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Roll-to-Roll Fabrication of Solution Processed Electronics

Robert Abbel, Yulia Galagan, and Pim Groen*

The production of electronic devices using solution based (“wet”) deposition
technologies has some decisive technical and commercial advantages
compared to competing approaches like vacuum based (“dry”) manufactur-
ing. Particularly, the potential to scale up production processes to large areas
and high volumes by introducing continuous roll-to-roll (R2R) methods on
flexible substrates has been the topic of intense studies from both applied
research institutes and industry already for some years. Decisive steps
forward have been achieved during that time, resulting in the dawn of
commercial applications for a number of processes, while additional
development work is still needed in some other fields. This review
summarizes the work published during the last few years on the R2R printing
and wet coating of electronic devices. An overview is presented of the basic
operational principles for the most commonly used R2R printing and coating
methods and techniques for proper web handling in R2R lines. Then, the
most commonly used types of flexible substrate materials are introduced,
followed by a review of the work published in the application areas of
transparent conductor materials, printed electric connections, light emitting
devices, photovoltaic energy generation, printed logic, and sensing.

1. Introduction

Roll-to-roll (R2R) processing by wet deposition methods using
solutions and dispersions of functional materials (i.e., inks and
pastes) is a mature and extensively used manufacturing method
in the printing and coating industries. It is employed for a wide
variety of applications, ranging from packaging and paper
production to functional membranes, photographic films, thin
film batteries, and textiles.'! Its particular attractivity for
industrial production compared to the alternative approach of
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sheet-to-sheet (S2S) processing is based on
its capabilities for high throughput and
large area mass manufacturing, which
allow to increase product output and
reduce production costs.!>**! With respect
to electronics and optoelectronics devices,
R2R processing is for many applications
still in the research and development
phase, although commercial manufactur-
ing is starting to be implemented for a
number of relatively simple product types
like smart cards.”! For more complicated
appliances like solar cells, transistors and
light emitting devices, R2R printing and
coating are in addition competing with
vacuum based S2S and R2R deposition
methods like evaporation and sputtering
which achieve patterning by masking and
photolithographic techniques./*® Whereas
the latter typically offer higher product
quality in terms of pattern resolution and
definition, registration accuracy, device
performance, and product lifetime, the
need for vacuum based processing com-
plicates manufacturing processes and
strongly increases production costs.”! The
potential of R2R printed and coated electronics products is,
therefore, generally seen in the market for ubiquitous low-cost,
low-end, and potentially single-use disposable devices rather
than in the high-end customer electronics sector.'”!"l Possible
application areas are smart packaging with integrated sensors
and signage components, smart cards, wearable electronics, for
example, health care monitoring, or energy harvesting devices
like solar cells integrated in clothing and other articles."2**! For
many of these application fields, the mechanical flexibility and
integrity of the electronic components is a particularly beneficial
design feature."*'"! In contrast to S2S processing, which is
typically done on rigid carriers, for obvious reasons R2R
manufacturing intrinsically requires its substrates and products
to be bendable at least to some degree.

This review provides an overview about the current state of the
scientific literature regarding the R2R processing of various
electronic and optoelectronic devices by wet deposition
technologies, that is, printing and coating. S2S manufacturing
and “dry”, that is, vacuum-based approaches have not been
included. For more information on these topics, the reader is
referred to a number of already published books and
reviews.[*!>' The review will start with a short introduction
of R2R printing, coating, and web handling technologies, and
then proceed with a discussion of the most commonly used
substrate materials and their properties. Subsequently, several
sections will follow on R2R wet processing of (opto)electronic
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materials and devices for the application areas of transparent
conductors, printed circuitry and electric connections, light
emitting devices, photovoltaic cells, transistors and logic,
sensors, and newly emerging applications. A summary and
conclusions part will finish the review.

2. R2R Printing/Coating Techniques

A wide variety of printing and coating techniques have been
applied to R2R printed electronics, some of which are by
themselves particularly suited for R2R processing due to their
intrinsic mode of operation, whereas others need to be
specifically adjusted to be R2R compatible.l'”) Many reviews
and textbooks describing the technologies in detail are available
in the open literature,""®2% which is why we constrain
ourselves here to a brief introduction.

Generally, printing technologies can be divided into two
classes, depending on whether the ink transfer onto the
substrate occurs with or without direct physical contact of the
printing equipment with the surface to be printed on. Contact
printing methods are thus distinguished from non-contact
printing technologies. A schematic overview of R2R printing
technologies is provided in Figure 1. Whereas in the case of
contact printing techniques, the ink is deposited using a stamp
or mold, which potentially can damage pressure sensitive
underlying functional layers, this disadvantage is avoided for the
non-contact approach, where ink droplets are produced close to
the substrate, but at some distance, and then are propelled across
the gap. This is particularly useful when mechanically sensitive
substrates are used, which can easily be damaged by physical
contact, like moisture and oxygen barrier coatings on polymer
films.1>>=”! The only non-contact printing technique which has
been widely employed so far for the R2R production of
functional electronic materials is inkjet printing (IJP).**%*!
Here, low viscosity inks are ejected in the form of droplets by a
pressure pulse in a nozzle, which is either created by heat-
induced partial evaporation of the ink (thermal IJP) or by an
electric voltage pulse applied to a piezo element (piezoelectric
IJP). IJP is very flexible from a design point of view, because the
desired pattern can be adjusted simply by changes to the digital
design definition file and no hardware adjustments are
necessary. In R2R applications, the limiting factor for processing
speed are the frequency and reliability of droplet formation and
position control, which is why it is typically not faster than a
few m min~'.?**! Achievable layer thicknesses are usually quite
low (a few hundreds of nm at most) and for high-throughput
production, the reliable feature resolution is limited to about 15—
20 um.?>?® Structures in the submicron range have, however,
been reported using special techniques like electrostatic IJP,
which have not yet been applied to R2R processing, though.*”!

All contact printing technologies make use of some pre-
defined stencil or mold, which defines the pattern to be
deposited. In the case of offset, gravure, and flexo printing, these
pre-defined patterns are imprinted on rolls which ultimately
transfer the inks from a reservoir onto the substrate.!"']
Therefore, changes in the printed pattern require a redesign of
the printing rolls, rendering this family of techniques less
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particularly suited for R2R applications and can provide very
high web handling speeds of up to several hundred m min™" in
established industrial manufacturing processes.™

A completely different approach of contact printing is screen
printing, where the ink is squeezed through a fine mesh of
threads or wires, and the openings between them are locally
blocked in order to define the printing pattern. It can be applied
to R2R processing in the form of rotary screen printing, where
the ink transfer occurs from the interior of a roll into which the
screen has been bent, but also flatbed screen printing is possible
on flexible substrates transported on rolls.!"! Screen printing is
particularly suited for paste-like functional inks with high
viscosities and typically deposits structures with heights of
several tens to a few hundred micrometers and a pattern
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Figure 1. Schematic overview of some commonly used R2R printing technologies for electronics manufacturing. a) Inkjet printing. Reproduced with
permission from ref. 2. Copyright 2013 Wiley. b) Gravure printing. Reproduced with permission from ref. . Copyright 2017 Organic and Printed
Electronics Association. c) Flexo printing. Reproduced with permission from ref. ®3l. Copyright 2017 Organic and Printed Electronics Association. d)
Rotary screen printing. Reproduced with permission from ref. 'l Copyright 2011 Springer Verlag.

resolution comparable to that of IJP. As in the case of offset,
gravure and flexo printing, design changes require hardware
adaptions, in this case in the form of a dedicated new screen. For
printed electronics applications, production speeds of 10m
min~! and above have been demonstrated, making the
technology well suited for industrial applications.®*!!

Coating differs from printing in its potential to produce
uniform and homogeneous functional films over large areas,
whereas the strength of printing technologies is the possibility to
deposit well-defined patterned structures with high resolution.
Although some limited degree of patterning can also be achieved
by specialized coating methods like stripe and intermittent
coating, both the degree of design freedom and the resolution of
the resulting structures are much higher for printing techni-
ques. In principle, all printing technologies can of course also be
employed for full area deposition by refraining from using any
pattern input, but dedicated coating techniques are usually
preferred because they offer better control over film thickness
homogeneity and surface roughness.*®! A schematic overview
about various R2R coating technologies is provided in Figure 2.
In contrast to most printing techniques, coating is also usually
done in a non-contact mode, which can constitute an additional
advantage if mechanically sensitive substrates are used. A
straightforward and frequently applied method to deposit rather
thick functional films (a few hundreds of nm to several tens of
pum) is blade (or knife) coating, where the deposited film
thickness is mainly determined by the distance of the coating
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blade from the substrate, which is moving underneath.?**"!

Somewhat more sophisticated is slot die coating, where the ink is
squeezed through a very well-defined slit and the film thickness
is controlled by the ink flow rate and the web speed.’® In
contrast to blade coating, slot die coating has some potential for
patterning, albeit limited to stripes and rectangles. In order to
achieve this, the ink flow is either limited spatially in the
direction of the web movement by the use of inserts (shims) or
specially designed slot die slits (stripe coating?®”*®), or it is
interrupted by controlled starting and stopping, resulting in
patterning orthogonal to the coating direction (intermittent
coating?®®*%). A completely different approach is spray coating,
where an aerosol of fine ink droplets is created and deposited
homogeneously on the substrate.[*!] Its application in R2R lines
is quite straightforward and it has been used, for example, for the
deposition of electrodes for supercapacitors.*?

3. R2R Web Handling

Another important aspect of R2R coating and printing is control
over the substrate handling in the processing line at a specified
speed, tension and alignment perpendicular to the web
movement. Whereas from a mass production point of view,
high processing speeds are desired, for obvious reasons control
over resolution and registration accuracy tends to get more
challenging with increasing web velocities.[**** Also, post-
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Figure 2. Schematic overview of some commonly used R2R coating technologies for electronics manufacturing. a) Blade coating, b) slot die coating, c)
spray coating. All images reproduced with permission from ref. P2, Copyright 2013 Wiley.

treatment steps like drying and annealing can take significant
time and thus put their own restrictions on the processing
speeds. In the field of R2R printed electronics, good registration
accuracy is crucial for device quality and yield, because
frequently, several layers need to be deposited on top of each
other with high positional precision, sometimes even using
different printing technologies.*! This is of particular impor-
tance for all research areas where device architectures are
constantly proceeding toward smaller dimensions, like thin film
transistors (TFTs; Figure 3,>*¢)). Another reason for precise
control over the web movement is that coating thicknesses often
depend on the substrate speed and can be correctly achieved only
if the process has actually been operated exactly at the
predetermined velocity. This has been demonstrated by Park
et al., who R2R slot die coated an antireflective layer on a
poly(ethylene terephthalate) (PET) substrate at 1.6—4.4 m min "
in order to improve organic photovoltaic (OPV) efficiencies.!*”)
Both by modeling and by experiment, they showed that in
addition to the solid contents of the coating ink, the web speed is
a crucial parameter to control film thickness. In-line process
monitoring of the structure definition during R2R production is
thus crucial to achieve high product yields. One example is the
thickness measurement setup for printed conductive structures
based on capacitive and eddy current sensors which Seong et al.
have developed and installed on a R2R printing line.[*¥! Another
one is the monitoring by in-line X-ray scattering of the drying
behavior of OPV polymers, which have been R2R slot die coated
on PET films."*"!

