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Abstract. There has been increase in interest in flexible electronics for roles in applica-
tions such as wearable electronics, and solar technology. Current technologies for fabri-
cating flexible electronics tend to rely on costly nanomaterials as raw materials. This
paper presents an alternative processing method that circumvents the need for pre-
fabricated nanomaterials, while still achieving comparable electrical properties. Direct
Laser Writing (DLW) is a new manufacturing technique where an aqueous copper ion
film is applied to a flexible substrate and then selectively irradiated with focused laser
energy to produce a resulting structure of interconnected copper nanoparticles in a single
step. During DLW laser energy simultaneously reduces the copper ions present in the
solution to form nanoparticles, and subsequently sinters the nanoparticles into a continu-
ous structure. In addition to being low cost DLW also benefits from being suitable at room
temperature and not requiring or producing any environmentally harmful materials.
Through controlling laser parameters the chemical composition of the copper can be
controlled, resulting in a high degree of control over the electrical properties of the result-
ing patterns. We demonstrate in this paper the ability to achieve flexible patterns with
conductive and semi-conductive electrical properties. Finally, we intend to demon-
strate the unique capabilities of DLW by showcasing some of the flexible electronic
devices we have been able to fabricate using DLW. Namely a memresistive Copper /
Copper Oxide junction.
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1 Introduction

There has been a growing interest in flexible electronics over the past several years [1].
The industries of medicine and healthcare [2], consumer electronics [3], and smart
textiles [4] are among the key industries leading the push for next-generation flexible
electronic devices. Currently, most of the fabrication processes capable of producing
high-quality flexible electronic components rely on costly raw materials such as pre-
cious metals or nanoparticles [5]. As well, most of the fabrication methods utilize com-
plex multi-step procedures that offer low throughput [6]. These two factors of prohibitive
cost and low production rate are currently two of the largest hurdles preventing the
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advancement of flexible electronics. As such, there is a desire for a fabrication method
that can produce high-quality components with inexpensive raw materials and high
production capabilities.

Direct Laser Writing (DLW) is a novel fabrication technique wherein a flexible sub-
strate is coated in a thin metal ion film and irradiated with focused laser energy. The
laser energy reduces the metal ions into metal nanoparticles, and then instantaneously
interconnects those particles to form continuous flexible conductive patterns. To date,
DLW has been demonstrated to be capable of fabricating high-quality flexible elec-
tronic components such as flexible electrodes [5] and sensors [7]. In this work, we will
be presenting a DLW procedure capable of rapidly producing flexible copper patterns.
Furthermore, we will demonstrate the ability to precisely control the electrical proper-
ties of the deposited copper patterns through controlling key laser parameters, of laser
speed, power, and defocus. The potential of DLW as a method of producing flexible
electronic components suitable for next-generation applications is then demonstrated
through the production of a novel flexible memristive interdigital electrode
component.

2 Experimental

A copper ion solution comprised of copper nitrate (Cu(NOs),), polyethylene glycol
(PEG), polyvinyl pyrrolidone (PVP), and deionized water was drop casted onto a flex-
ible polycarbonate sheet and dried to remove excess moisture. The copper ion solution
was then irradiated with focused laser energy to deposit copper patterns onto the PC
substrate. The untreated regions of the copper ion film were then rinsed using deionized
water to leave only the copper patterns on the substrate. The conductivity of the printed
patterns was measured in order to investigate the effects of changing laser parameters
on electrical properties. The chemistry and microstructure of the deposited patterns
were also investigated in order to better relate the electrical properties of the patterns to
key chemical and microstructural changes.

3 Results and Discussion

Patterns at varying laser speeds and powers were deposited, and the resistivity of the
patterns was measured. Immediately it is clear that the chemical composition of the
deposited patterns varies with increasing laser power density, as shown in Fig. la. At
low laser power, the patterns exhibit a dark grey color and at increasing laser powers,
the patterns shift to a red-brown color. The red-brown is associated with metallic copper
and the grey color is indicative of copper oxide. The change in chemical composition of
the pattern with increasing laser power is a result of the reduction mechanism that
enables the reduction of the copper ion film to metallic copper, through the photodeg-
radation of PVP [5]. During laser irradiation, the lactam side ring group of PVP mole-
cule is degraded through the assistance of the hydroxyl group contributed by the end
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Fig. 1. (a) Copper patterns deposited at varying laser energies. (b) Reduction mechanism of copper
ions through the photodegradation of PEG and PVP. (¢) Current—Voltage plots showing the resistivity
change in patterns deposited at varying laser energies.

