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ABSTRACT

The exploration and harnessing of the renewable sources of energy, in addition

to that of the conventional sources, has become significantly prominent with the

increasing global energy demands for the continuous production of the energy

for world consumption. Among these sources, for different applications, the

approach of harnessing of the solar energy using the solar cells based on organic

materials has already been envisaged as an alternative to that of using the solar

cells based on silicon, with much of focus on the polymer based solar cells, and

more recently perovskite solar cells. Such applications require the unique

property of flexibility of the solar cells based on solution processable active

materials. In addition, as the required area of the solar cells for these applica-

tions can be very large, the upscaling of the manufacturing rate and the size of

these solar cells requires the manufacturing of these solar cells with faster

techniques of roll-to-roll printing, which allow the faster and massive com-

mercial scale for production. This review gives a detailed account of the recent

progress and the development of the roll-to-roll printing technology for the

polymer and perovskite solar cells, including the roll-to-roll-compatible mate-

rials and processes, over few years.
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GRAPHIC ABSTRACT

Abbreviations

P1 Poly[4,8-bis(2-

ethylhexyloxy)benzo(1,2-b:4,5-

b0)dithiophene-alt-5,6-bis(octyloxy)-

4,7-di(thiophen-2-yl)(2,1,3-

benzothiadiazole)-5,50-diyl]

P2 Poly[(4,40-bis(2-

ethylhexyl)dithieno[3,2-b:20,30-

d]silole)-2,6-diyl-alt-(2,1,3-

benzothiadiazole)-4,7-diyl]

P3 Poly[2,3-bis-(3-

octyloxyphenyl)quinoxaline-5,8-diyl-

alt-thiophene-2,5-diyl]

P3HT (Poly(3-hexyl)thiophene)

PCDTBT Poly[N-90-heptadecanyl-2,7-

carbazole-alt-5,5-(40,70-di-2-thienyl-

20,10,30-benzothiadiazole)]

PC61BM ([6,6]-Phenyl C61 butyric methyl ester)

PII2T-PS Polyisoindigobithiophene-

polystyrene

PPDIT Perylene diimide

PDTSTTz Poly[(4,40-bis(2-

ethylhexyl)dithieno[3,2-b:20,30-

d]silole)-5,50-(3,6-bis[4-(2-

ethylhexyl)thienyl-2-yl]-stetrazine)

CH3NH3I Methylammonium iodide

CH3NH3PbI3 Methylammonium lead halide

PTB7-Th Poly[4,8-bis(5-(2-ethylhexyl)thiophen-

2-yl)benzo[1,2-b:4,5-b0]dithiophene-

co-3-fluorothieno[3,4-b]thiophene-2-

carboxylate]

MAPbI3 Methylammonium lead iodide

F4TCNQ 2,3,5,6-Tetrafluoro-7,7,8,8-

tetracyanoquinodimethane

PEN Polyethylene naphthalate

SDS Sodium dodecyl sulphate

ITO Indium tin oxide

PEDOT:PSS Poly(3,4-

ethylenedioxythiophene):polystyrene

sulfonate

ZnO Zinc oxide

BHJ Bulk heterojunction

V2O5 Vanadium pentoxide

BPE o-xylene/benzyl phenyl ether

HTL Hole transport layer

ETL Electron transport layer

R2R Roll-to-roll

PCEs Power conversion efficiencies

PDMS Poly(dimethylsiloxane)

SiO2 Silicon dioxide

FTEs Flexible transparent electrodes

MAI Methylammonium iodide
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LBIC Light beam-induced current

BDT Benzo[1,2-b:4,5-b’]dithiophene

IDT Indacenodithiophene

FTQ Mono-

fluorodithienobenzoquinoxaline

DTS Dithieno[3,2-b:20,30-d]silole

TTz Dithienylthiazolo[5,4-d]thiazole

BDT-TT Benzodithiophene-co-thieno[3,4-

b]thiophene

DIO 1,8-Diiodooctane

DMSO Dimethylsulfoxide

PNDIT Naphthalene diimide

PPDIT Perylene diimide

PEI Polyethyleneimine

PBTI3T [N-(2-hexyldodecyl)-2,2-bithiophene-

3,3-dicarboximide-alt-5,5-(2,5-bis(3-

decylthiophen-2-yl)-thiophene)]

P3MHOCT Poly-(3-(2-methylhexan-2-yl)-oxy-

carbonyldithiophene)

Introduction

The polymer solar cells have become an attractive

alternative to the silicon-based solar cells, with more

focused and continuous research since last decade

toward significant improvements in their reported

efficiencies [1–22]. Such improvements have only

become possible with—the continuous research on

new types of materials which include the low-bandgap

polymers, fullerene derivatives and non-fullerene

small molecule acceptors, research toward improve-

ments in the different properties of the current mate-

rials like the solubility and bandgap of the fullerenes,

improvements in the device architecture, application

of new buffer layers in the conventional architecture

and application of novel approaches like thermal and

solvent annealing among others [12–26]. Apart from

the efficiency, the research on other aspects of the

device performance like the stability and degradation

of the polymer solar cells during the period of their

operation has also been well undertaken [20–30]. The

recent research on these devices is also focused toward

large-scale manufacturing of the flexible solar cells

using roll-to-roll printing techniques. In addition to the

polymer-based solar cells, the roll-to-roll printing

technology has been employed for the perovskite solar

cells, and the studies on the manufacturing of the

stable perovskite solar cells through roll-to-roll coating

as well as scalable organic–inorganic hybrid perovskite

solar cells have also been explored [31, 52, 153–165].

These studies are discussed in various sections of this

review. Although the perovskite-based solar cells have

recently emerged as effective extensions to the poly-

mer-based solar cells, there are many challenges to

address in the area of these solar cells.

The various developments achieved in this research

area are ultimately required to be transformed into

fully fledged commercial level technology for different

applications. Not only this, this commercial technol-

ogy is required to be achieved on a massive scale so

that the technology should be available for global level

consumption around the world. Such transformation

of research in this area to a commercial level tech-

nology brings the technology of roll-to-roll printing

into picture and ultimately makes it an important

element of this transformation. The technology of the

roll-to-roll printing simply consists of the manufac-

turing techniques which involve continuous and faster

material processing on a flexible substrate as it is

transferred between moving rolls of material. It

involves the application of various solution process-

able materials and constituent printing techniques in

order to scale up the production of the solar cells at a

much faster pace. The advantages of the roll-to-roll

solution-processed polymer solar cells have already

been well demonstrated in terms of volume, robust-

ness and reproducibility [32]. It has been shown that

even a simple laboratory roll-to-roll machine can

enable the robust manufacture of large area of foil

with solar cell modules over a short duration [32]. This

ultra-high-speed manufacture of large-area modules

of solar cells with very little energy and materials

clearly demonstrates the edge this technology may

offer over all other known energy technologies. In

addition, at the full scale commercial application of

these solar cells, some of the important requirements,

apart from flexibility, to be fulfilled by these solar cells

are low environmental impact and low cost.

The roll-to-roll technology has been envisaged as the

means to fulfill the large-scale commercialization, and

this technology in its current state is preceded by rig-

orous efforts made in developing, optimizing and

upscaling the laboratory-scale techniques. Some of

these laboratory-scale techniques include the deposi-

tion of several thin layers of the active materials on the

flexible substrates, the development of roll-to-roll

printing compatible materials as well as other aspects
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of upscaling the manufacturing of the solar cells. Ear-

lier attempts have already shown the manufacturing of

the small area solar cells with area varying from few

mm2 to around 1 cm2 and with efficiencies reaching up

to 8–9% [33, 34]. Despite this, the challenge for the

large-area production of the flexible solar cells using a

high-throughput process still remains to be addressed

more effectively. The large-scale production of the

flexible solar cells simply differs from the laboratory-

scale fabrication which uses the common fabrication

steps of the spin coating and high vacuum thermal

evaporation. These fabrication steps are incompatible

with the high-throughput process, and therefore are

replaced by the faster and advanced techniques of the

roll-to-roll printing technology. However, translation

from laboratory-scale solution processing deposition

techniques to large-scale roll-to-roll methods has typi-

cally led to reduced photovoltaic performance.

Table 1 gives a detailed account of the some of the

several types of active materials used, compatible

architectures and parameters like bandgap and effi-

ciency that have been achieved by various groups

with the roll-to-roll-compatible/printing technology.

The table clearly depicts the improvements in these

parameters with different types of the materials used

as well as the differences in the roll-to-roll-compati-

ble/printing technology over the course of their his-

tory of recent developments in this technology.

However, the compatibility of the various materi-

als, architectures and the fabrication techniques, as

reported in these studies, may ideally indicate the

reproducibility of the performance of the flexible

solar cells manufactured through roll-to-roll printing

using the same materials. This reported compatibility

of these materials is important factor in case of the

roll-to-roll printing of the solar cells, as many earlier

reported materials with high performance at the

laboratory scale have not been shown to be compat-

ible with the roll-to-roll printing technology [68].

Nonetheless, the technology is still improving in its

current stage of development and rigorous efforts

made in this research area have shown a tremendous

potential of the developed techniques in order to

boost up this technology further.

Table 1 Summary of recently reported parameters of the roll-to-roll-compatible/printed devices

S.

no.

Donor polymer/acceptor

material or active material

Deposition/printing technique for donor

polymer/acceptor material or active material

Bandgap of

donor polymer

(eV)

Efficiency

(%)

Year References

1. P3HT:PC61BM Slot-die coating 2.1 0.3 2009 [35]

2. P3HT:PC61BM Gravure printing 2.1 2.8 2010 [36]

3. P1:PC61BM, P2:PC61BM

P3:PC61BM

Slot-die coating 1.8, 1.5, 1.8 0.07, 0.55,

0.15

2011 [37]

4. P3HT:PC60BM Slot-die coating/spin coating 2.1 0.5 2011 [38]

5. P3HT:PC61BM Gravure printing 2.1 1.92 2011 [39]

6. P3HT:PC61BM Slot-die coating 2.1 1.5 2013 [40]

7. P3HT:PC61BM Slot-die coating 2.1 1.33 2013 [41]

8. P3HT:PC61BM Spin coating 2.1 1.96 2013 [42]

9. P3HT:PC61BM Gravure printing 2.1 1.0 2013 [43]

10. PDTSTTz-4:PC61BM Slot-die coating 1.76 3.35 2013 [44]

11. PCDTBT:PC71BM Spin coating 1.8 5.58 2014 [45]

12. P3HT:PC61BM Inkjet printing/spin coating 2.1 0.98 2015 [46]

13. CH3NH3I/doped P3HT Slot-die coating 2.1 10.14 2015 [47]

14. P3HT:PC61BM Gravure printing 2.1 1.26 2015 [48]

15. P3HT:PC61BM/PTB7-

Th:PC71BM

Spin coating 1.6 2.40 2015 [49]

16. PII2T-PS:PPDIT Slot-die coating – 3.71 2017 [50]

17. CH3NH3PbI3/PC61BM Slot-die coating – 12.52 2017 [51]

18. CH3NH3I/PbI2 Slot-die coating – 11 2017 [52]

19. PTB7-Th:PC71BM Slot-die coating 1.6 6.61 2017 [53]

20. MAPbI3 Slot-die coating/all-blade-coated 1.71 14.1 2018 [54]

21. MAPbI3:F4TCNQ Doctor-blading 1.71 20 2018 [55]

22. CH3NH3PbI3/C60/PC61BM Slot-die coating – 8.3 2018 [56]
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Although several reviews on the given subject have

been reported earlier, with each describing the subject

from different perspectives, the current review focuses

onorganizing the details andprogressmade in this vast

area into appropriate, effective and comprehensive

way. Earlier reviews on this subject have clearly men-

tioned different areas like solution-processed per-

ovskite solar cells for their commercialization,

application of materials like graphene in this area,

techniques like inkjet printing for commercialization

and, flexibility and stability issues of the solar cells and

modules during their manufacturing etc. [57–67].

However, this review comprehensively covers and

critically analyzes the different aspects of this area in an

organized way. These aspects are organized in follow-

ing way—(1) roll-to-roll compatible as well as poten-

tially commercial deposition/printing techniques—the

basics of various R2R-compatible deposition/printing

techniques, (2) roll-to-roll compatible materials used—

thevarious types ofR2R-compatiblematerials for active

layers and electrodes, including the environmental and

process stable materials, (3) the various types of roll-to-

roll compatible processing techniques for these mate-

rials and (4) and finally, roll-to-roll manufactured pho-

tovoltaic modules and the characterization techniques

for performance and stability assessment of such

modules. The different existing problems and chal-

lenges within each of these aspects and how these have

been addressed, have been discussed in the review. In

fact, optimizing the performance of the devices while

addressing one of these aspects, and how such opti-

mization affects the other aspect has also been pre-

sented in a critical way in the review. Therefore, this

review presents these important aspects of the R2R

technology in an organized way, focusing on the

important progress made in this area. The review pre-

sented here also gives a detailed account of the research

undertaken to achieve the current state of the art of the

roll-to-roll printing technology, the gaps that exist in

this technology and the methods that have been

developed to try to overcome these gaps.

Roll-to-roll printing: technique basics

The roll-to-roll printing is an important class of sub-

strate-based manufacturing processes in which

structures can be built in a continuous manner using

additive and subtractive processes. It comprises

many combined technologies which can produce

rolls of finished material continuously in an efficient

and cost-effective manner with the benefits of high

production rates on large scale. These high through-

put and low cost are the factors which differentiate

the roll-to-roll manufacturing from slower and

higher-cost conventional manufacturing due to the

multiple steps involved. The technology of the roll-

to-roll printing simply consists of the manufacturing

techniques which involve continuous processing of

materials on a flexible substrate as it is transferred

between moving rolls of material. It involves the

application of various solution processable materials

and constituent printing techniques in order to scale

up the production of the solar cells at much faster

pace [68]. As discussed earlier, the methods of spin

coating and thermal evaporation for electrode depo-

sition are not compatible with high-throughput pro-

duction of the devices through this technology in

which the production is a continuous process [68].

Therefore, the constituent methods for this technique

are different from the general methods employed for

device fabrication at the lower scale. These methods

of the roll-to-roll printing technology are discussed

below in detail.

Film and device preparation methods

The basic roll-to-roll printing technique for the film

preparation on the substrate is simply transferring

the material/ink onto the substrate using another

object in a well-controlled and optimized manner at a

faster rate. The films of the different active materials

can be deposited on the substrate with multiple lay-

ers using a wide variety of techniques [68, 69]. Such

deposition of the active material has been tested on

laboratory scale on rigid as well as flexible substrates

to develop rigid and flexible modules [68]. However,

the throughput speed in case of the flexible modules

can be much higher as compared to the rigid modules

[68]. In addition, the performance of the developed

module is governed by a wide range of parameters

like the processing method, solvents, additives, dry-

ing process, active layer materials, substrate and a

control of these parameters [68, 69]. Also, the pro-

cessing conditions for the new setting of the roll-to-

roll technology need to be continuously developed

and improved, especially considering the boundary

conditions of speed, temperature, drying process,

multilayer processing, solvents and materials

involved in fast roll-to-roll processing [68]. Further, it
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has also been reported that a single deposition tech-

nique cannot be considered to be the best choice for

each layer in the polymer solar cell consisting of stack

of multiple layers and therefore, different film

deposition techniques optimal for each layer in the

stack need to be developed [68].

