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The power conversion efficiency and long-term stability of organic solar cells have increased
tremendously over the past years, reaching up to 19.2% on research cells and 14.5% on large
modules. To take the final step towards industrialization, fabrication methods that can be upscaled
and directly implemented in industrial processes need to be developed. In recent years, well-known
industrial techniques, like drop-on-demand inkjet printing, have been further developed within
the organic photovoltaics (OPV) community, as it enables versatile printing of arbitrary, free-form
organic solar modules with different colors-a key feature for modern building-integrated
photovoltaics and several niche applications of OPV printed on any kind object. In this review,
aside a brief summary of recent developments, we provide an overview of the biggest challenges in
OPV inkjet-printing and define design rules to overcome these issues. Further perspectives of OPV

inkjet-printing conclude the review.

1. Principles and state of the art of printed
photovoltaics (PV)

The energy demand of the growing world population
is tremendous and rising. In 2022, the primary energy
consumption amounted to around 179 000 TWh [1].
Although solar power is one of the cheapest and
most sustainable pathways to meet these demands,
it contributed as little as 3400 TWh, i.e. less than
2%. Notwithstanding that the number of PV install-
ations is growing rapidly, further growth in densely
populated areas is limited by the lack of space, while
the conversion of agricultural areas for solar power
plants is not a sustainable solution and transport
over larger distances is costly. Energizing existing sur-
faces, e.g. facades and rooftops, will therefore be a
solution to generating electricity where it is needed,
i.e. in the big cities (figure 1). The combination of
PV installations with agriculture will allow dual use
of land. Off-grid PV installations, although not con-
tributing substantially to electricity generation on a
global scale, can provide economic solutions in many

© 2024 The Author(s). Published by IOP Publishing Ltd

applications, ranging from the powering of internet-
of-things (IoT) devices to charging mobile phones in
regions with wide-mesh electricity infrastructure.

Printed PV, especially organic photovoltaics
(OPV), is ideally suited for integration in a vast
number of applications (figure 1), as it combines
unique traits, such as (ultra-)light weight, flexibil-
ity, semitransparency, and discretionary shapes and
colors, which are not readily provided by silicon
PV [4].

1.1. Printed OPV-recent advances and future
challenges in cells and modules

The OPV technology does not only meet the above-
mentioned requirements for ‘integration into any-
thing), but it also has shown tremendous development
of power conversion efficiencies (PCE’s) in recent
years as shown in figure 2 [5-7].

Due to the development of novel materials,
mainly of the donor and acceptor components of the
active layer, certified PCE’s have been rocketing since
2018, reaching 19.2% in 2023 on the research cell
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Figure 1. (a) Vision of ‘energy anywhere at any time’ by the
integration of printed PV into automotive applications,
bags, urban furniture, facades, awnings, windows, and
indoor energy harvesting equipment. Reproduced with
permission from the energy campus niirnberg. Reproduced
from [2]. © The Author(s). Published by IOP Publishing
Ltd. CC BY 4.0. (b) ivy leaf shaped organic solar modules,
using different colors. [3] John Wiley & Sons. [© 2015
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim]. (¢)
Integration of OPV modules in glass windows. Reproduced
from [2]. © The Author(s). Published by IOP Publishing
Ltd. CC BY 4.0.

level [8—18]. Upscaling efforts led to the fabrication of
world record organic solar cell (OSC) modules reach-
ing from 11.7% by Distler et al in 2019, to 13.1% by
Waystech and recently 14.5% by Basu et al in 2023 as
displayed in figure 2(b) [7, 19, 20].

Commercialization of OPV requires high
throughput production at reasonable cost for invest-
ment and operation. Roll-to-roll (R2R) manufac-
turing of organic solar modules by printing on
flexible substrates has great potential to meet this
requirement [21, 22]. To achieve maximum through-
put at minimum cost, the modules should be all-
solution processed. However, all the devices with
champion efficiencies use at least one layer that is
not solution processed. Therefore, research on all-
solution processed devices, from bottom to top elec-
trode, is in the focus of current investigations, 15.3%
PCE having been demonstrated by the groups of Jiang
etal [23].

Successful upscaling of the OPV technology by
all-solution based production processes requires a
detailed and complete understanding of the specific
challenges of this PV technology. As OSCs consist
of 5 different layers it is necessary that orthogonal
solvents are used for depositing consecutive layers,
which however makes the deposition processes prone
to dewetting [24]. Another challenge is controlling
the formation of the proper bulk heterojunction mor-
phology (BH]J)of the active layer during drying. It is
mainly this metastable morphology that defines per-
formance and lifetime of the devices. It can be adjus-
ted by processing parameters like drying temperat-
ure, solvents, additives, and other variables [25-28].
One of the most critical aspects in the production
of all-solution processed devices is the depos-
ition of appropriate electrodes, consisting, e.g. of

20+
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Figure 2. (a) Recent developments of high-performance
OSC cells and modules according to NREL efficiency charts
[5-7] and developments of solar cell and module
efficiencies, where at least the active layer was inkjet-printed
(see table 2) (b) current world record OPV module by
FAU/FZ]. Reproduced with permission of HIERN/Kurt
Fuchs.

silver nanoparticles (AgNP) [29], silver nanowires
(AgNWs) [30-33],conducting polymers [34, 35],
and composites [36, 37]. Solution processed top
electrodes can easily damage the layers underneath,
due to solvent or material ingress. Furthermore, they
usually do not from completely dense layers and con-
sequently do not protect the device from ambient
effects as well as evaporated electrodes do. For bot-
tom electrodes, roughness is a critical point, as too
high roughness leads to the penetration of the active
layer, which is only a few hundred nanometres thick
in OPV devices, and thus to a contact of the bottom
with the top electrodes, called shunt [38, 39]. Finally,
a certain number of solar cells must be connected
monolithically to modules to realize devices with
appropriate voltages and reasonable power output
at low resistive losses, which introduces additional
challenges [40]. The larger the area of the module
the higher is the probability of defects like shunts
or high interconnect resistances. Moreover, the total
interconnect area, which does not contribute to the
current of the module, should be as small as possible
to provide high geometric fill factors (GFF). These
additional challenges are the reasons why the module
performance always lags behind the cell performance,

2
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as it is obvious from figure 2. For inkjet-printed mod-
ules the cell-to-module gap is still huge.

Any commercially successful production tech-
nology must be able to cope with the challenges
described above. We will explore in the following the
potential of inkjet printing in this respect and how
the traits of this printing technology can be employed
beneficially for creating new opportunities for OPV,
e.g. by enabling OPV modules with unique design
features or by energizing discretionary 2D and 3D
surfaces.

1.2. Modern production technologies of oPV
devices

Table 1 gives an overview of the most popular man-
ufacturing techniques of ‘printed’ PV. Comparing all
these technologies, inkjet-printing is the only one that
meets the essential requirements of production tech-
nologies for commercial OPV products. Free color
and free form printing, easy layout changes together
with R2R printing R2R capability, high throughput,
low production costs and low material waste have
already been demonstrated everywhere in industry
for all kinds of inkjet-printed products like labels,
posters, cards and so forth. Especially low mater-
ial waste is of importance in OPV printing as func-
tional organic materials are quite expensive. On top,
inkjet-printed layers, can be deposited on any type
of material due to their contact-less deposition, res-
ulting in OPV with ultralight weight or on discre-
tionary surfaces like directly on IoT devices, facade
materials with low fire load and many others without
additional patterning methods (figure 1). The imple-
mentation in already existing printing sites is rel-
atively straightforward, which is one of the reas-
ons why inkjet printing in the field of optoelectron-
ics has developed very well in the past years. It has
already been shown that organic light emitting diodes
(OLED) [41, 42], organic field-effect transistors [43,
44] and fully inkjet-printed OSCs [45, 46] can be
realized by this technology. This opens the mar-
ket towards commercial printing of different organic
optoelectronics with only one high throughput print-
ing technology that is capable of realizing the vis-
ionary concept shown in figure 1(a). Consequently,
inkjet-printing is the best choice for upscaling and
mass production.

1.3. Recent advances in inkjet-printed OPV
Table 2 provides an overview of important steps
towards all inkjet-printed OSCs and modules. For a
detailed account of the development of inkjet-printed
OPV, we refer the reader to several excellent reviews.
Maisch et al presented a brief overview of
advances in inkjet-printed OPV before 2020 [45,
47], while Chen et al continued with more recent
developments [48]. Bastola et al show pathways
towards 3D printed electronics [49], while Xia et al
demonstrate different printing technologies in OPV

3
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[50] and Lohse discuss fluid dynamic challenges
in inkjet-printing [51]. Here we will thus focus
on the most recent advances and remaining chal-
lenges on the path towards fully and all inkjet-
printed OPV devices with a focus on upscaling and
industrialization.

Inkjet-printing of OPV goes back to 2004 and
has resulted in current record PCEs of 15.8% real-
ized by Sang et al who prepared devices in which
the PBDB-T-2F:BTPBO-4CL:PC4; BM active layer was
ink jet printed [52]. Printing the whole layer stack
is much more difficult, especially the printing of
smooth electrode surfaces that do not generate
shunts. Consequently, fully inkjet-printed solar cells
(all layers printed on a pre-fabricated conductive
substrate, such as glass/ITO) and all inkjet-printed
solar cells (all layers, including the bottom elec-
trode, printed on a non-conductive substrate) usu-
ally show lower performances compared to cells with
e.g. sputtered ITO electrodes. The recent record in
fully inkjet printing OPV on ITO substrates was
achieved in 2021 by Baran et al with 9.58% PCE [53].

The latest achievements in all inkjet-printed OPV,
from bottom electrode to top electrode, were made by
Maisch et al with 4.3% and 4.7% PCE [30, 45] (on
glass) and by Baran et al with 4.73% PCE (glass) and
3.61% PCE (parylene).

Finally, the very first fully and all inkjet-printed
OSCs on 3D substrates were realized recently by
Steinberger et al reaching 7% on 3D glass/ITO
substrates and 2.5% PCE on 3D glass substrates,
respectively [68]. These achievements have been
described in detail in previous reviews [47, 48,51, 69].

The main focus of the present review is on the
specific challenges and solutions towards successful
commercialization of inkjet-printed OPV modules.
We will summarize several design rules that can help
to bridge the gap between lab and fab of the OPV tech-
nology. We will conclude the review with examples of
applications and production methods where inkjet-
printed OPV may have an advantage over other tech-
nologies by making use of its unique traits.

2. Challenges and opportunities towards
commercialization (Inkjet printing of PV
devices and its specific challenges)

In this section, we will discuss the recent develop-
ments in inkjet OPV printing technology under the
aspect of its successful commercialization. The com-
mercial success of PV technologies has historically
been determined in terms of the magic triangle of
PV, consisting of efficiency, lifetime and cost. Inkjet-
printed OPV adds further aspects, which represent
superior design of PV panels, functionalization of
discretionary surfaces with PV, as well as ultralight-
weight solar modules, thus enabling a large variety
of niche applications, which cannot be catered for by
classical PV technologies.
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Table 2. Important developments of inkjet-printed OPV cells and modules from 2004 until 01/2024[63, 64].