The web tension must be precisely controlled in order to
prevent substrate deformation, particularly at elevated temper-
atures, which is another possible source for decreased overlay
accuracy or damage to functional layers (Figure 314¢°%>1), It has
been shown that the web tension can even have an influence on
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the definition of single layer structures.®” One possible

mechanism was identified by Lee et al., who showed that stress
variations from handling in a R2R line can alter the surface
properties of the substrate. This can result in inconsistent quality
of the functional structures printed on them, even when all other
processing parameters are kept unchanged.”®! Uncontrolled
web tension variations during operation can also directly damage
the printed structures and decrease their performance, especially
if they occur at high temperatures, where many plastic films are
more prone to elongation under stress. This has been
demonstrated by Kang and Lee, using the example of R2R
gravure printed silver lines which were dried at 150°C and
cracked when put under tension, resulting in a tenfold decrease
of their electrical conductivity at 60% strain, but even much
smaller elongations (10% and below) already caused significant
damage (Figure 3°*). Web tension in a R2R line can be
controlled either by direct feedback using load cells, or indirectly
by using linear or pendulum dancers.”>>% In order to provide
fast and precise correction input to quickly restore the desired
web tension and velocity once a deviation from the specified
values has been detected, suitable algorithms have been
developed and experimentally tested.”” An additional compli-
cation is, however, that web tension corrections carried out by
web speed variations sometimes tend to introduce registration
errors in themselves.”® For position control of the web and thus
high registration accuracy of fine patterns (both laterally and in
the web transport direction), optical control systems are
frequently employed which detect registration marks printed
next to the actual functional structures.®® Experimental testing
has shown overlay accuracies down to 2.5 um at web speeds of
2mmin~' to be possible.”” Also in this case, efficient
algorithms were needed to provide the required feedback as
quickly as possible to correct misalignment on the fly.1*” Using a

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

ADVANCED
ENGINEERING
MATERIALS

www.advancedsciencenews.com

L. T,E Lo Tp. Epy

www.aem-journal.com

___ I**printed pattem
(source and drain)

| 2% printed pattern

L (semiconductor)

register error (R#0)

‘/"oo +V,

infeed roll

4/V10 v,

1% printing
roll

o
®

(b)

Sheet resistance (Q /sq)
© © © © o o ©o
-l N w ES (4.} (+)] ~

oO
N

4 6
Strain (%)

printed position of 2* register mark
reference position of 2 register mark
printed position of 1% register mark

- el
-—
v o
> -
AR
ot
-~

_

Figure 3. Negative effects of uncontrolled web handling. a) Misalignment (registration errors) of printed functional layers in TFT devices. Reproduced
with permission from ref. 6. Copyright 2015 Elsevier. The inset image shows multilayer prints (silver/isolator/silver) with well aligned (left) and
misaligned (right) metal structures. Courtesy of Milan Saalmink, Holst Centre. b) Damage to printed structures due to improper web handling: sheet
resistance of R2R gravure printed silver structures as a function of film strain and optical micrographs of samples subjected to various amounts of strain.

Adapted from ref. B4 with permission. Copyright 2015 Springer Verlag.

R2R printing line with such control equipment, Kim et al. were
able to demonstrate well-controlled multilayer printing of
conductive patterns by the gravure-offset, gravure, and flexo
techniques.[*”

4, Substrates

For R2R processing to be applicable, the used substrates
obviously need to display a certain degree of mechanical
flexibility. Several types of substrate materials have been reported
for use in R2R manufacturing, the most important ones being
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thin glass,**®* polymer films,?>** and metal foils or metallized

polymer films.*”! For certain applications, also paper
substrates have been used.[® All have their distinct advantages
and disadvantages with respect to each other. Both glass and
polymer films are optically transparent, with glasses typically
having the wider optical window, particularly into the near-UV
region.®? For optoelectronic applications which depend on the
interaction with light, this enables the built-up of structures
where the light enters or leaves the devices through the
substrate. In the case of light emitting devices (OLEDs and
LECs), this design is known as bottom-emissive.*” On non-
transparent metal foils (and also paper, where applicable), for
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obvious reasons, any interaction with light needs to occur away
from the substrate surface, resulting in top-emissive devices as
the only option in this case.

Many materials used in organic optoelectronic devices are
highly sensitive to degradation by reaction with water or oxygen
from the ambient environment. This particularly applies to the
electronically active layers in OLEDs and photovoltaic devices. As
a consequence, these layers typically not only need to be
processed under the exclusion of air and moisture, but also must
be effectively sealed from the environment. This can be achieved
by encapsulation techniques which suppress the diffusion of
degrading agents into the active layers or at least slow it down to
such a degree that no significant performance decrease occurs
during product lifetime. Whereas thin glass has excellent
intrinsic barrier properties, hardly deforms under stress and
expands only slightly at elevated temperatures, it is susceptible to
breaking when being bent too strongly.®” While this risk can be
mitigated by laminating the glass on a polymer carrier prior to
the coating step, this approach puts a certain limit on the
maximum processing temperatures, as the thermal stability of
the carrier film will be significantly lower than that of the bare
glass. Also, breaking glass releases chips that are difficult to
remove from the coating line or drying ovens and can cause
serious particle contamination. Thinner glass is preferred in this
respect to thicker glass, as the stresses building up during
bending increase with substrate thickness. The peculiarities in
handling thin glass in a R2R setup compared to non-breakable
substrates are described by Deus et al.®’! Metal foils display
barrier properties comparable to those of thin glass and are also
very stable against stretching under stress, but require very
careful web handling, as they tend to wrinkle irreparably, which
can lead to serious problems for device performance. Due to
their porosity, paper substrates are not suited for printed
electronic applications which require the strict exclusion of
moisture or oxygen but can be employed when only environ-
mentally stable materials are used, for example, in the case of
smart cards. The most commonly used substrate materials are
polymer films, which are available at low cost, do not splinter
and, in contrast to metal foils and thin glass, are relatively
forgiving with regards to deformation from improper web
handling. On the other hand, they do not exhibit sufficient water
and oxygen barrier properties for many electronic applications
and thus must be endowed with an additional barrier coating.*®’
Furthermore, their maximum processing temperatures are
limited by their glass transition point, which, depending on the
exact material, can be anywhere between 80°C and several
hundreds of °C.**””! The latter materials with high thermal
stability (e.g., polyimide), however, tend to be quite costly and are
only applied when no cheaper alternatives are available. Even at
temperatures far below their glass transition, most polymer
substrates tend to stretch under the significant stresses which
are often applied during R2R processing, because their Young’s
moduli are much lower than those of glass or metals. This
deformation during web handling is important to understand,
quantify and control, as it poses limits on registration accuracy
when several functional layers with high resolution patterning
need to be deposited on top of each other with high precision.*?!
Lee and Yoo have dedicated an in-depth study on the mechanical
behavior of relevant plastic substrates under stress from R2R
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gravure printing and found that heat stabilized PET displayed a
higher mechanical and thermal stability than biaxially oriented
polypropylene.”” A similar study by MacDonald et al., which
included also characteristics like stability against common
solvents, water uptake and surface quality, has demonstrated that
poly(ethylene naphthalate) (PEN) is, from a technical point of
view, generally better suited than PET for higher demanding
processing conditions, which can justify its use, despite its
higher price.[*

In addition to serving merely as carriers, certain substrates
also fulfil specific functions critical for device operation. In the
rather obvious case of metal foils, their intrinsic excellent electric
conductivity is typically used to connect the finished devices to
the power supply system. Frequently, however, some type of
structuring, for example, by the deposition of an isolating
material, is needed to produce functional devices. In the case of
optoelectronic devices such as bottom emissive OLEDs or solar
cells, transparent substrates, such as polymer films and thin
glass, also interact with the generated or incident light by
internal reflection and scattering. For non-optimized device
structures, this can result in significant light losses and strongly
reduced efficiencies.”"! A proper choice of the substrates’
thicknesses, refractive indices and internal and surface
structures can be employed to improve device performances,
for example, by an enhanced degree of light in- or outcoupling,
respectively. Sato et al. have demonstrated the R2R production of
substrates with corrugated surface structures using nano-
imprinting of structures formed originally by block-copolymer
self-assembly.”? Polymer light emitting electrochemical cells
(LECs) produced on these corrugated substrates were up to two
times more efficient than reference devices made on flat
substrates, without compromising the spectral properties or
angular characteristics of the emitted light. This improvement
was attributed to an enhanced outcoupling of the generated light.

Surface roughness is another critical substrate property which
influences the performance and yield of devices deposited on top
of them. As in most cases, the functional layers applied are very
thin (in the order of several nanometers to a few micrometers),
their uniformity is easily disturbed by surface defects.
Notwithstanding the necessity for surface structuring in certain
cases, for example, on metal foils as described above, typically
substrates are preferred which are as flat as possible. Therefore,
the use of paper substrates is prohibitive for a number of
applications, whereas others are more forgiving, particularly
when relatively thick layers are employed. With respect to
surface roughness, thin glass tends to perform better than
polymer films or metal foils, with R, values significantly below
0.5nm, as opposed to several nanometers for both alterna-
tives.®”) On the latter substrates, some kind of planarization
layer frequently needs to be applied to allow proper device
performance.

5. Printing and Coating of Transparent
Conductors

The functionality of any optoelectronic device, for example, an
OLED or a solar cell, is defined by the interaction and
interconversion of electric energy and light. As a consequence
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of their typical architecture which consists of a complex stack of
think functional layers, there is a need for at least one electrode
to be at the same time electrically conductive and transparent to
visible light. In order to characterize the capacity of a thin film to
transport electrical current in the lateral (in-plane) direction, the
sheet resistance is most commonly reported, which, in contrast
to the volume resistivity, is inversely proportional to the film
thickness. While a thicker conductive film thus results in a lower
sheet resistance, at the same time its light transmission will
decrease, which requires a balance to be determined for ideal
device performance, depending on the exact requirements of the
application. To further improve the sheet resistance of the
transparent conductor, especially over large areas, an additional
printed grid can be used, as is explained in the next section. By
far the most commonly used materials for transparent electrodes
are indium tin oxide (ITO) and fluorine doped tin oxide (FTO),
which have some undisputed merits in terms of transparency
and sheet resistance (T>90% and Ry <10Qsq "."*). How-
ever, for high quality films they need to be deposited by vacuum
based dry technologies (sputtering). In addition, optimum
performance is only achieved after annealing at temperatures
which most flexible polymer substrates cannot withstand.
Furthermore, transparent conductive oxides are mechanically
brittle which limits device flexibility, and ITO is based on scarce
and relatively expensive minerals.”* Therefore, a number of
alternative materials have been developed in order to replace
indium for use in transparent conductors, some of which have
also been deposited from solution or dispersion by R2R
technologies.” The most important ones are treated individu-
ally in this section.

Conductive polymers are organic macromolecules based on
conjugated monomers, which exhibit some (usually limited)
degree of electrical conductivity, typically resulting, at film
thicknesses which correspond to acceptable transparencies, in
rather high sheet resistances. As a consequence, current
transport in the lateral direction proceeds only over short
distances, and for application in large area devices, conductive
polymer films need to be supported by highly conductive grid
structures. A blend of poly(ethylene dioxythiophene) and
poly(styrene sulfonic acid) (PEDOT:PSS) is the most popular
conductive polymeric material and can also serve as hole
injection material in OLEDs or hole extraction material in solar
cells. Roll-to-sheet gravure printing of PEDOT:PSS on PET at
rather high speed (36 m min~') has been demonstrated by Sico
et al, who have achieved 130Qsq ' at more than 80%
transmission (at 550 nm).”! Thicker layers were obtained by
multiple printing, which also had a positive effect on the surface
roughness. The suitability of the transparent conductor films
thus prepared was demonstrated by their application in S2S
deposited OPV devices. In a later paper by Montanino et al. from
the same research group, the addition of 5 vol% DMSO to the ink
formulation gave an improved performance of 125Qsq ™" at a
transmission of 90% at 550 nm at a speed of 60 m min~ "% In
this case, the films were further processed by S2S techniques
into functioning OLEDs. Hwang et al. have developed a R2R
microgravure coating system, which they have used to deposit
PEDOT:PSS on PET at 0.3mmin ") However, the films
suffered from a high surface roughness and no results on sheet
resistance or transparency were reported. Also, many other
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research groups have reported the coating of conducting
polymers, particularly PEDOT:PSS, by R2R techniques, but in
these cases, more functional layers for specific applications (PV,
OLED etc.) were subsequently deposited, and these papers are
summarized later in this review in the respective sections for the
various device applications.

