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Printed electronics are manufactured in a process of registering thin functional material (ink) layer combinations on a low-
cost substrate that may be recycled and/or naturally degraded in nature. Correspondingly, the manufacturing process is
composed of three complementary stages: material selection, printing and post-printing. The materials for the printed
electronics are principally inks of conducting, semiconducting or dielectric characteristics and substrates, which are
derived from synthetic or natural polymers. The inks are transferred with a master through direct contact to the substrate
in case of contact printing, while they are deposited onto the substrate typically through nozzles in case of non-contact
printing. Posterior to the printing process, it is often necessary to conduct sintering/curing in order to reach the desired
functional ink and substrate characteristics. The inks, substrate and the printing technology along with the post printing
requirements must be carefully evaluated for quality, repeatability and life-time aspects of the yield.
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| 1. Introduction

Printed electronics has a great potential to offer biodegradable and recyclable solutions, which is a way forward to
minimize the electronic waste (e-waste) caused by the ever-increasing number of disposable electronic devices 2, As
the demand toward adding intelligence to the objects from our daily life has recently increased, the environmental impact
of electronics manufacturing has reached to a significant level. Additive Manufacturing (AM) of these devices, e.g., by
conventional and the state-of-the-art printing methods, relieves this impact by decreasing used (and wasted) materials
and by allowing manufacturing to be completed without the need for etching and masking . AM not only improves the
resource efficiency but also reduces the fabrication costs since these manufacturing processes remain the same for both
design prototyping and their mass production ¥l In addition, the recent advances also prove that AM methods can be
used in hybrid printed electronic circuit fabrication, for which the conventional surface-mount technology (SMT)
components are adhesively bonded to the printed substrates 2IEl. The full potential of using AM for electronic component
manufacturing will be reached by replacing all SMT components with their printed counterparts as the assembly process
may be completely eliminated & Therefore, in the future, the electronic components and devices used in the fields of

communication, energy and biomedicine can be viably and sustainably manufactured using various printing technologies
[10]

Printed electronics are manufactured in a process of registering thin functional material (ink) layer combinations on a low-
cost substrate that may be recycled and/or naturally degraded in nature. Correspondingly, the manufacturing process is
composed of three complementary stages: material selection, printing and post-printing, as depicted in Figure 1. The
materials for the printed electronics are principally inks of conducting, semiconducting or dielectric characteristics and
substrates, which are derived from synthetic or natural polymers. The inks are transferred with a master through direct
contact to the substrate in case of contact printing, while they are deposited onto the substrate typically through nozzles in
case of non-contact printing. Posterior to the printing process, it is often necessary to conduct sintering/curing in order to
reach the desired functional ink and substrate characteristics. The inks, substrate and the printing technology along with
the post printing requirements must be carefully evaluated for quality, repeatability and life-time aspects of the yield.
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Figure 1. Complementary steps for electronics printing.

Although the requirements for the mass production of printed electronics with the desired specifications are challenging,
the current state-of-the-art for the materials, fabrication processes and inspection technologies demonstrate an increasing
trend in both repeatability and functional performance 1. Undoubtedly, continuous growth of biodegradable and
recyclable material portfolios for conductive, semiconductor and dielectric inks, and synthetic and natural polymeric
substrates are fostered by the printing and post-treatment technologies, and optical inspection systems 22113l As a result,
printing methods have gained a ground for large area fabrication of flexible electronics including radio frequency
identification (RFID) devices; photovoltaic cells; organic light-emitting diodes (OLEDSs); thin film transistors (TFTs); diodes;
displays; batteries; and sensors measuring temperature, humidity and pH levels Z4I1SII6IL7 These developments
demonstrate that reliable and repeatable solutions for the mass production of printed electronics with well-defined
manufacturing standards will be available in very near future. In this study, we present the printing principles and
approaches by surveying the recent investigations in the manufacturing and material technologies, applications and
environmental impacts

| 2. Printing Technologies

Printing technologies, as a part of the additive manufacturing umbrella, have been extending electronics designers toolbox
with access to various materials and ability to apply unorthodox structures in their designs. While printing of all the
components is the ultimate aim of the electronics printing, most of the research activities are related to design and
manufacturing of individual electronic components. Especially, their low manufacturing cost, large-area processability and
lower carbon footprints compared with their conventional counterparts has attracted significant interest from the scientific
and industrial communities. The printed electronic devices also provide favorable physical characteristics, e.g., low
weight, stretching, resistance to folding or bending, which can not be realized with the conventional electronics [L&Il19],