References Year Inkjet-printed material Comment PCE (%)

[70] 2004 P3HT:C60a) First inkjet-printed BHJ <0.1

[71] 2007 P3HT:PC60BM First efficient inkjet-printed BHJ-using new 2.9

solvent system oDCB:mesitylene

[72] 2008 P3HT:PC60BM New record efficiency, oDCB:mesitylene solvent 3.5

system with 96%RR P3HT, elevated temperature
printing

[73] 2009 PEDOT:PSS Use of glycerol as additive for conductivity 3.2

improvement and EGBE surfactant for better
wetting

[74] 2010 P3HT:PC60BM New solvent systems with different mixtures of 2.4

chlorobenzene and trichlorobenzene and 130 °C
optimized drying temperature

[75] 2010 PEDOT:PSS Use of the high boiling point additives ODT, 3.7
P3HT:PC60BM ODCB and Cl-naphthalin improved solar cell

performance due to better morphology, ODT
gave best efficiency

[76] 2010 ITO nanoparticles Thermal annealing at 450 °C resulting in 84% 2.1

transmittance (T) and 207 €2/sq sheet resistance
(Rsq)

[77] 2011 PCPDTBT:bis-PC60BMd), Combinatorial screening with morphology -
PCPDTBT:PC60BM investigation 1.5
PSBTBTe):PC60BM 0.6

[78] 2012 Ag grid front electrode PEDOT:PSS  Effect of grid and busbar height measured and 1.5

simulated

[79] 2013 Ag grid back electrode Alternative to evaporated metal electrode 1.6
Ag full back electrode

2.0

[80] 2013 PFDTBTP f):PC60BM Chlorine-free solvent system based on anisole and 2.7

THN
[81] 2014 PEDOT:PSS/ First report of fully inkjet-printed OPV 2.0
PCDTBT:PC70BM/
ZnO nanoparticles
Ag full back electrode
[82] 2015 AgNW back electrode Poor mesh uniformity resulting in 44.9 {2/sq at 2.7
86% average transparency

[83] 2015 PEDOT:PSS Modules on 92 cm? active area with 1.0
P3HT:PC60BM non-halogenated solvents (evaporated electrodes)

ZnO nanoparticles

[84] 2015 Ag grid front electrode Fully inkjet-printed devices, 1.7
ZnO nanoparticles Freedom of form demonstrated: solar cell with 4.1
PEDOT:PSS shape of Christmas tree
P3HT:PC60BM or
PV2000g):PC60BM
PEDOT:PSS
Ag grid back electrode

[85] 2016 P3HT:ICBAh) Printing of eco-friendly active layer nanoparticle ~ 2.9
Nanoparticles dispersion

[30] 2016 AgNW Fully inkjet-printed devices, 4.3
ZnO Semitransparent,

PV2000:PC70BM 1cm’
PEDOT:PSS
AgNW

[86] 2018 PEDOT:PSS Combination of solvents and surfactants to 1.9

improve wetting on active layer

[87] 2018 Nano-graphite inkjet-printed nano-graphite as PEDOT:PSS 2.4

replacement

[88] 2019 P3HT:O-IDTBR Printed non-fullerene acceptors 6.5

Halogen free solvents 4.5
Free shape OPV cell in the shape of a turtle 4.8

[45] 2019 AgNW:ZnO All inkjet-printed solar modules on 10 cm? 4.7
PV2000:PC70BM active area,

AgNW:PEDOT:PSS Free shape R2R inkjet-printed solar modules 4.3

(Continued.)
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Table 2. (Continued.)

References Year Inkjet-printed material Comment PCE (%)
[46] 2020 ZnO Light weight fully printed solar cells on parylene 3.6
P3HT:O-IDTBR Fully printed solar cells
PEDOT:PSS
Ag
[89] 2021 p-DTS(FBTTh;),:PC7BM Systematic study of the Influence of 7.3
Inkjet-printing parameters on morphology;
Donor crystal sizes decreased with printing speed
and substrate temperature increasement; 7t-7t
stacking distance decreased with increasing inkjet
printing speed
[53] 2021 PEDOT:PSS Non-fullerene solar cells 9.6
Ink engineering of transport layers ~ PTB7-Th:IEICO-4F
Fully printed solar cells on ITO AZO nanoparticle
Ag nanoparticle
[90] 2021 PMG6:ITIC-4F Non-fullerene solar cells with non-halogenated 10.1
solvents
[53] 2021 PTB7-Th:IEICO-4F Non-fullerene solar cells 12.5
[91] 2022 PBDB-T:ITIC Non-fullerene solar cells one step printing 6.4
[91] 2022 PBDB-T-2F:BTP-BO-4Cl Non-fullerene solar cells, layer-by-layer printing ~ 13.1
[92] 2023 Graphene ink HTL development: inkjet-printed graphene in 2.0
P3HT:PC60BM OPV
[52] 2023 PBDB-T-2F:BTP-BO-4Cl Ink solvent and temperature optimization in NFA  14.0
solar cells
[52] 2023 PBDB-T-2F:BTPBO-4Cl:PCs;BM Ink solvent and temperature optimization in NFA  15.8
solar cells; DCB and TMB solvents were mixed
with THN for improved morphologies and
reduced drying lines at high temperature drying
[68] 2024 ZnO Fully inkjet-printed solar cells on ITO 3D 7.0
PV2000:PC60BM surface
PEDOT:PSS
AgNW
[68] 2024 AgNP All inkjet-printed solar cells on 3D surface 2.5
ZnO
PV2000:PC60BM
PEDOT:PSS
AgNW
As shown previously, inkjet printing has several
advantages towards industrially relevant PV produc- IRESSSlismEnT
tion, but several points still need to be tackled to Bropmation
fully commercialize the technology. Main aspects that Drop Wetting
have to be considered on that route are the effects of coalescence Siirfice
inkjet-printing on solar cell efficiency and lifetime, tension
cost reduction with efficient upscaling and pathways
Environmental Ink

to conquering niche markets.

The main challenge, that needs to be solved for
successful commercialization of inkjet printing lies
in the multitude of requirements an industrial ink
has to fulfill simultaneously (figure 3). Besides stable
drop formation, one of the biggest issues is nozzle
clogging, meaning that due to solvent evaporation
or aggregation of the solid content of the ink, the
inkjet nozzles are clogged so that drop ejection is
not possible anymore. Further challenges are the wet-
ting on the substrate, drying behavior with pos-
sible coffee ring effect and the film formation with
a proper nano-morphology and surface topology.
These requirements are often conflicting, as will be
detailed below. This makes ink engineering a central

impact concentration
boiling

point

Mesoscale
morphology

Nozzle
clogging

Figure 3. Overview of Ink requirements and the
corresponding solvent (mixture) properties,

part of the development towards industrial printing
of OPV.

2.1. Stable drop formation and nozzle clogging
First of all, stable drops have to be formed at
the nozzle. In piezo drop-on-demand (DOD) inkjet
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Figure 4. (a) Different drop formation depending on the piezo pulse and ink properties. Reprinted from [96], Copyright (2005),
with permission from Elsevier; (b) Proper ink design by Baran et al for printable active layer inkjet inks. [88] John Wiley & Sons.

[© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim].

printing, a short voltage pulse within the piezo-
electric element creates the force for drop ejection
[93, 94]. Each pulse has to create an individual
spherical droplet as any issue here may lead to device
failure of a printed electronic device [95]. For this
reason, the fluid properties are crucial in order to
create a stable inkjet printing process (see figure 3).
As described elsewhere [47], the three dimension-
less numbers Ohnesorge (Oh), Reynolds (Re) and
Weber (We) define the stable printing region and are
mainly dependent on viscous and surface forces (see
equations (1)—(3)).

inertian forces pxuxIl uxl

Re = = (1)

viscous forces w v
inertianforces  p x u? x @)

surface forces YL
viscous forces

Oh

- V/inertial forces x surface forces

v Wi
Oh=Y"_-__H (3)
Re Vp Xy X

where p is the liquid density, u the speed, 7, the
surface tension of the ink, y the dynamic viscos-
ity, v the kinematic viscosity and [ is a characteristic
length scale (for inkjet typically the nozzle or drop
diameter).

Inadequate ink properties lead to either satellite
droplets, splashing, ink dripping or even no drop
formation at all, as shown in figure 4 for different
Re numbers [96]. Typical Re numbers need to be
between 10-100 for ejection of droplets and between
10—40 to avoid satellite droplets, typical We numbers
between 5-15 and Oh numbers should be in the range
between 0.1-1. As a consequence, for every ink the
viscosity needs to be tuned carefully, together with the
piezo pulse, to create stable droplets [45].

Common inks for inkjet-printing of the act-
ive layer of OPV devices comprise solvents like

7

chlorobenzene (CB), o-DCB and, as main non-
halogenated solvent, o-xylene (OX). Unfortunately,
these solvents are not suitable for stable inkjet print-
ing. Due to their low viscosities, resulting in high
Reynolds numbers, they are in the regime of satel-
lite droplets and have to be modified accordingly
(figure 4). The workaround for this problem is the use
of high-boiling additives of higher viscosities, which
decrease the Reynolds number and simultaneously
prevent nozzle clogging by slower solvent evapor-
ation. Suitable Re numbers for inkjet-printing are
between 10-30, what was realized by Baran et al and
Maisch et al who developed several inks based on tet-
ralin that lead to better printability of the resulting
active layer ink [45, 88]. Another approach of Maisch
et al and Baran et al is based on the increase of the
polymer concentration that leads to proper viscosity
ranges for printing (figure 4(b)). Table 3 summarizes
the possible measures for the formulation of active
layer inks which meet the requirement of stable drop
formation.

2.2. Enhancing the efficiency of inkjet-printed
OSCs
Due to the recent advances described above (see
table 2) [45, 52, 53, 88, 91, 97], inkjet-printed OSCs
have reached PCE’s of around 16%, which are sim-
ilar to PCE values achieved by other liquid phase-
based production techniques and will further increase
as active layer systems will be improved. As such, the
efficiencies of inkjet-printed OPV are expected to get
closer to the efficiencies of inorganic PV technologies.
The efficiency of OPV is directly dependent on
the nano-morphology of its respective layers. The
understanding and control of the drying process, that
leads to the desired morphology is more challen-
ging for inkjet-printed films as compared to other
industrially relevant coating techniques, for two main
reasons. First, as discussed above, the constraints
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Table 3. Active layer ink formulation and its consequences towards printability and efficiency.