More recently, nanostructures based exclusively on carbon
have proven their merits as transparent conductive electrodes as
well. A particularly interesting material in this respect is
graphene, which intrinsically displays a highly beneficial
combination of sheet resistance and optical transmission;
performance figures rivaling those of ITO have been reported,
while the mechanical flexibility is much better.”*#" Two main
routes toward large area graphene coatings have been exploited,
one being dry chemical vapor deposition (CVD), the other one
the wet coating of dispersions of exfoliated graphene (or
graphene oxide) platelets.®™" Graphene oxide is more easily
formulated into stable inks because it has a lower tendency
toward agglomeration, but the resulting coatings need to be
reduced in a separate step after deposition to restore the desired
electrical properties of graphene. As a consequence of the two
different preparation pathways, the dry and wet approaches
result in very different microstructures, with CVD graphene
generally exhibiting a much higher quality with large grain sizes
and a low density of defects.®" By contrast, solution processed
graphene coatings are composed of small individual platelets,
frequently even interdispersed with residual non-conductive ink
additives, which can strongly impede charge transport.
Therefore, their performance as transparent electrode materials
is wusually poorer than that of CVD graphene coatings.
Nevertheless, there are many examples of devices containing
S2S solution processed graphene as the transparent electrode.
For those, the reader is referred to a number of review articles
and the literature cited therein.”*®! Demonstrations of
graphene based transparent electrodes prepared by R2R solution
based techniques are, by contrast, rather scarce.

An example which involves a R2R printing step of a graphene
based ink has been published by Jang et al., but the entire
process is rather complicated and contains many steps which are
not easily scaled up to a continuous manufacturing mode.*” A
dispersion of reduced graphene oxide sheets was drop cast on
silicone rubber stamps, which were then mounted on a roller
and transferred onto a PET film via a dry R2R process at a rate of
5mmin~'. After extended annealing (12h at 150°C), transpar-
encies of 40-52% at 550 nm could be achieved; no absolute sheet
resistance values were reported, though. On rigid glass
substrates, however, sheet resistances of 220kQsq™"' were
obtained by prolonged annealing. The conditions needed for this
improvement, however (12 h at 260 °C), are not compatible with
the PET substrates used for the R2R coating tests. The authors
have prepared a flexible partially transparent capacitive touch
sensor using their graphene coated PET films.

A more viable approach for fully continuous R2R manufactur-
ing of graphene based inks is the one of Ning et al., who have
reported the R2R rod coating of dispersed non-conductive
graphene oxide sheets at 0.5mmin~ " Upon subsequent
reduction by spray coating with a tin dichloride solution, these
films could be partially reduced back to conductive graphene
layers. After rinsing with ethanol to remove the reducer residues,

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

ADVANCE

www.advancedsciencenews.com

films with transparencies of 83% and moderate sheet resistances
(800 Q2 sq 1) were obtained. In the same paper, the authors also
demonstrated that these films could be used to produce flexible
transparent circuitry and flexible electrochromic displays, which
were prepared by S2S techniques. A significantly Dbetter
transparent conductor performance (13Qsq " at 78% trans-
mission at 550 nm) has been achieved by Hu et al. (Figure 4).5%
These authors mixed graphene sheets with PEDOT:PSS and
ethyl cellulose, which was R2R gravure printed on PET at
0.3mmin ', followed by R2R overcoating with ethylene glycol
by slot die coating to partially remove the isolating PSS
component. The transparent conductive material (TCM) perfor-
mance of the resulting hybrid films was four times better than a
reference film containing pure PEDOT:PSS. The authors have
demonstrated the compatibility of their films with thin film
electronic applications by successfully preparing OPV, OLED,
and organic photodetector devices, which were all finished by
S2S techniques. The same research group has recently also
demonstrated the R2R slot die coating of PEDOT:PSS/graphene

D
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oxide mixtures on PET, which after post-deposition treatment
with hydroiodic acid gave transparent conductive films with
51Qsq " and 82% transmission.®>! A similar approach, but
using carbon nanotubes in combination with PEDOT:PSS, has
been employed also by authors from this group to prepare
conductive coatings on PET with very similar performance
characteristics (17 Qsq " at 80.7% transmission at 550 nm) by
R2R gravure printing at 0.3 mmin~".% In a few cases, carbon
based conductive materials have also been used in combination
with metal nanowire coatings, for example, graphene sheets
which reduce the contact resistance at the crossing points of the
nanowires; these examples are included in the following
paragraph.

Recently, metal (mostly silver) nanowire networks, the most
recent addition to the family of solution coatable TCMs, have
attracted the most interest from the R2R coating community.
This might be attributable to the fact that these materials tend to
give significantly better TCM performances than can typically be
achieved with conductive polymer, graphene, or nanotube
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Figure 4. R2R coating of transparent conductor materials. a) A hybrid of graphene sheets and PEDOT:PSS. Schematic representation of the coating
process (left); sample of roll with coating (center); sheet resistance and film thickness as function of coating ratio (right). Reproduced with permission
from ref. B4, Copyright 2015 Wiley. b) Silver nanowire dispersion mixed with PEDOT:PSS. Schematic representation of coating process (left); electron
microscopic image of coated nanowires (center); sheet resistance as function of PEDOT:PSS content (right). Reproduced with permission from ref. [,
Copyright 2015 Royal Society of Chemistry. c) Application examples of devices making use of R2R coated silver nanowire based TCM films: Touch panel
(left). Reproduced with permission from ref. °2. Copyright 2016 Nature Publishing Group. Solar cell (center). Reproduced with permission from ref. °,
Copyright 2014 Royal Society of Chemistry. OLED (right). Reproduced with permission from ref. 1°%. Copyright 2014 Royal Society of Chemistry.
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coatings, rivaling ITO on polymer substrates. R2R gravure
printing of silver nanowire dispersions has been employed by a
number of groups to produce conductive transparent films with
reasonable (75Qsq ' at more than 90% transmission) to
excellent (5Qsq ™" at 92% transmission) properties, at coating
speeds ranging from extremely slow (0.02mmin~") to rather
fast (10 m min~"; Figure 4).%7%8 In some cases, PEDOT:PSS was
mixed with the nanowires to further improve the sheet
resistance. In addition to simple drying, a number of studies
employed more elaborate post-deposition techniques like laser
welding® or exposure to solvents and compression rolling®® in
order to improve the sheet resistance even further. Top layers
which prevent the nanowire coatings from degradation®"*% or
improve the electrical contact between the wires!®?! have also
been sometimes applied. Patterning has been achieved by locally
selective photonic flash sintering through a mask and subse-
quent removal of uncured material.®* In one case, the coated
nanowire film has been embedded into a resin matrix and was
then exposed by delamination from the original resin support, in
order to achieve a particularly flat conductive surface.”*! Many
application examples for the R2R coated conductive substrates
have used pieces cut from the roll and produced a variety of
devices by S2S technologies, ranging from transparent heat-
ers® via printed touch panels®? to organic solar cells®” and
lighting devices,®”?%?*%! and OFETs.’” An overview of the
work done on R2R coated silver nanowire films is provided in
Table 1 and some technology demonstrator devices are displayed
in Figure 4.

www.aem-journal.com

6. Printed Circuitry and Electric Connections

Any electronic device needs some kind of highly conductive
electric wiring or connections, either in order to be provided with
electricity, or for the electric energy generated inside it to be
extracted. The same is true for devices which detect or send
electromagnetic radiation via an antenna structure and for the
electrodes of transistors. Another application area where highly
conductive structures are needed is to boost the current transport
capacities of transparent electrodes with their rather high
intrinsic sheet resistances in large area optoelectronic devices.
Printing conductive inks is therefore an important part of
solution processed electronics, and several studies have been
published presenting work on R2R processing. An overview is
presented in Table 2. In a very early example, Mikeli et al. have
employed a conductive polymer, which was R2R gravure printed
on polypropylene substrates, followed by R2R nanoimprinting to
achieve patterns with submicron resolution.'®” Processing
speeds varied between 0.2 and 1.0mmin ', and while the
specific volume conductivities achieved (3 Scm™') were quite
modest, for a number of applications, this value might already be
sufficient. A much more common method to prepare highly
conductive structures, however, is to print them using metal
based conductive inks. Several types of inks for a wide range of
printing techniques are available, based on metalorganic
decomposition (MOD) complexes, metal nanoparticles, micron
sized metal flakes, or combinations thereof. For an in-depth
overview of conductive inks, their formulation and chemistry,

Table 1. Deposition techniques, substrates, coating speeds, and TCM performances of R2R coated silver nanowire films.

Coating Sheet

speed resistance Transmission S2S application
Deposition and post-deposition technique (if applicable) Substrate [mmin~ [Qsq ] at 550 nm [%] example Reference
R2R slot die (mixture with PEDOT:PSS) PET 2-10 >40 78 Electro-luminescent 187]

panel
R2R rod coating, then R2R solvent spraying, R2R compression PET and PEN Not rep. 5 92 OFET, OLED, OPV 190]
rolling, immersion in salt solution and washing in water
R2R rod coating PET Not rep. 38.3 Not rep. OLED 193]
R2R gravure, then laser welding PET 1.5 5and 13 91 and 95 None 9]
R2R gravure, overcoating with graphene oxide dispersion (also PET 15 17 93 Flexible 196]
multilayer stacking), then cold welding supercapacitor
R2R slot die (mixture with PEDOT:PSS) PET 2.7 75 >90 None 188]
R2R rod coating PET 1.2 10 and 22 84 and 90 Electro-chromic 11
device

R2R slot die (mixture with CNT) Not rep. 2.0 102 87 None 17
R2R rod coating, then patterned photonic flash sintering (S2S) and  Poly-carbonate 2.0 17-18 ca. 80 OLED and 194
R2R wiping of unexposed material transparent heater
R2R slot die, then overcoating with protective layer PET 0.02 30-70 89-90 Touch panel 192]
R2R rod coating, then R2R overcoating with UV resin, PET PET 0.6 5 80 None 193]
lamination, curing and peeling
R2R printing (exact process not specified) PET 2.0 46 87 Touch panel 98]
R2R slot die PET 1.0-10.0 32-94 86-92 oPV ]
R2R slot die (mixture with PEDOT:PSS), then R2R overcoating for PET 0.3 8-85 69-96 Perovskite PV (100}

planarization
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Table 2. Deposition and annealing techniques, substrate and ink types, printing speeds, and performance of R2R printed conductive structures.

