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Abstract: In recent years, organic solar cells became more attractive due to their flexible power devices
and the potential for low-cost manufacturing. Inkjet printing is a very potential manufacturing
technique of organic solar cells because of its low material usage, flexibility, and large area
formation. In this paper, we presented an overall review on the inkjet printing technology as
well as advantages of inkjet-printing, comparison of inkjet printing with other printing technologies
and its potential for organic solar cells (OSCs). Here we highlighted in more details about the viability
of environment-friendly and cost-effective, non-halogenated indium tin oxide (ITO) free large scale
roll to roll production of the OSC by inkjet printing technology. The challenges of inkjet printing
like the viscosity limitations, nozzle clogging, coffee ring effect, and limitation of printability as well
as dot spacing are also discussed. Lastly, some of the improvement strategies for getting the higher
efficiency of the OSCs have been suggested.

Keywords: organic solar cell (OSC); inkjet printing; drop-on-demand; continuous inkjet

1. Introduction

The increasing concern about global warming, the upsurge of oil price, and pollution of petroleum
energy has led scientists to search for cost-effective energy sources, for example, photovoltaics. The sun
delivers about 174 quadrillion watt-hours of energy onto the earth in every hour, which is greater than
the energy demand of the entire human population in one whole year. Solar energy is the source of
fresh, plentiful, harmless and environment-friendly energy [1,2].

Nowadays, the organic solar cells (OSC) is acknowledged as a very encouraging technology
because of its simple fabrication method, cost effectiveness, excellent mechanical properties, thermal
budget and high processing speed [3]. However, there are still some concerns that should be addressed.
Although indium tin oxide (ITO) substitution has been started as a transparent electrode, these novel
activities yet to be executed since these initiatives are in their nascent phase. Additionally, for the
preparation of conjugated polymers in OSCs usually, poisonous and halogenated solvents are utilized,
which should be substituted by more harmless solvents. For the large area production of OSCs,
one of the essentials that must be considered is environmental friendliness. Furthermore, for roll to
roll production of large area OSCs, it is necessary to improve the registration throughout roll to roll
procedure because it is utilized to adjust the diverse layers [4].

Inkjet printing is considered to be the following emerging solar cell fabrication technology
because of high material utilization rate, cost-effectiveness, and flexibility [5]. An active layer of
Poly(3-hexylthiophene):[6,6] phenyl C61-butyric acid methylester (P3HT:PCBM) has been developed
in polymer solar cells by using inkjet printing [6]. Inkjet-printed OSCs has a great future ahead,
however, we need to address the challenges of utilizing inkjet printing technique. There are researches
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going on to improve the efficiency of inkjet-printed OSCs as well as to solve the coffee ring effect,
viscosity limitations, film uniformity, nozzle clogging, etc.

In this paper, we presented a thorough study on the inkjet fabrication technique followed by the
advantages of inkjet printing technology. In the next section, we discussed more on inkjet-printed
OSCs. Then, we discussed the recent developments of inkjet-printed organic solar cells with respect to
environment friendliness, cost effectiveness, and roll to roll production. So here we presented more
about organic photovoltaic (OPV) cells without halogen and ITO and also the viability of roll to roll
production of OSC by inkjet printing. After that, we presented and the challenges of inkjet printing
such as the coffee ring effect and dot spacing, viscosity limitations and nozzle clogging. We also
suggested some of the improvement strategies for getting the higher efficiency of the OSC.

2. Introduction to Inkjet Printing Technology

The scope of inkjet printing technique and the essential factors are analyzed around here, including
an extensive variety of ways to manage the digitally controlled development and circumstance of little
fluid drops. Inkjet printing is characterized as continuous inkjet printing (CIJ), field- or flow-induced
tip streaming (FITS) and drops on demand (DoD) printing where CIJ and DoD are recognized by
generation method of the drops [7].

CIJ printing is the ejection of nonstop flow of fluid through a nozzle that separates under surface
tension forces. In CIJ applications this normal separation under surface tension forces can be improved
by balancing the flow at a suitable frequency, regularly done by a piezoelectric transducer at the rear
of the orifice. For a constant flow of ink drops to be utilized for printing, singular drops should be
“controlled” to a specific arrival spot with a specific end goal to deliver a printed design. This is
typically accomplished by initiating an electrical charge on a portion of the drops, which are then
avoided from the primary axis of the flow as they go through an electrostatic field. Undesirable drops
are gotten in a "drain" and the fluid recycled through the system. CIJ has its concentration in the
high-speed graphical applications, industrial labeling, and engraving of individual data [8].