Ink property

Consequences for printability

Consequences for performance

Amount of low boiling point
solvent

High boiling point additive

Polymer concentration

Additives (e.g. solvents, small
molecules ...)

High Reynolds numbers of common
solvents lead to satellite droplets

Low boiling point lead to faster
evaporation and thus nozzle clogging
Lower Reynolds numbers lead to better
printability

High boiling point lead to slower
evaporation, thus less nozzle clogging
Different concentrations change Oh, Re,
We and can thus adjust the printing
regime, but higher concentrations lead to
more probability for aggregation and
nozzle clogging

May change printability positively or
negatively depending of the amount of

Enhances drying speed, leading to better
performance

Enhances drying time, leading to larger
extent of phase separation and lower
Performance

Depending on the temperature and
solvent leading to pre-aggregation and
worse performance

May increase or decrease performance
depending on the amount of additive

additive

regarding the printability of the ink set different
or higher requirements for the choice of the ink
(solvent, concentration) and the process temperat-
ure. This results in the development of specific inks
and the choice of specific coating conditions. The
behavior of the inkjet-printed wet films upon dry-
ing might therefore be completely different as com-
pared to other printing techniques, and this might
impact the dry layer quality. Second, the drying beha-
vior of droplets is different as compared to lay-
ers. Additional physical processes like inhomogen-
eous evaporation, capillary flows or contact line pin-
ning might alter the final deposition pattern and the
conditions during morphology formation of the act-
ive layer. Consequently, challenges regarding the film
formation and influencing the efficiency, like well-
defined nano-morphology formation, good wetting,
reduction of coffee rings and homogenous interlayer
printing, need to be tackled.

2.2.1. Theoretical considerations of
bulk-heterojunction formation during drying

One specificity of OPV is the strong influence of the
photoactive layer morphology on the device perform-
ance. OPV active layers are mostly based on blends of
at least one donor and one acceptor material, which
form a so-called ‘BHJ’ at the nanometer scale (see
figure 5).

This BHJ consists of intermixed and pure
domains of both materials to ensure proper charge
generation and extraction. crystalline regions are also
desired for optimal transport properties [98]. Such
BHJ morphologies result from liquid-liquid phase
separation and crystallization processes that mainly
take place during the drying of the wet film, and
which almost stop once the dry, solid state is reached
[25]. All these phenomena depend on the choice
of the solvent mixture and processing conditions,
which impact physical parameters such as the solvent
evaporation rate, the ink viscosity, the solubility and

wu Q0T ~

Figure 5. Schematic of a bulk heterojunction organic solar
cell. [98] John Wiley & Sons. [© 2020 Wiley-VCH GmbH].

miscibility of the photoactive materials, as well as the
precipitation properties. As a result, the constraints
imposed by the need for inkjet printable materials
might result in sub-optimal active layer morpholo-
gies. Modelling the process of BHJ formation can help
to gain control over this morphology and to reach the
properties that can already be obtained with other
printing techniques. An appropriate model for such
a non-equilibrium thermodynamic process should
account at least for evaporation, liquid-liquid demix-
ing, as well as crystal nucleation and growth-all in a
wet film featuring highly concentration-dependent
kinetic properties [25, 99, 100]. Different approaches
have been proposed to gain insight into the pho-
toactive layer formation of OSC. On the one side,
most of the community’s theoretical understand-
ing is based on rather decoupled, qualitative argu-
ments using for instance the Flory—Huggins theory
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of blend miscibility [101-103], the evaluation of the
donor-acceptor phase-diagram assessing crystalliza-
tion thermodynamics [104-107], the solvent vapor
pressure or boiling points, and the evaluation of dif-
fusion properties [108—110]. On the other hand, due
to the length (from a few nanometers to micromet-
ers) and time (up to minutes) scales involved and the
outmost importance of the kinetic quenching, small
scale simulations like molecular dynamics and dis-
sipative particle dynamics can only provide limited
insights [111, 112].

At the end, thermodynamic continuum mechan-
ics simulations turn out to be the most appropri-
ate to tackle this problem. In this context, mostly
phase-field simulations have been used in the field
of OPV. As a first step, the spinodal decomposition
of a dry donor-acceptor blend and its impact on
device performance has been investigated by Alam
and co-workers in the early 2010s [113, 114], fol-
lowed by more recent work [115-118]. In their pion-
eering works, Michels and co-workers [119, 120]
and Wodo and co-workers [121-123] first simulated
the liquid-liquid demixing of OPV donor-acceptor
blends during film evaporation. They highlighted
the role of the evaporation rate, material miscib-
ility and substrate properties. Furthermore, crys-
tallization in a drying film has been considered
recently by Michels, in the context of meniscus guided
coating [124].

However, the first theoretical framework taking
into account all the physical processes that are rel-
evant for printed PV together has been developed
only recently by Ronsin and co-workers [100, 125].
High-precision simulations of the formation of crys-
talline OPV BHJ matching the experimental obser-
vations have been demonstrated [126]. Crucially, as
illustrated in figure 6, it allows to investigate how
the BHJ morphology does not only depend on the
donor and acceptor material properties, but also on
the processing conditions. These include the choice
of the solvent, temperature, or the evaporation rate.
Typically, increasing the evaporation rate limits the
time for morphology development, which might be
either detrimental (if the phase separation hardly
develops as desired), or positive (if the phase sep-
aration develops too far). Playing with the pro-
cessing temperature, the type of solvent or additives
is subtler from the theoretical perspective, because
these parameters not only impact the evaporation
rate, but also the kinetics of demixing, crystal nuc-
leation and growth. Overall, getting an overview of
process design rules using these theories is the topic
of current research. Thereby, it must be highlighted
that the design rules fully depend on the physical
properties (solubility, miscibility, aggregation and
crystallization tendency) of the considered optoelec-
tronic materials. Even if this approach has not been
applied to inkjet printing yet, it seems appropriate to
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Figure 6. BHJ morphology at the end of the drying of a
P3HT-DCB blend cast from DCB. The snapshot shows 2D
cuts of the volume fraction fields, whereby green stands for
PC60BM and red for P3HT. Deep red regions are P3HT
crystals. (a), (b), (c) processing effect: increasing
evaporation rate from left to right. (d) Material property
effect: increased donor-acceptor compatibility. Reprinted
with permission from [126]. Copyright (2022) American
Chemical Society.

answer two basic questions without significant addi-
tional developments: first, how do the solvents and
processing conditions choices related to printability
impact the active layer formation? Second, how does
the BHJ formation in drying droplets compare to the
one in a drying film?

2.2.2. Efficient nano-morphology formation in
inkjet-printed bulk-heterojunction OSC’s

Common highly efficient OSCs comprising non-
fullerene acceptors (NFA) use low boiling solvents
like chloroform and CB. As previously described
for inkjet-printing inks some high boiling addit-
ive is necessary to create a non-clogging and stable
inkjet-printing process. Unfortunately, most cur-
rent photoactive materials have poor solubility
in high boiling point solvents, such as ortho-
dichlorobenzene (0DCB), resulting in a large phase
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separation of the BHJ film morphology and con-
sequently compromised device performance. Here
the ink requirements related to nozzle clogging, drop
stability and morphology formation, as illustrated in
figure 3, result in a competition between solar cell
efficiency and printing stability.

The main processing strategies to improve BH]J
morphologies in inkjet-printed OSCs are the same
as for other printing and coating methods and are
already very well reported in the literature [25-28]:
(i) the reformulation of the inks with suitable solvent
mixtures that still enable homogenous layers together
with good morphologies [127, 128], (ii) the change of
the drying process, e.g. by adjusting the temperature
[64, 129], and (iii) the use of low amounts of liquid
or solid additives that promote good crystallization
[130-132]. These strategies will be described in detail
in the following.

2.2.2.1. Solvent mixtures of efficient OSCs

For inkjet-printed OPV several approaches have been
reported to control the nano-morphology of the act-
ive layer, while still assuring a stable printing pro-
cess. Proper solvent mixture design is the major solu-
tion for stable inkjet printing, while still achieving
good morphologies. Maisch et al developed tetralin
(THN) as additive to OX for efficient inkjet-printed
active layers (P3HT:PC60BM, PV2000:PC60BM) res-
ulting in proper nano-morphology, less nozzle clog-
ging and good printability [45]. Other researchers
used the same solvent mixture for more efficient sys-
tems like PTB7-Th-IEICO-4F [53] and PM6:ITIC-
4F [90], reaching 9.8% PCE and 10.1% PCE respect-
ively and demonstrating the general approach for
this solvent additive. Corzo et al further improved
the solvent mixture approach and showed the influ-
ence of different active layer ink solvents on the mor-
phology of the active layer. Their PTB7-Th-IEICO-
4F system printed from CB: chloronaphthalene (CN)
mixture resulted in 12.5% PCE compared to 9.8%
PCE for OX:THN and only 8.2% with CB as solvent,
reaching the same efficiency as a spin coated device
with 12.6% PCE. On top, they demonstrated that the
solvent mixture changed the vertical phase separation
leading to different wetting behavior on the top of the
active layer. Here the CB:CN solvent mixture leads
to a more PTB7-Th rich surface, which resulted in
the improved efficiency (see figure 7) [53]. What was
not investigated in this respect yet is, that due to dif-
ferent solubilities of active layer materials in e.g. tet-
ralin so-called preaggregation may happen before
drop impact, meaning that small molecules may have
formed small aggregates in solution before the dry-
ing process started. In addition, drying of the droplet
during flying may lead to higher concentration of
the active material in the droplet, resulting in preag-
gregation as already observed for OPV systems using
PM6:Y6 in OX [64, 128]. This can especially be the
case for printing onto 3D objects where the distance
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Figure 7. Top: Water contact angle on PTB7-Th:IEICO-4F
layers printed from CB:CN, CB, DCB and O-xylene:tetralin
solvents, bottom: calculated wetting envelopes of PTB7-Th,
IEICO-4F layers compared with wetting envelopes of
PTB7-Th:IEICO-4F layers printed from CB:CN, CB, DCB
and O-xylene:tetralin solvents. [53] John Wiley & Sons.

[© 2020 Wiley-VCH GmbH].

between the object and the nozzle is increased for bet-
ter printing process stability. Multi-nozzle printheads
may hit 3D objects for very small distances, espe-
cially in the case of slightly concave surfaces. In these
cases, one would need to use only few nozzles on the
side of the printhead to not interfere with the object.
Consequently, for multi-nozzle inkjet printheads the
distance to the object may be higher in order not to
hit the 3D object with any part of the printhead. This
leads to a variation of the number of usable nozzles,
thus speeding up or slowing down the overall process.
Changing the drying behavior is then another nat-
ural consequence for proper morphology formation
control.