The technologies used for printing electronic components are well-known in the graphic arts. Some examples are gravure
printing, flexography, offset printing, screen printing and inkjet printing as depicted in Figure 2. These technologies are
often grouped into contact printing processes, which use printing master 29, contactless (non impact) printing processes
that do not need a master 21, and hybrid printing processes combining different printing and deposition techniques. In a
nutshell, all these processes are used to deposit stacked layer structures, such as electrodes, conductive layers, isolating
layers for electronic components (22, After deposition, the ink subsequently changes its phase in the desired site [231(241(25]
(28] The initial state, flow and phase change of the ink on the substrate are mainly affected by the viscosity, density,
surface tension, solvent evaporation rate, solubility and curing characteristics of the ink, and wettability and permeability of
the substrate in use 228, Moreover, multi-layer and multi-material nature of the final device require compatibility and
hence treatment of each layer to ensure the desired function, e.g., minimal sheet resistance within a short-time span and
without damaging previously deposited layers. As exemplified in the previous section, typical printed devices include

sensors, batteries, capacitors, transistors, solar cells, memories, electroluminescent structures, large screens, and light
panels [29][30][31][32][33][34][35][36][37][38][39]
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Figure 2. Classification of printing technologies.

The key properties and parameters of the different printing techniques are summarized in Table 1. Inkjet printing has
traditionally been better suited for R&D or special applications, screen printing is excellent for stacking multiple thick
prints, while gravure and flexographic printing offer more opportunities for mass production of printed electronics 49,
Flexographic printing creates a thin printed layer with a feature size of 80 ym and a throughput of 3-30 m 2/s. Offset and
gravure printing provide similar features, the latter being the fastest printing technology in terms of print press speed.
Screen printing and inkjet printing can give a larger layer thickness; inkjet printing up to 20 ym and screen printing up to
100 pm even with a lower throughput of 2-3 m 2/s in screen printing and 0.01-0.5 m 2/s in inkjet printing.

Table 1. Key properties and parameters of different printing methods 441421,

Gravure Offset Flexography Screen Inkjet
Throughput (m?3/s) 3-60 3-30 3-30 2-3 0.01-0.5
Resolution (lines/cm) 20-400 100-200 60 50 60-250
Printing speed (m/min) 100-1000 100-900 100-700 10-15 15-500

In contact printing techniques, ink is transferred through direct contact between the ink and substrate. Contact printing is
often referred to as transfer printing or R2R printing. These printing techniques typically utilize a roll to transfer ink directly
to the substrate. The initial costs are high and these techniques require longer preparation periods 231, However, lower
production costs, high manufacturing speeds and the repeatability associated with contact printing technologies make
them favorable for mass production 22,

In non-contact printing, nozzles are typically used to accurately deposit inks onto substrates without direct contact, which
in turn reduces nozzle contamination. Non-contact printing technologies are significantly slower than R2R contact printing
methods. However, many non-contact printing methods are able to print digital models, unlike contact printing methods
that require parts of the printing unit to be changed in order to print various patterns. This is particularly efficient in
prototyping where a model may be printed only once, and for on-demand production 22,

| 3. Printed Electronic Materials
In this section, functional inks and substrates used in printed electronics are briefly surveyed.

In printed electronics, inks are used for implementing structures that has a certain function. In order to print complex
electronic structures, several kinds of inks are required, such as conducting, semiconducting, dielectric (or insulator inks).
In some specific cases, light-emitting or photovoltaic inks are also used 43l The functional inks used in printed electronics
need to be able to form homogeneous layers and should be compatible with the other inks that are simultaneously
applied.

Functional inks usually contain solvents, resins and/or polymers. The components in inks can be both organic and
inorganic materials; however, some materials have to be in micro- or nanoscale in order to minimize the printer clogging
issues 44l and instead of pigments, metal particles are commonly used. Additives, such as dispersants, are utilized to
modify the ink properties for the application needs. The polymer or resin component of the ink operates as the carrier of



the metal particles to the substrate. Solvents are used to adjust the viscosity, optimize the drying and dissolve the polymer
or resin while keeping particles of interest intact 22451,