Drop-on-demand is more used and popular method because of its more modest extent and high
placement correctness. Ink droplets are ejected by an acoustic pulse from a repository through an
orifice. This pulse could be produced either thermally or piezoelectrically. In thermal DoD inkjet
printers ink is warmed locally to frame a quickly growing vapor bubble, which discharges an ink
droplet. In Thermal DoD water is typically utilized as a solvent and might be consequently imposing
limitations on the quantity of polymers, which could be printed utilizing this procedure, despite the
fact that non-fluid thermal inks are accessible. Piezoelectric DoD inkjet imprinting then again depends
on the arrangement of a few piezoelectric material to bring about an abrupt volume change and
subsequently create an acoustic pulse. Piezoelectric DoD is on a basic level, suited to an assortment
of solvents [9]. In DoD inkjet printing, piezoelectrically incited transducers are used to eject droplets
from the orifice. A streamlined diagram appears in Figure 1. A mechanical motivation is initiated in
the piezo due to a terminating pulse in the form of a voltage waveform. This excitation proliferates a
pressure pulsate through the ink enclosed in the ink compartment. When the pressure surpasses at the
edge of the outlet, the droplets propelled from the orifice. Ink remains inside the ink compartment
because of surface tension and static pressure that balances out the phenomenon named meniscus,
which is the curved upper surface of a non-turbulent fluid, at the orifice [10]. A comparative motivation
strategy is accomplished utilizing micro-electromechanical systems (MEMS) and electrostatic forces.

The DoD approach is usually utilized for precise deposition of inks on the definite place.
This printing technology removes the requirement for post-patterning of the coated films and permits
an exact printing with micrometric resolution [11].

Inkjet printing relies fundamentally on the conduct of catapulted printed drops after the streaming
activity. Those streaming drops are influenced by a few components that include jetting characteristics
and attributes of the encompassing [12].
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Figure 1. Simplified schematics of drop-on-demand piezoelectric inkjet. Reprinted with permission
from [4].

3. Advantages of Inkjet Printing

Because of low material waste production along with additive deposition of materials, Inkjet
printing is becoming popular in the field of scientific research. For the ease of material handling,
this method is now actively being used to build an efficient solar cell with different material
compositions [13]. Rather than other solution deposition methods, for example, spin-coating,
screen printing, gravure printing and doctor blading, this method is a mask-less and contact-free
process [12,14]. Considering the fact that large area formation and roll-to-roll (R2R) processing can be
done by inkjet printing, it can be a good choice for preparing homogeneous and thin layers of active
materials for constructing organic solar cell [13]. Inkjet printing permits deposition of active material
solutions on definite areas of the substrate which are already beneficiary to incorporate layers onto
substrates containing layers of other components, which is an important advantage for the fabrication
of OSCs [15-20]. In solar cell module, adjacent solar cell blocks are electrically connected in series with
each other. For this type of interconnection of an efficient solar cell module, simple designing of active
layers is very important, which can be obtained by using inkjet printing technology. As an example of
using inkjet printing to make this module flexible in terms of shape and easy patterning, Eggenhuisen
et al. printed Christmas card having fully inkjet-printed OPV Christmas trees with an active area of
6.5 cm? [21]. The printed Christmas trees were functional however the performance was low due to
the non-optimal series resistance of inkjet-printed Ag grid.

After further research in another study, Eggenhuisen et al. showed that by using inkjet printer
it is possible to print different types of sizes and shapes as they printed an OPV Christmas tree on a
Christmas card [22]. They again proved that freedom of design is another great advantage of inkjet
printing. For designing the Christmas tree they used Poly(3,4-ethylenedioxythiophene) (PEDOT) as
hole collecting layer and ZnO as electron transport layer and utilized front and back Ag electrode.
In Figure 2, the Christmas tree has been shown. Figure 2. (i) Is the layout diagram of printed layers
and Figure 2. (ii) Is the picture of the finished product. The active layer of the tree was 6.24 cm? and
P3HT: PCBM photoactive layer showed an open circuit voltage (VOC) of 0.46 V as well as fill factor
of 28.2%.

In this technology, the DoD process can print selected areas with high accuracy, which means
post-patterning is not needed. Recently, Eggenhuisen et al. reported 4.1% power conversion efficiency
(PCE) of the organic solar cell prepared by fully inkjet printing technology [22]. Also, by using this
printing method the printing pattern can be easily changed with a printing speed as high as 1000
m?/h [6]. For organic devices, the use of inkjet printing technology is exceptionally encouraging
because of the compatibility with different substrates [11]. As appeared in the in Figure 3 [14], the ink
has been removed from a head to the substrate without direct contact with the surface [23].
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Figure 2. A flexible organic solar cell in the form of a Christmas tree, (i) layout diagram of printed
layers; (ii) A snapshot of completely inkjet-printed organic photovoltaic (OPV) Christmas tree [22].
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Figure 3. Standard film development by inkjet printing. Reprinted with permission from [14].