Printing techniques

As discussed above, the basic roll-to-roll printing

technique for the film preparation on the substrate is

simply transferring the material/ink onto the sub-

strate using another object in a well-controlled and

optimized manner at a faster rate. The ink formula-

tions are the solutions of the different materials, in a

required ratio, processed in the appropriate solvents

with the required viscosity needed to be deposited on

the substrate through the printing techniques. Such

ink formulations can be the solutions for the active

layer, the interlayers and the charge transporting

layers. The active layer consists of the materials

which generate and then separate the charge carriers

after absorption of the light photons. In a BHJ solar

cell, an ultrathin active layer, consisting of a nanos-

tructured blend of a conjugated polymer and an

electronegative molecule, forms the photon absorbing

component. The mechanism of conversion of the

energy of an absorbed photon into electrical energy

occurs in a semiconductor with an electronic gap

equal to or smaller than the energy of the absorbed

photon. After photon absorption, the generation of an

electron–hole pair occurs, and due to an internal field

generated by the work function difference of the

electrodes, the free charge carriers are conducted to

the respective electrodes where they are captured.

The interlayers establish ohmic contact and deter-

mine different device parameters such as the internal

electric field, film morphology and carrier recombi-

nation rate, which are important for the device per-

formance. The charge transporting layers effectively

separate the charges generated by light absorption

and selectively transfer the separated electrons and

holes.

A wide variety of printing methods like gravure,

flexographic, screen and rotary screen printing,

shown in Fig. 1, have been developed and utilized for

the deposition of the layers of the active materials on

the substrates [68, 69].

Gravure printing This is a very common printing

method, shown in Fig. 1a, and consists of transferring

of the ink from patterned cavities, which are

engraved on the gravure cylinder, to the web or

substrate. This process utilizes the surface tension

developed due to the contact between the web and

the cylinder, as they are brought together through a

pressurized soft cylinder having impressions [68–70].

The shape and thickness of the print are determined

by the cavity patterns and their depths in the cylinder

[68, 69]. This printing technique has found its suit-

ability for less viscosity inks at high reported speeds

of 15 m/s, with the quality of the print being deter-

mined by the parameters like speed of the web and

cylinder pressure [68, 69].

Flexographic printing Flexographic printing is a rel-

atively new technique in comparison with gravure

printing with the difference that the transferring of

the ink is performed through a relief rather than the

patterns [68, 69]. This technique (Fig. 1a) consists of

fountain rollers allowing a steady transfer of ink to

the ceramic anilox roller. This roller consists of

microshaped cavities embedded into its outer part,

which allows the collection of ink. The ink is then

further transferred to the relief on a cylinder, which

ultimately transfers the ink to the web [68, 69]. This

technique has been reported to be used for various

applications like wetting agent processing on the

active layer surface and the conducting grid pat-

terning [68, 69].

Screen printing This technique is useful for printing

the films with high conductivity, as the films printed

through this technique are thick, with around

10–500 lm thickness [68, 69]. The technique has been

further classified into two types—flat bed screen and

rotary screen printing. The flat bed method consists

of a squeegee which moves on the top of a flat bed

screen and, thus forces out the ink paste through the

mesh mouth, giving the required motif. In case of

rotary screen printing, the squeegee moves relative to

the rotary screen and forces the ink paste through the

opening of the mesh, giving the desired motif. The

difference in both techniques is that flat bed screen

printing employs low-cost mask, produces single

print and provides possibility of large-area applica-

tions on the m2 scale, while rotary screen method

employs expensive mask but provides higher

throughput speed and better resolution [68, 69].

J Mater Sci (2020) 55:13490–13542 13495



Inkjet printing This is a contact less deposition

method without any mask with potential for devel-

oping prototypes and fabricating polymer solar cells

from digital images [71]. Inkjet printing offers

important advantages with its non-contact operation

and ability to give patterned films directly from

digital images with lateral resolution better than

10 lm at potentially very high speeds for uniform

bigger area deposition, higher than unit cm2

[46, 72, 73]. It can be used for the deposition of a

range of functional materials, e.g., inorganic/metal

Figure 1 a Illustrations of the

principles behind the four

printing techniques—gravure

printing, flexographic printing,

screen printing and rotary

screen printing. b A schematic

illustration of knife coating

where excess ink is kept ahead

of the knife that is in close

proximity to the web. Slot-die

coating relies on the ink kept

between ink supply feeder

with a slot from which ink is

supplied, thus forming a

continuous (or striped) wet

film. Reproduced with

permission from Elsevier (Ref.

[68]).
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nanoparticles, polymeric/small molecules or disper-

sion solutions [74].

The operating principle of inkjet printing is based

on the ejecting of fixed quantity ink in the of small

droplet forms from nozzles, deposited on the sub-

strate surface [74]. Based on how droplets form, two

types of inkjet systems exist—continuous inkjet and

drop-on-demand inkjet printing system [74].

In continuous inkjet printing system, shown in

Fig. 2, a steady pressurized stream is used to produce

the printed materials, ejecting through a tiny nozzle at

a voltage relative to the ground. The streambreaks into

smaller droplets, and the gravitational force makes

these droplets to move toward the substrate. The

descending droplets are then charged by the elec-

trodes, kept below the nozzle, as they pass through

space between the electrodes. These charged droplets

are thendeflectedby thedeflectionplates by a length as

controlled by the electric field input signal. These

droplets are then deposited on a fixed/moving sub-

strate. The application of a piezoelectric transducer is

used to cause the synchronization of liquid droplet

formation to minor pressure fluctuations [74].

In contrast, in drop-on-demand inkjet printing sys-

tem, shown in Fig. 2, a single drop is generated when

required. In this system, either themovement of the ink

supply feeder is accurately controlled, thus allowing

the droplets to accurately settle on the desired location,

or the substrate is kept in motion during deposition.

The control of printing material ejection is achieved

through a steady pressurized pulse in the printing

nozzles, produced by a sudden contracting of the ink

chamber volume, which then ejects the ink out from

the nozzles. This pulse is produced by two mecha-

nisms—the mechanical deforming of a piezoelectric

transducer or the thermal bubble collapsing due to

local resistive heating in the chamber [74].

The inkjet printing systems offer the advantage

that the nozzle is not in the physical contact with the

substrate, which makes it potential technique for

printing on rough/curved or pressure sensitive sur-

faces. Further, the method is also suitable for printing

any sufficiently conductive fluid material or any

solute that is soluble in a conductive fluid vehicle.

However, the inkjet printing systems also result in

the wastage of material during deposition [74].

The coating techniques

The coating technique is employed to coat a steady

wet layer along the web length with no contact

between the ink supply feeder and web, with a dif-

ference that no pattern formation is done through this

technique [68, 69]. This is in contrast with the printing

technique which allows for lateral two-dimension

printing only through physical contact. However, the

control of the wet thickness obtained through coating

technique is superior as compared to any of the

Figure 2 Schematic diagram of inkjet printing methods. Reference [74] Copyright Wiley–VCH Verlag GmbH & Co. KGaA. Reproduced

with permission.
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printing techniques [68, 69]. The two different types

of coating techniques, shown in Fig. 1b, that have

been widely used, are knife coating and slot-die

coating [68, 69]. The knife coating procedure consists

of an ink supply before a knife. The ink is slowly

deposited behind the knife with the relative move-

ment of the web to the knife [68]. In slot-die coating,

the ink is supplied using a slot and a pump, which

gives a possibility of adjustment of the layer thickness

though the control of web speed or ink supply [68].

With the slot-die coating techniques, recent efficien-

cies on the polymer solar cells up to 13.5% have been

reported [75].

In addition, the other important type of the coating

technique that is widely used is spray coating which

has been demonstrated for the deposition of pho-

toactive material layer, polymeric interfacial layers,

nanowire materials, alternative transparent/metal

electrodes [76–80].

There are several methods, with some common

working mechanisms, through which the spray

coating method can be used to deposit the layers of

the materials on the substrate. Two such types of

spray coating techniques are—concurrently pumped

single-pass spray and ultrasonic spray coating

method [76, 79].

In concurrently pumped method, shown in Fig. 3a,

two separate ink solutions are separately pumped

through a coaxially connected tube system by using

an ultrasonically vibrational nozzle tip. In order for

atomization of the liquid, the ink spreading over the

tip surface is allowed, after which a micron-scale

liquid droplet ejection occurs. A low-pressure N2 is

then used for guiding spray toward the substrate. In

case of single-pass method, with a combination of

high ink flow rate and lower substrate temperature,

merging of a single droplet into a single wet layer is

allowed before drying. This leads to complete wet

layer formation rather than the quick droplet evap-

oration occurring during multi-pass deposition,

which otherwise will lead to the problems in

obtaining a thin uniform layer [76].

In ultrasonic spray coating technique, shown in

Fig. 3b, the sizes of the sprayed droplets are moder-

ated through precisely controlled ultrasonic drop

formation, which creates a narrow distribution of

drop sizes. The drop sizes are comparable or even

smaller than the drop sizes of inkjet drops. A clean

gas stream is used to direct the atomized solution

onto a substrate. The deposited films are optimized

by varying solution flow rate, carrier gas flow and

substrate temperature. This technique is well suited

for large-area processing of the devices and the

deposition through this technique clogs less readily

as compared to the inkjet printing and, therefore,

allows the use of lower boiling point solvents and

Figure 3 Schematic diagram of a concurrently pumped single-

pass spray coating, showing separate solutions being sprayed,

mixing on the substrate and drying into a thin and uniform film.

An axial schematic view of the spray coating nozzle as seen from

below. The schematic representation of the conventional polymer

solar cell architecture fabricated using the spray coating method.

b Schematic of ultrasonic spray deposition system. The ultrasonic

nozzle mediates a narrow drop size distribution, while the tri-phase

pump maintains regular flow. Reproduced with permission from

Elsevier (Refs. [76, 79]).
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higher solution concentrations. The upper viscosity

limits in this technique are also similar to inkjet

printing, of the order of 50 9 10-3 Pa s. Further, this

technique also easily allows the deposition of the

thick films after the optimization of solution proper-

ties, substrate temperature and desired surface

treatment [79].

A typical example of the full developed flexible

R2R printed solar cell with a stack of multiple layers

of different materials is shown in Fig. 4e [35]. It has

an inverted device geometry, and the initial four

layers are deposited by slot-die coating. It consists of

layers of materials, with a bottom electrode com-

prising silver nanoparticles deposited at a web speed

of 0.9 m per min (Fig. 4d) on a 130-micron-thick PEN

substrate. Further, an ETL of ZnO nanoparticles is

coated at a web speed of 0.7 m per min (Fig. 4a),

followed by an active layer of P3HT:PCBM coated at

a web speed of 0.4 m per min (Fig. 4b) and a hole

transporting layer of PEDOT:PSS coated at a web

speed of 0.2 m per min (Fig. 4c). The top electrode is

deposited by screen printing of a grid-like structure

that allows for 80% light transmission. The materials

are patterned into stripes that allow for the forming

of a unit cell device and serially connected modules

having 2, 3 and 8 stripes [35].

A part of typical setup for the roll-to-roll process-

ing methods for the printing of a stack of multiple

layers of solar cell, as described above, is shown in

Fig. 5 [35]. It is used for slot-die coating silver

nanoparticles in order to develop a highly reflecting

smooth/non-transparent silver back electrode. A

similar setup for the roll-to-roll processing methods

has been also been reported [178]. It consists of a

mini-roll coater which makes it possible to eliminate

the potential sources of error resulting from the

boundary conditions implied in the full R2R pro-

cessing. The mini-roll coater allows for multilayer

Figure 4 The menisci during

slot-die coating of ZnO (a).

The ZnO stripes are shifted

1 mm to the right with respect

to the underlying silver pattern

(top). The wet layer during

coating of P3HT-PCBM

(b) and PEDOT:PSS (c).

Sheet-fed screen printing of

the silver front electrode grid

before (d) and after the

printing (e). Reproduced with

permission from Elsevier (Ref.

[35]).
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stack formation, with the advantages of no contact to

the foil surface, no web tension, large bending radius

and use of the flexless foil throughout full experi-

ment. Further, in order to study the structural growth

of a printed/deposited layer, the method of GISAXS

was shown to be used [178]. Table 2 gives a sum-

marized account of the printing/deposition tech-

niques used for the roll-to-roll-compatible/printing

technology.

However, the above discussed printing/deposition

methods are some of the processing methods used in

the roll-to-roll printing technology. The advanced

processing methods and their evolution through the

research have been discussed in detail in sections

below.

Roll-to-roll printing: technology
advancements

The development of large-area devices at high

throughput requires developing or scaling up the

low-throughput technology. The materials and pro-

cesses used in such low-scale technology are usually

not compatible for high-throughput production of the

devices. In addition, there are certain important

conditions that should be fulfilled, while the different

kinds of materials and techniques are developed. For

example, the processing of polymer photovoltaics on

the gigawatt scale does not leave any scope for the

use of any solvents other than environmental friendly

solvents like water and some alcohols. Therefore, the

application of the environmentally degrading chlo-

rinated/aromatic organic solvents in the research on

the roll-to-roll processing methods has been avoided.

Further, by avoiding the application of the rare

Figure 5 Slot-die coating of

the silver back electrode onto

PEN. The wet print that has an

opaque green color (top right).

The dried and highly reflective

silver back electrode is shown

on the rewinding side (top

right). The menisci during

coating of the eight stripe

module are also shown.

Reproduced with permission

from Elsevier (Ref. [35]).

Table 2 Summary of reported

deposition/printing techniques

for the fabrication of the roll-

to-roll-printed/compatible

devices

S. no. Deposition/printing technique for donor polymer/acceptor material or active material

1. Printing Gravure printing

Flexographic printing

Screen printing

Inkjet printing Continuous inkjet printing

Drop-on-demand inkjet printing

2. Coating Knife coating

Slot-die coating

Spray coating method Concurrently pumped single-pass spray coating method

Ultrasonic spray coating method
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materials like indium and by avoiding vacuum pro-

cessing, shorter energy payback times have been

demonstrated to be possible [81]. A significant

research has led to the development and optimization

of different materials and methods suitable for a

large-scale production of the large-area devices, as

discussed below.

Material processing

For employing the roll-to-roll printing technique for

the large-area scale solar cells, it is important to either

use new types of R2R-compatible materials or mold

the properties of the existing active layer materials

formulations as per the requirements of the technique

in order to obtain high-throughput production of the

devices. Some of the requirements posed in the roll-

to-roll printing techniques are—(1) environmental

compatibility of the materials, (2) application of

inexpensive materials, e.g., for electrodes, (3) avoid-

ing the use of vacuum processing and (4) environ-

mental and processing stability of the materials.

Several studies have been done in order to develop or

tune the material formulations for such requirements.

This optimization of the materials and the processes

is important, as the materials and processes which

might suit up for the development of the devices at

the laboratory scale and low throughput might not be

well suited for high-throughput device production.

Therefore, the research in this area has been focused

keeping these requirements in view and these studies

have been accordingly discussed below.

Environmental-compatible materials

The polymers used in solar cell devices are usually

processed in the environmentally harmful solvents

such as chlorobenzene and 1,2-dichlorobenzene.

Also, with the state-of-the-art technology based on

ProcessOne, the use of approximately 16 million liters

of chlorobenzene for the production of 1 GWp of the

polymer solar cell has been estimated [30, 82]. In

addition, other concerns include the severe effects of

the choice of the inefficient processing methods and

the processing materials on the energy payback time,

when the total energy needed for raw material pro-

duction is also considered [30]. However, the life

cycle analysis has shown that aqueous processing of

the water-soluble polymers is the most beneficial,

with less electrical energy input for production [83].