Printing speed

Minimum feature

Deposition and annealing technique Substrate Ink type [mmin~] size [um] Maximum Conductivity [Sm ] Reference
R2R inkjet, photonic flash sintering PEN Ag nanoparticle ink 10.0 <50 7.6 x 10° 28]
R2R (rotary) screen, thermal (70-120°C) PES Ag particle inks 6-10 200 Ca. 3 x 10° (9]
R2R flexo, thermal (80°C) PET PA coated PMMA 15.25 40 50 (1201
particles

R2R gravure, thermal (150°C) PET Ag paste 2-8 20 Not rep. (21
R2R gravure offset, laser sintering PET Ag nanoparticle ink 0.6 N/A 10.0 x 10° (value est. from Ry, d, (116l
(532nm) and ink composition)
R2R gravure, thermal (hot air oven) PI Ag flake paste 2.0 45 6.25 x 10° (300°C), 19 x 10° (122

(400°C)
R2R gravure, thermal (150°C) PET Ag nanoparticle ink 5.0 13 Not rep. (123]
S2S inkjet, R2R IR PEN Ag nanoparticle ink 0.07-2.0 N/A 9.45 x 10° (124
R2R (rotary) screen, thermal (140°C), PET Ag flake paste 1.0 N/A 4.5 x10° 0
then R2R calendaring
R2R (rotary) screen, thermal (140°C) PET Ag nanoparticle 2.0 90 Not rep. (123]

paste
R2R (rotary) screen, thermal (140°C) PET Ag flake pastes 2.0 125 Up to 6.6 x 10° (126]
R2R gravure (150°C) PET, PEN Ag nanoparticle ink Not rep. Not rep. 3.0x 10° B4
R2R (rotary) screen, thermal (140°C) PET Ag flake paste 10.0 Not. rep. 2.1x10° B
R2R IJP, thermal (140°C) Ag nanoparticle ink 2.0 53 % 10°
R2R flexo, thermal (140°C) Ag nanoparticle ink 10.0 6.2 x 10°
R2R blade and gravure printing, thermal PET Ag flake and 4.0 N/A (full area) 7.3-7.8 x 10° (271
(curing not specified) nanoparticle pastes
R2R 1JP, thermal (140°C) PET and Ag nanoparticle ink 2.0 132 3% 10° (128)
R2R flexo, thermal (140°C) barrier film Ag nanoparticle ink 25.0 133 3.4 x 10° (values est. from Ry, and
grid geometry)

R2R gravure, thermal (80 and 150°C) PET and PI Ag flake paste 0.5-10.5 121 6.5 x 105 (129

the reader is referred to a number of excellent reviews and book
chapters dedicated to this topic.!'%*714

A number of key performance characteristics can be defined
for conductive structures, which are the line width or more
generally the feature resolution, the height and surface
roughness of the structures, and the achieved -electrical
conductivities. For example, in cases where the metal lines
serve to enhance the sheet resistance of transparent conductive
materials, a narrow line width is preferred in order to retain as
much transparent surface as possible.'® Obviously, this
situation requires a compromise in line dimensions and overall
conductance, which can be shifted toward smaller structures
only by increasing the specific conductivity. Three studies
dedicated to the line width optimization and the ink transfer for
the R2R gravure printing of silver nanoparticle inks on PET film
have been published by Nguyen et al.?®°¢1%7] At line speeds of
2-10m min~", the authors obtained lines as narrow as 21 pum
and demonstrated that air nip pressure and ink viscosity were
the factors determining the line width, whereas for the height of
the printed structures, the inks viscosity alone was dominant.
Too high conductive structures, however, are not preferred in
many cases, because coverage over a steep step can disturb the
uniform and continuous deposition of subsequent functional
layers, be it from solution or by dry techniques. To overcome this
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issue, van de Wiel et al. have developed a method for embedding
high and rough (several micrometers) printed silver structures
into substrates by R2R techniques, thereby producing very flat
films (surface roughness <5nm) without sacrificing the high
conductivity.'*® Instead of optimizing the printing conditions
and ink formulations, Zhang et al. have demonstrated that the
line width can also be narrowed down in the R2R gravure
printing of silver nanoparticle inks at 4mmin~' by usin

printing rolls with miniaturized gravure cells (Figure 5).'% In
this case, line widths down to 19 ym and overall transmissions of
the PET substrate of above 80% were obtained, although no
values for the electrical characteristics of the structures were
reported. The effect of various flexo printed grid geometries of
silver ink patterns on the sheet resistance reduction of PET
coated with ITO has been studied by Deganello et al.!*”
employing a web speed of 5mmin~"'. At 18% surface coverage,
these authors were able to reduce the sheet resistance from
45Q5q"" (ITO only) to 1.3Qsq™". In a similar study published
later by the same group, the track widths and mesh sizes of the
silver grid were varied, and they managed to reduce this value
further to 0.9Qsq ' at again 18% surface coverage.''' At
higher coverage (30%), even sheet resistances below 0.4 Qsq !
were achieved, although these films will suffer from a very
significant reduction in overall transparency. Using various
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Figure 5. Production of electrically conductive structures by R2R printing of silver based inks. a) R2R gravure printing of nanoparticle ink: Gravure roll
and details of the cells (left) and grid structures printed with different line widths (right). Reproduced with permission from ref. [, Copyright 2015
Elsevier. b) R2R inkjet printing of nanoparticle ink: Experimental setup (left) and silver lines printed using different droplet densities (right). Reproduced
with permission from ref. 28, Copyright 2014 IOP Science. c) Multilayer rotary screen printing of micrometer sized flake paste and a dielectric: Roll of foil

with printed structures (left), design detail (center), and demonstrator with bonded LEDs (right). Adapted with from ref.

2015 Springer Verlag.

silver salt solutions instead of nanoparticle based inks, Shin et al.
have achieved similar results by R2R gravure printing, although
neither the substrate nor the processing speed are men-
tioned."'? In their case, sheet resistances of 1-30 Qsq™" were
reached at line widths down to 20 um and overall transparencies
of 85%, and the sheet resistances could actually be reduced
further to 0.3-0.4 Q sq " when the silver traces were treated with
a procedure called “blackening” by the authors. A similar system
based on a mixture of silver oxide particles and silver salts has
been formulated into a paste by Chun et al., R2R bar coated on
PETas a thick film and thermally converted to a conductive silver
layer with conductivities of up to 2 x 10° S cm ™.

Whereas after deposition on the substrate, most functional
electronic inks are simply cured by drying and/or chemical
crosslinking, metal based conductive inks typically need more
extensive post-deposition treatment in order to develop a proper
electric conductivity suitable for the application. Particle based
inks must be sintered for proper connectivity, whereas MOD
inks require a chemical decomposition into elemental metal.
Although this can be achieved in most cases by thermal
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(37 with permission. Copyright

treatment, the time scales needed are frequently so long that
their applicability for R2R processing at acceptable web speeds is
limited. More than for other functional electronic inks, a number
of post-deposition treatment alternatives to traditional oven
drying have therefore been described in literature. Among these
are photonic flash (also known as intense pulsed light) sintering,
laser, microwave, electric, and chemical sintering. Their
operating principles have been described in detail in several
reviews.""*11%1 All these techniques serve to accelerate the
formation of highly conductive, dense metallic structures
without damaging the underlying substrates, which, in the case
of polymer films, are sensitive to elevated temperatures. Most
studies have demonstrated the applicability only on a S2S basis;
only a few have used R2R techniques. Of these, Abbel et al.
demonstrated a strategy to scale up the inkjet printing and
photonic flash sintering of silver nanoparticle inks from small
scale S2S tests to R2R processing on a pilot production line at
speeds up to 10mmin~" (Figure 5).*®! At line widths of 50 um
and below, conductivities up to 12% of the bulk silver value were
obtained on PEN substrates. Yeo et al. employed laser sintering
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to post-process R2R gravure offset printed silver nanoparticle
inks on PET at 0.6mmin ' and achieved ca. 16% of the bulk
silver value.''® An alternative approach to improve the
conductivity of R2R printed metal structures is calendaring,
which has been demonstrated not only to increase the electrical
conductance by 40—-45%, but also to reduce surface roughness by
45-72%, depending on the paste used.''! In other cases,
initially R2R printed metal lines were further electroless plated
with copper, again with the goal to increase the current transport
capacity of the resulting structures.!''®

Printed current collecting grids are also important compo-
nents of R2R solution processed solar cells, which will be
discussed in detail in an own section of this review.

Where more complicated electrical wiring than only for power
connection and distribution is required, multilayers of conduc-
tive structures must frequently be printed and electrical contacts
at the crossing points must be prevented. For that reason,
isolator layers are needed which must be deposited on top of the
conductive lines with good registration accuracy to ensure the
absence of short circuits and enable proper device functionality.
Noh et al. have investigated and optimized the overlay accuracy
of R2R gravure printed silver and dielectric inks on PET
substrates at a web speed of 12mmin~' for electrode
applications.'*”? They observed a marked difference of the
registration accuracy between the web movement direction
(41pm) and perpendicular to it (16 um), highlighting the
importance of proper web handling to obtain functional features
with high resolution. While a lot of attention has been spent in
this study on the dimensions of the printed structures (line
widening, film thickness, edge definition, and surface morphol-
ogy) as a function of the inks’ viscosities and the printing speed,
no values for the conductivity were reported. A similar product,
albeit with lower resolution, has been prepared by Kerdnen et al.,
who used R2R screen printing of silver paste and a UV curable
dielectric at 2mmin~" on PET (Figure 5).">" In their case, a
stack of silver/dielectric/silver was produced that was used as a
wiring pattern to drive R2R assembled LED arrays. Also Yi et al.
have studied the R2R gravure printing of silver nanoparticle
pastes on PET film at 6mmin~"' and the subsequent over-
printing of the resulting conductive structures with a dielectric
BaTiOj; ink, also by R2R gravure printing, but at varying speeds
of 4, 6, and 8mmin 1."*? Their key focus was on the
optimization of the printing parameters for the dielectric ink
to result in smooth and defect-free dielectric layers, and they
demonstrated that the aspect ratio of the ink cells in the gravure
roll is the dominant factor in this respect.

7. Light Emitting Devices

Light emission from electronic devices can be achieved using a
number of physical processes, resulting in a variety of device
architectures, all of which have in common that they require a
complex stack of various functional materials, some of which
need to be deposited as a continuous homogeneous film,
whereas others must be structured. The working principles of
light emitting electrochemical cells (LECs!***™*7)), electrolumi-
nescent devices using alternating voltage (AC-EL™®), and
organic light emitting diodes (OLEDs!"**'*%) have been
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described in detail and therefore will not be explained here
again. All these devices need some type of transparent electrode
structure and highly conductive wiring, which has been
discussed already in the two sections above. Here, we
concentrate on the electronically functional layers in between
these electrodes and their deposition by R2R techniques.

A major driver for the R2R production of light emitting
devices is the production upscaling toward industrial mass
manufacturing and cost reduction. Using the example of flexible
LECs, Sandstrom et al. have both demonstrated the R2R
production of these devices and provided a detailed cost
calculation, which shows that this technology has the potential
to be particularly competitive once high-throughput and high-
volume production modes can be applied.”**! In their example,
a PET film with ITO and zinc oxide was slot die coated with the
emitting layer (a mixture of a conjugated polymer, poly(ethylene
oxide) and a salt) and PEDOT:PSS at a speed of 0.6 mmin~",
resulting in a maximum brightness of 150cdm 2 and a
maximum efficacy of 0.6cd A~" (Figure 6). Comparing several
case studies, some of which are still hypothetical at the current
state of technology, the authors demonstrated that the transition
from small scale S2S production toward high-volume R2R
processing (60mmin~") could reduce the total cost down to
11 € m ™2, which represents an improvement of several orders of
magnitude compared to the S2S approach. A similarly
impressive reduction was predicted for the cost-per-lumen,
where the most optimistic scenario resulted in only 0.0036Im
€7, albeit at an assumed luminance of 1000cdm™2.

R2R blade coating can be used to produce AC-EL panels, as has
been demonstrated by Sunappan.[*?”! In this example, the main
focus was on the deposition of the silver top electrodes, where
blade coating and gravure printing were compared, but also the
other functionallayers (phosphors and dielectrics) were deposited
by blade coating at 4 m min~" on ITO coated PET film (Figure 6).
When driven at 400 Hz and a voltage of 100V, the devices emitted
bluish light with a brightness in the range of 250 lmm ™.

A more common device structure for light emission than
LECs or AC-EL panels is the OLED, for which already in 2007, an
approach has been proposed to enable the production of fully
solution processed devices by R2R techniques, although, in
practice, it was at the time still demonstrated by S2S spin coating
only."*?) In order to prevent the technical problems associated
with cathode deposition by metal evaporation on top of an
organic stack, the authors employed a strategy in which two
“half-fabricates” were prepared which upon lamination formed a
complete OLED device. Starting from PET coated with ITO and
aluminum, respectively, the “anode side” and the “cathode side”
of the OLED were solution processed separately and only
combined in a last step. In addition to avoiding evaporation on
top of the organics, an additional advantage, especially for more
complicated device structures, could be that interactions
between already dried films and the still wet inks printed on
top to deposit the next functional layer (redissolution, intermix-
ing, improper wetting etc.), are partially circumvented. OLEDs
prepared using this approach performed better than reference
devices built up by a “hybrid” method, that is, a combination of
(S2S) solution processing and evaporation, which was attributed
to avoiding the damaging effects of Al evaporation on top of the
organic layers.
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Figure 6. R2R solution processing of light emitting devices. a) Light emitting electrochemical cells by R2R slot die coating: Coating line (left), stripe
coating of the active layer (center), final device (right). Reproduced with permission from ref. ['*'1, Copyright 2012 Nature Publishing Group. b) AC-driven
electroluminescent panels by R2R blade coating: coating drums (left), coating of the silver electrode (center), final device (right). Reproduced with
permission from ref. 7)., Copyright 2016 IEEE. c) Light emitting diodes by R2R slot die coating: Schematic representation of the coating line (left), stripe
coating of the emissive layer (center), final device (right). Reproduced with permission from ref. 8. Copyright 2017 Materials Research Society.