3.1. Advantages of Inkjet Printing over Screen Printing

Though screen printing has demonstrated its excellence in printing thick films, it exhibits
drawbacks in speed because of noteworthy drying prerequisites additionally it requires huge quantity
of material [24,25]. Screen printing is especially two kinds, flatbed screen printing, and rotary screen
printing. Flatbed screen printing has shown excellence in printing quality but at the same time is
the slowest and it cannot print continuous patterns. In flatbed screen printing ink utilization is high
and it’s not possible to avoid waste because a considerable measure of ink must be on the screen to
empower appropriate ink flooding over the entire screen. Overabundance ink ought not to be utilized
again in production if it has been presented to air for a really long time. Despite the fact that rotary
screen printing has faster speed and can have a continuous pattern, the ink utilization is somewhat
higher and ink wastage is similar to the flatbed [26].

Screen printing additionally represents a couple of difficulties for building up all layers of a
flexible device. These consist of the high wet thickness of the film, high viscosity ink requirements and
stability of the ink formulation as well as the inks can dry out on the mask, which can degrade the
design of the mask of the screen [11,27].

The most important benefit of the inkjet printing procedure is the opportunity to modify the
printed design effectively on a computer, which does not need to make a physical printing structure
(i.e., it is a whole digital process). It is also the main difference between inkjet printing and screen
printing [28]. Screen printing needs a mask to print each layer but the inkjet printing technique does
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not need any mask. Inkjet printing is a single step procedure producing no wastage as well as material
efficient. It also does not need the high viscosity ink.

3.2. Comparison of Inkjet Printing with Screen, Gravure and Flexographic Printing

In Table 1. Comparison of inkjet printing with screen, Gravure and Flexographic printing has
been shown.

Table 1. Comparison of inkjet printing with screen, Gravure and Flexographic printing.

Parameters Unit Inkjet Printing Screen Printing Gravure Flexographic
Required solution viscosity Pa-S 0.002-0.10 0.500-5 0.01-1.1 0.010-0.500
Print thickness pm 0.01-0.5 3-30 0.02-12 0.17-8
Printing speed m/min 0.02-5 0.6-100 8-100 5-180
Material wastage - No Yes Yes Yes
Experimental approach - Contact-less Contact Contact Contact
Process Mode (Pattern line) - Single-step Multi-steps Multi-steps Multi-steps
Hard mask requirement - No Yes No No
Typical plate cost UsD Zero - 1000 1000
Reference - [12,29-34] [3,33,35,36] [33-35,37,38] [33-35,37,39]

4. Inkjet Printing for OSC

In recent years, Inkjet printing for the manufacturing of OSCs has been expanding considerably.
The goal for printing functional layers and Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) electrodes or homogenous intermediary layers while AgNP ink has been ideally utilized
as current collecting grid [40—43]. It has been identified that inkjet printing can generate active layer
morphologies performing the same device performance like spin coating. It is necessary for Inkjet
to have optimized ink that ought to be printable and have to be suitable for the surface on that it
will be printed. For this reason most of the research file on customized solvent systems as well as
systems conditions [44]. A summary of inkjet printable inks and suppliers has been shown in Table 2.
Additives also have a robust influence on morphology, printability, and optoelectronic characteristic
of the PEDOT:PSS and functional layer [40,45]. The robustness of inkjet printing is the advanced
digital patterning of subtle line and grid structures, which could be utilized as a part of OPV devices,
particularly for front grid electrodes [46,47], in addition to back electrodes [42,43].

Table 2. Available inkjet printed materials and suppliers.

Inkjet-Printed Materials Company/Ink Name Comments Ref.
Poly(34-ethylenedioxythiophene): R
poly(styrenesulfonate) (PEDOT:PSS) Agfa (Agfa, Orgacon-1] 1005)
1 Poly(3-hexylthiophene) (P3HT) Merck, Lisicon SP001, Mw 19 kg/mol) were used as received [48]
[6,6] phenyl C61-butyric acid methylester
(PCBM, 99%) Solenne BV
Solvents Sigma-Aldrich
HC-PEDOT Agfa (Agfa, Orgacon-IJ 1005)
PEDOT:PSS Agfa (PEDOT, Agfa, Orgacon S315)
2 P3HT (Mw 19 kg/mol) Merck, Lisicon SP001 were used as received [22]
Activink® PV2000 Polyera corporation
PCBM, 99% Solenne BV
Suntronic U5603 Ag nanoparticle ink Sun chemicals, Slough, UK
Regioregular P3HT . )
Merck Inks were prepared with 1.3/1.3 wt
(Mw = 31,300 g/mol, RR = 93.6) % P3HT/PCBM and varying
PCBM (99%) Solenne amounts of poly-styrene (0-1 wt %)
dissolved in tetralin, indan and
3 oxylene (1:1:1 by wt %).
[49]
Polystyrene varieties with molecular weight of
35,000 g/mol (PS-L), 192,000 g/mol (PS-M) and Sigma Aldrich .
350,000 g/mol (PS-H) were used as received
- ; %
1,2,3,4-Tetrahydronapthalene (tetralin, 99%), Sigma Aldrich

indan (95%) and o-xylene (97%)
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Inkjet-Printed Materials

Company/Ink Name

Comments

Ref.