Therefore, the manufacturing of the solar cells on

gigawatt scale with environmental-compatible mate-

rials requires the processing of the polymers to be

replaced from the organic solvents-based process to

aqueous process [37, 88]. The solubility of the poly-

mers in water is achieved by methods such as syn-

thesizing a tertiary ester side chain, containing

polyether units as well as free alcohol groups, and by

the addition of hydroxyl groups [84, 88]. In order to

add the hydroxyl groups, a cost-effective and envi-

ronmental-friendly method using the oxidants of

ferrous chloride (FeCl2) and hydrogen peroxide

(H2O2) has been demonstrated to prepare water-sol-

uble PPy NPs [88]. The soluble PPy was shown to

contain some hydroxyl groups [88]. The introduction

of sulfonic acid salts at the end of the side chains has

also been reported to provide the water solubility,

and water-soluble polymers using different ions such

as sulfonium, pyridinium or ammonium salts and

with varying chain lengths have also been reported

[85–88]. Such aqueous processing in the manufacture

of the solar cells necessitates certain requirements to

be fulfilled. The major differences between the pro-

cessing techniques of the polymer solar cells using

the laboratory-scale fabrication techniques and that of

the high-throughput processing, along with the dif-

ferences in the fulfilling of the ultimate requirements

by these solar cells, are outlined in Fig. 6. Currently,

almost all the steps of the processing of the polymer

solar cells are done in an inert atmosphere (e.g., N2

atmosphere) maintained inside a glovebox, while

these devices are supposed to operate for long

durations in the ambient environment. Not only this,

except the aqueous processing of the PEDOT:PSS,

other processing steps like solution processing of the

active layer are done using the environmentally

harmful toxic organic solvents, while the thermal

evaporation of the metallic electrodes like LiF and

aluminum is not compatible with high-throughput

methods (Fig. 6a). Comparing this scenario with the

all aqueous processable steps of the high-throughput

methods reveals the fulfillment of the objectives of

the environmental compatibility as well as high-

throughput production of the devices through the

aqueous processing (Fig. 6b).

Therefore, this requirement of the processing using

water of the multiple stacked layers in the solar cell

necessitates the conjugated and active material

aqueous solubilization for roll-to-roll printing

[37, 88]. In order to fulfill this, the designing of the
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inks for the ETL of ZnO ink, HTL of PEDOT:PSS and

metallic back electrode layer (silver ink) using the

aqueous solution (Fig. 7a) has been demonstrated in

one of the studies [88]. The technique of the screen

printing, shown in Fig. 7b, c, was used to deposit the

multiple layers of these materials. However, for such

multiple layer formation, the previous deposited

layers were converted into the insoluble state to

prevent the interaction of the subsequent layer with

the previous layer. This was achieved by using tem-

perature-cleavable materials to turn off the polymeric

solubility through side chain removal after film was

processed. The study has reported efficiencies in the

range of 0.4–0.7% with the device areas of 0.5 cm2

[88].

Further, the aqueous nanoparticle dispersions of a

series of three low-band-gap polymers P1 (1.8 eV), P2

(1.5 eV) and P3 (1.8 eV) were made using ultrasonic

treatment of a chloroform solution of the polymeric/

PCBM mixture with an aqueous solution of SDS [37].

Such aqueous dispersions have been demonstrated to

be important for the formation of films of solar cell

devices, in addition to the significant advantages of

lower release of chlorinated/aromatic solvent into

the environment due to containment and reuse of

solvents in the preparation of these nanoparticle

dispersions [37]. The deposition of the thin films

using the formulated ink of these nanoparticle dis-

persions, for a device area of 4 cm2, was achieved

through both spin coating and R2R coating at higher

web speed of 8 m per min with 80 �C roller temper-

ature. These deposition techniques have been shown

to influence the deposited thin-film morphology. In

case of the spin-coated samples, as shown in Fig. 8a–

Figure 6 Comparison of the potential for high-throughput

production using the standard laboratory buildup of a solar cell,

which involves both a the use of toxic solvents and the slow metal

deposition by evaporation and b the all-water-processable method

where all steps are processed from aqueous solution, which makes

it compatible with high-throughput processing like roll-to-roll

coating. Furthermore, the use of water-based solutions guarantees

a minimal impact on the environment (middle). The environmental

compatibility of the processing steps is shown (lower left) along

with an IV curve for a device prepared using the aqueous

processing of all layers described here (lower right). Reference

[88] Copyright Wiley-VCH Verlag GmbH & Co. KGaA.

Reproduced with permission.
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c, the single nanoparticle shapes can be observed,

except in case of P1 with agglomerations of smaller

particles. In contrast, the nanoparticles in roll-to-roll-

coated films cannot be further clearly differentiated

and have merged in places, as shown in Fig. 8d–f.

The efficiency obtained for each of the materials in

the study was reported to be 0.07, 0.55 and 0.15% for

P1, P2 and P3, respectively [37]. Previous studies

have shown different approaches of the aqueous

conjugated/active material solubilization which

include solubilization through ionic side chains like

sulfonic or carboxylic acid or ammonium,

hydrophobic polymeric nanoparticle aqueous dis-

persions, nonionic alcohol and glycol side chains

[86, 88–90]. With the approach of solubilization

through these side chains, the power conversion

efficiency up to 0.7% has been obtained on ITO sub-

strates with aqueously processed four subsequent

layers in the solar cell stack along with printed metal

back electrode [88].

The aqueous processing in the manufacturing of

the large-area tandem polymeric solar cells has also

been demonstrated [91]. Although the processing

using other different solvents like alcohols and

chlorobenzene has also been reported in this study,

the application of an aqueous ink for the processing

of the back-BHJ was demonstrated to address the

morphology issues in the large-area tandem polymer

solar cells [91]. For example, one of the challenges

presented in the manufacturing of the tandem poly-

mer solar cells during the roll-to-roll technology is

the coating of the multilayers on top of each other

with no adverse influence of subsequent coating

steps on previously coated layers. The study has

demonstrated the manufacturing of a roll-to-roll-

compatible tandem polymer solar cell with a struc-

ture consisting of a multilayer stack with the com-

position—PET/ITO/ZnO/front-BHJ/V2O5/ZnO/

back-BHJ/PEDOT:PSS/Ag, where PET is the sub-

strate, ITO is transparent front electrode, ZnO is the

ETL, front-BHJ and back-BHJ consist of two active

Figure 7 The picture of the inks involved in the ‘all-water-based

processing.’ a From left to right: aqueous ZnO precursor solution,

aqueous solution of polymer 1 (diluted in order to show color),

aqueous PEDOT:PSS with isopropanol and aqueous silver paste.

b The picture of the screen printing machinery. c The close-up of

the screen printing process. The silver paste has been applied and

is ready to be pushed though the pattern of the mask by sweeping

the squeegee across the steel mesh screen. Insert shows a picture of

the final device after encapsulation. Reference [88] Copyright

Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with

permission.
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layers—P3HT:PC60BM and TQ-1:PC60BM, V2O5/ZnO

is the recombination layer, PEDOT:PSS is the HTL

and Ag is the back electrode [91]. The study revealed

the presence of cracks in the V2O5 part of the

recombination layer, formed during the processing of

V2O5 layer either due to the thermal annealing or due

to the substrate bending when passing through the

R2R instrument. However, the application of an

aqueous ink for the back-BHJ processing was

demonstrated to address this issue. For the roll-to-roll

manufactured tandem polymer solar cell, an effi-

ciency of 0.10% was also reported [91].

In addition to the aqueous processing, in order to

ensure the environmental compatibility of the mate-

rials used, the application of the halogen-free sol-

vents has also been explored in several studies

[46, 92, 93]. However, among these, not all studies

have demonstrated the application of the materials or

techniques that are compatible with the roll-to-roll

processing. For example, the non-halogenated sol-

vent system o-xylene/benzylphenylether (BPE) has

been utilized to fabricate polymer solar cells using

both spin-coating and spray-coating techniques [92].

Therefore, the solar cells fabricated using spray

coating from non-halogenated solvents o-xylene/BPE

can also be fabricated with roll-to-roll techniques,

and have been shown to achieve a high efficiency of

7.74% [92]. The application of a mixture of halogen-

free solvents, consisting of o-xylene, indan and

tetraline for the processing of the solar cells has also

been reported [46]. For the photoactive layer, an ink

was formulated using o-xylene, indan and tetraline

(1:1:1) along with a P3HT/PCBM in 1.3 wt% con-

centration. This mixture of halogen-free solvents was

used for achieving an optimum ink’s viscosity of

1.8 mPa.s for the print-jet technique, and a surface

tension of 32 mN/m was achieved to ensure a good

surface wetting of printed ZnO layer. This ZnO layer,

in combination with highly conducting PEDOT

printed layer, was used as ETL. Such optimum vis-

cosity and surface tension are important for both

stability of the ink at the room temperature as well as

good contact line pinning after deposition [46]. The

technique of inkjet printing was also demonstrated

for the sequential deposition of multiple layers of

active materials, as it provides versatility and flexi-

bility in the sequential deposition of these materials

[46]. An efficiency of 0.98% was achieved for a four-

Figure 8 The AFM topography images of spin-coated (a–c) and R2R (d–f) prepared samples of P1, P2 and P3. All the images have been

taken at 5 9 5 lm2. Reprinted with permission from Ref. [37]. Copyright (2011) American Chemical Society.
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inkjet-printed-layer device module with an area of

92 cm2 [46]. The study also demonstrated the intro-

duction of the industrial print-jets with printing

width of 3.5 cm, in contrast with earlier printing

equipments with limited number of nozzles which

causes artifacts in the printing and leads to slow

printing of larger areas [46]. The printing of the large

areas in an individual passing with processing

speeds compatible with roll-to-roll speeds was also

demonstrated [46].

However, most semiconducting polymer/fullerene

blends show a limited solubility in non-halogenated

solvents, which results in ink compositions having

less viscosities, and therefore posing the limitations

on the application of R2R-compatible processes such

as inkjet printing [94]. This challenge of low viscosity,

while simultaneously using the non-halogenated

solvents, has been addressed in a study. In order to

overcome the limitation of low viscosity, the appli-

cation of polystyrene as a rheological modifier to

enhance the viscosity of BHJ non-halogenated inks

has been reported [94]. The study has demonstrated

that the addition of 1 wt% polystyrene increases the

viscosity, with the largest viscosity reported with the

polymer having the highest molecular weight.

However, it was reported that such addition of

polystyrene resulted in the occupation of 20 vol% of

the layer by the inactive material. Further, a signifi-

cant portion of the interface of the BHJ and the

evaporated back electrode was shown to be occupied

by the non-conducting polystyrene. This resulted in

the decrease in the device performance by 20% [94].

The application of aqueous particle-less ink com-

positions for the deposition of the silver back elec-

trode in inverted devices at low annealing

temperatures has also been demonstrated [48]. It has

been reported that the deposition of the back elec-

trode is difficult as it is performed during the last step

of the multilayer stack formation; thus, this process

leaves some major technology considerations [48].

Firstly, in order to achieve higher morphological

stability of the underlying material layers and com-

patibility with flexible substrates such as PET, rela-

tively less annealing temperatures are needed [95]. In

addition, the possible diffusion of ink through the

buffer HTL can lead to unwanted interaction between

the solvent used in the ink composition and the

underlying material, leading to inefficient device

performance [42]. Further, the ink compositions typ-

ically used for the formation of the back electrode are

based on micro/nanosized metal particles, usually

dispersed in an organic medium, and usually sin-

tering temperatures in 120–140 �C range are needed

for higher conducting values in these inks [80, 96].

Therefore, in order to address these problems, an

aqueous-based silver ink composition was developed

and demonstrated as a fabrication precursor for the

metal back electrode in inverted flexible P3HT:PCBM

devices [48]. It was shown that in such solution-

processed particle-less reactive ink, the lowering of a

diamminesilver (I) complex in water medium leads

to the formation of a highly conducting film at low

annealing temperatures, which significantly limits

the morphology/thermal degradation of the depos-

ited layers. Different back-electrode configurations,

with different coverage areas, were developed by

flexography-printing of the aqueous-based solution-

processed ink composition on top of the PEDOT:PSS

layer at the speed of 30 m/min and subsequent sin-

tering for 15 min at 90 �C. It was also shown from the

morphology assessment of the vertical stack of layers

that the coverage area of the back electrode deter-

mines the amount of ink passing through the HTL

layer into the layers beneath. This process of ink

passing through the HTL layer leads to shunt prob-

lems and thus poor device performance. In case of the

back-electrode configuration with the larger coverage

area, the amount of silver ink penetration was shown

to be higher, and therefore, the device performance

was lower for such back-electrode configuration

(Fig. 9). In addition, the thickness of the PEDOT:PSS

buffer layer was also shown to affect the functional

performance. The shunt resistance was reported to

increase with increase in HTL thickness, possibly

resulting from decreased ink diffusion in the devices

with thick HTLs. Therefore, better device perfor-

mance was achieved for devices with higher HTL

thickness (Fig. 9).

Application of inexpensive materials for electrodes

One of the important materials that need to be

addressed is ITO, which is used as an electrode

material in the solar cells. The solar cells in the roll-to-

roll printing modules have the electrodes consisting

of ITO, which offers several disadvantages. Firstly,

more than 80% of the cost and up to 90% of the

embedded energy results from the use of ITO, and

due to the scarcity of indium, this problem may fur-

ther become more severe [97, 118, 119]. Secondly, the
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preparation of the ITO involves vacuum deposition,

and further, photolithography or laser scribing is

required to make the conducting pattern of ITO for

electrodes. In addition, ITO is a brittle material and

even with capability of bending to a certain extent

during manufacturing, its purpose is limited to inte-

gration with a final rigid product [97]. These

requirements, thus, necessitate the manufacturing of

the electrodes which are free from ITO, for their

suitability into R2R manufacturing of the solar cell

modules. Several studies that have been carried out

for such electrodes are discussed below

[35, 40, 97–120]. Although technologies for the recy-

cling of the ITO have also been demonstrated, these

require the removal of the device layers, which

damages the device [98]. One methodology to

achieve the recycling of ITO involves the application

of the ultrasonication of ITO substrates having fab-

ricated devices for 15 min at 45 �C in order to remove

the layers of materials like Al, P3HT:PCBM and

PEDOT:PSS deposited on ITO substrates [98]. The

morphology of ITO showed a little change as a result

of recycling, with slightly larger clusters of small

grains and a smoother surface. These small changes

were reported to result from contact with PED-

OT:PSS. The dispersions of PEDOT:PSS, with a pH of

* 2, were used for spin coating, and it was reported

that these dispersions may initially remove the

underlayer of ITO; however, subsequent recycling

may not lead to further changes of morphology.

These cleaned substrates were then demonstrated to

be used again for the manufacturing of solar cells.

Figure 9 J–V characteristics of PSC devices with different back-

electrode architectures measured at different PEDOT:PSS

thicknesses: a 0.8 lm (HTL-08), b 1.9 lm (HTL-19), c 3.2 lm

(HTL-32) and d 4.8 lm (HTL-48). Reproduced with permission

from Elsevier (Ref. [48]).
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Although the application of such technique can also

be demonstrated to recover the ITO from the flexible

solar cells in the modules, these require the removal

of the device layers, which damages the device. Thus,

the step of elimination of ITO as an electrode material

can not only lead to the simplification of the pro-

cesses and materials used in the roll-to-roll technol-

ogy but also to the reduction of the cost involved [35].