In 2013, Hast et al. presented a strategy to proceed from the
small scale testing to the R2R pilot fabrication of OLEDs, starting
with a PET roll with ITO patterns prepared by R2R etching.'**]
The authors reported the R2R gravure printing of PEDOT:PSS
and metal oxides, serving as the hole transport material, followed
by the light emitting polymer, which was deposited using the
same technique. The devices where then finished by rotary
screen printing of an Al paste which acted as the top electrode,
although the alternative of evaporating barium or calcium and
then silver were also tested. The web speeds at which these
processes were conducted were not revealed. Top encapsulation
was achieved by the R2R lamination of a barrier film and the
reported efficacies were in the order of 3-5cdA™! with
operational lifetimes (LT50) of 700-2500h. Several application
examples for the produced OLEDs were also demonstrated, such
as smart packaging, smart cards, OLED indicators, and lighting
or signage.

In the same year, R2R “cohesive coating” was demonstrated
by Shin et al., where all functional OLED layers were deposited
using a slot die coating setup, which however operated without
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active ink pumping; instead, the ink flow was initiated and
sustained by the web movement."** Starting with a PET
substrate, two different types of PEDOT:PSS serving as both
anode and hole injection layer were coated and resulted in films
with sheet resistances of 90 Q2 sq ™" and transparencies of 83% at
550nm. On top of this, the emissive layer, zinc oxide
nanoparticles as the electron transport material and a PEO/
salt mixture for electron injection were deposited. The flow rates
and thus indirectly the layer thicknesses were controlled by the
surface chemistry of the slot die. Again, no web speeds for the
coating process have been reported. In the finished OLEDs,
brightnesses exceeding 10000cdm™> were achieved and
maximum efficacies of up to 6.1cd A™', which was comparable
to reference devices on glass/ITO. No information on lifetime
data was reported.

More recently, R2R slot die coating at web speeds up to
30mmin~' for the hole injection materials and emissive
polymer inks has been demonstrated using substrates of barrier
films with ITO and metal structures which were spliced into
longer rolls for ease of processing (Figure 6).*® Using a R2R
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processing line comprising two coating stations and drying
ovens coupled to each other, the authors were able to coat both
layers in a single run, using the so-called “tandem coating”
approach. Furthermore, the special web handling system
employed completely avoided top contact during substrate
transport and coating, thereby eliminating a significant source of
contamination and damage. After the coating process, the
devices were cut out of the rolls and finished by S2S cathode
evaporation, resulting in efficacies of 5-7cd A" at 100cdm 2
and operational lifetimes (LT50) of several hundred hours. In
addition, it was demonstrated that by using appropriately
prepared coating equipment, the active layers can also be
deposited in a well-defined patterned manner by stripe coating
(in the web direction) and intermittent coating (perpendicular to
the web direction), which is important for the production of fully
encapsulated OLEDs without pathways for side leakage for
moisture, oxygen or other agents which shorten the devices’
shelf lives.

8. Photovoltaics

Of the very diverse materials systems which have been used for
photovoltaic applications, those based on OPV and metal halide
perovskites are particularly suited for deposition from solution.
For detailed reviews of their materials chemistry, operating
principles, deposition techniques, device architectures and
related issues for S2S processing, the reader is referred to the
existing literature."***! Both types of solar cell materials
systems have the potential for inexpensive mass fabrication by
R2R manufacturing on flexible substrates and offer a wide
choice of materials for applications where form factor and color
are important. While OPV has undergone significant develop-
ment already for some time, perovskite PV has very recently
attracted a lot of attention.

8.1. Organic Photovoltaics

The main objectives in the field of OPV are achieving high
efficiency, long term stability, and cost reduction. Low cost
production can be reached by combining inexpensive materials
with solution based R2R manufacturing techniques. Indeed,
compared to conventional silicon based solar cells, organic solar
cells are expected to be less expensive and easier to manufacture,
due to lower energy consumption, low temperature and vacuum-
free deposition, and the possibility of direct patterning during
the coating process.">®*" Thus, R2R coating and printing of
organic semiconductors are the focus of many companies and
research groups. Many different deposition techniques have
been utilized and optimized for the production of thin functional
layers of organic semiconductors and for OPV in particular.">*~
154 Organic solar cells and modules with inkjet printed,*>***¢
slot die coated,™”) spray coated,™*® gravure,’*® and flexo-
graphic® printed layers have been successfully demonstrated
on S28S scale. Although S2S deposition has been proven to be
compatible with industrial manufacturing, R2R techniques are
still considered as the more preferred way for mass production,
due to the promises of lower cost, higher throughput and
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improved yield. Despite this, S2S approaches are still very
important and can be considered as an intermediate step toward
future R2R manufacturing. The knowledge generated by S2S
scale experiments often serves as a support for R2R process
development and optimization. For example, large area S2S slot
die coated organic solar cells produced on flexible substrate from
non-halogenated solutions!>”! provide valuable input for R2R
manufacturing, because halogen-free formulations are a decisive
need for processing on industrial scales. After S2S demonstra-
tion, a further step toward production upscaling by R2R
techniques is often the use of table top mini roll coaters.['*"1¢?
These simple and low cost solution processing systems allow a
direct investigation of the effects of variable R2R process settings
on the resulting thin film quality. They have great potential to
define reasonable starting values of parameters such as ink
composition, coating speed or wet film thickness for subsequent
R2R experiments on larger scale. Organic solar cells and
modules manufactured using simple roll-coating systems for
deposition of one or several functional layers have been
demonstrated by several research groups.!'¢*1¢%

A pioneer of R2R OPV manufacturing is the group of Krebs at
the Technical University of Denmark, DTU.[1>2153:165-167] gyepg
et al. have demonstrated numerous R2R processes for organic
solar cell modules, with different device stacks employing
different deposition methods."***>¥ In the so-called “Process
One”,l'*”) OPV modules were manufactured on PET substrates
coated with ITO. The first three layers (zinc oxide, the
photoactive layer (PAL) and PEDOT:PSS) were processed using
slot die coating. The silver back electrode was flat-bed screen
printed to finalize the stack before it was laminated with barrier
film for encapsulation. Since then, numerous variations of solar
cell and module production based on this method have been
published by the Danish group.*®®'%! The first demonstrations
were performed with P3HT:PCBM as a photoactive blend and
then the process was further adapted for other photoactive
materials."”*"7? Calculating the contributions of the various
materials used in “ProcessOne” to the total cost of the embodied
energy revealed that the ITO electrode is very expensive and
forms a bottleneck for the price per watt peak.!'”* Consequently,
a number of ITO-free approaches were developed and
demonstrated using R2R manufacturing.!'?®16%166.1747176] Thege
device architectures relied on ITO replacement by PEDOT:
PSS! or silver current collection grids in combination with
PEDOT:PSS.'28V74173]  Different printing methods were
employed for the deposition of the front and back electrode
grids.*"177) The solar cell technology known as “IOne”'”®
reported by DTU represents a significant progress in the all-
solution and vacuum-free R2R manufacturing of organic
photovoltaics (Figure 7). Compared to “ProcessOne”, “IOne”
presents no disadvantages as it employs neither vacuum
deposition nor does it rely on ITO. However, “ProcessOne”
operates at lower materials and overall cost, is significantly faster
and in addition yields devices with much better operational
stability.’”?) It should be noted that the “IOne” process has even
been demonstrated in a silver-free version with only a carbon
based electrode which showed the same performance as the
version containing silver, thus indicating that neither ITO nor
metal grids are required to prepare efficient and scalable OPV
cells.’”® The efficient replacement of silver was achieved with
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Figure 7. The device structure d) centrally surrounded by photographs of the R2R coating and printing processes, with a) and f) showing the rotary
screen printing of the top and bottom PEDOT:PSS layers, respectively. c) and b) showing the slot die coating of zinc oxide and P3HT:PCBM, respectively,
while e) shows the rotary screen printing of the graphite second electrode. Reproduced with permission from ref. '8, Copyright 2012 Royal Society of
Chemistry. One of the coating stations on the pilot line and the coating head of the MRC g), and the whole pilot line h). Reproduced with permission from

ref. 8], Copyright 2015 Wiley.

carbon paste, which yields superior printing and stability
performance over printed silver conductors while requiring
somewhat thicker printed layers to achieve the same
conductivity.

Their great experience in the R2R deposition of different OPV
materials allowed Krebs et al. to demonstrate the scalable R2R
manufacturing of encapsulated large area, flexible organic
tandem solar cell modules in ambient atmosphere (Figure 7).'8
Later, they successfully transferred a number of R2R deposition
technologies for OPV manufacturing based on slot die coating of
the main functional layers combined with printed electrodes, to
the start-up company InfinityPV,®" whose core business is
printed electronics and printed organic solar cells in particular.

R2R slot die coating was also utilized by several other research
groups worldwide for the manufacturing of the various layers in
OPV cells and modules. Scientists from the Institute of Nuclear
Energy Research in Taiwan employed this technique for the
deposition of the electron transport layer (ETL) and the PAL for
the production of inverted polymer solar cells (PSC).[*8%!83)
Because their laboratory scale equipment (Figure 7) is not suited
for full R2R processing, the PET/ITO substrates with the two
R2R coated layers were cut into pieces and the devices were
finished by S2S thermal evaporation of the hole transport layer
(HTL) of MoOs3 and the silver electrodes. The systematic
investigation of thermal effects during the drying step as well as
the effect of thermal annealing on the film morphology and
performance of inverted polymer solar cells fabricated by R2R
slot die coating has been reported by Huang et al.['®%

A research group from the University of Newcastle has
demonstrated a pathway for ITO-free fully R2R processed
organic solar cells in a conventional geometry with a R2R
sputtered aluminum top electrode.["®" This shows that solution
processable printing and coating methods can be combined with
R2R vacuum techniques for the manufacturing of complete OPV
modules.['#>18¢)

Fully R2R slot die coated all-organic solar cells were produced
and characterized by Andersson."®”) The manufacturing process
is exclusively based on inexpensive components, benign solvents
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and materials with a low environmental impact. The coating was
performed on FOM Technologies’ Solar X3 R2R inline coating
and printing machine, which is equipped with a sticky roller web
cleaning unit, a preheating oven, and two complete slot die
coating stations, each having a 1 m long double pass (2 m drying
distance) horizontal hot air-drying oven and a preceding corona
unit (Figure 7). One of the main problems of the reported devices
was a predisposition for short circuits. Mechanical failures in the
active layer due to swelling of the bottom electrode material
during processing have been identified as the reason for this
phenomenon. Although the performance of the OPV devices did
not exceed 1%, this study emphasized the important notion that
the mechanical properties of the constituent layers and their
interfaces are perhaps even more critical than the electro-optical
properties of the active layer, which currently attracts the clear
majority of the research efforts when it comes to large scale
production.