2.2.2.2. Drying time variations for efficient OSCs

As previously explained, one main point for nano-
morphology formation is the drying time that can
be controlled by the temperature. Additionally, tem-
perature can trigger other effects like the coffee
ring effect, nozzle clogging due to evaporation of
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Figure 8. (d)-(g) Optical microscope photograph of PBDB-T-2F:BTP-BO-4Cl blend films with different film sizes. (h)—(k)
Optical microscope photograph of PBDB-T-2F:BTP-BO-4Cl blend films at different temperatures. [52] John Wiley & Sons.

[© 2023 Wiley-VCH GmbH].

solvent at the nozzle or preaggregation in solution as
explained in other chapters and demonstrated by the
ink requirements (figure 3).

A good example for nano-morphology forma-
tion during inkjet-printing of large area devices was
recently investigated by Sang et al [52] They checked
the influence of printing large areas and small areas
using different temperatures. Here they showed that
the larger the printing area is, the more solvent has
evaporated before the next printed path merges with
the old one, resulting in specific printing lines. These
are much more pronounced for higher temperatures
and lead to different donor:acceptor ratios towards
the resulting film (figure 8).

Here we see two effects, a pronounced vertical
phase segregation due to miscibility differences in the
main solvents, namely oDCB and trimethylbenzene
(TMB), and fast drying of droplets or in this case
droplet lines [52]. As evaporation at the rim of a
droplet or at the rim of a line is faster than in the cen-
ter, phase segregation is faster at this point, describing
well the visible lines. For low temperatures, the dry-
ing is slower leading to no lines as droplets can suc-
cessfully merge to one wet film and dry all together.
Unfortunately, very slow drying of the active layer res-
ults in unfavorable morphologies that decreases the
resulting PCE. As a consequence, increased drying
temperatures are necessary to obtain efficient OSCs.
To overcome the printing line issue and still achieve
good performance they introduced THN as addi-
tional solvent and realized record efficiencies with
13.98% and 15.78% for binary and ternary OSCs,
respectively [52].

Another example is given by Chen et al [91],
who show the influence of temperature on vertical
phase separation. Their results demonstrate that an

11

increase in substrate temperature suppresses strong
molecule aggregation of the active layer components
due to the high drying speed, enhancing exciton dis-
sociation efficiency and thus the short circuit current.
Unfortunately, this has a negative effect on the ver-
tical phase separation of donor and acceptor due to
too fast drying directly at the hot substrate surface,
giving donor and acceptor no time for vertical phase
separation [91].

2.2.2.3. Drying time variations for efficient OSCs with

different inkjet related parameter

Temperature variations were demonstrated for many
different OPV production technologies. Nevertheless,
there are several parameters exclusively related to
inkjet-printing that can change the drying process as
well. Drop spacing for example can change the layer
homogeneity and thus performance drastically. The
resulting line and consequently layer may be uniform
for proper drop spacing and printing frequency or
can be bulging, scalloped, isolated or stacked points
depending on the spacing and time delay between
two consecutive droplets (for more details see 2.3.1).
Chen et al demonstrated this as well for PBDB-
T:ITIC films and received an optimal drop spacing of
40 pm [91].

Not only does the drying temperature affect
the drying speed but also the printing speed does.
According to Lan et al low printing speed results
in longer drying times due to thicker wet films
and enhances phase segregation and domain size
(see figure 9) [89]. They investigated as well the
additional effect of printing temperature and came
to the conclusion that higher temperature leads
to the formation of even more nucleation sites,
decreasing the crystal size-which is beneficial for
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Figure 9. Top: AFM surface morphology of active layers from inkjet printing with different printing speed and drying
temperature; bottom: schematic of the nanomorphology of the active layer from different inkjet printing speeds and substrate
temperatures. Reproduced from [89]. © IOP Publishing Ltd. All rights reserved.
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the performance-but at the same time results in an
uneven film due to very fast drying, negatively affect-
ing the performance.

2.2.2.4. Additives for efficient inkjet-printed OSCs
Only few inkjet-printed active layers use low amounts
of liquid or solid additives, as they may result in
nozzle clogging and affect the printing behavior. Lan
et al used DIO as solvent-additive for CB to reach
7.3% PCE [89], while Sang et al achieved their record
PCE with a ternary blend using PC7;BM as small
molecule-additive [52]. While most researchers focus
more on solvent mixtures, where they use more than
10vol% of each solvent, the additive route is one of the
least developed ones. Especially solid additives can be
promising for further optimization of inkjet-printed
active layers, but need to be handled with special care
as particles may form additional agglomerates caus-
ing nozzle clogging or sedimentation as further dis-
cussed in 2.4.3.

Conclusively, the challenges for efficient inkjet-
printed solar cells with respect to nano-morphology
of the active layer are similar to the ongoing works in
the field. Ink requirements for inkjet-printing influ-
encing nozzle clogging, print stability or ink con-
centration (figure 3) add additional constraints, but
also additional complexity to the system leading to
more process optimization opportunities concern-
ing the use of solvent mixtures and additives. Here
simulations (see chapter 2.1.1) are of special relev-
ance as they can help to reduce time and costly trial-
and-error approaches for the optimization of solvent
mixtures and additives [100, 126]. Proper choose
of printing process parameters can also overcome
the above-mentioned constraints [48]. The differ-
ence in evaporation time for high-boiling solvents in
inkjet printing inks and low boiling solvents currently
used in high-efficient OPV systems can for example
be tackled by printing onto heated substrates. The
faster drying process of droplets compared to wet
films can even lead to too fast evaporation that
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again results in the need for solvent adjustments
for proper layer formation. Consequently, the use of
process-structure-performance relationships in OPV
as demonstrated above is necessary for commercial-
ization. The main correlations learned so far are that
wet film thickness and homogeneity increases with
decreased drop spacing, faster printing speeds result
in thinner wet films and higher temperatures lead to
less phase separation due to faster drying. This can
help to adjust the drying speed, which is relevant for
optimal phase separation and aggregation. Too fast
dryinglead to well intermixed systems without proper
phase segregation, while too slow drying lead to high
phase separation, being both cases non-optimal for
solar cell performance due to non-optimal charge
extraction and transport. Additionally, solvent addit-
ives and mixtures can influence drying behavior and
phase separation as well in all directions [48]. To fur-
ther optimize the phase separation the concept of
bilayer OSCs was applied as well to inkjet-printed
OPV. Here DOD technology benefits its high preci-
sion as well as its non-contact processing.

2.2.3. Efficient nano-morphology formation in
inkjet-printed bilayer OSCs

The record for inkjet-printed active layers from 2022
was realized by utilizing layer-by-layer (LbL) inkjet-
printing. Chen et al created a layer by layer prin-
ted active layer, reaching 13.09% PCE for a PBDB-T-
2F:BTP-BO-4Cl printed with 0-DCB as solvent. Here
they demonstrated that by printing the donor on top
of the acceptor a BHJ with donor enriched surface
and acceptor enrichment on the bottom side of the
layer was produced (figure 10) [91]. This improved
nanoscale phase separation led to higher ;. as well
as higher FF and V,, resulting in a record efficiency
of 13.09% compared to only 13.56% for spin coated
OSCs. For PBDB-T:ITIC the LbL method showed an
improvement in Voc but overall worse performance
due to re-dissolved ITIC resulting in poorer film qual-
ity. Consequently, the solvent design is crucial here
as well. Overall, the LbL method is a promising way
to improve bulk heterojunction vertical phase separ-
ation in order to achieve high efficiencies.

2.2.4. Wetting-the printing of electrodes and interlayers
The merging of droplets to form a dense film is
an essential requirement for homogenous films and
thus working devices. The distance between two
droplets and the drop radius on the surface determ-
ines whether a continuous wet film is formed or not.
The radius of the droplet on the surface is defined
by the wetting angle and is thus the most important
aspect for good layer homogeneity. A contact angle
(CA) of 0° defines perfect wetting, whereas an angle
less than 90 °C is still defined as good wetting. This is
required for proper layer formation [45]. The concept
of a wetting envelope helps to define how inks and
solvents wet on a given substrate and how to change
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Figure 10. (a) Histogram of the one-step and LBL-IJP
processed PBDB-T-2F:BTP-BO-4Cl OSCs and b) ToF-SIMS
element profiles of PBDB-T-2F:BTP-BO-4Cl films from
one-step and LbL-IJP. [91] John Wiley & Sons. [© 2022
Wiley-VCH GmbH].

polarity in order to reach suitable wetting angles [45].
A wetting envelope (solid line in figure 11) defines
a constant CA (here 0°) for a given solvent with a
certain dispersive and polar (LP) surface energy part.
Solutions that lie within the envelope have a CA lower
than the envelope angle (here 0° = perfect wetting).
Changing the inks total surface energy or adjusting
the dispersive and polar ratio of the surface energy
is therefore needed to enable a certain CA. This is
realized by tuning the ink solvents and the respective
surface tension of the ink and demonstrates another
part of the above-mentioned ink requirements (see
figure 3).

Figure 11 shows examples of bad wettability of
PEDOT:PSS on active layer films, where the inks are
not within the respective wetting envelopes, due to
too high surface energies (see water and PVP AL4083)
and a mismatch in polar to dispersive parts of the
surface energies. The main route to overcome this
issue is the use of proper solvents or solvent mix-
tures that lie within the wetting envelope or additives.
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Figure 11. (a) Wetting envelopes of commonly used OPV active layer materials PSHT:PC60BM, P3HT:O-IDTBR and
PV2000:PC70BM and surface tension data of PEDOT:PSS inks P VP Al 4083, F HC solar, P JET N V2. An amount of 0.1% wt
wetting agent CFS was added to the PEDOT:PSS inks to lower the surface tension and improve wetting. Inks within the wetting
envelope are expected to show complete wetting on the corresponding surface. Inks located outside are expected to show only
partial wetting or dewetting. (b) Photographs (size: 1 cm x 1 cm) of dry inkjet-printed PEDOT:PSS layers from (left) P VP AL
4083 and (right) P VP AL 4083 + 0.1 wt% CFS, (c) (left) F HC solar and (right) F HC solar + 0.1 wt% CFS, (d) (left) P JET N V2
and (right) P JET N V2 + 0.1 wt% CFS on a P3BHT:PC60BM surface. Reproduced from [137] with permission from the Royal

The successful use of wetting agents in inkjet-printed
PEDOT:PSS on an active layer is demonstrated by
Maisch et al who used a fluorosurfactant from cap-
stone (CFS), while Eom et al used EGBE [45, 73].

An overview of surface energies of different
solvents, ETLs and HTLs was demonstrated by Baran
et al. The comparison of these surface forces to
the wetting envelope of PTB7-Th:IEICO-4F dis-
plays that common inkjet-printed ETL inks like
AZO, ZnO [45, 133] and sol-gel [134] ETLs already
meet the wetting requirements, while AI 4083 ink
as common HTL material does not. In this work
they invented a modified 2-PEDOT ink that lies
within the wetting region of PTB7-Th:IEICO-4F and
showed that the use of alcohols like 1-butanol, IPA
or l-pentanol allows to tune the wettability (see
figure 12(a)) [53].