For an inverted device geometry, an R2R enabled

fabrication of devices has demonstrated such

removal of the use of ITO, with many layers of con-

stituent materials deposited on transparent/non-

transparent flexible substrates [35]. It was demon-

strated that using slot-die coating technique, four

layers of materials were deposited. These layers

consisted of an ITO-free bottom electrode layer with

silver nanoparticles deposited on a 130-micron-thick

PEN substrate, an ETL of ZnO nanoparticles, an

active layer of P3HT:PCBM and a top HTL of PED-

OT:PSS [35]. Further, the top electrode was deposited

by screen printing a metallic grid structure with 80%

light transmission. The materials used in the devices

were patterned into stripes, which allowed the mak-

ing of individual cell device as well as serially con-

nected modules consisting of 2, 3 and 8 stripes. All

the solution-processed layers in the device were

reported to be prepared through vacuum free pro-

cessing in air. However, the study reported a low

efficiency of 0.3% due to poor light transmission

through the back electrode [35].

The direct printing of semitransparent silver grids

onto the flexible PET foil, followed by light sintering

of HTL and, printing and slot-die coating of ZnO

nanoparticles, has been demonstrated for developing

an ITO-free electrode [97]. An electron-accepting

semitransparent front electrode, directly applicable in

the manufacturing of polymer solar cell modules

(Fig. 10c), was shown to be produced using this

approach [97]. This front electrode along with a

rotary-screen-printed HTL electrode was the used for

manufacture of ITO-free solar cell modules [97]. In

addition, the ink used for the developing the front

electrode was aqueous processed consisting of 20%

silver loading. The printing of the silver grids

(Fig. 10b, d) onto the PET was done using inkjet

printing, followed by R2R light sintering of these

inkjet-printed patterns using a flash lamp system, as

shown in Fig. 10a.

In the sintering process, the ink particles are

annealed to a specific temperature. During this

process, the carrier liquid and dispersing materials

present in the ink are evaporated from it. Further, an

additional heating after evaporation can cause the

agglomeration of the nanoparticles. The light sinter-

ing improved performance as well as the adhesion of

the printed patterns on the PET very significantly. An

improvement in the efficiency from 1.5 up to 1.7%

after four flashes was reported.

A highly conducting PEDOT:PSS layer, deposited

on the top of a pristine PET substrate or a flextrode

consisting of a highly conductive metallic grid, a

semitransparent conductor and a hole blocking layer,

has been demonstrated for the front electrode as an

alternative to the ITO [99]. A single machine roll

coater (Fig. 11a), which enabled the processing of

entire device layers without moving the substrate

from one machine to another, was demonstrated.

This roll coater was used to manufacture solar cells

with the ITO-free front electrodes. Such approach

was shown to be readily scalable, using one compact

laboratory scale coating/printing machine (Fig. 11a).

Such machine was shown to be directly industrially

compatible for pilot scale R2R processing. The tech-

nique was successfully used for one continuous roll

processing of PET substrates. In addition, it was also

successfully used for the manufacturing of polymer

solar cells by solution processing of five layers using

only slot-die coating and flexographic printing. Using

a novel and compact flexographic printing roll

(Fig. 11c), comprising of a metal cylinder with side

registration, the deposition of a back silver electrode

by flexographic printing with the same roll coater has

been demonstrated [99]. The technique involved the

deposition of first four initial layers through slot-die

coating along with the use of a transparent front

electrode (Fig. 11b) based on PEDOT:PSS as a solu-

tion processable alternative to ITO [99].

Similar to the above approach, the application of a

highly conductive HTL combined with current col-

lecting metallic grid structures has also been

demonstrated as an alternative to eliminate the

application of the ITO for electrodes [99]. These grids

have been shown to be good alternative to litho-

graphically deposited and evaporated structures. A

fast/cost-effective printing method was used for the

deposition of such metallic structures or grids. These

current collecting grids were deposited by inkjet

printing of a silver-based nanoparticle dispersive ink

on a 200-micron-thick PEN foil coated with a thin-

film barrier. The inkjet printing was done by using a
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piezoelectric drop-on-demand system. For the full

front electrode, high-conductivity PEDOT:PSS was

then printed on top of the grids. These printed layers

were annealed at 130 �C for 10 min, leading to a

100-nm-thick HTL layer with 200 S/cm conductivity

and 500 Ohm/sq sheet resistance [100]. However, the

problem of these printed structures is the require-

ment of sintering, e.g., conventional oven sintering or

light sintering after deposition, to achieve desired

conductivity [100]. The conventional oven sintering is

a slow process and does not distinguish between foil

and ink heating, while the light sintering results in

much high heating rates and is applied only with

locally restricted pulses to the ink patterns. With

these different processing conditions, the track mor-

phology of the sintered silver structures clearly

depends on the type of the applied sintering method.

The SEM images of grids are shown in Fig. 12, with

different thermal/flash sintering times, respectively.

The higher the sintering times, the more improved

the contacts between the individual particles, with

the deepest contrast between the 10- and 30-min

sintered samples (Fig. 12a, b) [100]. Even with this

duration, a high residual organic component still

remains in the sample even after thermal sintering,

where particles do not merge [100]. However, for

30-min sintering, the connectivity between the parti-

cles is significantly higher, with an increased average

Figure 10 a A photograph of

roll-to-roll photonic sintering

of the inkjet-printed silver-grid

structures taken during a flash.

b A view of the roll-to-roll

inkjet-printed pattern after

drying, through a magnifying

glass. c The graphical

illustration of the web showing

the repeated motif comprising

15 individual modules. d The

zoom-in on the silver electrode

pattern corresponding to one

module. Reference [97]

Copyright Wiley-VCH Verlag

GmbH & Co. KGaA.

Reproduced with permission.

Figure 11 a A picture of the small roll coater from the front, b slot-die coating of the active layer and c flexographic printing of the back

silver electrode. Reproduced with permission from Elsevier (Ref. [99]).
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particle size due to partial merging. This effect

becomes more pronounced after 360 min of thermal

sintering (Fig. 12c). Interestingly, the 5 s of flash

sintering (Fig. 12d), however, removes most of the

organic materials along with a large merging of the

particles [100].

Hosel et al. demonstrated the application of a stack

of silver-grid/PEDOT:PSS/ZnO layers as ITO-free,

semitransparent, electron-selective front electrode for

inverted devices [40]. In order to achieve this, a fast

inline R2R printing/coating on PET and barrier foil

(Fig. 13a) was done in ambience at web speeds of

10 m per min for the manufacturing of flexible ITO-

free devices with multilayer stack [40]. The whole

device stack was shown to be completed by the use of

rotary-screen-printed HTL and a comb-patterned

silver-grid back electrode, both at 2 m min-1

(Fig. 13b). The ITO-free flextrode, with potential for

large-area devices, was fabricated by flexographic

printing of a honeycomb-type grid structure by using

an aqueous-based silver nanoparticle ink. The

flextrode showed a less sheet resistance with effective

optical transmission in the visible range. Subse-

quently, using rotary screen printing, PEDOT:PSS

was deposited on top of silver-grid structure, making

one side of it exposed for further direct contacts and

thus, for serially interconnected printed modules.

The technique was demonstrated to successfully

manufacture fully R2R-processed solar cells and

modules with higher efficiency of 1.8% on unit cells.

The modules with more than 1.6% PCE were also

demonstrated.

Kang et al. [101] demonstrated the application of

flexible/transparent Cu nanowire mesh electrode as a

potential alternative for ITO. A simple metal transfer

process using flexible PDMS stamp was used for this,

which showed a greater flexibility, efficient light

transmittance and electrical conductivity than con-

ventional ITO electrode deposited on plastic sub-

strates. The nanoimprint lithography (NIL) technique

using SiO2 mold (Fig. 14a) [102] was first performed

in order to fabricate the resist template of the PDMS

Figure 12 The scanning electron microscopy (SEM) images of an inkjet-printed silver track after a 10 min, b 30 min and c 360 min of

thermal sintering at 130 �C in an oven and d 5 s of flash sintering. Reproduced with permission from Elsevier (Ref. [100]).
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stamp. It consisted of two sets of 130-nm deep

orthogonal grating structures but with different line

widths and periods. The stamp (Fig. 14b) was made

from the imprinted resist template by drop casting

and curing a high modulus/commercial PDMS

[103–105] for a flexible and mechanically supported

patterned layer. After the removal of the stamp from

the template (Fig. 14c), Cu/Ti layers were sequen-

tially deposited on the stamp by electron-beam

evaporation. The layers were subsequently treated

with O2 plasma (Fig. 14d), followed by metal depo-

sition (Fig. 14e) and addition of glycerol (Fig. 14f).

This NIL printing technique was demonstrated to

be potentially extended to a cost efficient manufac-

turing of the large-area electrodes with the use of

flexible molds [106, 107]. Large-area nanometallic

electrodes on flexible substrates were thus demon-

strated by using the R2R process [101]. The printing

of nanometallic (e.g., Au) gratings on large-area PET

substrates was demonstrated through a continuous

R2R transfer printing process (Fig. 15a). For this

demonstration, a surfactant (1H,1H,2H,2H-perfluo-

rodecyl trichlorosilane)-treated UV-curable epoxy

silicone patterns [108] deposited on PET substrate

were used as a flexible mold (Fig. 15b). Another

flexible mold, made of ETFE, was also fabricated and

then was used for the fabrication of the flexible epoxy

silicone mold by UV R2RNIL process [106]. After

metal deposition, an anti-sticking layer was thermally

deposited on the stamp to ensure reduced adhesion

of the metallic layer to the mold. Further, the stamp

was wrapped on the tensioned belt around rollers

(Fig. 15a), and Au nanogratings (Fig. 15b, c) on the

stamp were then transferred onto a PET substrates

coated with partially cured UV epoxy. This resulted

in the large-area flexible substrates (Fig. 15d). A

power conversion efficiency of about 2.1% in the

device using Cu electrode was reported, comparable

to the efficiency of 2.24% for the device using ITO

electrode with.

The application of carbon to replace silver and ITO

as electrode material, without vacuum steps, has also

been demonstrated [109, 110]. This resulted in sig-

nificantly lower manufacturing cost and made the

device modules environmentally safe, with simulta-

neous retention of their flexibility, efficiency and

stability. The carbon electrode was rotary screen

printed, and it was used as a back electrode in the

flexible solar cell modules. For this, firstly the text

pattern and the extraction lines for the electrode were

printed at 10 m min-1 to obtain a nominal wet

thickness of 10 lm, followed by IR drying and then a

treatment using the hot air oven set to 140 �C. Sub-
sequently, the interconnections between the cells of

the module were rotary-screen-printed to obtain a

nominal wet thickness of 40 lm at a web speed of

4 m min-1 under the same drying conditions. The

modules manufactured using these electrodes were

demonstrated to achieve efficiency up to 1.83%. Such

substitution of carbon has established that the roll-to-

roll manufacturing of the modules can still not be

compromised using carbon electrodes, with the same

fast printing and coating.

Similarly, low-temperature paintable carbon elec-

trodes have been developed using Cu2ZnSnS4 (CZTS)

nanoparticles as a potential HTL for perovskite solar

cells [111]. The devices with a CZTS HTL showed a

power conversion efficiency of 12.53% [111].

In order to extend the application of ITO-free

electrodes to the wearable photoelectric devices, FTEs

Figure 13 a The inline fabrication of the flextrode substrate and

b the solar cell module finalization. The silver grid together with

highly conductive PEDOT:PSS layer, ZnO, and an active layer

can be processed inline at 10 m min-1. The illustrated processes

are flexo-printing (F), rotary screen printing (RSP), slot-die

coating (SD) and drying (D). Reference [40] Copyright Wiley-

VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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have been shown to be important constituents of the

solar cell modules. Although alternatives to ITO for

highly flexible transparent electrodes have recently

been reported, which include metal oxides, carbon

nanomaterials and conductive polymers [112–114],

the optoelectronic properties are still limited due to

less pristine conductivity [115]. In contrast, materials

like metallic nanowires and grids demonstrate high

optoelectronic performance with less sheet resis-

tances and efficient transmission, but have limited

commercial applications due to poor mechanical

properties [116, 117]. In order to fulfill these

requirements, a homogeneously oriented

PEDOT:PSS:reduced graphene oxide (RGO) com-

posite was formed for its use in the FTEs [118]. This

was achieved by using a thin layer of RGO through

slot-die printing during roll-to-roll process. In order

to fabricate the FTEs, the PEDOT:PSS:RGO composite

layers were slot-die coated on the PET substrates. It

was demonstrated that a subsequent hydroiodic acid

post-treatment of these FTEs removes the insulating

content of conductive polymer in PEDOT:PSS:RGO

composite, and in addition, reduces the graphene

oxide to improve the conductivity and endurance of

electrodes. This also reduced the cost due to the use

of carbon materials and R2R technologies. The devi-

ces based on PEDOT:PSS:RGO electrodes obtained an

efficiency of 8.32%, higher than the efficiency of

7.69% obtained with conventional ITO-based PSCs.

Further, transparent conducting electrodes have

also been developed through the roll-offset printing

of silver-grid mesh patterns for the fabrication of all-

solution-processed organic solar cells [119]. The roll-

offset printing technique has been demonstrated to

achieve higher printing resolution with a smooth

thin-film surface roughness, as both the thickness and

the surface roughness can be controlled by the coat-

ing process, and the line shape of the roll-offset-

printed patterns can be controlled by other processes.

It was demonstrated that for the devices with the

printed Ag-mesh electrodes, a line pitch of 800 lm
was achieved by using the roll-offset printing. These

devices were shown to achieve an efficiency of 2.81%,

higher than the efficiency of 2.76% of the ITO based

devices.

Meng et al. [120] demonstrated the fabrication of

flexible transparent electrodes composed of PED-

OT:PSS and Ag grid/PET. The electrodes were fab-

ricated by low-cost solution printing method in

which viscosity, surface energy of PEDOT:PSS ink

Figure 14 Schematic diagram of the fabrication of the PDMS

stamp and the transfer printing of Cu nanowire mesh electrode.

a The conventional NIL produces the resist template. b The

PDMSs are drop-casted and cured. High modulus PDMS is first

drop-casted and cured at 65 �C for 5 min. The commercial PDMS,

Sylgard 184, is then drop-casted and cured at 65 �C for 2 h to

mechanically support the first layer. c The PDMS is demolded after

cooling down to room temperature. d 40-nm-thick Cu and 2-nm-

thick Ti are sequentially deposited by electron-beam evaporation.

e The Cu mesh on the PDMS stamp is transferred onto

PEDOT:PSS coated PET substrate at 10 psi and 100 �C for

2 min. f Lifting up the PDMS stamp leaves the Cu mesh electrode

on PEDOT:PSS coated PET substrate. Reproduced with

permission from Elsevier (Ref. [101]).
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and other printing parameters were controlled. An

efficiency of 8.08% was achieved in the devices with

these flexible transparent electrodes as compared to

7.54% using the ITO–PET transparent electrodes in

the PTB7-Th:PC71BM devices.

In addition, flexible devices based on Ag-mesh

flexible electrodes with a PCE of 11.5% have been

fabricated using an Al-doped ZnO as ETL in PSCs

[121].

Further, charge carrier selective electrodes for both

electrons and holes have also been demonstrated

[122]. This was achieved by using insertion layers of

hydrophobically-recovered and contact-printed

siloxane oligomers between electrodes and active

Figure 15 a Schematic of the

R2R transfer printing process,

b SEM images of the

imprinted epoxysilicon grating

structure on the replicated

flexible mold, c the transferred

Au nanograting on UV-cured

epoxy coated on a PET

substrate, and d photograph of

large-area

(32 mm 9 184 mm) Au

nanogratings on UV epoxy-

coated PET substrate. Inset

photograph shows the

transparency of the Au

nanogratings transferred to

PET. Reproduced with

permission from Elsevier (Ref.