Most of the slot die coated modules mentioned above were
produced using stripe coating to allow the interconnection of
individual cells in the modules. Because for optimal perfor-
mance, the dimensions of single cells in the module should
typically not exceed 1cm,'®®'8 the stripe coating technology
typically provides quite low geometrical fill factors (GFF, the
ratio between the active area and total area of the OPV module) in
the range of 50-75%.1"*'8% Laser interconnection can signifi-
cantly reduce the dead area and seems to be more effective for
OPV manufacturing, as it can provide high GFFs of up to
95%.1"% Holst Centre — Solliance has reported OPV modules
prepared using three R2R slot die coated layers (ZnO/PAL/
PEDOT:PSS; Figure 8) and either screen printed or inkjet
printed back electrodes.'®” The interconnections in these
modules were made by laser patterning, which provided a very
high GFF of 92.5%. This approach of combining laser patterning
of the coated layers and printing techniques for the deposition of
the top electrodes is unique and was used to produce both non-
transparent and semi-transparent modules from non-chlori-
nated solvents (Figure 8). A variety of halogen-free solvents were
tested and compared, and the drying parameters optimized on
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Figure 8. a) Slot die coating unit the R2R line at Holst Centre — Solliance. Reproduced with permission from ref. '3, Copyright 2011 Elsevier. b) Semi-
transparent OPV module with high GFF, R2R manufactured at Holst Centre — Solliance. Reproduced with permission from ref. 2%, Copyright 2015
Wiley. c) R2R process of printed inverted OPV modules at VTT. The used printing methods for separated OPV layers are abbreviated as RS (rotary screen
printing) and G (gravure printing). d) R2R fabricated printed OPV modules made using the manufacturing process shown in c). Reproduced with
permission from ref. '), Copyright 2015 Royal Society of Chemistry.
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R2R scale in order to demonstrate the technology readiness for
industrial large area manufacturing.'*%

The use of gravure and flexographic printing was also
extensively investigated and has demonstrated their promise for
the R2R preparation of organic solar cells.["**!%372% These two-
dimensional printing techniques are differentiated from other
coating methods by enabling the direct patterning of arbitrarily
shaped and sized features, thereby enhancing the freedom to
connect the cells in modules. Prior to R2R processing on a full
industrial scale, a lot of research has been done on smaller
laboratory equipment.!**>2°2%2 Similar to S2S slot die coating,
gravure printing carried out on lab scale equipment allows
process parameter optimization and the identification of suitable
ink properties in order to make the transition to the future full
R2R process. Thus, up to four functional OPV layers have
successively been S2S gravure printed on flexible PET substrates
coated with ITO, enabling high production throughput in a R2R
printing process.['?31%4

R2R pilot production of OPV modules has been realized by
researches from VTT.'*>1%8-2% Starting from simple table top
equipment, this group was able to transfer lab scale
processes!'***’! to the R2R fabrication of OPV modules using
gravure printing and rotary screen printing.'*® The fabrication
process allows direct 2D patterning and resulted in the
manufacturing of OPV modules with an active area up to
96.5 cm? (Figure 8). To further demonstrate the capability of the
applied printing methods (gravure and rotary screen printing), a
variety of designs was introduced and proven to work by the
same research group.!'*” Similar work has also been reported by
the research group of Holst Centre who also demonstrated fully
inkjet printed solar cells with arbitrary designs.!*>*

Furthermore, as reported by teams at CSIRO and the
University of Melbourne, partly and fully printed OPV modules
have been fabricated using R2R reverse gravure deposition.***
According to the authors, reverse gravure printing is similar to
conventional gravure printing from a process point of view, but
the films formed using either method differ strongly from each
other.

Besides from academic research groups, the R2R manufactur-
ing of solution processed OPV has also attracted a lot of interest
from industry. Thus, without mentioning the contributions of
companies working on this topic, a review on the recent
developments in this field would not be complete.

Eight19’s solar cell technology is based on solution process-
able organic semiconductor materials, which are processed into
solar cells using continuous R2R printing and coating
processes.’®®! Based on technology originally developed by the
Cavendish Laboratory at the University of Cambridge, Eight19’s
technical team has designed and optimized a versatile R2R
coating plant capable of producing up to 200000m?* of OPV
annually. OPVIUS GmbH (formerly BELECTRIC OPV) devel-
ops and manufactures organic solar cells and focuses on the
commercialization of customized OPV solutions.”°! Armor
Group is a French company specialized in R2R printing and
produces OPV films on an industrial scale under the ASCA®
tradename.?®”) The ability to produce films of various standards
that range from 5 to 12V equivalent modules reflects the
flexibility and agility in their industrial facilities.”® The
industrial machines designed and used by ARMOR allow to
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move from a standard mode of production for OPV (one layer by
one coating pass) to a simultaneous coating process. By the end
0f 2017, Armor will be able to produce up to 24 V equivalent OPV
modules with a total production capacity of 1 million square
meters. Organic solar cell modules manufactured by CSEM
Brasil reached the level of rapid prototyping**® and their scaling
up laid the base to co-found SUNEW in 2015.'% SUNEW is an
OPV production pilot line of 35 m divided in five stations with a
capacity to produce 35000m? per month. InfinityPV ApS is a
Danish start-up company founded in 2014 by Frederik C. Krebs
along with 31 co-owners.["®! InfinityPV’s flexible OPV modules
can be prepared entirely using R2R printing and coating
techniques. The production is based on solution processing of all
the layers at low temperatures and ambient conditions and the
process is therefore highly energy efficient and ensures a short
energy payback time compared to most of the existing inorganic
solar cell technologies. The technology does not include toxic or
scarce elements and is, therefore, environmentally safe.

Although many successful examples of the integration of R2R
coated and printed OPV modules have been demon-
strated,***211=213) including the installation of OPV-based solar
parks (Figure 9).*"] there are still many issues which need to be
resolved before full scale commercialization of these technolo-
gies can seriously start.*'*?"! An important issue in the
manufacturing of OPV concerns the environmental impact of
the various process steps. Indeed, typical solvents used for the
photoactive materials are halogenated aromatic solvents, for
example, chlorobenzene or ortho-dichlorobenzene. OPV devices
show the highest performance when produced using these
solvents. Driven by environmental concerns and the potential
commercialization of OPV technologies, several groups have
demonstrated highly efficient OPV modules produced from non-
halogenated solvent using R2R compatible techni-
ques.!>”192218 Often changing a solvent composition can lead
to significant changes in the morphology of the photoactive
layer,"® which is composed of two materials (donor and
acceptor). The optimal bulk heterojunction morphology and
thereby high PCE is determined by factors like domain size
(optimum is ca. 10nm), domain purity, interfacial width
between the domain,*'/?'® and the crystallinity of the
phases,?'” especially in the case of crystalline polymers, such
as P3HT. Apart from the solvents used for the deposition of the
photoactive layer, the morphology can be controlled by the drying
and annealing process,?>?*!! the ratio between the donor and
acceptor and by the properties of the layer underneath. Many
studies performed in the past focused on the morphology
optimization of the photoactive layer??2??*! and on transferring
these findings to R2R manufacturing,['®*???l where a lot of
efforts are directed toward quality control strategies for the
printed layers.'’???* The layer quality analysis during the
coating and a better prediction of whether the module will work
or fail can significantly increase the yield of the produced
modules and therefore lower manufacturing costs.

The next important parameters which will bring the OPV
technology closer to full scale commercialization are a high GFF,
which already has been demonstrated in R2R coated mod-
ules™Y and the freedom of forms, as has been demonstrated
with inkjet printing!"*® or gravure printing."*” The remaining
issues hampering mass production and full commercialization
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Figure 9. a) The front row of the solar park with six lanes of 100 m stretches of solar cell foil with a web width of 305 mm. b) Roll mounting of the foil
along with c) a close-up photograph of the application with a guide. d) A view along the row showing dilation around connections in the platform.

Reproduced with permission from ref. .. Copyright 2014 Wiley.

of OPVs are the still relatively low power conversion efficien-
cies®) and insufficient stability.*2*?*”) Efficiency is becoming
an increasingly important driver for reducing the cost of large
area PV systems.[??®! Solving these issues will open a lot of new
perspectives for organic solar cells.

8.2. Perovskite Photovoltaics

The interest in perovskite PV has significantly increased over the
last few years.*2*=232 High power conversion efficiencies (PCE)
and the potentially low cost make it a very promising candidate
for future applications.***** Rapid progress in research and
development has been demonstrated in recent years. The
certified record efficiency of perovskite solar cells has already
reached 22.7%,*°! making this approach competitive with
traditional silicon technologies. Although many issues such as
stability, toxicity or current-voltage (I-V) hysteresis need to be
resolved before the commercialization of this technology can
commence, scale-up and large area processing have already
become the focus of the latest research.

The active area of perovskite PV reported in the literature is
mostly limited to few a square millimeters. The scale-up of the
active area of the devices is expected to lead to an efficiency drop
due to the series resistance of the electrodes.”*®! Theoretical
modeling performed by Galagan et al. revealed the critical
influence of the electrode sheet resistance on the performance of
perovskite solar cells and modules when scaling up the active
area of the sub-cells.”*”! Simulated results show that if the sheet
resistance of one of the electrodes (e.g., the transparent
conducting oxide) is 10Q [, the optimum width of the
sub-cells in the module is in the range of 0.3-0.7 cm, while the
usage of ITO on foil limits this value to only 0.3 cm. These results
identified several critical issues in the large area processing and
scaling up of perovskite PV technology. First, because the width
of the sub-cells in the modules is relatively small, the efforts
should be focused on reducing the interconnection (dead) area.
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Laser technology seems to be most promising to achieve a high
aspect ratio between the active area and the interconnections
zone.*®! Thus, many reports were dedicated to the manufactur-
ing of perovskite PV modules,**2*3] however, most of these
studies used spin coating for the deposition of the layers.

In order to move from the lab scale toward industrially
compatible manufacturing, in analogy to the successful
experience with organic solar cells, many printing and coating
techniques have been adapted for the preparation of perovskite
PV cells. Because different layers in the perovskite devices have
different physical properties, the selection of deposition
methods must be guided by similar considerations as in OPV
to optimize each layer in the device stack. For example, screen
printing was often utilized for the deposition of mesoscopic TiO,
and Al,03 materials,******) while inkjet printing was success-
fully applied for the deposition of nanocarbon based hole
extraction layers.?*”! The first attempts to replace spin coating
for the processing of the perovskite layer were done using blade
coating.*****1' Although this is not strictly a R2R deposition
method, it can be considered as an intermediate step for further
scale-up. This technique has been widely used for the fabrication
of organic solar cells and proven to be a simple, environmentally
friendly and low-cost method for solution processed
photovoltaics.

High throughput ultrasonic spray coating was used for the
fabrication of the perovskite layer, whereby functional films with
high uniformity, crystallinity and surface coverage were obtained
in a single step.>% In order to extend this process toward flexible
plastic substrates, high temperature annealing (often required to
cure the TiO, layer) must be avoided. The photonic curing
technique, which is compatible with the use of plastic substrates,
was used for the annealing of the TiO, layer. This technique
enables the R2R high temperature processing of thin film
materials on low temperature substrates. S2S screen printed
triple layers of a mesoporous stack have been reported by several
research groups.”>"**?l Monolithic perovskite modules with
dimensions of 10 x 10 cm?, an active area of 70 cm? and 10.74%
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efficiency, along with an outstanding shelf life stability, have
been demonstrated by Priyadarshi et al.®" Similarly, stable
large area (10 x 10cm?) printable mesoscopic perovskite
modules exceeding 10% efficiency have also been prepared by
Hu et al”” Weihua Solar has developed a slot die coating
process combined with a gas pumping method for fabricating
compact large area perovskite layers. After annealing of the
perovskite film, a carbon layer was screen printed on top which
acts as a collector for positive charges and back contact. Then the
deposited layers were laser scribed into several strips, forming
the series connections. Based on these techniques, Weihua Solar
showed they can produce large area perovskite modules from
5% 5 to 45 x 65 cm® The power conversion efficiencies for the
5 x 5 cm? modules reached 10.6% with good reproducibility.***!