The polymers PCPDTBT and PSBTBT

Konarka as powders

mono-PCBM and bis-PCBM (99% pure)

Solenne

The inks with a systematically
varied polymer:fullerene ratio and

varied (CB/0-DCB) ratio

The solvents chlorobenzene (CB) and
ortho-dichlorobenzene (o-DCB)

Aldrich (Steinheim, Germany)

filtered before usage

[13]

P3HT

Rieke Metal, Inc.

PCBM

Solenne BV

mixed in a 1:1 ratio by weight

[6]

High-conductivity PEDOT:PSS

Clevios PH1000, Heraeus

dissolved in water

5wt % DMSO and 0.1% fluorosurfactant

Zonyl FS-300, Sigma-Aldrich

were added into the ink to make a
highly conductive and uniform film

PCDTBT:PC70BM

Ossila, 1:4 ratio

Ag nanoparticle ink

DGP 40LT-15C, ANP

[50]

Despite the fact that inkjet printing has been utilized plenty for OPVs, up scaling in real-world yet
to appear as well as for all intents and purposes no reports on R2R printed OPVs with the exception of
conductive grid structures exist [51]. The intricacy of huge scale inkjet system which regularly includes
recirculation systems, the necessary ink volumes and the drying conditions that affects the layer
formation and lastly on the device efficiency has a tendency to be the fundamental bottleneck [52].

5. Recent Developments of Inkjet-Printed OSCs

The major concern with regard to scale up of all inkjet-printed organic photovoltaics (OPVs)
are expanding power conversion efficiency of huge region applications, huge area printing, and low
resistance electrodes, non-halogenated solvent utilization for printing all layers uses of several nozzles
in industrialized print heads and exhibition of freedom of form and pattern [22]. In Table 3, the power
conversion efficiency (PCE) of inkjet-printed OSCs with VOC, short-circuit current (JSC) and fill factor
(FF) have been shown.

Table 3. Power conversion efficiency (PCE) table of inkjet-printed organic solar cells (OSCs).

Inkjet-Printed Layers Voc (V) Jsc (mA/cm?) FF (%) PCE (%) Reference
Active layer PEDOT:PSS P3BHT:PCBM 0.628 10.68 55.27 3.71 [40]
Active layer PEDOT:PSS P3HT:PCBM 0.573 9.34 45 240 [53]
back electrode [Ag] 0.51 8.39 45.5 1.96 [42]
electrode [Ag] 0.49 5.49 31.0 0.83 [29]
All layers Ag/HC-PEDOT;PSS/ETL/AL/HTL/Ag 0.77 104 51.0 4.10 [22]
Active layer PCDTBT:PC70BM PEDOT:PSS 0.89 9.95 56.8% 4.85 (PCEmax = 5.05%) [50]
All layers glass substrate/ PEDOT:PSS/PCDTBT:PC70BM /ZnO/Ag - - - 2.05 [50]
RR-P3HT:PCBM 0.537 10.05 64.0 35 [20]
PEDOT:PSS 0.595 9.593 55.28 3.16 [45]
Ag grids 0.62 7.0 66.0 2.86 [47]
PCDTBT:PC70BM 0.834 9.7 47.8 3.86 [54]
Si-PCPDTBT:PC70BM 0.661 8.1 56.2 3.01 [54]

In this section, we discussed more on the impact of halogen and ITO on organic solar cells as well
as how to replace them with more convenient solvent and material respectively. Large area roll to roll
production of OPVs is also demonstrated.

5.1. Halogen Free Inkjet-Printed OSCs

Organic Photovoltaic Cell possesses a huge potential for the next generation renewable energy
field. For commercialization OPV, two basic things should be considered. One is to elect a faster
and economical production method and another is the notion that the selected method should
be eco-friendly. The recently introduced production method by inkjet printing is compatible
in both ways. But one concern is that, in the lab, for the solution processing of OPV using
inkjet printing, still halogenated solvents are used, which will not be eco-friendly in large-scale
production [55-58]. So for industrialization, an alternative deposition method is required using
halogen-free solvents. Most recently Zhang et al. have presented a state of art of OSCs using
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non-halogenated solvents having nearly 9% efficiencies [59]. Here we highlighted more specifically
inkjet-printed OSCs using non-halogenated solvents. Recently, by using the combination of
several aromatic based solvents with additives, for instance, di-iodooctane, researchers get an
auspicious result [60,61]. A maximum efficiency is recorded up to 2.7% for an OPV produced
using a poly[9,9-dioctylfluorenyl-2,7-dyil-co-10,12-bis(thiophen-2-y)-3,6-dioxooctyl-11-thia-9,13-diaza-
cyclopenta[b]triphenylene](PFDTBTP) photo-active polymer inkjet printing from non-halogenated
solvents whereas using halogenated solvents the efficiency reached up to 3.5% [62]. So the efficiency of
the OPV produced with halogen-free solvents is still lower. Typical devices can be made of printed
PEDOT:PSS (PEDOT) as hole transport layer and poly (3 hexylthiophene):phenyl-C61-butyric acid
methyl ester (P3HT:PCBM) utilizing halogen-free solvents. Researchers recently confirmed that
this kind of device has overall performance identical to the devices having photo-active layer from
spin-coated with ortho-dichlorobenzene [63].

