventually resulting in no conductivity.
Figure 7(b) displays the change in conductivity with aging
time at 25 °C and 50 °C. Under different temperature condi-
tions, the resistance shows a different trend with time. At
25 °C, the rate of change of the resistance rises almost linearly
with time. While for the electrodes fabricated with different
laser power aging at 50 °C, the resistance remains unchanged
within the first 5 days, and it increases rapidly from 5–15
days, and becomes stable after 15 days as shown in
figure 7(b). At first, a very thin natural Cu2O layer could form
on the surface of the Cu electrodes [33, 50] to prevent further
oxidation, which contributes to the unchanged conductivity

Figure 6. (a) Two regions of as-patterned electrode. (b)–(d) High resolution SEM images electrodes fabricated from low to laser energy
density by changing the defocused distance (D). The inset in (b) and (d), detailed tiny NPs on the surface.
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over 5 days. Although these electrodes have no additional
protection, the oxidation resistance is comparable to PMMA
coated Cu NW or Cu core–shell particle electrodes [51, 52].
The rate of change of the resistance remains below 0.5 for 30
days when aged at 25 °C-35%(RH) (30 days in reference [33]
for the Cu NW electrode with PMMA coating ) and remains
unchanged for 6 days at 50 °C-20%(RH) (5 days in reference

[52] for the Cu core particle electrode). Furthermore, the rate
of change of the resistance is 0.07 for 24 h at 80 °C-10%(RH)
(1 h in reference [52] for Cu NWs and 100 min for the Cu
NW electrode with PMMA coating). This is probably because
the graphene film (see figures 4(a) and 5) enhances the oxi-
dation resistance [53] and maintains its good conductivity.
Unavoidably, any type of Cu electrode will not be absolutely

Figure 7. (a) The electrical conductivity of electrodes heating at different temperatures in air for 24 h. (b) The electrical conductivity of
electrodes with different aging times at 25 °C-35%(RH) and 50 °C-20%(RH).

Figure 8. (a) Photograph of rapid heater on PC substrate, and (b) temperature distribution under different current conditions (400 and
500 mA) measured with an infrared camera. (c) Photograph of planar antenna on PC substrate, and (d) measured reflection (S11) against
frequency for various bending conditions of planar antenna.
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free from oxidation in air. Therefore, the thin oxide layer
become gradually thicker and the sheet resistance of the
electrode increases with the passage of preserved time
[33, 50], and the rise in temperature may accelerate this
process.

As a proof of concept, the fabricated Cu/graphene
electrode can be applied for various electronic applications.
First, it is used as a flexible rapid heater, as shown in
figure 8(a). Because of the thermal effect of the current, it can
rapidly heat up when passing a steady current. The area where
the temperature rises is the same size as the electrode, but the
temperature in the center is slightly higher. In 30 s, a current
of 400 mA can heat it up to 42 °C (figure 8(b)), while the
500 mA current can reach 59 °C (figure 8(b)). Also, the as-
fabricated Cu/graphene flexible electrodes can be used as a
flexible planar antenna for the detection of electromagnetic
waves, as shown in figure 8(c). Figure 8(d) presents the S11
measurement curves of planar antennas under different
bending conditions. In the unbending condition, the fre-
quency bandwidth of this antenna is 3.6–4.8 GHz and
10.1–11.8 GHz. The frequency bandwidths will shift to low
frequency in up-bending (2.2–3.3 GHz and 8.6–10.6 GHz),
and shift to high frequency in down-bending (4.1–5.3 GHz
and 10.6–11.8 GHz). This reflects the frequency conversion
characteristics of the antenna and can expand its application
range.

4. Conclusion

In summary, one-step fabrication of Cu/graphene flexible
electrodes with a low sheet resistance of 0.17Ω/sq at low
temperature in ambient condition has been realized using
laser direct writing. It can avoid the complex steps of syn-
thesizing Cu nanomaterials and sintering. Laser could induce
the in situ formation and joining of Cu nanomaterials as well
as the growth of graphene sheets. Through this process, the
sheet resistance could be reduced significantly and be con-
trolled by changing the chemical composition and micro-
structure of Cu/graphene electrodes through varying laser
direct writing parameters. The reliability at different oxidation
conditions are better than sintered Cu NP or NW electrodes
due to the one-step and near room-temperature process, as
well as the graphene film presented in electrodes. Finally, the
rapid heater and planar antenna were fabricated to demon-
strate the applicability in practical flexible devices.
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