[101]).
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material. An insertion layer was used for both elec-

trodes in P3HT:PCBM based solar cells, which makes

each electrode more selective for one type of charge

carriers, i.e., blocking electrons at anode and holes at

cathode, leading to an improvement in the charge

carrier extraction and thus, an increased device effi-

ciency. A simple conformal contact of a PDMS stamp

on a sample surface leads to the printing of oligo-

meric siloxane molecules, leading to an ultrathin

layer of contact-printed siloxane oligomers on that

surface. Thus, the insertion layer was formed at

interface by unreacted siloxane oligomers diffused

out from a cured PDMS stamp through conformal

contacting for less than 100 s. The siloxane oligomer

printed devices showed efficiency enhancement

when compared to non-printed ones. However, this

technique was demonstrated for the devices

employing ITO as an electrode, but it may be

explored for the flexible large-area devices without

ITO. In addition, the contact-printing technique was

demonstrated without the use of any vacuum or wet

processing steps and, in addition, with its simplicity

and large-area applicability, it was reported to be

very useful for the R2R manufacturing of the solar

cells.

Similar to the polymer solar cells, the roll-to-roll

printing technology has been employed for the per-

ovskite solar cells. Although the perovskite-based

solar cells have recently emerged as effective exten-

sions to the polymer-based solar cells, there are many

challenges to address in the area of these solar cells,

including the challenges related to the electrode

material, and these challenges are described in brief

below. In case of the perovskite solar cells, the scal-

ability of the fabrication process has been reported to

be achievable through these key steps—firstly, using

the scalable coating or printing techniques in order to

form the active perovskite layer, secondly, by pro-

cessing the solar cells on flexible substrates, which

requires lower process temperatures and finally, the

printing/coating of the back electrode with efficient

contact to the active material without affecting the

beneath layers [123]. In case of the first step, for

making the perovskite layer, one-step deposition

technique (typically using mixture of methylammo-

nium iodide (MAI) and PbCl2 or PbI2) or two-step

deposition technique (typically using sequentially

deposited layer of PbI2, MAI by dip/spin coating)

has been demonstrated. In order to achieve the scal-

ability of these deposition steps, the spray coating

and slot-die deposition methods have been shown to

be compatible. Further, for the second step, the pro-

cessing of the solar cells on flexible PET substrates at

lower process temperatures has been reported,

however, using the non-scalable fabrication steps like

spin coating and vacuum deposition. Similarly, for

the final step, the solution-based deposition or

printing of the metal or carbon/silver back electrode

in inverted devices using R2R-compatible process

technologies has also been demonstrated. The print-

ing of a metal back electrode, like silver electrode,

under ambient conditions leads to the full replace-

ment of the evaporated metal electrodes as well as

the removal of the vacuum processing required

during the use of an evaporated back electrode. Such

technique may fully lead to high-throughput and

cost-effective devices as envisaged by the R2R tech-

nology. In order to achieve this, using step-by-step

approach of firstly introducing a screen-printed

electrode, then shifting the fabrication from a rigid to

a flexible PET substrate, and finally fabricating the

device stack on a roll coater with slot-die coating, an

upscaling process for the perovskite solar cells has

been demonstrated [123]. For this, one/two-step

deposition techniques were employed for the fabri-

cation of two types of device geometries—normal

one-step (Fig. 16a) and inverted two-step (Fig. 16b). It

was reported that each of the fabrication procedures

differs in performance for a different geometry, with

one-step excellent for the ITO/PEDOT:PSS normal

geometry substrate with 9.4% efficiency, while two-

step better for the ITO/ZnO/PCBM inverted geom-

etry substrate with 6.2% efficiency (Fig. 16c). With the

perovskite material methylammonium lead triiodide

(MAPbI3) used as an absorber layer in the solar cell,

efficiency up to 21% has been reported [124].

Further, screen printing of the metal electrodes was

also demonstrated for both device geometries. In

order to achieve the screen printing, a tiny benchtop-

scale screen printer (Fig. 17a), made for single device

batch processing, was employed. This screen printer

has been reported to be similar to a R2R operated

large machine to ensure the scalability of the printing

process. Further, two different inks, a carbon-based

ink and a solvent free UV-curable silver-based ink,

were used for the screen printing of the electrodes.

However, the carbon ink did not result in proper

working devices, in contrast with the Ag-based ink,

which resulted in better devices (Fig. 17b). Such dif-

ference in the device performances has been
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attributed to the reaction of carbon with iodide/tri-

iodide, leading to contact with perovskite film, or

through exposure of carbon to perovskite degraded

by materials like gas-phase hydrogen iodide. The

screen printing of the metal electrodes was further

extended from the ITO-glass to ITO-PET substrates.

However, switching from evaporation to the screen

printing of the electrodes was shown to reduce the

device performance (Fig. 17c, d). Although this

technique was demonstrated for the devices using

ITO as an electrode, it may be explored for the flex-

ible large-area devices without ITO.

For the full upscaling, the application of slot-die

coating of the perovskite layer on the flexible sub-

strates using a mini-roll coater setup (Fig. 18a) for

both one/two-step perovskite solar cells was also

demonstrated. However, it was found that this

upscaling process resulted in 50% performance loss,

where the efficiency dropped from 9.4 to 4.9%

(Fig. 18b).

Environmental and processing stable materials

The stability of the solar cells manufactured through

roll-to-roll processing is an important parameter and

depends upon the stability of the constituent

materials under the environmental conditions. These

conditions are reported to influence the physical

properties of the materials of roll-to-roll manufac-

tured devices, which lead to stability issues in these

devices. Further, the stability of the constituent

materials under the processing conditions is also an

important parameter [44, 50, 125–146]. This section

includes many reported studies on the influence of

the processing conditions on the stability of the con-

stituent materials. Also, the methods to address these

issues as well as several environmental and pro-

cessing stable materials have also been explored in

this section.

It is well known that in order to achieve high

performance through a set of materials which are

used in the manufacturing of the devices, the physi-

cal properties of these materials need to be opti-

mized. However, such tuning up of the properties of

the materials may also necessitate the compromise or

improvement in other important parameters which

affect the performance of the devices. One of these

important parameters is the stability of the devices,

which may be affected by the changes introduced in

the physical properties of the materials for improved

performance in other parameters like efficiency. For

example, one of the ways to improve the VOC is to

Figure 16 a, b Perovskite solar cell structures. c Best device

using either the one-step normal geometry procedure or the two-

step inverted geometry procedure. Both devices employ a glass/

ITO substrate and an evaporated silver electrode. Reference [123]

Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced

with permission.
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Figure 17 a Photograph of the screen printing setup shown

during printing of a single device, with the inset showing the

5 9 2.5 cm2 glass substrate immediately after the screen has

lifted. b Typical J–V characteristics of one-step devices comparing

three different electrode printing processes using either a heat-

curable carbon ink, or a UV- or heat-curable silver ink, where the

carbon and UV ink impose damage to the underlying solar cell

stack (solid line), the heat curable does not (dashed line). The inset

shows the light beam-induced current (LBIC) maps of the

respective devices, with signal intensity going from blue to

yellow revealing defectuous areas of the device. The heat-cured

device LBIC is imposed with a millimeter grid to measure its size.

c, d Comparison of J–V characteristics of one- and two-step

devices, respectively, having either an evaporated (solid line) or a

printed electrode (dashed line). Again, the insets show LBIC maps

of the devices, with a millimeter grid imposed on the printed

device LBICs. All LBIC intensity scales are normalized to the

peak intensity for each device and are not intercomparable.

Reference [123] Copyright Wiley-VCH Verlag GmbH & Co.

KGaA. Reproduced with permission.

Figure 18 a Photograph of the slot-die roll coating process, here

of a layer of PbI2, where an already coated stripe is visible to the

right. b The J–V curves of the best one- and two-step devices

comparing spin coating (SC) with roll coating (RC). Reference

[123] Copyright Wiley-VCH Verlag GmbH & Co. KGaA.

Reproduced with permission.
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lower the HOMO level of the donor polymer. One

strategy employed in order to achieve this has been

the use of strong electron taking groups, e.g., fluorine

atoms, into the acceptor monomer backbone [125].

The higher electron affinity likely enhances the

intermolecular packing and therefore results in

higher hole mobility. The use of fluorine into the 5,6-

positions of the BT unit and analogs has been

explored extensively, leading to new polymer mate-

rials with higher efficiency of more than 8%

[126, 127]. In addition, many of these polymers have

been reported to perform well even with more than

200-nm-thick R2R-compatible active layer. The

copolymerization of 5,6-difluorinated BT and BDT

with alkylthiophenes has been reported to achieve

high efficiency even at higher 300 nm thickness

without any application of solvent annealing, addi-

tives or post-treatments [126]. The application of

combining fluorine and methyl together to enhance

charge carrier mobilities and improve the morphol-

ogy has also been demonstrated to achieve the effi-

ciencies over 11% for devices with an active layer

thickness over 400 nm [128]. In addition, the effi-

ciencies of over 14% for the R2R-compatible devices

with 300-nm-thick active layers have also been

reported [129, 130]. Nevertheless, the fluorine sub-

stituents have been shown to affect the stability of the

polymers and thereby that of PSC devices [125]. For

example, for flexible high-area R2R devices, the

application of low-bandgap polymer series based on

benzo[1,2-b:4,5-b’]dithiophene (BDT) and dithienyl-

benzothiadiazole, with different numbers of fluorine

substituents on the 2,3,1-benzothiadiazole unit, has

been reported in order to study the photochemical

degrading of polymer and operating lifetime in these

solar cells [125]. For this, two polymer series, (P1–P3)

and (P4–P6) (Fig. 19), with different numbers of flu-

orine atoms on the BT unit and with distinctive side

chains on the BDT unit were synthesized. The longer

alkyl side chains have been attributed to provide

enhanced solubility required in large-scale and high-

speed processing of active layer solutions having

concentrations above 50 mg/mL. It was revealed that

the fluorine improved the photochemical stability.

The photochemical stability was shown to enhance

with the number of fluorine atoms [125]. In addition,

the 2-hexyldecylthiophene (P4–P6) side chains on the

BDT unit were also shown to provide better photo-

chemical stability than 2-hexyldecyloxy side chains

(P1–P3). Further, the P1–P6 series was also shown to

exhibit enhancement in the photochemical stability as

compared to P3HT. This was attributed to their rel-

ative deficiency of side chains linked to the backbone

as compared to P3HT.

In addition to the stability of these polymers, the

stability of the roll-to-roll manufactured devices

based on these polymers series P1–P6 was also

studied [125]. For this, the devices were fabricated on

a PET-based material substrate. This material was

prepared by R2R coating of silver grid, PEDOT and

ZnO. Both active layer and back PEDOT:PSS were

slot-die coated, and the back silver electrode was

flexographically printed in an inverted geometry:

PET substrate/Ag-grid/PEDOT:PSS/ZnO/active

layer/PEDOT:PSS/Ag (Fig. 20a). It was found that

the incorporation of fluorine atoms leads to an

increase in the VOC of the fabricated devices for both

polymer series (P1–P3) and (P4–P6) (Fig. 20b). The

best device efficiency of 3.8% was achieved for (P4–

P6) series for an active area of 1 cm2 [125]. In addi-

tion, the lifetime measurements done on these devi-

ces showed an initial faster decay in the performance

for (P4–P6), followed by relatively slow decay rate

[125].

Similarly, narrow-bandgap copolymers PIDTFPQ

and PIDTFTQ based on bulky indacenodithiophene

(IDT) and mono-fluorophenanthrenequinoxaline

(FPQ) or mono-fluorodithienobenzoquinoxaline

(FTQ), possessing a large fused phenanthrene or

benzodithiophene ring on top of pyrazine unit, have

been synthesized for the application of manufactur-

ing of solar cells through roll-to-roll coating method

[131]. These polymers showed better properties in

terms of their stability, making them suitable for

large-area devices. Both polymers showed a decom-

position temperature (Td, 5% weight loss) exceeding

420 �C, indicating that their thermal stability was

sufficiently enough for application in PSCs. Further,

no glass transition or melting behavior was observed

for both polymers. However, it has also been repor-

ted earlier that the processing conditions of post-

treatments like solvent additives or thermal anneal-

ing, which are used for the improvement in the

device performance, are unfavorable for fabricating

large-area solar cells, especially for the printing or

roll-to-roll manufacturing technology [131]. This

requirement makes it important for the polymers to

show better properties for better performance in case

of the large-area devices, without the application of

any solvent additives or thermal annealing. It was
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revealed that the narrow-bandgap copolymers

PIDTFPQ and PIDTFTQ showed improved optical

properties, electrochemical properties, p–p packing

behavior, charge carrier transport, morphology and

photovoltaic properties leading to efficiencies of

5.54% and 5.00% of the devices, without using any

Figure 19 Synthesis of polymers: PBDTOHD-DTBT (P1),

PBDTOHD-DTBTf (P2), PBDTOHD-DTBTff (P3), PBDTTHD-

DTBT (P4), PBDTTHD-DTBTf (P5), and PBDTTHD-DTBTff

(P6). Reference [125] Copyright Wiley-VCH Verlag GmbH &

Co. KGaA. Reproduced with permission.

Figure 20 a Schematic representation of the PSC devices with an

inverted geometry of PET substrate/silver-grid/PEDOT:PSS/ZnO/

active layer/PEDOT:PSS/silver. b J–V characteristics of the best

performing flexible and ITO-free PSC devices based on the

polymers P1–P6. Reference [125] Copyright Wiley-VCH Verlag

GmbH & Co. KGaA. Reproduced with permission.
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solvent additives or thermal annealing, making these

materials suitable for the large-area roll-to-roll man-

ufacturing technology [131].

Similarly for the inverted planar solar cells, a

simple method to modify interfaces has been devel-

oped by using a hybrid ligands interfacial layer,

which has been demonstrated to reduce open-circuit

voltage loss in solar cells as well as enhance the sta-

bility of these devices [132]. In order to transfer

ligands, quantum dots were used as intermedia

without affecting perovskite, leading to band bend-

ing on top surface of perovskite film. This resulted in

a 20.6% PCE, and these devices showed enhanced

stability after quantum dots modification [132].

Among the donor polymers and acceptor materials

used for the solar cells, only some like P3HT:PCBM

have shown ability to withstand the difficult condi-

tions of large-area R2R processing [44]. These condi-

tions include all-solution processing, ambient

atmospheric conditions and multiple cycled higher

temperatures. Further, P3HT:PCBM devices have

also been reported to perform better with thick

([ 200 nm) active layers [44]. However, as discussed,

in order to speed up the research on the higher-area

device performance, new better-performing, R2R-

compatible and processing stable alternatives to

P3HT are also required to be synthesized. Helgesen

et al. showed the synthetic optimization of a

copolymer PDTSTTz (Fig. 21), based on DTS and

TTz, for the device processing [44]. The

PDTSTTz:PCBM blend thin films have been reported

to undergo less photochemical degradation during

accelerated aging conditions [133] and can withstand

thermal annealing without showing any performance

loss [134, 135]. Among these properties, the excellent

photochemical stability is an essential quality for the

materials which are required to undergo R2R pro-

cessing [44]. The solar cells based on PDTSTTz:PCBM

were fabricated using R2R processing, and efficien-

cies up to 3.5% were reported with roll-coated devi-

ces [44]. In addition, better processing control and

device performance was also reported with the roll-

coated PDTSTTz-4:PCBM devices, making PDTSTTz-

4 polymer as a potential material for R2R technology

[44].