Significant progress in the upscaling of perovskite solar cells
using slot die coating has also been demonstrated by several
research centers and academic groups.®>?**>! Krebs et al.
reported the device manufacturing on flexible substrates using
scalable techniques such as R2R slot die coating under ambient
conditions.!”>* Printing the back electrodes using both carbon
and silver was essential to the success of the scaling effort. Both
normal and inverted device geometries were explored, and it was
found that the formation of the correct morphology for the
perovskite layer depends heavily on the surface upon which it is
coated, and this has significant implications for manufacturing.
A significant loss in performance of around 50% was found
when progressing to a fully scalable fabrication process; this
observation is comparable to what has been frequently found for
other printable solar cell technologies such as OPV. The PCE for
devices processed using spin coating on ITO coated glass with an
evaporated back electrode yielded a PCE of 9.4%. When devices
of the same device type with identical area were realized using
slot die coating on flexible ITO/PET with a printed back
electrode, the PCE dropped to 4.9%.2°* This approach was
further developed by DTU in collaboration with Zhejiang
University, where a self-assembled monolayer deposited onto
PEDOT:PSS modified the crystallinity and coverage of the
perovskite film, resulting in a much smoother surface
morphology.® This improved the PCE from 3.7% to 5.1% in
flexible perovskite devices deposited by slot die coating using
roll-coating equipment. Printed perovskite solar cells were
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demonstrated also with slot die coating as a scalable printing
method by Hwang et al.”>*! A sequential process was developed
to produce efficient perovskite PV devices which can be used in a
large scale R2R printing process. Devices in which all layers
except the electrodes were printed demonstrated a PCE of up to
11.96%, confirming that perovskite solar cells can be effectively
produced by R2R processes.

Solliance and its research partners focus on using scalable,
industrial processes toward the fabrication of large area solar cell
modules, which will eventually be suitable for seamless
integration in a broad variety of PV systems. First, using S2S
slot die coating, Solliance has demonstrated 168 cm? perovskite
modules with 10% efficiency,® and later the result was
improved to 13.75% on the aperture area (or 14.5% on the active
area).®”! Twenty four cells were serially connected through
optimized P1, P2, P3 laser interconnection technology, demon-
strating the scalability of the new thin film perovskite PV
technology. The results were further explored toward scalability
using R2R technologies. The in-line R2R coating, drying and
annealing processes were executed at a linear speed of
5mmin~' on a 30cm wide commercial PET/ITO foil under
ambient conditions (Figure 10). Solliance has achieved the world
record PCE of 13.5% level for perovskite-based photovoltaics
using industrially applicable, R2R production processes,**"
which is an improved result compared to the previously reported
value of 12.3%.1°”) Modules produced by R2R demonstrated a
PCE of 12.2% for 10.5cm” on the aperture area (active area
efficiency of 13.5%) and a PCE of 10.1% for 160 cm” modules
(active area efficiency of 11.1%; Figure 10). All process steps on
the R2R line were performed using low cost materials while
keeping the process temperatures below 120°C. The Solliance
team states that this capability shows the high volume
production potential of this emerging thin film PV technology.

9. Transistors and Logic

The general device structure of organic thin film transistors
(TFT) and their physical working principles have been described
in a number of reviews!**"*%% and will therefore not be explained
here in detail. A frequent approach is to print the gate, source,

(b)

i~

| &

Figure 10. a) Perovskite layer slot die coated on Solliance’s R2R line. Reproduced with permission from ref. 2*’]. Copyright 2017 Solliance. b) R2R
produced flexible perovskite PV module with aperture area of 160 cm? and PCE of 10.1%. Reproduced with permission from ref. 2%, Copyright 2017

Solliance.
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and drain electrodes using metallic inks, in a very similar
manner, as described in the section on printed electric
connections. Furthermore, insulating and dielectric materials
are also needed, all of which have also been deposited by R2R
solution techniques. For the channel materials, a wider variety of
different R2R printable semiconductor materials has been used.
One particularly interesting application area for R2R printed
TFTs is smart packaging, where low product prices are a key
element for commercial success™ and which has been
reviewed by Jung et al.l*! A very early paper on the R2R coating
and printing of some materials relevant for organic TFTs has
been published by Klink et al. already in 2005, but the layer
quality they obtained was insufficient to actually produce
working devices, which had to be demonstrated by receding
to S2S deposition techniques.**” More recently, particularly
Cho’s research group has driven the development forward by an
impressive output of publications, most of which focused on
their system of R2R gravure printed silver, barium titanate and
carbon nanotubes on PET films (Figure 11). Although as for the
OLED and OPV applications, most of the published work is
based on polymer films, paper substrates have also been
successfully used for R2R printed OTFTs.?*! In contrast to
applications such as OLEDs and OPV, where a trend toward
increasingly large device areas is evident, miniaturization is a
typical feature in the field of printed transistors. As a
consequence, high resolution and good registration accuracy
methods are needed and several studies have addressed these
issues. For example, Nguyen et al. have developed a model for
ink spreading during R2R gravure printing on flexible substrates
and experimentally optimized printing parameters for a silver
nanoparticle ink and achieved line widths of 20 um when a high
viscosity ink was used (Figure 11).2" For gravure printed layers,
Noh et al. have achieved registration accuracies of 40 um, 2%l and
a similar value of 50 um has been reported by Park et al. who
employed the same deposition technique.**”) In a more recent
report, this value was improved to 20 pm by Koo et al., making
use of a camera-controlled alignment system on their R2R
gravure printing line (Figure 11).2°®! A comparable method has
also been developed by Kim et al. to measure the registration
error in R2R multilayer prints, using the input from a camera
detection system installed on the printing line.”*”! Scalability of
production processes is another important issue, which was
investigated by Yi et al., who optimized a number of R2R gravure
printing and drying parameters (web speed, cell geometry,
drying temperature) for silver nanoparticle based conductive and
BaTiOj; based dielectric inks. Their primary goal was to optimize
layer thicknesses and surface morphology and device yields for
the capacitors of 100% were reported.'*”! A decisive materials
property for the printed semiconductor materials is their charge
carrier mobility, whereas the transistor devices themselves are
typically characterized by their on/off ratio. In a very recent
paper, mobilities of up to 0.21cm?Vs™" and on/off ratios of
about 10° have been reported.*’” In most cases, however,
significantly lower numbers are obtained, as can be seen in
Table 3, which provides an overview about the literature on R2R
printed TFTs and their performances. A detailed discussion of
the challenges which the mass production of printed TFTs still
faces, is provided by Noh et al., who point out that the accuracy
and reliability of current printing techniques still poses
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significant limitations on a widespread commercial use.*”"

One challenge is electrode overlap due to insufficient alignment
control, which causes parasitic capacitances and thus reduces
the transistors’ switching speeds. Vilkman et al. have therefore
developed a self-alignment concept for electrode production
which is a hybrid approach of R2R printing and lithography.’?”%
Printing first a graphic sacrificial ink (R2R flexo printing at
10mmin~") on PET, silver was subsequently evaporated
uniformly and selectively washed away by removal of the
underlying ink at 0.3-0.5mmin~" in a solvent bath, giving a
substrate with the gate electrodes, capacitor bottom electrodes
and electrical wiring. R2R reverse gravure printing of PMMA
(8 mmin ') was then applied to deposit the dielectric layer and
in a following step, positive photoresist was R2R flexo printed as
stripes, cured by illumination through the substrate (at 10m
min ', employing the gate electrode as the photomask for source
and drain) and developed by etching (2mmin~"). A second
sacrificial resist could be R2R flexo printed op top (10 m min ")
to directly pattern the capacitor top electrodes and top wiring,
because registration is less critical for these. After homogeneous
silver evaporation and lift-off for both resists simultaneously, the
semiconductor was R2R reverse gravure printed (4 mmin™?).
Using this self-aligned approach, the authors were able to
demonstrate electrode registration accuracies below 5 pm.

10. Sensors

Another highly important application area of R2R printed
electronics is sensor devices, which have been reported based on
a number of highly various physical principles. A recent
overview about substrates, materials, and (S2S and R2R)
printing technologies used for printed electronics with a
particular focus on sensing applications is provided by Khan
et al.”” One common approach, mainly put forward by the
group of Cho, is to combine R2R printed transistors with sensing
devices and RFID antennas for easy read-out.***2%7-276-27% Qpe
of their prime motivations for R2R printing is manufacturing
cost reduction, which is quantitatively supported by a study by
Zhiquan et al., who developed a configurable model for cost and
resource consumption for such processes and demonstrate it
using the example of a printed RFID tag on PET, also identifying
additional options for further materials use and cost reduc-
tion.”®2 A first step into this direction was taken with the
demonstration of a fully printed 1-bit radiofrequency tag
containing a rectifier, based on PET substrates with R2R gravure
printed antennas, wiring, TFT electrodes, and dielectrics and
inkjet printed carbon nanotubes.*®*! After S2S pad printing of
resistors using a carbon ink, inverters, and ring oscillators were
obtained with oscillation frequencies in the range from 1 to
60 Hz at 10V. These were finished into complete rectennas by
S2S pad printing of a mixture of polyaniline and zinc oxide
nanowires as the semiconductor element and aluminum paste
for the top electrodes. The final devices had a reading distance of
2 cm. Although in this study, all processing steps after the R2R
printing of the transistors were carried out by S2S pad printing,
the authors argued that these could straightforwardly be replaced
by R2R gravure printing. Using a slightly adapted materials
system, the same research group succeeded in doing so two years
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Figure 11. a) R2R printing for TFT production: schematic representation of the production process (left), device architecture (center) and SEM images
of the different printed materials (right). Reproduced with permission from ref. . Copyright 2010 IEEE. b) Multilayer R2R printing of TFT inks (silver,
barium titanate, and carbon nanotubes) with high registration accuracy. Reproduced with permission from ref. 28], Copyright 2015 Nature Publishing
Group. c) Optimized R2R gravure printing of silver ink to obtain narrow conductive structures for TFT applications: Line width dependence on printing
speed (left) and nip force (right). Reproduced with permission from ref. "2l Copyright 2014 The Japan Society of Applied Physics.

later, when they demonstrated the first rectenna on PET film
prepared completely by R2R gravure printing (Figure 12).%¢” In
this case, the process consisted of the subsequent deposition of
the antenna and bottom electrodes using silver nanoparticle ink,
then dielectric (BaTiOs), and insulator (epoxy) deposition, zinc
oxide printing for the active layer, followed by diode top electrode
deposition (Al paste). The devices were finished by printing the
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wiring and the capacitor top electrodes, again using Ag
nanoparticle ink. All layers were processed by R2R gravure
printing at a speed of 8m min ', and the device yield was above
90%. Thus, produced rectennas were demonstrated to be able to
convert 5V AC into 4.0-4.5V DC voltage at a frequency of
13.56 MHz and a reading distance of 2cm. In subsequent
research, it was shown that similar R2R printed TFT substrates
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Table 3. Deposition techniques, substrates, processing speeds, and performance of R2R prepared TFTs.