The conducting inks are synthesized as dispersed nanoparticles, dissolved organometallic compounds, dissolved or
dispersed conductive polymers [4€]. Metals are the most commonly used conductive ink materials, which are in the form of
nanoparticle suspensions or metal-organic decomposition (MOD) [47[48]  Metal-nanoparticles are easy to disperse into
inks for different printing methods due to their nanometer size; however, the production of metal-nanoparticles require
high labor and energy input. Additionally, stabilizers are required to prevent agglomeration in the inks, and the post-print
treatments require high temperatures (simply over 100°C) but can be reduced by decreasing the size of the nanoparticles
(3911491 When silver nanoparticles are submersed in water and exposed to UV-light, dissolved silver ions are released. The
silver nanoparticles and the released silver ions have a high toxicity, which limits the potential applications for silver
nanoparticle inks (471481501 MOD inks, on the other hand, are based on metal precursor dissolved in a compatible solvent;
thus, there are no agglomeration or condensation problems. Due to evaporation of solvent, gaps in the printed patterns

can occur, which results in decreased conductivity B1. Nevertheless, this can be overcome by printing multiple layers with
such inks [44152],

Conductive oxide ceramics have been also used as ink materials, which are usually produced by doping in order to alter
the cation or the anion lattice. Examples of doped conductive oxide ceramics are antimony tin oxide (ATO), fluorin tin
oxide (FTO), indium tin oxide (ITO), aluminum zinc oxide (AZO) and gallium zinc oxide (GZO). Among these materials,
ITO is the most popular because of its superior conductivity; however, it is a rare and expensive material 4. Two types of
ITO inks exist, which are sol-gel and nanoparticle. The sol-gel ink has better conductivity but requires very high sintering
temperatures while the nanoparticle ink cannot form dense oxide films with high conductivity (42,

Semiconducting inks are usually formulated from polymer blends and appropriate solvents. Semiconductors printed with
such inks can be used to realize both p-type and n-type materials. Polymers mostly using holes as carriers are p-type
polymer semiconductors, the most promising types of which are are polythiophenes (PT) and polyfluorenes (PF).
Examples of PTs are poly(3-alkylthiophene) (P3AT), P3HT and poly(3,3'-dialkyltetrathiophene) (PQT). N-type polymer
conductors use electrons as carriers sucg as poly(9,9-dioctylfluorene-co-bithiophene) (F8T2) 441,

Dielectric inks are used as insulator and capacitor layers in printed electronics. In comparison with conducting or
semiconducting inks, it is challenging to make and print dielectric inks since the dielectric layer requires enough thickness
in order to prevent electric leakage. Substrate materials, like cellulose, gelatine, shellac and silk, are insulators, and can
be used as dielectrics [4. Additionally, ceramic oxides can be used as dielectric materials; however, they have a tendency
to form pinholes and cracks 44!,

The substrate is a base for the rest of the electronics and acts as an electric insulator to separate electric devices from
each other. Traditional substrates for electronics have been usually rigid and physically invariant for indefinite time frames.
Despite their high-performance, they possess brittle characteristics making them difficult to use, e.g., in implantable or
stretchable devices. On the other hand, the development of lighter, flexible and recyclable or biodegradable synthetic
polymer substrates has been enabling the advancement of such devices within useful time frames [BI54I55](56]
Additionally, biodegradable and non-toxic natural materials, such as fibers, resins and proteins, have exhibited insulating
properties suitable for substrates (L. A substrate in printed electronics can be made from synthetic or natural materials;
however, different applications may favor flexibility, stiffness, high transparency, surface smoothness, low thermal
expansion, heat resistance, low cost, thin and light weight ¥2. In addition, different printers may have different
requirements, e.g., certain thickness, flexibility and mechanical properties. The ink used in printed electronics usually
requires a treatment after printing, this treatment can require high temperatures, chemicals or UV-radiation, and some
substrates can be damaged by these treatments. This should be taken into account when selecting a substrate for the
printed electronic device.

| 4. Characterization of Inks and Substrates

The materials for printed electronics, presented in the previous section, are used as inks and substrates. In this section,
we provide an overview of the methods that are typically used for characterizing the ink, substrate, the interaction with ink
and substrate, and finally post-treatment alternatives.

Ink characteristics such as viscosity, surface tension, particle size and solid content (or solid loading) have large impact on
the printed electronics. To elaborate, the viscosity of an ink specifies the resistance against the flow at a specific shear
rate. As listed in Table 2, different viscosities are required for different printing processes. The viscosity of an ink can be
modified; however, it is challenging to keep the same electrical properties with changing the viscosity 24, Increasing the



temperature decreases the viscosity of the ink while the solvent evaporation increases the viscosity BZ58] The solvent in
the ink can be used to tune the viscosity of the ink. Additionally, increasing the dispersant concentration decreases the
viscosity of the ink 2. Flexography, gravure and inkjet printing use low-viscosity, liquid, inks, while offset, screen and pad
printing use high-viscosity, paste-like, inks 2.