Unfortunately, the modern PEDOT:F system, that
is suitable for highly efficient NFA systems [23], has
not been inkjet-printed yet, but using the aforemen-
tioned solvents one may be able to reformulate the
IPA based PEDOT-F to a high boiling solvent like 1-
pentanol. Other researchers focused more on solution
processable metal oxides as HTLs and realized inkjet-
printed NiO [135] and recent developments resulted
even in a completely new approach, a green produc-
tion of graphene ink for inkjet printing [92].

This new water-based inkjet-printing HTL layer,
developed by Kastner et al can improve hole extrac-
tion and prevent charge recombination. As water does
not wet onto active layers argon plasma was used to
enhance wetting of this new HTL [92]. This and other
surface treatments like ozone, interlayer coatings or
smoothing layers are common ways to overcome wet-
ting problems without changing the ink solvents (see
figure 12(b)) [136].

If ink reformulation, additives or surface treat-
ments are not possible due to constraints related to
ink requirements or layer functionality, another good
alternative is the use of pinning centers, as demon-
strated by Maisch et al [137] Small droplets of dried
ink act as anchoring sites for a homogenous thicker
wet film leading to a homogenous wetting without
the need of further ink changes or surface treatments
[136]. This method can also be used for patterning of
surfaces (see figure 13).

2.2.5. Coffee ring effect

Besides controlling the morphology of active lay-
ers, ensuring the proper formation and deposition
of functional materials, including nanoparticles and
polymers used in other layers, is crucial for achieving
optimal device performance. As previously explained,
droplet drying is one of the differences related to the
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Figure 12. (a) Wetting envelope of the PTB7-Th:IEICO-4F (1:1) film placed against the liquid surface tension components of
different HTL inks, ETL inks, conductive inks, and auxiliary solvents. [53] John Wiley & Sons. [© 2020 Wiley-VCH GmbH] (b)
contact angle of PEDOT:PSS on glass substrates before plasma treatment (left), after plasma treatment (right). Reproduced from
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inkjet-printing process compared with other high-
throughput printing processes. Here, the constitu-
ents of the droplet including, e.g. solvents, polymeric
species, or nanoparticles, have a strong impact on the
quality of the inkjet-printed film.

The deposition pattern of functional materials is
significantly influenced by the evaporation behavior
of the droplet. Generally, there are three typical modes
of droplet evaporation [138—140]: constant contact
radius (CR) mode, constant CA mode, and stick-slip
mode. In the CR mode, the droplet evaporates with a
constant radius, and its CA decreases [140]. In the CA
mode, the droplet maintains a constant CA, but the
CR decreases [140]. In the stick-slip mode, the droplet
initially evaporates in the CR mode until a certain CA
is reached, after which the evaporation mode switches
to the CA mode [138]. The CA and CR modes can be
considered extreme cases of the stick-slip mode.

During evaporation, liquid molecules swiftly tra-
verse the liquid surface, saturating the air just above
the liquid droplet with vapor. If the surrounding air,
far from the droplet surface, is not saturated, the
vapor diffuses outward. If the characteristic time 7,
representing the transfer rates of solvent molecules

across the liquid/air interface, is much smaller than
the vapor diffusion time, the droplet’s evaporation
is governed by the diffusive transport of vapor away
from the droplet surface [141]. The vapor field can
be approximately described by a quasi-static diffusion
equation [141]:

Vixe=0

where ¢ is vapor concentration. The evaporative flux
J is determined by the gradient in the vapor concen-
tration and can be expressed as,

J=—-DxVc

where D is the diffusion constant for vapor in air.
Deegan et al [142] first proposed that the evaporation
flux over a spherically capped droplet surface is not
uniform but diverges at the edge for small CA. They
demonstrated that the time evolution of droplet mass
follows a power law. Hu and Larson [143], through a
numerical model, derived an expression for the rate of
mass loss, applicable only to droplets with a CA smal-
ler than 90°. Popov [144] then developed a theoretical
model of evaporation flux applicable to the full range

15



10P Publishing

Flex. Print. Electron. 9 (2024) 043001

T
1
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Printing of pinning pattern Blade coating of liquid film

Figure 13. Top: optical microscope image of a dry
PEDOT:PSS P Jet N V2 layer on a P3HT:PC60BM surface.
The dashed and dotted lines mark the edges of the pinning
and printing areas, respectively. Printing in an area covered
by pinning centers results in stable film formation (left
part). Printing on a blank surface results in dewetting and
shrinkage of the layer (right part) [137]. Bottom:
demonstration of pinning center approach for patterning of
substrates. Reproduced from [137] with permission from
the Royal Society of Chemistry.

of CA, later experimentally validated by Gelderblom
et al [145].

Apart from the fluid dynamics, the characterist-
ics (such as shape, wetting properties, and size) of the
dispersed particles play a crucial role in the depos-
ition process. Yunker et al [146] illustrated that ellips-
oidal particles can mitigate the coffee-ring effect. This
is attributed to the capillary interactions of ellipsoidal
particles, which introduce a novel growth dynamics
in particle deposition at the droplet’s edge [147]. This
mechanism prevents the self-pinning effect caused by
the accumulation of particles at the droplet’s edge. It
is important to note that Yunker et al used hydro-
phobic ellipsoidal particles; however, for hydrophilic
ellipsoidal particles, the deposition is not influenced
by particle shape [148]. Recent research by Kim
et al [149] emphasizes that the interplay between
hydrodynamic force and capillary force in an evap-
orating droplet with ellipsoidal particles determ-
ines the resulting particle pattern. When dealing
with spherical particles, a dot-like deposition pattern
emerges when the particle size is sufficiently large,
driven by capillary forces pushing particles inward
[150-152]. In the investigation by Bhardwaj et al
[153], the impact of particle-substrate Derjaguin—
Landau—Vervey—Overbeek interactions on particle
deposition is explored. Their findings reveal that
an attractive particle-substrate interaction leads to a
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relatively thick and uniform deposit, while a repulsive
interaction results in a ring-like deposit. Additionally,
Bigioni et al [154] reported that drying a droplet
with particles wetted at the fluid interface results in
highly organized monolayer structures. The role of
surfactants [155, 156] and substrate wettability in
particle deposition is also discussed [157].

Following the pioneering work conducted by
Deegan et al [142] on the coffee-ring effect, substan-
tial advancements have been made in the modeling
and simulation of macroscopic mass and momentum
transport phenomena in drying droplets [144, 158,
159]. Despite this progress, there is a noticeable gap in
the development of models and simulation methods
that comprehensively address interfacial phenomena,
contact-line dynamics, and deposition processes in
drying droplets including drying colloidal suspension
droplets. The existing theoretical models often rely on
a convection-diffusion equation to describe the trans-
port of colloidal particles [160, 161]. Unfortunately,
these models fall short in capturing phenomena at
the scale of individual particles, such as contact-line
pinning, particle-particle interactions, and particle-
substrate interactions. Xie et al [162, 163] conducted
lattice Boltzmann simulations featuring fully resolved
colloidal particles. This approach paves a path to
comprehensively capture information at the scale of
individual particles, providing valuable insights into
the deposition process of functional layers in OPV
inkjet printing, particularly in the presence of nano-
particles. Such simulations can be extended towards
the effect of more complex shaped nanoparticles
inside droplets or in the vicinity of interfaces and
contact lines [164—170]. The above-mentioned the-
oretical investigations lead to several practical path-
ways to solve the coffee ring issue. As demonstrated
in figure 14, during drying capillary flow causes the
active part of the ink to flow towards the sides of
the droplet resulting in thicker areas on the sides
[142]. These can cause inhomogeneous layers espe-
cially with respect to surface topology, resulting in
device defects and other issues with the functional-
ity of the layer. The capillary flow can be overcome
by the Marangoni flow [171]. In this case the cof-
fee ring effect is either reduced or hindered. One
approach to do this is increasing the evaporation rate
by e.g. vacuum drying, additional air flow or higher
temperature [172-174]. This is, however, not always
possible, due to potential nozzle clogging if the hot-
plate heats up the printhead, or if there is no option
to implement vacuum or gas flow. In this case, other
options need to be used in order to prevent inhomo-
geneous drying. Ink formulation plays a crucial role
here, as the boiling point and surface tension affect
the coffee ring effect as well due to different dry-
ing kinetics and CA (figure 14). By using different
boiling point solvents, special additives, or solvents
with different surface tension, one can change the
drying behavior and thus overcome the coffee ring
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Figure 14. Schematic of the drying process and coffee ring
effect (top) copyright under a creative commons license by
Elsevier. Reproduced from [49]. CC BY 4.0, SEM images of
printed GO ink droplets (bottom) left: clear coffee ring,
right: uniformly dried deposit due to the marangoni effect.
Reproduced from [181]. CC BY 4.0.

effect as well [175-179]. Furthermore, ternary solvent
mixtures can enhance the Marangoni flow, what may
lead to an enhanced molecular crystallization. On
top, using different concentrations of active material
inside the ink may also result in increased marangoni
flow [81, 180, 181].

2.2.6. OPV active layer ink design for efficient
inkjet-printed OSCs

All aforementioned challenges in OPV inkjet-
printing as nano-morphology control, wetting,
nozzle clogging and coffee ring effect are affected
by the ink-requirements displayed in figure 3.
Consequently, proper ink design is crucial for solar
cell performance and later on for commercialization.
As the most important layer of an OSC is the active
layer, we will conclude this section with design rules
for inkjet-printing inks on the example of an active
layer.

Tables 4 and 5 list all parameters to be considered
during ink and process design for getting good print-
ing results. Following these design rules, one can cre-
ate and optimize different kinds of inkjet-printed
functional layers and overall OPV active layer films.
Using a new system like PM6:Y6 in, e.g. OX that gives
15.6% for hot slot-die-coated layers at 110 °C [64],
it is now possible to create a first idea of an inkjet-
printed version of this solar cell. Printability and the
nozzle clogging issue are improved by adding tetralin
as high boiling point solvent with 1:1 ratio.

Additives may not be needed first, as wetting on
top of ZnO is not an issue, but probably the poly-
mer content may have to be increased to get suit-
able Reynolds numbers for proper drop formation.
To produce proper nano-morphology, the main para-
meters to change are drying temperature and print-
ing speed, as they change the drying time due to
faster evaporation or thicker wet films. Optimizations
for printing speed, drop spacing, and piezo pulses
are necessary to get the best performance and most
homogenous layer. Should performance or coffee
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ring effect be an issue during printing, additional
changes of the ink like additives or changes in solvent
ratios may solve the problem. The use of alternative
solvent systems like CB:CN may be another solution.