Lim, Guan-Hui, et al. demonstrated a new halogen-free solvent strategy, which is capable
of producing desired film macromorphology and good nanomorphology in regioregular poly
(3 hexylthiophene):phenyl-C61-butyric acid methyl ester (P3HT:PCBM) model films [64]. The key
to this strategy is a good volatile solvent combines with a less volatile miscible poor solvent. This
technique is the total reverse of typical low high-boiling-point solvent methodology. They examined
four solvent systems which are: chlorobenzene (CB), o-dichlorobenzene (DCB), 3:3:4 vol/vol (v/v)
butylbenzene: mesitylene: chlorobenzene (BB:MS:CB), and 8:2 v/v butylbenzene :toluene (BB:TOL).
The initial two have regularly been utilized to print PBHT:PCBM and another polymer: fullerene films.
The last two solvent systems are combinations that they have created to outline their solvent procedure
to print PBHT:PCBM.They got the best inkjet-printed P3HT:PCBM cells with power conversion
efficiency of 2.2% versus 1.3% announced for tetralene and which is around seventy-five percent
of that found in the typical spin-coated cells from CB or DCB having same photoactive layer synthesis
and thickness. This demonstrates a noteworthy improvement for non-halogenated solvents, in spite of
the fact that there is still extension for further refinement.

In another study Eggenhuisen et al. effectively utilize inkjet printing for depositing four layers of
the OPV cell by replacing unsafe halogenated solvents with more considerate non-halogenated solvents
in ink preparation [48]. They showed that inkjet-printed photoactive layer with non-halogenated
solvents combinations has merely performance losses in comparison with layer spin-casted from
chlorobenzene. They made cells having a four and three inkjet-printed layers individually using
an active area of 1 cm? and 2.0 mW /cm?. Also, they made a huge area module containing 92 cm?
functional region having an efficiency of 0.98%.

5.2. ITO-Free Inkjet-Printed OSCs

ITO has a transparency of 90.2% and conductivity of ¢ = 7.2 X 10% OQ-cm [65]. Due to
these extraordinary properties of ITO, it has been broadly employed as a transparent electrode for
organic or polymer light emitting diode (OLED/PLED) and organic photovoltaics (OPVs) [66,67].
But it has some drawbacks also, such as applying in large devices, it is possible to have cracks
or delamination and conductivity losses with bending [68]. Again paucity and expensiveness are
also major shortcomings. So the objective is to find highly conductive, flexible, transparent and
cost-effective material. Various endeavors to replace ITO, especially in OSCs, have been published
for instance, PEDOT:PSS [poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)] [69,70], carbon
nanotubes (CNTs) [71,72], ultra thin metal layers [73], graphene [74].

Hosel, et al. show that flextrode substrate which consists of silver-grid/PEDOT:PSS/ZnO is
an appealing ITO-free alternate for the quick fabrication of inverted-structure OSCs [75]. They also
explained how this flextrode substrate is handled at high speed by printing some layers simultaneously
utilizing inline coating and printing. The sheet resistance of the joined silver grid and PEDOT:PSS
stack is nearly six times lower than commonplace adaptable ITO-coated Polyethylene terephthalate
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(PET) substrate. They successfully produced Completely R2R-prepared solar cells and modules with
more than 1.8% PCEs on single cells, 1.6% PCE on the active layer and 60% of FFs.

Burgués-Ceballos, et al. replaced indium tin oxide (ITO) in OSCs by inkjet-printed silver grids
and showed that the ITO-free solar cells indicated marginally higher performance over the ITO built
reference [76]. The most noteworthy FF got in this study was 67% and JSC is nearly the same concerning
the ITO-based application, which demonstrates that the grid structure has an indistinguishable current
collecting ability from ITO. But still, the PCE is lower than anticipated. It is inferred that JSC is the
fundamental driver of this and also great correction in open-circuit voltages (VOC) are acquired.
Hence different elements other than the anode might be responsible for this, for example, active
material corruption.

5.3. Roll-to-Roll Printing of OSCs

Recently, the requirement for economical and quick preparing of huge areas of thin organic cells
has turned into an undeniably vital objective inside various research fields. Large area OPV cells
are anticipated to add to energy harvesting when incorporated in exteriors, greenhouses, structures
or in broad daylight transport. In this situation, R2R fabrication of OPV will encourage the high
throughput at diminished expenses for these applications [77,78]. Recently, the fabrication of top
standard conductive silver structures utilizing inkjet printing in fast R2R processing has been shown for
various electronic devices [79]. These most recent improvements convey R2R inkjet printing of OPVs a
step closer by demonstrating the usefulness of making these devices reliably utilizing a high-volume
roll-to-roll technology.