Some of the widely used donor polymers used in

the highest performance devices are BDT-TT donor

polymers, PTB7 and PTB7-Th, which have also been

studied for their stability [136]. Many other polymers

based on the BDT-TT donor polymer backbone have

also been used in high-performance devices, but

these polymers have been shown to degrade rapidly

in the presence of light and oxygen [136, 137]. How-

ever, one of the factors which affect the stability of

BDT-TT polymers is the widespread use of high

boiling point solvent additives, with DIO being the

most common [136]. The effect of DIO on stability has

been attributed to its rapid photolysis in UV light,

which generates reactive iodine and iodooctane rad-

icals that can react with the polymer backbone [136].

However, for polymers like PTB7 having alkoxy side

chains, the oxygen atom helps to stabilize the struc-

ture toward H-abstraction and subsequent oxidation

[136]. The study on the influence of the solvent

additives on the stability of the polymers like PTB7

and PTB7-Th has revealed that the option of pendant

side chain as well as solvents used significantly

influence active layer stability, with alkyl thienyl side

chain polymers to be lesser stable than alkoxy side

chain polymers [136]. In addition, high-boiling-point

additives like DIO are found to significantly enhance

photoinduced degradation unless completely

removed [136]. This accelerated photooxidation has

been reported to be attributed to the enhanced oxy-

gen diffusion in films with residual solvent [136]. The

study has also reported the application of the non-

halogenated solvent o-xylene with 2% N-

methylpyrrolidone as a method to achieve lesser

active layer degradation [136]. This method also

results in maintaining the favorable intermixture of

morphology, which is otherwise achieved by using

halogenated additives with higher boiling points.

Figure 21 Molecular structure of the polymers PDTSTTz-3 and

PDTSTTz-4. EH = 2-ethylhexyl. Reference [44] Copyright

Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with

permission.
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Such polymer stability is important to make the better

scalable and R2R-compatible polymers [136].

Similarly, the effects of the presence of the high-

boiling additives in trace amounts in PEDOT:PSS,

after coating/printing of the HTL, on the stability of

the fully ambient R2R processed ITO-free modules

are also reported [138]. These high-boiling additives

are added to HTL for conductivity improvement and

remain as residual and therefore may affect the long-

term operating lifetime of the device. In order to

understand such influence of the additives, different

combinations of PEDOT types or formulations were

used for both the front/back HTL in the manufac-

turing of the solar cell modules. These modules were

then subjected to different kinds of lifetime studies

following well-established protocols (Fig. 22) [138].

For the main stability test under high-humidity/

high-temperature conditions, it was found that all the

combinations degraded fast and almost no stabiliza-

tion was found for either combination (Fig. 22).

However, during the outdoor operation, the addition

of EG, instead of DMSO, as an additive, was found to

significantly improve the operational stability of the

modules [138]. The roll-to-roll-based drying method

is faster as compared to spin coating, and the mech-

anism accounted to be responsible for the effects of

the solvents has been related to the polarity of the

solvents, with DMSO being a highly polar (er = 48)

high boiling solvent while EG being less polar (er-
= 41) high boiling solvent [138]. Also, during the

drying, the liquid phase of the initial aqueous HTL

dispersion has been reported to comprise only the

high-boiling solvent to a large extent toward the end

of the drying. For DMSO, the exposure of the ionic

part of the HTL is favorable giving a higher hydro-

philic surface, while for EG, the higher apolar parts of

the HTL are exposed [138]. Therefore, the enhanced

hydrophilicity of HTL dried with DMSO has been

reported to be a likely reason for the observed

Figure 22 Degradation curves for each ISOS condition for the four chosen PEDOT:PSS combinations. Reference [138] Copyright Wiley-

VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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increase in operational degradation for the devices

even with no water [138].

One of the issues in BHJs is the generation of the

S-shaped curves or S-kinks in the current–voltage

characteristics of the solar cells, which leads to low

fill factor and thus, poor stability and reduced device

efficiency of these devices. This S-shaped curve is

often attributed to an energy barrier resulting in

inefficient carrier transport in one of the layers/in-

terfaces, thus preventing charge extraction [139].

Further, the S-shaped curve generation has also been

reported in case of the large-scale production of

devices [139]. The devices were processed under

multiple post-production treatments like high-inten-

sity (1000 W m-2) and low-intensity (280 W m-2)

illumination, and thermal annealing at temperatures

of 65, 85 and 105 �C in an air atmosphere for 90 min

in the dark. These multiple post-production treat-

ments were done in order to understand the effects of

temperature, illumination and atmosphere on the

characteristics of repeated current–voltage scans

(photoannealing) of the devices. However, it was

shown that after exposure to 1000 W m-2 illumina-

tion at 85 �C and repeated current–voltage scans, the

inflection point or S-shaped curve gradually disap-

peared with significant improvement in the perfor-

mance [139]. In addition, the atmosphere also plays

important role in the inflection point phenomenon. In

order to understand this, encapsulated cells were

tested in the atmosphere of air, oxygen and nitrogen

at 85 ± 3 �C and under 1000 W m-2 illumination,

which revealed quite similar behavior in the inflec-

tion point phenomenon regardless of atmosphere

(Fig. 23d–f). In this test, at the beginning, the curves

showed a clear inflection which was removed over

the course of 10 min. In addition, experiments with

the cells not encapsulated after processing were also

done, and distinctly different behavior of these cells

in various atmospheres was observed (Fig. 23a–c).

No photovoltaic response in air or oxygen regardless

of time was observed in this case; however, the

photocurrent extracted at - 1.25 V decreased quickly

in air and even more rapidly in oxygen. This deteri-

oration of photocurrent was attributed to an oxida-

tive degradation of P3HT accelerated by temperature

and illumination.

Further, the experiments on the encapsulated cell,

left in an oxygen-rich atmosphere for 14 days and

subsequently photoannealed under standard condi-

tions (air, 85 �C, AM 1.5G, 1000 W m-2) were also

done (Fig. 24a, b). Using TOF–SIMS and XPS analyses

of interfaces and surfaces, the study also reported

photooxidation and redistribution of oxygen inside

the cell based on ZnO photoconductivity. In this

process, ZnO can photocatalyze the degradation of

organic species, suggesting the occurring of major

chemical processes in the bulk of the nanoporous

ZnO and at the ZnO–P3HT:PCBM interface [139].

Roll-to-roll-compatible processing
techniques

This section deals with the various processing tech-

niques and parameters used during the manufactur-

ing of the roll-to-roll-processed solar cells, and their

impact on the important parameters influencing the

device performance, e.g., morphology of the depos-

ited films, is also discussed. The methods used to

address these issues are also discussed. In addition to

the polymer solar cells, similar studies on the roll-to-

roll-processed perovskite solar cells are also dis-

cussed in detail in this section.

One of the factors which have been shown to affect

the device efficiency is the morphology of the

deposited films of the active layer including the large

donor/acceptor phase separation in all-polymer BHJs

[50, 140]. Depending upon the parameters during the

deposition and the type of the deposition technique,

the morphology of the coated films can show varia-

tion. Hong et al. demonstrated the application of slot-

die coating technique using the low-viscosity solu-

tions of the blends of P3HT and PCBM, and reported

the influence of the factors like mask shim length,

coating speed and substrate temperature on the

quality/thickness the deposited films [141]. As dis-

cussed earlier, in a slot-die apparatus, the ink to be

deposited is forced to the internal of the slot-die head

and then forced out through a narrow gap between

top and bottom parts of the head (Fig. 25). A shim

mask is a thin mask which allows the ink to be

deposited on the top of substrate after passing

through it (Fig. 25). Several thickness control factors

are considered when using shim masks, which

determine the quality and thickness of the coated

films, such as substrate temperature, shim length,

coating speed, pumping rate, gap distance and

solution concentrations [141]. The shim length is

defined as the length of the protruding part of the

mask from the slot-die head and is very important

factor for uniform film. The study found that the
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thickness of P3HT:PCBM increases with the shim

length. Further, the substrate temperature was shown

to affect solvent evaporation and thereby the film

morphology. It was reported that for high substrate

Figure 23 Change of IV curves under photoannealing of

unencapsulated and encapsulated cells in different atmospheres

a unencapsulated in air, b unencapsulated in O2, c unencapsulated

in N2, d encapsulated in air, e encapsulated in O2 and

f encapsulated in N2. Colors of curves correspond to time (red)

1 min, (brown) 5 min, (orange) 10 min, (blue) 15 min, (pink)

20 min and (green) 25 min. Reproduced with permission from

Elsevier (Ref. [139]).

Figure 24 a Change in JSC under photoannealing in oxygen

atmosphere (before x-axis break) and re-annealing after storage in

a 95% oxygen atmosphere for 14 days (after x-axis break). Inset

shows evolution of IV curves at (red) 0 min, (brown) 25 min,

(orange) 50 min, (blue) 75 min, (pink) 100 min and (green)

250 min. b Schematic of proposed oxygen redistribution upon

illumination and heating. Reproduced with permission from

Elsevier (Ref. [139]).
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temperature, the evaporation of the chlorobenzene

solvent was quick as compared to the room temper-

ature evaporation, which decreased the solid content

agglomeration time, thereby giving a uniform film.

Further, it was found that the thickness of the film is

shown to decrease with high coating speed due to

low surface tension. Also, large-area spin-coated and

slot-die coated devices showed efficiency of 2.67%

and 3.07%, with a uniform average efficiency of

2.58% for high-throughput (5.0 m/min) slot-die-

coated devices [141].

The donor/acceptor polymer crystallization, lead-

ing to large-scale phase separation in all-polymer

devices, is also an important factor considered during

the roll-to-roll deposition of the materials for the cells

[142]. Higher crystallinity has been shown to improve

the charge carrier mobility and thereby facilitate the

charge collection leading to improved device effi-

ciency [143]. Previous studies have reported that a

better optimization between the donor/acceptor

phase separation and the crystallinity can be

achieved by post-deposition thermal or solvent vapor

annealing [144, 145]. However, as discussed earlier,

the conditions of post-treatments like solvent addi-

tives or thermal annealing have been reported to be

unfavorable for fabricating large-area solar cells,

especially for the printing or roll-to-roll manufactur-

ing technology [131]. Therefore, it is important to

control both phase separation and the crystallinity of

the donor and acceptor polymers without any post-

treatments like solvent additives or thermal anneal-

ing, in order to achieve a better performance of the

solar cells compatible for the roll-to-roll manufac-

turing technology. In order to control the

crystallization behavior, a non-regular heavy poly-

mer side chain has been used in the polymer to dis-

rupt the polymer chain packing. This prevented the

crystallization and formed amorphous polymer

blends (Fig. 26a), which were then used in R2R

printing of all-polymer solar cells using a custom-

built mini R2R coater (Fig. 26b) [50]. It was shown

that the irregular bulky polymer side chain into the

backbone prevents the conjugated polymer from

crystallizing even when it is given sufficient duration

by using a high boiling point solvent. For this, the

study employed the application of combinations of

two isoindigo-based conjugated polymers as donor

polymers—(PII2T), with branched alkyl side chains,

and randomly copolymerized (PII2T-PS), with 90%

branched alkyl side chains and 10% polystyrene (PS)

(Fig. 26c). In addition, two PNDIT- and PPDIT-based

acceptor polymers were also used (Fig. 26d) [50]. In

case of the donor polymers, depending upon the type

of polymer side chain, significant differences in the

GIXD diffraction patterns were found, revealing dif-

ferent degree of ordering in these polymers. The

polymer PII2T with highly regular branched alkyl

side chains showed a high degree of ordering, while

with the heavy PS side chains, the ordering of PII2T-

PS was severely disrupted. It was found that a high

phase separation size is related to a higher relative

degree of crystallinity of at least one of the polymers

in the blends [50]. Also, these polymers were used for

the manufacturing of the all-polymer BHJs, and it

was demonstrated that with the combination of the

donor and acceptor polymers, both having low

crystallinity, a reduction in the phase separation size

was achieved leading to better performance of the

devices. In addition, large-area all-polymer R2R

printed solar cells were also demonstrated, with

efficiencies of 5% for cell area up to 10 cm2 [50].

Similarly, the lower domain sizes and stable coating

morphology, obtained with the donor and acceptor

polymers having low crystallinity, were attributed to

make them suitable for roll-to-roll manufacturing

technology regardless of coating speed [50].

The BHJ morphology has also been reported to be

highly sensitive to solvent drying dynamics, which

are significantly different during and after the spin

coating. Therefore, the process parameters optimized

for spin coating cannot be directly used for R2R

technology [146]. Hence, a detailed understanding of

the morphology/crystallization evolution of materi-

als during R2R processing is important from this

Figure 25 A schematic of the coating parameters used in slot-die

coating. Reproduced with permission from Elsevier (Ref. [141]).
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point of view. One of the widely used powerful and

nondestructive tools for this is X-ray scattering,

which is widely applied to study the molecular

packing structures of polymers, e.g., molecular ori-

entation, relative crystalline size distribution and

degree of crystallinity [146]. However, such facilities

lack in situ X-ray scattering during the roll-to-roll

coating, in which the speed of coating can be large to

replicate high-throughput coating and also can help

to study the crystallization dynamics during the sol-

vent evaporation. Therefore, for in situ X-ray scat-

tering, crystallization tracking roll-to-roll coaters

have been developed (Fig. 27) [146]. In this setup

(Fig. 27), the ink is deposited on a flexible substrate

and the corresponding morphology information from

the substrate is obtained using the X-ray scattering

measurements at the different drying stage (Fig. 28).

Also, this technique has potential for direct probing

of both polymer chain packing order close to the

drying edge as well as orientation in the dried film, in

a single in situ printing experiment. A wide range of

dry time resolutions, from ms to seconds, was shown

to be achieved for the P3HT films. The different

drying time resolutions facilitated the studying the

crystallization during fast/slow drying as deter-

mined by coating parameters [146].

Jeong et al. reported a method of highly ordered

nanoscale texturing for altering the material mor-

phology to make it compatible with roll-to-roll pro-

cess [147]. This method significantly improved many

physical and chemical functions like effective broad-

band antireflection, light trapping effects, the surface

properties and light absorption in polymer solar cells.

Such nanoscale texturing can be achieved through the

Figure 26 a Illustration of BHJ morphology for intermixed donor

and polymer chains. Red lines represent the donor chain and blue

lines represent the acceptor chain. b R2R printing using a slot-die

coater setup. Top figure shows the zoom-in view of the slot-die

coating process. c Chemical structure of two isoindigo-based

donor polymers used in this work. In the right plot, the degree of

polymerization ratio between X = 10 determines the percentage of

polystyrene (PS) side chain. Schematic of packing structure with

regular branched alkyl side chains, which can form ordered

crystalline domains and irregular bulky PS side chains were shown

next to it, which inhibit the formation of ordered crystalline

domain. d Chemical structure of the acceptor polymers PNDIT and

PPDIT. Reference [50] Copyright Wiley-VCH Verlag GmbH &

Co. KGaA. Reproduced with permission.