2.3. Lifetime

Although reports on lifetimes of inkjet-printed solar
cells are scarce, there is no reason to assume that they
will fall short of those reported for OPV devices in
general, which now have reached 11000 h [183] in
accelerated lifetime tests. Encapsulation techniques,
such as lamination or thin film encapsulation, are
applicable to inkjet-printed solar cells in the same
way as they are for other emerging technologies.
Even more desirable from the point of view of com-
pletely solution processed devices is the possibility
to apply solution processed barriers against humidity
and oxygen [184—186], either by coating techniques
or, as demonstrated recently, by aerosol-jet printing
[67]. It would be desirable to apply the encapsula-
tion to inkjet-printed devices also by inkjet printing,
especially in the case of delicate substrates and devices
inkjet-printed onto 3D surfaces (see section 2.4.1).

2.4. Cost: upscaling and yield

Another prerequisite for successful commercializa-
tion is upscaling. The term upscaling is used in two
different ways.

2.4.1. Towards large-area modules

On the one hand, upscaling refers to the production
of devices with areas large enough to provide suf-
ficient power output for potential applications. The
first step in upscaling is the demonstration that inkjet
printing of OPV on large areas is possible without
significant power losses. At present, the record effi-
ciency for 1 cm? inkjet-printed solar cell active lay-
ers is 12% [52]. However, further advances towards
large-area devices with higher power without unne-
cessarily increasing resistive losses imply the trans-
ition from single cells to modules with serially inter-
connected cells [19], which will also provide higher
voltages. Inkjet printing is perfectly suited for this
task, as the required patterning is achieved by the very
printing process, in contrast to coating techniques,
which require an additional patterning step, e.g. laser
ablation [19, 187]. One of the early works in which
parts of OPV modules were inkjet-printed was pub-
lished by Angmo et al who demonstrated the use of
inkjet-printed silver grids as front electrode of organic
solar modules [188]. Further progress was repor-
ted by Eggenhuisen et al who demonstrated 92 cm?
P3HT:PC¢BM modules with 1.0% efficiency ata V.
of 2.23 V (figure 15) [83]. The authors used elec-
trical simulations to identify the high series resistance
introduced by the molybdenum/aluminum/ molyb-
denum (MAM) bottom electrode as the cause of the
relatively low fill factor of FF = 0.37. Further decreas-
ing these resistive losses requires a module layout with
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Table 4. Design rules for inkjet-printed OPV active layer ink design.

Ink compound Benefits

Issues Examples

Low boiling solvent
<160 °C

— Fast drying usually benefits
nano-morphology and smooth
surface topology [52]

— Good solubility for active ink
compounds

— Fast evaporation leads to easy nozzle ~0-xylene
clogging CB

— Usually Re numbers too high and not
printable (splashing or no drop

formation) [53]

— Usually good wettability as standard — Evaporation during drop ejection

solvents for OPV

High boiling solvent ~ — Re numbers better suited for inkjet — Slow drying kinetics can lead to

leads to aggregation before drop
impact
— Too fast drying may result in
improper morphology and surface
topology [182]
Tetralin

>160 °C printing [53] worse nano-morphology and surface CN
— Low evaporation leads to less nozzle topology [52] oDCB
clogging and no evaporation before — May change wettability as Mesitylene
drop impact non-standard additives
— Can fine tune drying process to — Different solubility may change
achieve suitable morphologies [45] aggregation processes
— Different interaction para-meters
towards active compound Changes
thermo-dynamics of the system
Additive — Can influence wetting on previous ~— May influence printability due to Re ~ DIO
top layer positively [53] number changes [53] Indane
— Can improve aggregation and phase — Can reduce device performance Surfactants

separation towards a good
morphology [75]

— Can help to improve printability and

reduce nozzle clogging [45]
— Can reduce coffee ring effect

Material concentration — Increases viscosity and thus changes — May change aggregation behavior

Re number in order to change
printability

during drying

— Leads to more probable nozzle
clogging for higher concentration

— Leads to faster gelation for higher
concentration [45]

— Can lead to preaggregation

narrower cells. For modern active layer systems, cell
widths should not exceed 4-8 mm, depending on
the specific values of current density and electrode
conductivity [40]. However, this causes two other ser-
ious drawbacks.

The first drawback concerns the reduced power
output with respect to the total module area. With
decreasing cell width (i.e. increasing cell number), the
ratio of active to total module area, which is called
GFF, decreases because the number of inactive inter-
connects between two adjacent cells increases. In the
case of Eggenhuisen et al the module layout reduces
the GFF to around 60%. In order to counterbalance
this effect, the interconnect width must be reduced
to a minimum [83]. By the combination of coat-
ing and laser patterning, interconnect widths of as
little as 120 pm have been realized in OPV modules,
yielding GFF of up to 98.5% [19, 189]. What is the
highest GFF achievable in inkjet-printed modules?
A simple geometric consideration provides an upper
limit of the GFE. As can be deduced from figure 16, the

18

smallest interconnect width possible is three pixels,
as each of the three patterning lines P1, P2, and P3
needs at least one void pixel between adjacent cells
to separate the electrodes and leave enough space for
the contact between top and bottom electrode (usu-
ally, P2 widths of 20 pm are sufficient for achieving
good electrical contact. However, in certain cases, e.g.
AgNW/AgNW contacts, P2 widths of up to 140 ym
are required) [32]. On top, also the size of a dried
droplet need to be taken into account when planning
resolution (figure 17). Figure 18 provides a plot of
maximum GFF as a function of reciprocal pixel spa-
cing, i.e. printing resolution, for three different cell
widths. It shows that GFF values of 95% or more can
be achieved if the appropriate printing resolution is
applied. The minimum resolution is 120 dots-per-
inch (DPI) for modules with 8 mm cells and 355 DPI
for modules with 4 mm cells. The colored regions
account for dry drop radii of n to (n + 0.5) times
the pixel spacing where n is a natural number. No
drop must be deposited at n pixels right and left of the
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Table 5. Design rules for inkjet-printed OPV active layer process parameters.

Process parameter Benefits

Issues Work-arounds

Increased ink
temperature

— Increases solubility and
changes aggregation behavior

during drying —

— Reduce gelation
processes[45]

Increased substrate — Faster drying of droplets —

enhances fine nano-
Morphology formation [52]

heating

Drop spacing — Relevant to define wet film —

thickness, resolution and the
formation of homogenous
films [91]

Printing speed — Can increase drying time and —

change nano-morphology

formation process [89] —

— Can improve drying line
issue[89]
Printing piezo Defines[45]
pulse — Shape of droplet
— Drop volume
— Drop speed

— Speed up solvent evaporation

Heated inkjet printheads
and lead to nozzle clogging with ink circulation
Need special care during
printing to not change
temperature during the
process

Fast drying results in
inhomogeneous printing
lines and Reduced vertical
phase separation [52]
Substrate heating may induce
solvent evaporation at the
printhead and cause nozzle
clogging

Wrong choice leads to
inhomogeneous films [91]

Optimization of
temperature or separate
drying step after
printing

machine dependend
parameter optimization

Can lead to unfavorable
nano-morphology [89]
Can lead to changes in drop
volume for very high
printing speeds [45]

Optimization needed

Optimization needed

unit cell

MoO,/Ag Active area

permission from Elsevier.

Glass

Figure 15. (A) Photograph of a module with three inkjet-printed layers, (B) schematic representation of modeled front electrode
(molybdenum/aluminum/molybdenum (MAM) gridlines and busbars (gray) and inkjet-printed PEDOT (blue)) and back
electrode (MoOx/Ag (teal). (C) Cross section of a single gridline in 4 adjacent cells. Reprinted from [83], Copyright (2015), with

actual P(1/2/3)-line (in addition to the not-printed
centered pixel). For a drop radius of n times pixel spa-
cing, this leads to a void of 2 times the pixel spacing.
For a drop radius of n + 0.5 times pixel spacing, this
leads to a void of 1 time the pixel spacing.

Dry drop diameters may vary significantly,
mainly depending on the volume of the ejected
drop, but also on the nature of ink and substrate,
as shown in figure 17(a). For the same drop volume

of 30 pL, dry drop diameters between 96 um for the
active layer ink, and 324 pm for the Ag nanoparticle
ink, are obtained. An approximate upper limit of
dry drop diameter can be obtained by the following
considerations.

The sizes of liquid drops after impact on the sur-
face are mainly determined by the volume of the
ejected drop, drop velocity, drop deformation upon
impact and the surface tensions of ink and substrate.
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Conventional Interconnect Silver bridge Interconnect a

P1 laser structing
P1 P1

.

ITO

P2

P3 patterning by inkjet printing stripes P3 patterning by inkjet printing stripes

Dead area Active area Dead area Active area

Figure 16. Schematic illustration of organic solar module fabricated by inkjet printing method. In conventional gap layout,
interconnection is achieved by introducing a gap during the active and interlayer printing process so that the top electrode can
diffuse into the gap and form a connection with the bottom electrode. The novel bridge interconnect proposed in this work is
highlighted in blue dashed bracket. AgNP lines are printed so that the top and bottom electrode can be bridged at the
interconnection area. [187] John Wiley & Sons. [© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim].

a) b)
Ag NP Pixel =324 um & 1 Print distance 0.5 mm Print distance 1.5 mm
Dot diameter 324 pm

\ .
: s
Print dis > mm Print distanc %m

Dot diameter 285 um Dot diameter 258 pum

Figure 17. (a) Micrographs of dry drops of different inks deposited with a Spectra SE print head (ejected drop volume = 30 pL).
AgNP on PEDOT:PSS, ZnO NP/solvent on ITO, P3HT:PC60BM/xylene on ZnO, PEDOT:PSS/water on P3HT:PC60BM [68]. (b)
Microscope images of AgNP dots inkjet-printed with different distances between nozzle and substrate. Reproduced from [68].

© The Author(s). Published by IOP Publishing Ltd. CC BY 4.0.
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Figure 18. Dependence of geometric fill factor (GFF) of
inkjetprinted solar modules on printing resolution.
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Figure 19. Drop velocity and drop volume measurements
for different jetting parameters. Reproduced with
permission from [45].