groups of the PEG molecules. The lactam ring degrades into methylamine, amorphous
carbon, methylene, and formic acid. The formic acid is then able to react with the cop-
per ions in solution and reduce them from the +2 state to the +1 state, and then subse-
quently to the metallic state [7]. Figure 1b shows the reduction of copper ions through
the formation of formic acid from PVP. At high laser power treatment parameters, there
is enough photodegradation of the PVP molecules to generate an abundance of formic
acid. As a result, the majority of the copper ions are fully reduced from the 2+ state, to
the metallic state. At decreasing laser energies, there is less degradation of the PVP,
which results in less formic acid. Subsequently, there is not enough formic acid present
to fully reduce most of the copper ions, as such many copper ions are only partially
reduced to the 1+ state, and form Copper(I)Oxide. This trend of increasing Copper(I)
Oxide at decreasing laser energies is reflected in the conductivity of the patterns depos-
ited at lower laser energies. Figure Ic shows the resistivity of patterns printed with
varying laser power densities. Since metallic copper is a much better electrical conduc-
tor than Copper(I)Oxide, increasing amounts of Copper(I)Oxide result in dramatic
reductions in the conductivity of the deposited patterns. XRD analysis of the deposited
patterns revealed that at a laser energy of 1 watt roughly half of the copper in the pattern
was deposited as Copper(I)Oxide, at 1.5 watts Copper(I)Oxide content decreased to
about 15% and above 2 watts the Copper(I)Oxide content is below 10%.

The need for highly conductive flexible patterns for flexible electronics is self-
evident [1]. However, there is also growing interest into utilizing the properties of cop-
per oxides. Copper oxides have been shown to have outstanding catalytic properties [6],
which have made them ideal choices for use in sensing applications. As well, there is
growing interest in using copper oxide as a semiconductor. Copper(I)Oxide is a natural
p-type semiconductor, wherein oxygen vacancies act as electron receptors [8]. Copper(I)
Oxide has demonstrated resistive switching effect where it can be set to either a high or
low resistivity state through the application of a voltage bias. The resistive switching
observed in Copper(I)Oxide is a result of the reversible formation of a conductive fila-
ment through the migration of oxygen vacancies [9]. The resistive switching capabili-
ties of Copper(I)Oxide are the basis of a novel new electrical component known as a
memristor. Memristors show promise in many roles in advanced electronics such as
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Fig. 2. (a) Flexible memristor on polycarbonate substrate, (b) schematic of the memristive junction,
and (c) I-V hysteresis loop of memristive junction.

memory units and logic gates [10]. The ability for DLW to deposit both copper and
Copper(I)Oxide patterns makes it an ideal process for the fabrication of memristive
components.

A novel memristive interdigital electrode component has been fabricated in a single
step using DLW, shown in Fig. 2a. By tuning laser energy parameters throughout the
laser writing procedure, different regions of the pattern exhibit different properties.
Copper-rich electrodes were printed with a laser setting of 4 W at 10 mm/s and copper(I)
oxide-rich interdigital regions were printed with a laser setting of 1.55 W at 5 mm/s. A
voltage bias was applied from 0 - +1 V, +1 V- =1 V, —1 V — 0. The current flowing
through the component was measured. Figure 2¢ shows the current—voltage plot of the
fabricated component. Upon applying +1 V, the resistance of the junction dropped to a
low resistance state (LRS). This indicates the formation of the conductive filament
linked one copper region to another. Applying —1 V returned the junction to the high
resistance state (HRS), indicating that the formation of the conductive filament has
been reversed.

4 Conclusions

In summary, a new novel procedure that can produce high-quality flexible electronic
components has been presented. Highly conductive patterns can be produced without
the need for expensive raw materials, and in a single-step process. These aspects of
DLW make it very relevant to the growing need for next-generation flexible electronics.
It was shown that the reduction of copper ions through the photodegradation of PVP
allows for a high degree of control over the chemical composition of the fabricated cop-
per structures. By leveraging this control over chemical composition, a novel memris-
tive junction was fabricated, and the current—voltage loop characteristics were
presented.
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