J Mater Sci (2020) 55:13490–13542 13523



application of the nanoparticles [147]. However, such

nanostructures making methods are incompatible

with large-scale R2R processes. Therefore, a simple

scalable and compatible printing method for assem-

bling 2D/3D close-packed nanoparticle arrays on

flexible substrates or coating of these arrays on rigid

substrates in assembly line has been demonstrated

[147]. These results demonstrated the nanoparticle

monolayer structure as an effective light trapping

template for photovoltaic applications with higher

nanoparticle sizes achieving the largest improve-

ments in the wavelength range of 550–800 nm,

respectively [147].

In case of R2R all-polymer devices, a key issue that

affects the performance of the solar cells is the lower

tendency of electron-accepting polymer to form a

mixed phase relative to PC71BM during the roll-to-

roll-compatible deposition techniques [142]. This

issue leads to the worse film morphology and poly-

mer crystallization and therefore has been reported to

greatly impact the printed devices performance [142].

One of the reported methods to overcome this is the

solvent vapor annealing for long durations [148].

Further, more convenient and economical method of

addition of additives has also been reported to opti-

mize the morphology and nanophase separation

[149, 150]. However, the solvent vapor annealing

method is not widely employed in all-PSCs; there-

fore, all-polymer devices based on PTB7-Th as elec-

tron-donor and PNDI-T10 as electron-acceptor, have

been fabricated by R2R-compatible printing tech-

niques using an additive but without any annealing

treatment [151]. The study reported the application of

varying amounts of additive DIO to optimize the

morphology. With the application of 0.4 vol% DIO

into the processing solvent, a boost in the fill factor

up to 0.71 and PCE up to 8.61% was reported [151]. It

was reported that the additive prolongs the drying

time of all polymer nanocomposites leading to a

better morphology and higher crystallinity, with

demonstrated PCE of 6.65% for large-area all-PSCs

with a flexible ITO-free structure [151]. Thus, all-PSCs

were demonstrated as potential in case of the large-

area R2R technology [151].

Similarly, the manufacturing of large-scale R2R

based highly efficient polymeric tandem devices also

presents some major challenges of less optimized

parameters like coating methods, ink composition,

Figure 27 Schematic of the in situ X-ray scattering setup for

direct monitoring of the drying dynamics and morphology

evolution using a mini-roll-to-roll coater. Grazing incidence

X-ray scattering is performed during the printing process, and

the diffraction images are collected with a fast area detector. The

crystalline structure of polymer and polymer blends are extracted

from diffraction data to understand the morphology evolution of

the R2R-coated semiconductor film. Reprinted with permission

from Ref. [146]. Copyright (2016) American Chemical Society.
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and the commercially unavailability of better per-

forming active materials [152]. All these factors affect

the morphology of the deposited films. One study has

demonstrated the fabrication of the organic tandem

solar cells based on a moderate bandgap polymer

GEN-2 and a low bandgap polymer diketopy-

rrolopyrrole-quinquethiophene (pDPP5T-2), with

GEN-2:PC60BM as a front cell and pDPP5T-2:PC70BM

as a back cell [152]. The study reported efficiencies of

7.66% and 5.56% on glass and flexible PET substrates,

respectively. These solar cells were demonstrated to

be fabricated under ambient conditions using coating

technique compatible with high-scale production.

The application of a low-temperature/solution-pro-

cessed intermediate layer (IML), based on PEDOT

and ZnO nanoparticles, as a transparent charge

extraction layer was also demonstrated. The 60–80

nm thick IML was shown to exhibit an excellent

transmittance in the range from 400 to 950 nm and

was modified by a solution-processed barium

hydroxide (Ba(OH)2) thin layer [152]. It was further

reported that the modification by the thin Ba(OH)2
layer did not affect the light transmittance in the

range from 500 to 950 nm, with an overall transmis-

sion of 95% achieved for the Ba(OH)2 modified IML,

demonstrating it as a potential IML for polymeric

tandem devices [152].

In addition to the polymeric devices, as discussed

above, the studies on the manufacturing of the

stable perovskite solar cells through roll-to-roll coat-

ing have also been explored [52, 153–165]. Recent

studies on perovskite-based solar cells have shown

efficiencies up to 20% with high stability [154, 155].

Although the perovskite-based devices have recently

emerged as effective extensions to the polymer-based

solar cells, there are many challenges to address in

the area of these solar cells. For example, the planar

perovskite cells with conventional architecture have

shown long-term stability only in some cases when

used with a halide perovskite combination [156], an

aqueous-free PEDOT:PSS [157] or a vacuum-based

temperature annealing to fully eliminate chloride by-

Figure 28 Schematic views

(a–c) and top down

photographs (d–f) for the

different drying stages of

organic solar cell ink by

solution shearing coating. (a,

d) X-ray passes through the

wet film, (b, e) X-ray passes

through the drying film, and

(c, f) X-ray passes through the

dried film. Reprinted with

permission from (Ref. [146]).

Copyright (2016) American

Chemical Society.
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products [158]. Further, in case of long-term degra-

dation, the inverted planar perovskite cells with

aqueous-based PEDOT:PSS as the HTL on the ITO

substrate have also been reported to easily degrade

due to the hygroscopic/acidic tendency of PEDOT

[159], easy PSS diffusion into other layers and

unstability of the ITO/polymeric interface [30, 160].

In some cases, in order to address the issues related

to the stability, more advantageous architectures

based on a metal oxide scaffold showing an

improved stability up to 1000 h in the dark [161] and

light [162] have been reported. The stability of these

architectures was shown to be higher than that of the

inverted or non-inverted planar counterparts. How-

ever, these are some of the several issues to be

addressed in case of the perovskite solar cells, with

further challenges in case of the R2R based perovskite

solar cells as discussed below. Several studies on the

processing techniques and the parameters used in

case of the roll-to-roll-processed perovskite solar cells

and their influence on the device performance, and

the methods to address these issues are also descri-

bed in detail below.

One of the factors playing major role in the per-

formance of perovskite devices is the perovskite thin-

film quality, which in turn is affected by deposition

technique used [165]. Similar to the polymer solar

cells, the slot-die method is also used for the depo-

sition of lead halide-based perovskite layers in case of

the roll-to-roll-processed perovskite solar cells [153].

The application of technique of slot-die coating has

been demonstrated to address the problem of scala-

bility of these solar cells [52]. In fact, the device effi-

ciency up to 9.2%, comparable to spin-coated devices,

has been achieved for the slot-die coated perovskite

devices [153]. The importance of slot-die coating

technique is that it offers the production of stripe

pattern and thickness control in comparison with

other conventional techniques [52]. Although slot-die

coating method is a R2R-compatible technique, ear-

lier studies have shown that as compared to slot-die

method, the spin coating offers the advantage of the

dynamic drying of the solvent [153]. This results in

excess solvent in case of the slot-die coating method,

which further affects the crystallization dynamics

[153]. Such poorly controlled crystallization dynam-

ics can lead to vertically grown crystals, causing a

rough and inefficient surface covering perovskite

layer and therefore, a less photocurrent [153]. Fur-

ther, several advanced deposition methodologies,

using slot-die coating, have been developed to make

perovskite-based thin films, which include one-step/

two-step solution deposition techniques [163, 164]

and vacuum-based thermal vapor deposition tech-

nique [167]. The one-step method is simple and cost

effective; however, the non-homogeneous perovskite

thin film deposited with this method further usually

needs controlled solvent/thermal treatments in order

to obtain efficient PSC devices [168]. The two-step

method has been widely used in polymeric devices

with better performance and therefore, it acts as a

better and less-cost method to fabricate devices [164].

However, the lower performance may also result in

case of two-step sequential deposition due to the

development of inefficient thin film and an incom-

plete surface covering of perovskite layer [168].

Therefore, for a better quality of perovskite layer with

complete surface covering, other material processing

methods have also been explored for their compati-

bility with high-scale and large-output R2R printing

techniques [165]. One study has reported exploring

an intramolecular exchange technology through a

low-temperature/two-step process to deposit better-

quality uniform CH3NH3PbI3 film with better cover-

age [165]. The study reported additive less two-step

deposition of PbI2 based complex at room tempera-

ture, and then the deposition of CH3NH3I solution

subsequently. An efficiency of 14.26% for the per-

ovskite devices with a buffer less inverted structure

was reported [165]. Similarly, a two-step process has

been shown to be employed for better surface cov-

ering of perovskite deposited onto a mesoporous

titania scaffold, in which first lead iodide is deposited

from solution and then converted into perovskite by

MAI immersion [153]. The slot-die coating was used

for the deposition, which allowed patterned layers to

be produced, and thereby, eliminated the complex

removal steps related to unpatterned deposition.

Also, the air quenching of the deposited films during

the deposition by slot-die coating of PbI2 was also

enabled. However, for further converting the lead

iodide into perovskite, a second coating step was

employed which added to the complexity of the

processing. The crystallization dynamics was thus

shown to be controlled through the application of the

cold air knife over the deposited layers, along with a

preheated substrate to control the temperature gra-

dient [153]. Further, as the manufacturing of the

perovskite solar cells requires the application of the

perovskite precursor solutions, it has been shown
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that the small ions in perovskite precursors have

rapid crystal forming tendency and are prone to

pinhole formation during wet film formation [52].

Although approaches like the application of additives

and solvent/gas backed coating have been developed

to make pinhole-less uniform perovskite layers, the

challenge of single deposition process has also been

addressed [52]. This challenge was overcome by

firstly forming a layer of PbI2 and then transferring it

to perovskite through exposure to CH3NH3I solution,

followed by the application of small amount of MAI,

which acts as an additive and effectively decreases

PbI2 crystallization in deposition step [52]. An effi-

ciency up to 11% was reported using actual R2R

machine in air for the production of flexible per-

ovskite solar cells [52].

Similarly, flexible planar heterojunction perovskite

solar cells based on polyethylene-2,6-naphthalate/

indium tin oxide/SnO2/perovskite/spiro-OMeTAD/

Ag have also been developed using R2R micro-

gravure printing [166]. The devices showed PCE up

to 10.56% and an average PCE of 9.97% [166].

Similar to the polymeric devices, one of the factors

which affect the morphology of the slot-die coated

films in the R2R processed solar cells is the drying

mechanism of the films [47]. It is well known that

many coating/printing methods make a wet film

first, followed by natural or hot air-dried films.

However, in a slow drying step, the deposited solu-

tion may have tendency to flow and therefore, uni-

formity of the film may be lost depending on the

material. Further, additional problems have been

reported to be encountered with the deposition pro-

cesses with different materials. For example, as the

lead iodide (PbI2) coating process in the R2R pro-

cessed perovskite solar cells consists of only small

ions that rapidly form crystals, certain morphology

problems are reported to occur due to drying step of

the deposition process [47]. It was found that during

a slow drying step, there is a formation of pinholes

when the easy migration of PbI2 small ions and for-

mation of overgrown crystals occur, leading to the

formation of some areas on substrates that lack

material. In order to counter this, an external

quenching to replicate the spin coating was intro-

duced (Fig. 29), in which different forms of PbI2
films, cloudy and glassy forms, were formed from

one form to other. The UV–visible absorption

(Fig. 30a) shows the differences in the conversion

degree for different forms [47].

A significant enhancement in the absorption

intensity over the full spectral range of 400–800 nm

for the perovskite film converted from a cloudy form

was observed. Further, for slot-die coated PbI2 layers,

the glassy PbI2-based devices showed poor perfor-

mance with 0.6% efficiency (Fig. 30b). However, the

cloudy PbI2-based devices showed a better perfor-

mance with 11.94% efficiency, indicating the strong

dependence of the device performance on the PbI2
morphology.

Further, the effect of processing-temperatures on

device performance can be observed (Fig. 31b).

Although the upscaling of the perovskite solar cells to

the roll-to-roll printing is also limited by the sintering

at high temperatures, which prevents the application

of flexible substrates in R2R processing [167, 168],

these devices showed a gradual improvement in the

performances as temperature was increased, with

11.96% efficiency at 70 �C [47]. Using the similar

techniques, planar perovskite solar cells have also

been developed, and an efficiency up to 10.14% has

been demonstrated for these R2R-compatible planar

perovskite devices [47, 167, 168].

As discussed earlier, the films deposited through

slot-die have more tendency to develop defects rather

than spin-coated films, which have an internal drying

process [169]. Also, slot-die deposition has tendency

to develop less coverage perovskite layers with

overgrown crystals than spin coating. Further, as

described earlier that in order to address this issue, a

gas-quenching step was introduced along with a

sequential deposition [47]. However, this resulted in

the introduction of an unwanted additional step and

also made a prolonged soaking step essential before

the second step, resulting in the R2R-incompatible

developed process, as it is not suitable to be used for

frequently moving substrates. In order to address

these issues, a one-step slot-die deposition has been

demonstrated, in which a combined gas quench-

ing/substrate heating was used produce a defect-less

layer [169]. Further, the blowing/heating steps were

also used for faster solvent evaporation [169]. It was

shown that such films showed significantly improved

surface coverage with an efficiency of 9.8%, as com-

pared to the films prepared at room temperature with

an efficiency of 4.3% [169].

One of the issues with scaling up the manufactur-

ing of the perovskite devices is the less number of

scalable HTL materials that can give required mor-

phology during the printing [170]. In order to
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overcome this issue, a printing-friendly hole trans-

port layer of Bifluo-OMeTAD, with much more tol-

erance to defects even due to a small chemical

modification, has been introduced [170]. This mate-

rial has been reported as a high-performing HTL

which maintains favorable optoelectronic properties,

thus making it very suitable for large-area applica-

tions. A device efficiency up to 12.7% with the devi-

ces based on this HTL has been reported [169].

Further, the application of a twisted but fully p-con-
jugated Bifluo-OMeTAD into slot-die coated devices,

achieved via molecular design and exhibiting excel-

lent film forming properties, has also been reported

[170]. It was reported that the chemical structure of

Bifluo-OMeTAD effectively suppressed the crystal-

lization during printing, resulting in essentially an

amorphous layer of Bifluo-OMeTAD and a smooth

surface with very few aggregating lumps. Such an

amorphous layer of Bifluo-OMeTAD with a smooth

surface resulted in the efficiency of 14.7%, showing it

to be an effective scalable hole transport material

[170].

Further, the degradation of the roll-to-roll com-

patible perovskite solar cells also results from the

metal electrode-related degradation that has been

found to significantly affect the stability of the devi-

ces [173]. It has been shown that the silver layer, used

as an electrode, suffers from severe corrosion, and the

formation of silver halides (such as AgCl, AgI) in

humid environments has been reported to occur

mainly due to the undesirable contact and reaction

between Ag electrode and the mobile halide ions

from the perovskite light absorber [171, 172]. Further,

it has also been reported that an exposure of the solar

cells to a certain temperature induces the metal

migration through the organic hole transporting layer

into the perovskite material, significantly affecting

the device performance, which makes it crucial to

prevent the metal contacts from reacting with the

perovskite material [173]. In order to address this

issue, the manufacturing of roll-to-roll-compatible,

semitransparent/self-encapsulated perovskite devi-

ces has been demonstrated by simply laminating two

separated perovskite-based substrates, the front sub-

Figure 29 Optical microscopy and SEM images of the slot-die

coated PbI2 films under various coating conditions. a The naturally

dried PbI2 film. b The gas-quenched glassy PbI2 film stored in air.

c The gas-quenched cloudy PbI2 film stored in enclosed space.

Reference [47] Copyright Wiley-VCH Verlag GmbH & Co.

KGaA. Reproduced with permission.
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cell (ITO/PEDOT:PSS/CH3NH3PbI3) and back sub-

cell (compact-TiO2/mesoporous-TiO2/CH3NH3PbI3),

without vacuum evaporation of metal electrode [173].