In lab scale, inkjet printers have a limited set of nozzles, which make printers slow to print large
areas. It is showed that 3.5 cm width of industrial printhead allows printing of huge areas that are
compatible with the R2R production of OPVs. The capability of inkjet printing for huge area OPV
was exhibited by the creation of a module with 92 cm? active area that demonstrated an efficiency of
0.98% [48].

6. Challenges in Inkjet Printing

As a recent technology inkjet printing has some limitations in order to ink formulation as well
as processing speeds. Inkjet printing technology works with dropping a small droplet of ink to the
substrate layer upon layer, which is relatively complex printing technique. Ink formulation has a great
effect on inkjet printing [4]. Low viscosity (4-30 cP) [3] and high surface tension (typically greater
than 35 mNm™!) of the ink is required to generate a stream of droplets [3,80]. The standard of jetting
is controlled by solvent composition, surface tension, vapor pressure, viscosity as well as the solid
content of an ink [81].

6.1. Viscosity Limitations

To enhance the reliability of inkjet printing technique for the roll to roll fabrication of OPVs, an
expansion in viscosity is required. Because of restricted polymer solvability, halogen free formulations
for bulk heterojunction layers frequently have low viscosity. Still, in the room temperature solubility
of generally utilized conjugated polymer/fullerene mixes confines the solute concentrations to
1-2 wt % [82]. This decreased solubility is a concern for the utilization of inkjet printing as it confines
the ink viscosity.

Higher viscosities are commonly acquired by

(i) Expanding the polymer concentration.
(if) Utilizing an alternate solvent system.
(iii) Expanding the molecular weight of the polymer.

Additionally in dilute concentrations high molecular weight polymers have been appeared as
beneficial for jetting of low viscosity inks [83]. For instance, it is exhibited that the addition of a
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low-viscosity 6,13-Bis(triisopropylsilylethynyl) (TIPS)-pentacene solution and the high molecular
weight polystyrene would be able to enhance the reproducibility and control of the drop formation of
inkjet-printed thin-film transistors [84].

Lamont et al. added polystyrene with the bulk heterojunction inks to investigate the increment of
the viscosity for inkjet-printed OSC [49]. They have chosen Polystyrene in view of its dissolvability
in the utilized halogen free fragrant solvent system. The execution and printing of P3HT/PCBM
photoactive layer inks can be described as the components of polystyrene concentration and three
diverse molecular weights. Abatement in the current density has been seen when polystyrene
is added to the bulk heterojunction (BHJ) layer. With the cautious thought of both molecular
weight and polystyrene concentration, viscosity gains have been advanced to a 1.7-fold increment
without fundamentally ruining jetting performance as well as to the detriment of 20% decrease in
the manufactured OPVs efficiency. The procedure analyzed here is connected to inks defined with
halogen-free solvents that show low viscosities as well as constrained P3HT/PCBM solvability. Despite
the fact that this decrease in efficiency is huge, particularly for poorly performing P3HT: PCBM bulk
heterojunction their strategy gives a straightforward technique to enhance the procedure capacity of
photoactive materials.

6.2. Nozzle Clogging

In inkjet printing, nozzle clogging is one of the predominant challenges, which occurs because
of the evaporation of ink in the inkjet printhead. It is reported that for avoiding the coffee ring effect
and nozzle clogging in the inkjet print head the inkjet inks require having a high boiling point [63,64].
It is also reported before that for inkjet-printed functional layers utilizing o-dichlorobenzene (0DCB)
as a solvent, the particular temperature areas prompt to optimal solvent evaporation and in this way
drying behavior of the little amounts of solution shot out line by line onto the substrate and in addition
suitable solution viscosity inside the cartridge evade nozzle clogging [85].

Lange, Alexander, et al. carried out UV-VIS spectroscopy on P3HT:PCBM in solution to test
the appropriateness of possible solvents for inkjet printing [53]. In this study, the chosen solvents
are chlorobenzene, trichlorobenzene, and mesitylene. Chlorobenzene is chosen due to the fact
that for PBHT chlorinated solvents are generally great solvents where trichlorobenzene has been
picked because of its high boiling point (>200 °C) [86]. In the spectra of PBHT:PCBM which is
with chloro- or trichloro-benzene, the nonappearance of aggregation bands demonstrates that the
chloro-/trichlorobenzene solvent blend is helpful for inkjet-printing since it’s offering great P3HT
solubility and a high boiling point.

Hermerschmidst, et al. displayed inkjet-printed organic solar cells with Si-PCPDTBT:PC70BM
mixes possess 3% power conversion efficiency, where Si-PCPDTBT is poly[(4,40-bis(2-ethylhexyl)
dithienol[3,2-b:20,30-d]silole)-2,6-diyl-alt-(4,7-bis(2-thienyl)-2,1,3-benzothiadiazole)-5,50-diyl]
and PCDTBT:PC70BM mixes possess 4% power conversion efficiency, where PCDTBT is
poly[N-90-hepta-decanyl-2,7-carbazole-alt-5,5-(40,70-di-2-thienyl-20,10,30-benzothiadiazole)] [54].
By utilizing proper solvents and mix concentrations they tried to overcome the inkjet processing issues
such as line merging and nozzle clogging. On account of SIPCPDTBT:PC70BM mixes the concentration
expected to at first be halved so as to print effectively, while on account of PCDTBT:PC70BM mixes the
concentration continued as before, nevertheless the solvent should have been improved all together
for effective printing.