Modern standard printheads provide drop volumes
ranging from 1.5 to 200 picolitres [69], which can be
modified by up to 30% using appropriate piezo pulses
(see figure 19) [45]. The calculation of drop sizes is
a complex topic, and several methods for assessing
them have been proposed [51, 174, 190]. For the sake
of simplicity, we assume that the drop of diameter
Dy spreads on the surface, i.e. upon impact, the drop
of diameter Dy is deformed and the drop diameter
increases to Imax. Given by the tanner equation, the
contact line advances until the equilibrium CA © is
reached. The resulting drop diameter is then given by
equations (4) and (5):

D=p3-D, (4)

8

b= \/ @n(02)Gran @)

Possible overspreading of the drop with sub-
sequent contact line pinning has been accounted for
by empirical correction factors [174]. The diameter
of the drop after drying will be equal to D if the
contact line remains pinned during the evaporation
of the solvent, while it will be less otherwise (see
section 2.2.5). Another important factor for drop
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impact and resolution is the distance of the printhead
from the substrate. It is one of the main benefits of
a non-contact technology that there is a gap between
the printhead and the substrate as it guarantees that
there is no damaging of the surface, thus enabling
more versatile surfaces as substrates. However, if the
gap exceeds a certain distance, in the example of
AgNP ink around 2.5 mm (figure 17(b)), the result-
ing droplet will decrease in size, as a consequence of
solvent drying during flying, and will lose its round
shape as agglomerates will already form during dry-
ing in air. This undesired effect is ink-dependent and
can be solved by proper distance or changes in, e.g. the
volume fraction of high boiling solvent.

During the drying process, the contact line either
remains pinned (CR-constant contact line radius)
or recedes to keep the CA constant (CA-constant
CA). Also, intermediate cases, the stick-slip mode
and the stick-jump mode are observed. Although the
phenomenon of CA hysteresis has been the subject
of numerous experimental and theoretical investiga-
tions, it is still not fully understood. Inks containing
surfactants or loaded with particles tend towards con-
tact line pinning.

The above estimate of maximum achievable GFF
is an upper limit and may be compromised by sev-
eral factors. In a real production process, registration
of the subsequent layers with sufficient accuracy is
required, which is non-trivial if the devices have to
be removed from the printer between two subsequent
layers for post-treatment. Maisch et al have demon-
strated that registration between layers is possible on
R2R equipment with accuracies of 100 ym or bet-
ter (see section 2.3.2) [45]. Another prerequisite for
reaching high values of GFF is a perfect printing pat-
tern. Any deviation from perfectly straight lines will
cause additional losses. In the worst case, bulging of
the lines will lead to short circuits between the bot-
tom or top electrodes of adjacent cells (figure 20(a)).
Stringer and Derby [191] proposed equation (6) for
assessing the critical drop spacing, where 8 is calcu-
lated from equation (5),

p o 27TAO (6)
it = 0 cod\
352 (sinZG - %)

Scalloping is observed for p > peic. For
P < pait/1.5 the line is prone to bulging. Soltman
and Subramanian extended this concept by includ-
ing also the delay between nozzle firing (figure 20)
[172] to account for the drying of the droplets [174].
Soltman extended this concept to 2D film formation
[174]. Chen et al found an optimal drop spacing of
40 pm for PBDB-T:ITIC films [91].

Another downside of modularization, i.e. the sep-
aration of large area devices into cells, is the resulting
multitude of interconnects, which are quite conspicu-
ous if prepared in the traditional way, which is detri-
mental for optically attractive modules. Maisch et al
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Figure 20. Dependence of line shape and drop spacing and
delay (a) individual drops, (b) scalloped, (c) uniform, (d)
bulging, and (e) stacked coins. Drop spacing decreases from
left to right. Reprinted with permission from [172].
Copyright (2008) American Chemical Society.

have made use of inkjet printing to realize a novel
concept of ‘shy, i.e. inconspicuous interconnects,
which relies on printed silver lines (figure 16) and
can further increase the GFF [187]. The concept
was demonstrated by inkjet printing a 2.5 cm? large
P3HT:PC60BM based module, consisting of three
cells in series, with an efficiency of around 2.8%,
which is only 10% less than that of a single lab
cell. More recently, the same authors have repor-
ted R2R inkjet-printed flexible 3-cell solar modules
with a PCE of 4.7% on an active area of 10 cm?,
based on the active layer system PV2000:PC71BM
(figure 21) [45].

There are other concepts to achieve even higher
GFF. One for interconnect formation in thin film PV
which employs the combination of laser patterning
and inkjet-printing, the so-called OSI process, was
suggested by Crozier et al [192]. First, all layers are
deposited to form the complete cell structure, then
three laser scribes are written simultaneously. Scribe
A removes the entire stack to the glass, resulting in
electrical isolation of the front contact. Scribe B and
P3 stop on the transparent conductor: one exposes the
front contact for electrical connection and the other
isolates the back contact. Two inkjet heads follow, the
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first fills in scribe A with an insulative material and
the second prints a metallic bridge between the front
contact of one cell and the back contact of the adja-
cent cell. This concept is of industrial relevance as it
helps to reduce the cost for manufacturing of mod-
ules with free form patterns by decoupling the layer
deposition processes from the patterning processes.
This allows patterning of prefabricated semi-finished
standard modules at a later time, according to a cer-
tain customized module layout.

2.4.2. Toward high throughput manufacturing

On the other hand, the second meaning of upscaling
refers to increasing the throughput of production to
industrial scale, which is essential to bring costs down
to acceptable levels.

The cost of production is composed of the bill
of materials (BOM), investment and operation. The
BOM is obtained from material cost per gram, mater-
ial required for 1 sqm module area, fraction of mater-
ial not wasted, and production yield. While material
waste is around 90% for spin coating, it is close to zero
for inkjet printing. On the other hand, nozzle clog-
ging may be a serious problem for inkjet printing, as
it can reduce the production yield substantially.

Many authors have speculated about industrial
application of inkjet technology in OPV [71, 193],
but only few have really demonstrated the capability
[188, 194]. With increasing printed area, the pro-
cessing complexity increases. Larger areas require a
substantial number of print heads with hundreds
or thousands of nozzles in total. This leads to a
rising probability of nozzle clogging and consequent
printing defects. Furthermore, ink sedimentation
becomes a serious issue as production runs become
longer. Both nozzle clogging and sedimentation can
be reduced by implementing ink circulation systems
[51, 69]. In parallel, advanced ink formulations offer-
ing increased stability against sedimentation and gel
formation must be developed.

To compensate for investment cost, high through-
put production is necessary, which is provided by R2R
printing at low operational cost.

A high-speed R2R inkjet process for manu-
facturing OPV modules has been developed by P.
Maisch [45]. The printing machine, assembled by
DURST Austria GmbH, consists of four printing
stations, each of which carries four SAMBA print
heads, thus enabling a printing width of 17.2 cm.
The substrate is a PET loop of 7-8 m in length
and up to 20 cm in width, which runs over three
rollers, controlled by a web-guide. The maximum
web speed for stable operation is around 40 m/s.
The printing stations are coordinated by a control-
ler, using the input of an encoder reel, which allows
printing consecutive layers with a registration pre-
cision of 100 pm. Continuous circulation of the
ink reduces nozzle clogging. Several heating stations
provide rapid drying of the deposited ink. Using this
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Figure 21. (a) Printing process of homogeneous PV2000:PC70BM layers from THN ink with the single pass inkjet (b)
Representative current-voltage characteristics of solar cells with PV2000:PC70BM active layers doctor bladed (black) and printed
at the single pass loop coater (red) from THN based ink. The inset shows the current-voltage characteristics measured in the dark.
(c) Box plot performance comparison of PV2000:PC70BM solar cells with blade coated (black) and inkjet-printed (red) active
layer from THN ink. Each box contains data of at least five solar cells. Reproduced with permission from [45].

machine, fully inkjet-printed devices of the structure
AgNW:ZnO/PV2000:PC;oBM/AgNW:PEDOT:PSS
were fabricated. In order to speed up the produc-
tion process, the number of printing steps was
reduced from five to three by printing mixtures of
AgNWs with ZnO nanoparticles in 1-pentanol or
with PEDOT:PSS for bottom and top electrodes,
respectively. For the active layer, homogeneous and
defect free layers of PV2000:PCoBM were printed by
applying inkjet inks based on pristine THN, resulting
in a device efficiency of 5.2% for single cells, which is
in the same range as those obtained for doctor bladed
active layers (figure 21). Finally, fully inkjet-printed
flexible 3-cell solar modules with a PCE of 4.7% on an
active area of 10 cm? were demonstrated (figure 22).

2.4.3. Production yield: nozzle clogging

Typical nozzle sizes of commercial inkjet printheads
are in the range of 30-60 um and use resolutions
of 100-1200 DPI and drop volumes between 6—
200 picolitre [195]. For OPV applications a typical
print head is the Dimatix Spectra SE print head using
anozzle diameter of 35 ym with 25-30 picolitre drop
sizes and an intrinsic resolution of 50 DPI that can
be increased up to 1000 DPI by printhead tilting. As

these small picolitre droplets show a very high sur-
face to volume ratio, drying effects need to be con-
sidered while inkjet printing. Too fast drying can res-
ult in aggregations that are formed within or at the
nozzle of the printhead, resulting in either bad or not
working nozzles and thus directly influence the prin-
ted layer as shown in figure 23. Inhomogeneities or
missing lines can be consequences of clogged nozzles
leading directly to bad or non-functional devices.
Especially for upscaling this is a critical issue
as many consecutive printheads with thousands of
nozzles contribute to one functional device. The main
parameters that influence this issue are the boiling
point of the ink solvent and the temperature of the
ink while jetting. Another issue is the behavior of
the active components in the ink. These may be nan-
oparticles, polymers or other components that will
define the dry film properties. Polymer solutions at
different temperatures and concentrations are either
fully dissolved or form particles or gels, that would
lead to nozzle clogging. A low boiling point solvent-if
printable-results in very fast drying even at room tem-
perature, leading to fast clogging of the nozzles as the
solvent evaporates during the jetting. Consequently,
a high boiling point solvent is always necessary to
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Figure 22. (a) Layout of fully inkjet-printed 10 cm? three-layer modules, black: AgNW:ZnO base electrode, green:
PV2000:PC70BM active layer, red: AgNW:PEDOT:PSS top electrode. (b) Photograph of fabricated modules. (c) J-V
characteristics of PV2000:PC70BM three-layer solar module and single module cells. (d) SEM cross section image of an
inkjet-printed AQNW:PEDOT:PSS blend electrode and e) inkjet-printed AGNW:ZnO blend electrode. The red arrows point at the
AgNWs, which appear brighter compared to the matrix material. Reproduced with permission from [45].

realize long-term stable inks that do not form a gel
at least for several hours. P. Maisch developed an
OX:tetralin ink where 20 mg/ml P3HT/PC60BM were
still liquid after 4.5 h [45]. Finally, the choice of
the appropriate printhead may help to reduce nozzle
clogging, as demonstrated in figure 23. While the
PV2000:PC71BM ink caused serious nozzle clogging
of the Samba printhead (drop volume 2.4-10 pl),
almost perfect printing patterns were achieved with
the Spectra SE printhead (nozzle diameter 35 pm-
30 pl). Additional factors for commercialization are
the suitability of the inkjet printhead for non-polar
solvents and proper ink storage stability.