Table 2. Ink characteristics for different printing methods 42241571,

Gravure Flexography Offset Screen Inkjet Aerosol
Viscosity (Pa.s) 0.01~ 0.01-2 20- 0.1-1000 0.001-0.05 0.001-2.5
11 100
Surface tension (mN/m) 41-44 28-38 30-37 30-50 25-50 10-20
Layer thickness (pm) 0.1-8 0.04-2.5 0.5-2 0.015-100 0.05-20 0.001-10
Feature size (um) 70-80 80 10-50 20-100 20-50 5-10
Maximum particle size 15,000 15,000 10,000 1/10th of_ mesh 1I10t_h of nozzle 1I10t_h of nozzle
(nm) opening diameter diameter
Maximum preferred 3000 3000 1000 100 50 50

particle size (nm)

55 (ultrasonic

Maximum solid loading automization)

(Wt%) 30 40 20 90 20

75 (pneumatic
automization)

Different printed electronic devices require different properties such as flexibility, high light transmittance, low surface
roughness, light weight, low thermal expansion, stiffness, heat resistance, low cost and low thickness 2. The print quality
is affected by the surface roughness and porosity of the substrate 29, High porosity and large surface roughness can
cause disconnected and nonuniform conductive patterns, due to ink penetration. The disconnection of the conductive
particles cause a decrease in conductivity. Nevertheless, this can be avoided by using a coating for the substrate,
increasing the amount of conductive ink used or printing wider patterns B9 Additionally, the surface roughness has
contingent impact on the conductivity of the printed pattern 43, The performance of electronics is also affected by the
surface energy and absorption capacity of the substrate. The resolution of the printed pattern, ink penetration and ink film
thickness are affected by these surface properties. A decrease in porosity, decreases the absorption, and a decrease in
capillary absorption, decreases the spreading of the ink laterally, which allows printing more accurate patterns. Substrate
properties can be modified for the purpose by using, e.g., chemical modifications, physical modifications or coatings €2,
The surface energy can be calculated by testing several known liquids, such as water, ethylene glycol and diiodomethane,
on the substrate using an optical tensiometer 431, The dimensional stability of the substrate affect how the substrate reacts
to changes in the environment. Cracks and discontinuity in the printed patterns can be caused by poor dimensional
stability. The dimensional stability can be analyzed by exposing the printed device to different environmental conditions,
such as increasing humidity and temperature and study the changes in the topographic and electrical properties 431,
Furthermore, the substrate is often required to be thermally stable since some inks require high sintering temperatures.

The thermal stability can be tested by placing the substrate on a hotplate and analyzing the changes in dimensions and
color [62],

The quality of the printed pattern can be evaluated by the printability, resolution, shelf-life and adhesion to the substrate
48] printed electronics additionally require the ability to form highly conductive patterns, which is achieved by a
homogeneous distribution and direct contact between conductive particles in the printed pattern 28574, The print quality is
greatly influenced by the interaction between the substrate and the ink during and after the printing process. Ink-substrate
interactions include drop impact, spreading, wetting, solvent evaporation rate and penetration, in addition to the drying
and ink particle merging on the substrate. The interaction between the ink and the substrate include three stages, it
begins with the ink drop impact on the substrate, continues with the wetting and spreading of the ink on the substrate and
finally the ink achieves equilibrium with the substrate and environment. The properties of the ink and the substrate, in
addition to the environmental conditions, strongly influence this interaction process 421158l

The print quality is mostly affected by the equilibrium wetting, which can be determined by the contact angle (CA). The CA
of a drop on a surface is the angle between the tangents of the liquid—air and liquid—solid interfaces. The surface tension
of the liquid, the surface energy of the substrate and the environmental conditions, determine the CA. If the surface
energy of the substrate is higher than the surface tension for the ink, the CA is small with an increased spreading of the



ink. On the other hand, a high CA with decreased spreading can be achieved by using a substrate with a lower surface
energy than the surface tension of the ink. A higher CA with decreased spreading results in thicker patterns with higher
resolution and a decrease in the line width [B2I451158]

It is often necessary to use some kind of post-print treatment in order to acquire the optimal properties, such as
conductivity, for printed electronics. These treatments can be based on physical or chemical reactions and aim to remove
solvents and additives from the ink, in addition to improving the morphology and microstructure of the printed pattern 441,
Depending on the ink and the substrate used in the printed electronic device, different kinds of post-print treatments can
be used, such as photonic curing, annealing, thermal-, photonic-, microwave-, plasma- or chemical sintering 48] The
sintering process is affected by parameters, such as particle size and shape, temperature, time, radiation energy level and
printed pattern thickness. Increased temperature and time, increases the degree of sintering 31,
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