6.3. Coffee Ring Effect

The challenge of coffee ring effect happened during inkjet printing of organic solar cells has been
reported by several studies [6,13,20].

In inkjet printing technology, coffee ring effect is one of the fundamental difficulties, which is to
achieve control over the resultant film homogeneity throughout the drying process. Solid spread in a
drying drop will move to the edge of the drop and form a solid ring, which is named as coffee ring
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effect [87]. Due to induced capillary flow, an evaporating water droplet on a solid surface forms a
ring likewise shape at the edge. It is reported that droplet size, solvent evaporation time and solute
diffusion time are the reasons for coffee ring effect. It is also found that, if solvent evaporation time is
more than the solute diffusion time, the formation of the coffee ring can be ceased. In another study,
the typical prototype of deposition to a form of duct flow has been defined. Liquid evaporating from
the periphery is filled up by liquid from the core, where the contact line of the drying drops is an
evidence of this phenomenon [88]. In Figure 4. Coffee ring effect has been shown.

In another effort, it was shown that if we can control the evaporation profile of drying drops
and lines, where the solute is relocated to the rim, it is possible to control coffee ring effect [89]. It is
possible to decrease coffee ring effect by expanding vapor pressure throughout the drying process.
It has been demonstrated that an improved drying pattern can be attained by revealing the drying
drop to an augmented solvent vapor [90]. It is assumed that solvent evaporation can be stimulated by
the increment of substrate temperature, that decrease the diameter of the drop, the contact diameter at
the substrate and the scattering of the drop as a result coffee ring effect [91,92].

Another solution of the coffee-ring effect is to print the film from a solvent blend, in which
the fundamental solvent should have a high surface tension and a low boiling point from the
co-solvent [93].

Figure 4. Coffee ring effect. Reprinted with permission from [6].

6.4. Limitation of Printability

The major physical points of confinement to printability of inkjet printing imposed by the
properties of the fluid which is demonstrated by [9].The Ohnesorge number (Oh) is represented
by the vertical axis, a dimensionless set has been found out by the surface tension, density and
viscosity of the liquid, and diameter of the drop. For high estimations of Oh (greater than one), viscous
forces stop the partition of a drop, while for low esteems (less than 0.1) the stream frames an extensive
number of drops. The stream should also have sufficient kinetic energy to be satisfactorily ejected
from the orifice. The stream should also have sufficient kinetic energy to be satisfactorily ejected from
the orifice. If the speed of the drop is enough high then it might sprinkle, prompting poor control of
the material position which leads to poor resolution. Long-chain polymers with low concentrations
could forestall acceptable printing, whereas considerably larger concentrations of polymers having
low molecular weight could be accepted [83].

6.5. Surface Texture/Feature Resolution

One of the challenges of inkjet printing is feature resolution. The resolution of a printed
object is unmistakably constrained by the volume of the drop. Drop size is now estimated around
1 picoliter/diameter of ~12 um. It is improbable that substantially little drops will be accessible
from inkjet printheads sooner rather than later due to the restricting physics of the drop production
procedure [94]. Better surface texture could be accomplished through suitable designing and
structuring of the substrate before printing [95,96]. The steadiness of a fluid dot is fundamentally
depending on the conduct of the progressing and subsiding contact lines [97]. The investigation of
fluid line soundness has been resolved for planar consistent surfaces, and it is uncertain whether
they are appropriate to the stability of fluid dots restricted by surface energy hindrances [98].
New models should be formed for identifying the least feature size attainable by structuring.
While modeling it ought to be considered the prior effect-driven phases of drop and substrate
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interaction. Such contemplations are especially vital, as the sprinkling change is a component of
surface roughness [99,100].

6.6. Dot Spacing

Dot spacing plays an important role to determine the quality of inkjet-printed films or lines.
For very small dot spacing, bulging effects could be appeared because of excessively deposited
material. This large dot spacing will form individual droplets, but only for optimized dot spacing,
continuous and homogeneous lines will be formed [101].

Some examples of inkjet-printed line behaviors are shown below in the Figure 5.

There are many other parameters that have an influence on the film development, comprising
a concentration of the solute, solvent and the temperature of the substrate. To reveal homogeneous
features, all parameters need to be optimized for each polymer class [102].

i
%
A
I 100 um
i) v)

iii) iv)
Figure 5. Samples of printed line characteristics: (i) single drops; (ii) scalloped; (iii) even; (iv) bulging;

150 um
i)

and (v) stacked coins. Reprinted with permission from [89].