While commercially available printheads already
show a very broad range of chemical stability [196],
the ink’s storage stability is another topic to be con-
sidered during ink formulation. The stability is influ-
enced by several factors like solubility in the respect-
ive solvent, aggregation behavior of the dissolved
material, reactions due to heat, light, oxygen and
temperature [45]. Usually the ink’s storage stabil-
ity can be enhanced by storage in cool and dark
places under inert atmosphere. For nanoparticle inks,
especially the electrode materials like silver nano-
particles and nanowires, the main issue is the aggreg-
ation during storage and subsequent sedimentation.
These topics are usually addressed by ink manufac-
turers that use steric or electrostatic stabilization to
slow down agglomeration [197]. Besides proper ink
storage, preprocessing steps, such as mixing, heating,
ultrasonication or filtering, immediately before use
serve to prolong the shelf life of inks towards month
or even years [45]. For active layer inks, storage is even
more critical, as these materials are prone to reaction
with ambient oxygen. Here storing under nitrogen
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atmosphere in the dark is optimal but not always
possible. This topic is mainly material related and
part of current research in active layer synthesis. One
approach reported by Steinberger et al is the use of
stabilizing additives that prevent oxidation even upon
exposure to high temperatures for over 24 h [198].
During printing one needs to address additionally the
sedimentation of particle inks in the printer. Here a
constant recirculation is necessary to overcome that
issue. More information is provided in the review by
Kwon et al [69].

2.5. Potential niche markets

2.5.1. Direct functionalization of 3D objects by inkjet
printing

Recently, the advent of the IoT technology has cre-
ated a potential new application for inkjet printing of
PV devices. It is estimated that the global IoT mar-
ket size will be 1.55 trillion USD in 2026, up from
749 billion USD in 2020, with an annual growth rate
of 12.20% [199]. The fast-expanding market triggers
a dramatic increase in the number of devices, which
is predicted to exceed 30 billion by 2025 according
to a statistical analysis [200]. Assuming a 3 year life
span of the batteries powering these devices, over
27 million batteries would have to be changed every
day. As battery change requires manpower it is costly,
which makes powering by light harvesting an attract-
ive option. Printing the required PV devices directly
on the housing of the IoT devices represents a cost-
efficient alternative to the attachment of solar panels.
Consequently, manufacturing of fully inkjet-printed
3D integrated electronic devices has received increas-
ingattention, even more so as the resulting techniques
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Figure 23. (a) Compatibility of ink (PV2000:PC60BM) and
printhead (Spectra SE): defect-free film (b) incompatiblility
of ink (PV2000:PC71BM) and print head (Samba): active
layer with defects due to nozzle clogging. Reproduced with
permission from [45].

can be directly transferred to the printing of OLEDS
on automotive parts [49].

For inkjet printing on 3D substrates a special
inkjet printer was built by Steinberger et al A 5-axis
robot system was equipped with a Spectra S-class
inkjet print head, controlled by Meteor software and
hardware. The speed of the different axes was trans-
formed into transistor-transistor logic signals that
feed the printing software with the required printing
frequency according to the resolution in printing dir-
ection, while resolution vertical to the printing direc-
tion was adjusted by tilting the printhead. Complex
5-axis movements were then programmed in Motion
3D using CAD drawings of the respective object to
print on (figure 24) [68].

The corresponding process for inkjet print-
ing organic electronic devices on 3D objects was
developed by systematically investigating the influ-
ence of printing distance and angle on the func-
tional layers. Printing of OSCs onto a 3D object with

M Steinberger et al

glass/ITO surfaces has been shown to result in high
PCE’s of up to 6.5%, even for high inclination angles
of 60° between print head and substrate. Complete
inkjet printing of the whole solar cell stack includ-
ing a AgNP bottom electrode onto a 3D object was
also achieved and yielded PCE values of up to ~3%
(figure 25). In this case, gravity induced material flow
of the AgNP ink on tilted surfaces and the result-
ing bottom electrode roughness were found to limit
device performance [201]. Once this open challenge
is overcome, e.g. by further improving the ink formu-
lation or by in-situ curing of the ink, inkjet printing
of highly efficient solar cells directly onto 3D objects
will be an attractive option for powering surfaces of
any kind.

2.5.2. Design
Probably the strongest selling point of inkjet-printed
OPYV is the ability to create PV devices of almost dis-
cretionary forms and shapes (figure 26). Ample use
of this ability to create devices of superior optical
appearance has been made by several groups, exem-
plified by the designs presented in figure 27 [45, 84,
88]. In most cases, each design consists of a single
cell, which often leads to compromised performance,
due to the relatively large series resistance of the elec-
trodes. In order to improve performance, the figure
has to be divided into several cells, which then may
be connected in series or parallel. However, this will
lead to less appealing designs due to conspicuous cir-
cuitry. This can be avoided by either making the inter-
connects part of the design (figure 26) or by making
them inconspicuous. The latter strategy was adopted
by Tam et al who combined the concept of ‘shy’ inter-
connects (figure 26) with invisible AgNW electrodes
to create a semitransparent PV portrait, consisting of
10 serially connected P3HT:PC60BM based solar cells
with a total power output of around 0.5 Wp, which is
sufficient for driving a digital clock (figure 25) [187].
One of the key advantages of inkjet-printed OSC’s
is the possibility to print different active layers and
thus different colors in a well-defined way onto dif-
ferent parts of the same substrate. Although there has
been no report on such multi-colored organic solar
modules so far, organic solar modules with different
colors have been realized in different ways (figure 27).
While Sang et al used a bluish camouflage design of
their OSC [52], Maisch et al used a special epoxy
glue for coloration. During encapsulation the UV-
curable epoxy glue (Katiobond LP 655) dissolved the
PC70BM in areas which were not protected by the
top electrode, thereby changing the color of the act-
ive layer in the semitransparent devices from brown
to green [45].

2.5.3. Power-to-weight ratio

Integration into textiles or air- and space crafts,
where ultra-high flexibility and ultra-low weight
are required, are rapidly evolving fields of OPV
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Figure 24. (A) 3D object holder with inkjet printing unit above.
of the 3D inkjet printing control units. Reproduced from [68]. © The Author(s). Published by IOP Publishing Ltd. CC BY 4.0.

(B) 5-axis robotic system with inkjet printing unit. (C) Schematic

[202-207]. Bihar et al have demonstrated inkjet-
printed ultra-lightweight OSCs on parylene using
PEDOT:PSS electrodes (figure 28) [46]. Power-to-
weight ratios as high as 6 W g ! were reached which is
one magnitude higher than comparable poly-Si solar
cells or triple junction GaAs solar cells. Although ultr-
alightweight printed electronics have also been manu-
factured by other printing and coating methods[208,
209], inkjet printing is the preferred technology for
this application, because as a non-contact printing
method it allows the manufacturing of OPV mod-
ules without damaging the ultrasensitive substrates,

neither by the deposition of the layers nor by the pat-
terning processes.

3. Conclusion and Outlook

In terms of PCE of small research cells, inkjet print-
ing of OSCs has almost closed the gap to other indus-
trially relevant deposition techniques, such as flexo-
graphic printing and slot die coating. Considering
the boundary conditions of industrial ink jet print-
ing as illustrated in figure 3, closing the remaining gap
will be mainly the task of ink engineering, preferably
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Figure 25. (a) 3D inkjet-printed solar cells on glass/ITO substrates with the layer stack ZnO/PV2000:PC60BM/PEDOT:PSS/
AgNW using different printing angles between print head and substrate. (B) Power conversion efficiencies of all inkjet-printed
solar cells on glass substrates with the layer stack AGNP/ZnO/PV2000:PC60BM/PEDOT:PSS/AgNW having different layer
thicknesses of ZnO and having been printed with different distances between print head and substrate. Reproduced from [68].
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Figure 26. Inkjet-printed photovoltaic portrait of Alan Heeger, consisting of 10 solar cells connected in series. Reproduced with

N, e

based on a better understanding of the formation of
bulk heterojunction morphologies for modern high
efficiency materials. On the level of large area mod-
ules, which are required for ‘real world” applications,
there is still a substantial gap to the state of the art
of ‘printed’ organic PV, which is currently defined
by slot die coating. However, the most recent devel-
opments in transferring research type OSCs to OPV
modules show that ink jet printing cannot only reach
comparable efficiencies also on large areas, but it can
also achieve competitive GFF. In contrast to coating
techniques, ink jet printing does not require addi-
tional patterning equipment, which saves on capex
and enables a more robust production process, e.g. for
the manufacturing of tandem modules. In terms of
cost, ink jet printing has to compete mainly with
slot die coating, which in combination with in-line
patterning techniques has the advantage of higher
throughput at the same capex.

In terms of market opportunities, the unique cap-
abilities of ink jet printing open up a wide range of
attractive industrial applications, not only of prin-
ted PV, but of printed electronics in general. One
of these capabilities is in-process patterning, which
enables the production of discretionary shapes and
patterns with extremely short setup times. This allows
not only the manufacturing of building-integrated
photovoltaics installations and consumer PV gad-
gets with attractive designs, but also the realization
of novel PV concepts, such as lateral multi-junction
devices [210]. Another unique feature of ink jet print-
ing is its contactless nature, which enables print-
ing of optoelectronic functionalities on discretion-
ary, delicate or even 3-dimensional surfaces. This
will be highly attractive for the automotive industry,
as LEDs, sensors, or energy sources may be prin-
ted directly on car bodies. Printing solar modules
directly on the hulls of air or space craft will result

27


https://creativecommons.org/licenses/by/4.0/

I0OP Publishing

Flex. Print. Electron. 9 (2024) 043001 M Steinberger et al

o
-

l

FF - 47%
PCE - 4.76%

Current Density (mA/cm?)
&

15 F ) ) .
0.0 0.2 0.4 0.6 0.8

Voltage (V)

-

E [d)

o 0 n

< —o— Certified result |

é —o— Measured in lab

2 -10} '

7]

c

2

- =20}

c ———, S &

g ( MA, o c‘NAs

= Sinir N

o _30 2 L 2 17183924 1 2 v

0.0 0.2 0.4 0.6 0.8

Voltage (V)

Figure 27. Different colored inkjet-printed OSC’s; (a) red christmas tree. Reproduced from [84]. CC BY 3.0. (b) printed turtle.
[88] John Wiley & Sons. [© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheime] (c) printed and UV cured active layer.
Reproduced with permission from [45]. (d) camouflage pattern due to different active layer thicknesses. [52] John Wiley & Sons.
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Figure 28. Photograph of ultralight inkjet-printed organic solar cells embedded in a soap bubble (left); schematic view of
layer-by-layer composition of the solar cell (right) reproduced from Bihar et al with permission from Advanced Material
Technologies. [46] John Wiley & Sons. [© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim].
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in unrivaled power-to-weight ratios, while printing
organic solar modules directly on fagade elements or
shading lamella will provide PV installations with dis-
cretionary patterns, without significantly increasing
the fire load.
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