R2R Printing Mobility
Deposition techniques Substrate Speed [mmin~"]  [cm?Vs ] On/off ratio Device Yield [%]  Reference
R2R blade coating, R2R screen printing Metallized PET Not reported  Not reported  Insufficient layer quality for device 0 264

R2R gravure printing PET 0.5
R2R gravure printing, S2S Inkjet printing PET 5.0
R2R gravure printing, S2S inkjet printing PET 12.0
R2R gravure printing PET 10.0
R2R gravure printing PET 8.0
R2R inkjet printing, R2R flexo printing, Coated paper 10.0 (flexo)

R2R reverse gravure printing

R2R screen printing, R2R slot die printing  Thin glass with Not reported

patterned ITO
R2R gravure printing PET 8.0
R2R gravure printing, R2R rotary screen Ag coated PET 7.0-10.0
printing
R2R gravure printing PET 6.0-8.0
R2R gravure printing, Roll-to-sheet (R2S) PET 8.0
gravure printing
R2R gravure printing PET 8.0
R2R gravure printing, S2S inkjet printing PET Not reported
R2R flexo printing, S2S slot die coating PET 20
printing, S2S screen printing
R2R flexo printing, R2R reverse gravure PET 4.0-10.0
printing
R2R gravure printing, R2S gravure PET 10-25

printing, S2S inkjet printing

production by R2R processing

5%x10°* <100 Ca. 75 73]
0.03-5.24 100-1000 Not reported (263]
0.006-0.12 1000 Not reported (274]

0.2-0.5 100-10 000 (depending on TFT Not reported (266]

design)
Not 2500 >90 2e7)
reported
Not Not reported Not reported (263]
reported
Not Not reported Not reported 273
reported
Not Not reported Ca. 80 (2761
reported
0.017- 100-1000 Not reported (277)
0.026
Up to 0.23  Depending on channel length; 5200 >90 (268]
for 130 um
0.0028- Up to 300 Not reported (278]
1.43
0.015- 500-850 18-98, depending (279]
0.027 on TFT design
>5 35 000 Not reported (280)
Not 100 Not reported (287
reported
0.0016 1300 Up to 67 (272)
0.21 1000000 Not reported 2701

can be used to build electrochromic humidity sensors when a
second functionalized polymer film was laminated on top.!*”®
This film had been prepared by R2R coating of a PEDOT:PSS
layer, subsequent screen printing of PMMA to define a signage
pattern, and finally coating of an electrolyte (PEO/LiClO,4
mixture). The finished device was able to display a predefined
pattern selectively above a relative humidity of 70%. Using a
similar approach, R2R printed silver patterns on PET were
finished by R2S gravure printing and on top of these substrates,
electrochemical cells were deposited, enabling the authors to
detect a model analyte at a concentration of 10mM (Fig-
ure 12).?7® Finally, also touch sensors with a resolution of 9 ppi
have been constructed by laminating a pressure sensitive rubber
on top of a fully R2R printed TFT active matrix.””*) Already
earlier, a R2R processed touch sensor on a plastic substrate with
a printed metal mesh of 10 um resolution has been reported,
albeit without details about the processing conditions.[?**

A different approach has been chosen by Potyrailo et al., who
started with a PET substrate fully coated with a thin film of
aluminum on which a positive resist pattern was R2R printed
and the non-covered aluminum subsequently etched away.*¥
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Although the conductive structures have not been deposited by a
printing technique in this case, R2R printing was thus
nevertheless used to achieve their shape definition. After chip
attachment, extruded films of the sensing material (PEUT) were
laminated on top and the thus produced multivariant vapor
sensors were able to selectively detect various organic volatile
compounds at molar fractions down to 3%. A similar concept to
produce electric wiring, though based on the R2R slot die coating
of silver nanowire ink (at up to 5mmin~') on PET and PI films,
has been presented by Lee et al., who removed excess silver by
R2R laser ablation.”®” The thus formed conductive silver
structures were applied as a strain sensor and exhibited a gauge
factor of 2.8.

For photodetectors, R2R microgravure printing has been
applied to deposit methylammonium lead iodide perovskite
precursor solutions on PET substrates at 0.2mmin !, which
upon oven drying resulted in perovskite nanowire coatings with
a high degree of orientation (Figure 12).2*¥! From these rolls,
sheets were cut out and processed further by S2S evaporation
techniques to yield photodetectors with a sensitivity of about 100
(Fight/ Taar) at 36 mW cm 2 illumination and a photoresponsivity
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of ca. 2mAW™'. Colorimetric oxygen sensors have been three functional layers (carbon electrodes, Ag/AgCl electrodes,
produced by R2R flexography of a mixture of methylene blue  and zinc oxide nanowire precursor) at rather low speeds (0.2—
and TiO, nanoparticles, which acted as a UV-A activated 0.6mmin~") on polyimide substrates.”®” After appropriate
photocatalyst, at 10 m min~".*®® The authors also used reverse  functionalization of the nanowires with an enzyme and
gravure printing at lower speeds, 1.0-1.6mmin~', and the integration of pieces cut from the printed rolls, sensors could
produced sensors reversibly changed their cyan color density  be prepared which were able to detect glucose down to a
from 0.1 to 1.9 (reflectivity change from ca. 1% to ca. 80%)  concentration of 46umol 1"'. Capacitive humidity sensors on
during exposure to normal atmospheric oxygen levels and  PET have been produced by rotary screen printing silver, isolator,
simultaneous UV-A illumination. R2R flexographic coating of  and another silver layer, the performance of which had been
graphite pastes on paper at 60mmin~' has been used to improved by calendaring.'’”! The calendaring procedure gave
suppress the inherent luminescence from the substrate rise to a 10% increase in quality factor of the LC-circuit used in
materials and to thus improve the sensitivity of sensors based  the sensor design, whereas the resonance frequency decreased
on surface enhanced Raman scattering after liquid flame spray =~ somewhat. Flex sensors have been produced by R2R micro-
coating of silver nanoparticles on top.') Electrochemical — gravure printing of composites of activated carbon and PVDF at
biosensors have been prepared by the R2R flexo printing of  rather low web speeds of 18 cm min™" on PET films.[?®® Stable
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Figure 12. R2R printing for sensor production. a) Rectenna on PET film prepared completely by R2R gravure printing: Schematic representation of the
printing line (left), roll of printed devices (center) and rectifier performance (right). Reproduced with permission from ref. 257}, Copyright 2012 10P
Science. b) R2R gravure printed electrochemical cells: Device image (left), cyclic voltammetry curves in the presence and absence of analyte (center) and
R2R equipment used to prepare the sensors (right). Reproduced with permission from ref. 278, Copyright 2015 Nature Publishing Group. c) R2R
microgravure printing of methylammonium lead iodide for photodetector applications: R2R printing line (full overview and details) and printing of
precursor material (left), SEM image of printed nanowire array (center), and IV characteristics with and without illumination (right). Reproduced with
permission from ref. 2*8, Copyright 2016 Royal Society of Chemistry.
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and consistent changes in electrical resistance were observed
when bending samples cut out of the roll up to 120° outwards
and inwards. Applying an additional protective coating of PVAc,
also by R2R microgravure printing, resulted in a similar
sensitivity at reduced power consumption.

11. Emerging Applications

This final chapter serves to present a number of technical
approaches for the R2R processing of electronic inks which are

www.aem-journal.com

still in a rather early stage of development and the industrial
significance of which is still in the process of becoming
apparent.

Guo et al. have developed a R2R line, which is equipped
with a coating station (for blade and flow coating of
dispersions of functional particles), an electric and magnetic
alignment tool, a UV curing unit and a thermal gradient tool,
which can operate at speeds between 1.5mmmin~' and
240mmin~! (Figure 13).2%%) Exposure to the electric or
magnetic fields can result in the alignment of dispersed
particles in the z-direction, that is, along the film thickness

Figure 13. a) R2R line for the coating, alignment and curing of composite materials. Adapted from ref. 2% with permission. Copyright 2015 Wiley. b)
Photograph of the R2R alignment of graphite flakes, with representative SEM images of samples taken from the roll. Reproduced with permission from
ref. 31 Copyright 2017 American Chemical Society. c) R2R coating of functional inks for electrochromic devices (left), close-up image of reduction of
electrochromic dye (top right), and device photograph (bottom right). Reproduced with permission from ref. 2%, Copyright 2013 Wiley.
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axis, which is then fixed by UV-induced or thermal cross-
linking of the matrix. For a number of materials, this has
resulted in films with strongly anisotropic properties, for
which the authors foresee practical applications in a number
of areas like capacitors, batteries, and sensors. For example,
clay platelets, nickel nanowires, and BaTiO; nanoparticles
have been subjected to R2R coating and alignment in this
tool.1?#9-2°1 Using dispersions of nickel nanoparticles in
siloxane, which could be R2R blade coated on a non-magnetic
metal carrier, aligned by exposure to a magnetic field, and
then thermally crosslinked, all at 0.05 mmin~?, nickel
columns were formed traversing the 200 um thick film in
the z-direction.!”®” This caused piezoresistivity, where the
electrical conductivity along the z-axis was improved by seven
orders of magnitude under a pressure of 1-3 MPa, compared
to non-aligned samples. Recently, the same authors showed
that thick films (15um) of graphite flakes dispersed in
siloxane, when exposed to an electric field opposite to the web
direction, can be aligned in the z-direction (Figure 13).2%%
The coating and alignment steps took place at 0.5 m min~". By
subsequent thermal curing of the siloxane monomers into
PDMS rubber at very low web speed (10mmmin™'), the
orientation was fixed and, for example, at 1 vol% graphite
loading, films were obtained with highly anisotropic materials
properties (ca. tenfold improvement of both electrical
conductivity and dielectric permittivity in the z-direction,
compared to a non-aligned film).

Prototype components for electronic textiles have been
prepared by R2R dispensing one layer each of two different
PEDOT:PSS formulations (two times 1um) on 5mm wide PET
ribbons, resulting in an overall sheet resistance of 34 Q sq~*.1%*¥
No processing speed was reported in this case. On top of this
conductive coating, silicone drops were R2R dispensed and
annealed, which subsequently were capped with two more
PEDOT:PSS layers, such that electrical contact with the bottom
conductive layer was made. These ribbons were then interwoven
into a fabric with uncoated (and thus isolating) PET ribbons,
resulting in a flexible fabric with a highly stable electric
resistance upon bending.

In a similar approach as already known for large area solar
cells, Sendergaard et al. have R2R flexo printed a silver
nanoparticle based ink on PET films with a barrier coating to
form current conductive grids (Figure 13).°! Two of these
electrode film rolls were R2R slot die coated with electrochromic
and charge balancing components, respectively. The processing
speed for all R2R steps was 10 m min~". Sheets cut from the two
rolls were finally assembled by S2S techniques with an ionic
electrolyte layer in between and yielded flexible electrochromic
panels with switching times similar to ITO-based reference
devices.

Lo et al. have R2R flexo printed patterns on a PEN film using
a sacrificial black ink, which then was full area R2R sputtered
with Al and SiO, and finally, the ink was washed off, together
with the Al and SiO, on it.?°® This resulted in a roll of
conductive structures covered by an isolating layer with a
resolution of ca. 100 um. Spacers were then R2R gravure
printed on top of this substrate using an adhesive mixed with
black carbon pigments. Laminating another PEN film
homogeneously covered with aluminum on top of this lower
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substrate resulted in a microelectromechanical system (MEMS)
which exhibited display functionality. Authors from the same
group have later developed this concept further and patterned
only the metal structures (silver instead of aluminum in this
case) using their R2R method with sacrificial ink.**”) After
washing off, the isolation layer was introduced by R2R gravure
printing of a SiO,-based polysiloxane ink. The spacers were this
time printed on the top electrode film (a PET roll with a
homogeneous thin silver coating) and finally, the devices were
finished again by R2R lamination. The entire R2R process
could be carried out at a speed of 5mmin~'. Experimental
flexible 3 x 3 active MEMS-controlled matrix displays with
transmittances of ca. 50% were fabricated using this approach
and demonstrated switchability between the three primary
colors red, green and blue.

12. Summary and Conclusions

R2R printing and coating is a promising approach toward the
industrial mass production of electronic devices for a number of
commercially interesting applications. R2R processes are
already well established in mass production for the media,
packaging, and photographic industries, but their widespread
use for electronics applications is still under development. The
main benefits of R2R printing and coating include easy
processing (no need for vacuum deposition) and the potential
of low cost and high production yield. For rather simple
technologies like smart cards, industry has already started to use
R2R technologies. The production processes for more compli-
cated devices like lighting elements, transistors or solar cells,
however, still require some additional improvement before they
can be successfully transferred to mass production. The decisive
benefit of R2R printing and coating in the electronics industry is
seen in lowering production costs. Therefore, inexpensive,
ubiquitous low-end and potentially disposable devices are
generally judged as the most promising application areas on
the short term. By contrast, significant improvements are still
needed in order to compete with vacuum based technologies and
thus enter the high-end application markets. This additional
progress is estimated to require several years of additional
research in materials and process optimization. A particularly
promising recent development is the tremendous progress made
in the emerging field of perovskite solar cells. New efficiency
records for devices produced by printing and coating are
continuously being reported. As a consequence, the further
development of a R2R solution manufacturing technology for
perovskite solar cells is becoming one of the most active research
areas in the field. Currently, the biggest challenges for R2R
coated and printed electronics lie in the improvement of device
yield, performance and reliability, and a further lowering of end
product costs. If this is achieved, chances for a successful
commercialization will improve tremendously with respect to
the current situation.
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