7. Efficiency Improvement Strategies

Significant improvements of the organic solar cells in their power conversion efficiency can be
controlled by their morphological properties. Polymer-fullerene blends morphology of OPVs could be
considerably controlled over the selection of annealing conditions [11,103], polymer donor chemical
properties, drying rate [104], and solvent [81,105].

7.1. Efficiency Improvement by Energy Conversion Layer

Bin Yeol et al, they used rubrene layer as an energy conversion layer (ECL) [106].
The proposed OPV was consisted of an Aluminum layer of 100 nm as an electrode, a poly
(3,4-ethylenedioxythiophne)-poly (styrenenesulfonate) (PEDOT-PSS) layer with the thickness of
100 nm, P3HT:PCBM layer of 80 nm, a glass substrate, and Rubrene (5, 6, 1I, I 2-tetraphenyltetracene)
layer to enhance OPV device performance. The layer was fashioned on the outer surface of the organic
photovoltaic cell. To re-emits visible light and absorb Ultraviolet light, rubrene layer was used which
acted as a spectral down-conversion layer. With respect to the thickness of rubrene layer, the Power
Conversion Efficiency of the OPV cell has been investigated by the team and about 1.5 times increase
in the efficiency was recorded, at what time the thickness of the rubrene layer 295 nm was compared
to the OPV device without rubrene layer.

7.2. Efficiency Improvement by Vapor Annealing and Thermal Annealing

The efficiency of organic and inorganic solar cells can be improved notably by solvent vapor
annealing and/or thermal annealing [103,107]. Following these annealing techniques Chen et al.
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observed a significant improvement in organic small molecule solar cells (OSMSCs), which consist of
several layers, e.g., ITO/PEDOT:PSS/p-DTS(FBTThy),:PC71BM/PFN/ Al, where p-DTS(FBTThy),
is 7,7-(4,4-bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-b]dithiophene-2,6-diyl)bis(6-fluoro-4-(5-hexyl-[2,2-
bithiophen]-5-yl)benzo[c][1,2,5]thiadiazole), PC71BM is [6,6]-phenyl C71 butyric acid methyl-ester
PEN is poly[(9, 9-bis(3-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)], Al is
aluminum [103]. The overall device performance improved additionally while thermal annealing
treatment is done after the solvent vapor annealing treatment. The optimized devices showed a PCE of
8.22% and the simultaneous improvement of the device parameters (with a VOC = 0.80 V, short-circuit
current (JSC) = 15.2 mA cm 2, and fill factor (FF) = 67.7%). Solvent vapor annealing (SVA) can also
enhance the efficiency, but, there will be a decrease in open-circuit voltage (VOC). The utilization of
SVA will be able to guide to enhance the magnitude in hole mobility, that is very useful for charge
collection as well as transport, but also liable for a decrease of VOC because of depleted steady carrier
density. The lessening of VOC is possible to avoid successfully if the devices have been treated with a
subsequent thermal annealing that was revealed to be a recommended change in charge dynamic.
This is how it leads to a high overall device performance and increases VOC. As a result, the two-step
annealing processes, Solvent Vapor Annealing (SVA), and thermal annealing are corresponding to each
other. Those can likewise give reasonable courses to enhance the VOC, current density, fill factor and
power conversion efficiency of organic small molecule solar cells. Schematic illustration of advantages,
challenges, development areas and improvement strategies of the inkjet-printed OSC has been shown
in Figure 6.

Challenges
Coffeering effect
Dot spacing
Film homogeneity
Nozzle clogging

Viscosity limitations
Advantages

Cost effective

Improvement Digitall trolled
strategies Inkjet glaTy contro
i Flexible
Energy Conversion Prnntgd
Layer Organic Freedom of design
Solar Cell
Vapor Annealingand Low cost
Thermal Annealing High material efficiency

Development areas
ITO Free

Large areaR2R
development

Non halogenated

Figure 6. Schematic illustration of advantages, challenges, development areas and improvement
strategies of the inkjet-printed OSC [22,102,103,107].

8. Conclusions

This review has shown some examples of the possibilities of utilizing inkjet printing in large-scale
production of OPV solar cells. Fabrication of OPV solar cell utilizing R2R systems unmistakably holds
a guaranteeing future in the field of renewable energy. Using Inkjet printing technology for R2R
production of OPV solar cell has become the researcher’s dream nowadays for its promise towards
low-cost, fast and economical large-scale production. This report gives a synopsis of the potentials of
inkjet printing technology as well as highlights the challenges, which have to be overcome. This review
also shows some alternatives of ITO and halogen solvents for producing more cost effective and
eco-friendly inkjet-printed OSCs. Furthermore, there have been suggested some strategies that might
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be used to improve the efficiency of OSC. Additionally, it discussed more on the major challenges of
inkjet printing such as viscosity limitations, coffee ring effect, nozzle clogging and dot spacing. If a
successful way of solving such problems can be achieved, then inkjet printing will be one of the most
attractive alternatives for numerous designing and modeling applications.
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