Further, it was shown that the addition of

Figure 30 a UV–visible absorption of perovskite layers

processed with slot-die coated PbI2 and MAI dipping. b J–

V characteristics for the highest performing devices with structure

of ITO/ZnO(spin)/perovskite (slot die/dipping)/P3HT(spin)/

Ag(evaporation). c Power conversion efficiency distributions of

10 devices with various thicknesses of slot-die coated P3HT. d J–

V characteristics for the highest performing devices and the power

conversion efficiency distributions of 20 devices with the spin-

coated ZnO and P3HT layers and the slot-die coated ZnO and

P3HT layers. Reference [47] Copyright Wiley-VCH Verlag GmbH

& Co. KGaA. Reproduced with permission.

Figure 31 a UV–visible absorption graphs of the sequentially

slot-die-coated perovskite layers with processing at room

temperature, 50 �C and 70 �C. b J–V characteristics for the

highest performing devices with processing at room temperature,

40 �C, 50 �C, 60 �C and 70 �C. Reference [47] Copyright Wiley-

VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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chlorobenzene between two perovskite layers signif-

icantly increases the perovskite crystals interfusion,

which has been attributed to contribute to perovskite

film with more crystallinity and light absorption in

laminated cells. An efficiency of 6.9% for the self-

encapsulated perovskite device with a device area of

0.39 cm2 and an excellent stability for the solar cell

even after being soaked in water for 24 h was

reported to be achieved [173].

Printing modules

The scaling of the printing technology to develop the

large-area polymeric or perovskite device modules is

the ultimate step in the commercialization of the roll-

to-roll printing technology of these solar cells. This

section deals with the several demonstrations of such

printed modules that have been developed as well as

the various developments in the architectures and

techniques used for such printed modules.

As discussed earlier, in order to step up the

development of the solar cells using laboratory-scale

techniques to high-throughput technology, the tech-

niques involved in the various steps of fabrication

must also be upgraded to roll-to-roll processing

compatible techniques. One of the promising fabri-

cation methods, as discussed earlier in detail, for

depositing active layers/interlayers on large-area

polymer solar cell modules is the slot-die coating

technique. Most reported polymer solar cell modules

have been developed by this method using several

serially connected solar cells with identical wide

stripes of one dimensional patterning

[45, 69, 141, 181]. However, this module architecture

also consists of blank shifts of each layer, which are

used to avoid unwanted coating and an intercon-

nected area between the unit cells. This results in

lower geometric fill factors, i.e., the ratio of pho-

toactive to total area, with significant aperture loss

[45]. The geometric fill factors can be increased using

wider stripes; however, it results in large efficiency

loss due to low conducting electrodes [45, 174, 175].

Therefore, the large-area printed modules in such

cases will have lower efficiencies than those of the

laboratory-scale devices [45]. In order to improve the

module geometric fill factors, an effective module

architecture (Fig. 32a) was developed for device

modules with serially connected alternating inter-

layers for opposite charge polarity [45]. The module

consisted of alternating regular and inverted sub-

cells that were serially connected with common top

and/or bottom electrodes between the nearby sub-

cells. Such module architecture offered advantages,

such as printing the active layers in large-areas

without any patterning and minimizing the aperture

losses with the blank offset coating [45]. Further, to

replace vacuum deposition process, required for the

interlayer used in these modules, a solution-based

method was used. With such new module architec-

ture, a reported 90% geometric fill factor with 4.24%

module efficiency was achieved, corresponding to

82% of the efficiency of laboratory-scale polymer

solar cells [45]. The reported module efficiencies of

4.28% and 4.09% for the glass and PET substrates,

respectively, were also achieved [45].

In addition, the photovoltaic modules based on

small molecule benzodithiophene terthiophene rho-

danine (BTR) have also been successfully developed

using R2R-compatible method [177]. It has been

reported that in contrast to the polymers, small

molecules are potential candidate for industrial

applications due to their well-defined molecular

structure, relatively higher purity and less batch-to-

batch variation [176, 177]. However, as in case of

some polymer solar cells, many efficient small

molecule devices require the prolonged R2R-incom-

patible thermal/solvent vapor annealing [177]. Heo

et al. reported the fabrication of small molecule based

large-area modules using BTR and PC71BM blends

[177]. The fabrication of the modules involved a slot-

die scalable method and the use of a halogen-free

solvent. The study also employed the application of

the non-halogenated diphenyl ether (DPE) additive

for the processing of the blend films, resulting in the

significant improvement of performance of the devi-

ces, with increment in the efficiency from 3.81 up to

6.56% [177]. The study also reported the fabrication of

10 cm2 high area modules with efficiency of 4.83%

using the small molecules blends [177].

Further, flexible photovoltaic modules based on

P3HT and PCBM blend films printed on the PET

substrates, with 15.45 cm2 area and prepared by R2R-

compatible gravure method, have also been demon-

strated [39]. The study has reported modules with

eight serially connected solar cells in same substrate.

For this, the layout of modules was kept monolithic

with the purpose to cover the power output for

specified applications and to make them integrable

with an inline production process [39]. The study

reported the modules comprising 5, 7 and 8 serially
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connected cells, with the active area efficiencies of

1.92, 1.79 and 1.68%, respectively [39].

Similar effort to manufacture complete R2R pro-

cessed high-area flexible polymeric device modules

have been demonstrated in laboratory scale in an

ambient atmosphere [178]. This was enabled by wet

processing and vacuum less steps. In addition,

additive printing/coating methods without the

application of lithographic or subtractive methods

were used. It was demonstrated that a crucial inline

coating of intermediate layer leads to a better tech-

nical output. The complete module consisted of a

multilayered tandem stack of different materials like

front PEDOT:PSS (20 m min-1), ZnO ink, PFN ink

(2.4 m min-1), MH301:PCBM inks (1.5 m min-1),

MH306:PCBM inks (1.2 m min-1), silver back elec-

trode (rotary-screen-printed at 2 m min-1) and car-

bon contacts (rotary-screen-printed at 2 m min-1)

with different wet thicknesses and dried at different

temperatures [178]. An efficiency of 1.76% for an

active area of 52.2 cm2 for an eight tandemly con-

nected cell module was also demonstrated [178].

As discussed, the manufacturing of the R2R-prin-

ted modules has been demonstrated by employing

two different principles, either a serial connection of

stripe modules in order to reduce the Ohmic losses or

using monolithic modules for higher geometric fill

factor and flexibility of the process [38]. Using the

second concept, one study demonstrated the manu-

facturing of the inverted devices on a Kapton foil

with top illumination, and using an aluminum/

chromium bi-layer system as electron contact [38].

The Kapton foil was chosen due to its better thermal/

mechanical stability. The layer structure used for the

manufacturing of the encapsulated solar cells was

Kapton/Al/Cr/P3HT:PCBM/PEDOT:PSS/printed

Ag (Fig. 33). Both stripe modules (Fig. 33) and

monolithic modules were manufactured. Firstly,

small-area cells (3 cm2 active area) were carefully

optimized and then, these devices were transferred to

a complete R2R-compatible slot-die coating and

screen printing of all-solution-processed layers under

ambient conditions. It was demonstrated that the

modules comprising of 16 serially connected cells

produced total area efficiencies up to 0.5%, with

0.35% efficiency for the best monolithic modules [38].

Similarly, flexible micro-groove back-contact solar

cells and modules based on MAPbI3 are fabricated

through the serial connection of adjacent grooves,

with such modules achieving open-circuit voltages

up to nearly 15 V and a PCE of 4.4% [179].

Further, high-area flexible P3HT:PCBM modules,

with performance similar to R2R commercial devices,

have been successfully demonstrated by employing

ambient gravure printing using an industrial scale

printing proofer [43]. Both HTL of PEDOT:PSS and

the active layer of P3HT:PCBM were successively

printed on ITO-coated polyethylene terephthalate

(ITO/PET) substrates, with evaporated Al top elec-

trodes. The modules of 45 cm2, composed of 5 cells

connected in series, were manufactured and showed

a power conversion efficiency of over 1.0%.

Similarly, a high-area (10 cm2) module with an

efficiency of 8.3% has been demonstrated by

employing the technique of 3D printer-based slot-die

coating [56]. A mixture of PbAc2- and PbCl2-based

lead precursors for an inverted structure of ITO/

PEDOT:PSS/CH3NH3PbI3/C60/PCBM/bathocuproi-

ne(BCP)/Ag was used to develop the devices. These

perovskite films were shown to have a better-grown

uniform morphology, with devices showing better

performance and reproducibility than single PbAc2.

Also, PbAc2 was helpful for a completely covered

perovskite film through quick crystallizing process,

and a small PbCl2 was shown to lead to a better grain

Figure 32 a The module

architecture. b Energy band

diagram. Reproduced with

permission from Elsevier (Ref.

[45]).
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size and morphology. These precursors also

decreased the prolonged PbCl2 post-treatment [56].

In addition, other techniques, like spray coating

utilizing partial overlapping, have been developed to

deposit uniform film over large area and were used

to demonstrate the fabrication of device modules

[180]. The laboratory-scale devices with area of

0.09 cm2 based on PBTI3T/PCBM have been

demonstrated to produce an efficiency of 6.63% using

this technique. The technique was then used to

Figure 33 a Illustration of the device architecture. b (Left) IV

curve typical evolution during photoannealing of an encapsulated

model device at 1000 Wm-2, 72 ± 2 �C (dotted) as-produced

(solid) after photoannealing; (right) evolution of the photovoltaic

parameters versus photoannealing time (top) VOC, (bottom) JSC,

(dotted) FF and (solid) efficiency. Device was processed using foil

B and PEDOT:PSS was spin-coated at 1250 rpm. c Schematic

cross section of the device showing the layers stacking and their

position (view along the stripes). Reproduced with permission

from Elsevier (Ref. [38]).

Figure 34 a Schematic drawing of the new LBIC setup and

communications diagram. b Results from a 15-m-long roll of free

OPV presenting a significant amount of printing errors

characterized using roll-to-roll contactless LBIC with FFT

processing (30-kHz sine-wave-modulated pulsed laser). Defect

stripes and weaker signals are clearly seen. One cell with a large

open-circuit defect is highlighted. The setup is shown below

(lower left) and a photograph of the free OPV modules passing the

electrodes and the laser beam are shown (lower right). Reference

[186] Copyright Wiley-VCH Verlag GmbH & Co. KGaA.

Reproduced with permission.
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manufacture module with 38.5 cm2 photoactive area,

with efficiency up to 5.27% [180].

Further, complete R2R vacuum-free all-solution-

processed based module in the ambient atmosphere

has also been demonstrated [181]. For this, five active

layers were deposited on an ITO-coated PET sub-

strate [181]. Firstly, a layer of ZnO nanoparticles was

deposited by either knife-over edge or slot-die coat-

ing [181]. Further, the subsequent layers using less

viscous and low-surface-tension ink compositions of

a mixture of P3MHOCT and ZnO-nps were depos-

ited at slow coating speeds. A screen-printed or slot-

die-coated PEDOT:PSS layer and a silver electrode

layer were then subsequently deposited [181]. The

study has demonstrated a polymer solar cell module

with dimensions 28 cm 9 32 cm along with serially

connected modules [181]. Further, the processing

speeds used for the R2R processed layers were

reported in the range of 40–50 mh-1 [181]. The study

also reported the solar cell device efficiency of 0.84%

and 0.375% [181]. Similarly, scalable small photo-

voltaic modules based on metal halide perovskite

solar cells have also been demonstrated to produce

the efficiency up to 24.2% [182]. The application of 2D

materials and self-assembled nanocolloid materials

has also been used to achieve efficiencies up to 15.3%

for high-area modules [183, 184].

In addition to the fabrication of the photovoltaic

modules, characterization tools have also been

developed in order to characterize these modules for

their performance over duration [185–187]. Such

characterization of the modules is important to ana-

lyze and understand the change in the performance

of these modules under the ambient conditions. An

important recently developed contactless characteri-

zation tool is the light beam-induced current (LBIC)

2D mapping system (Fig. 34) with a faster acquisition

rate, which is used for the characterization of the

spatial distribution of the device degradation [186]. It

involves the measurement of the current output from

the solar cell with the movement of a laser light

source over the device area. For each point, a current

value corresponding to the incident light is measured

and converted into a different color hue scale [186].

Due to layer-by-layer printing/coating feature of the

roll-to-roll printed photovoltaics, several types of

defects like layer thickness variations, misalignment,

dewetting spots, delamination, particle contamina-

tion, etc., are generated, making LBIC mapping rel-

evant for R2R photovoltaics [37, 96, 186]. The LBIC

images (Fig. 35) show a number of visible defects that

are not visible in the photographic image.

Further, optoelectronic probing of the single junc-

tions and interfacial charge transport in fully prin-

ted/coated tandem devices, using a combination of

light beam-induced current mapping and

monochromatic current–voltage characterization, has

also been reported to enable the identification of the

efficiency limiting printing/coating defects in the

printed modules [187].

Conclusion and perspectives

The review describes in detail the various efforts

undertaken to achieve the current state of the art of

the roll-to-roll printing technology as well as the gaps

that exist in this technology, and the methods that

Figure 35 a A photograph of a solar cell is shown to the left. The

corresponding LBIC images are shown recorded using the

different methods: b Contact mode CW laser, c contactless

mode, CW laser, contactless mode, d 100 kHz square wave (90%

duty) pulsed laser and contactless mode, e 30 kHz sine wave

modulated laser with FFT filtering. Reference [186] Copyright

Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with

permission.
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have been developed to try to overcome these gaps.

The processing of the polymer as well as perovskite

thin films employing the R2R techniques has been

demonstrated in several studies, which clearly shows

that this technology holds a promising outcome.

Further, the progress in this area also ensures that the

realization of fast, low-cost and environmental-

friendly manufacturing of the solar cells at commer-

cial scale lies within reach of several technologies

within this area. Several important issues that have

been effectively addressed include the development

and application of environmentally compatible

materials, application of inexpensive materials, e.g.,

for electrodes with the replacement of ITO as trans-

parent electrode, avoiding the use of vacuum pro-

cessing and the development of the environmental

and processing stable materials. However, the full

integration of these new initiatives and subsequent

developments needs to be performed at higher scale

and faster pace if this technology has to be commer-

cialized. In the long term, one of the key features for

the high-throughput production will be that it will be

environmental friendly technology. This feature can

only be realized at a large-scale production through

processing from water, and therefore, more research

in this area is required in order to make it possible to

be achieved at commercial scale. Further, the appli-

cation of the different types of ink compositions, for

example, dissolved solutions, emulsions and dis-

persed nanoparticles as the replacements to the typ-

ical orthogonal solvents for the processing of

multilayer devices, can prove to be an alternative to

achieve this. However, it is clear that for the real-

ization of the large-area processing of the polymer

thin films, the application of the generally used toxic

and chlorinated solvents must be replaced by envi-

ronmental-friendly materials. In addition to the sol-

vent substitutions, more effective processing

techniques also need to be developed along with the

new environmental and processing stable materials

that can sustain ambient processing conditions. For

example, the technique of in-line processing of the

materials in which several layers are processed

sequentially during the same run is one of the tech-

niques to improve the effectiveness of the processing.

In case of the materials, various strategies should be

ideally developed in tandem with the solvent sub-

stitutions, thus making it possible to approach the

two issues simultaneously. Further, in case of per-

ovskite solar cells, the large-area devices have lower

efficiencies as compared to the devices produced on

the laboratory scale. This is due to the important

challenges of the replication of laboratory conditions

and the cost of large-area manufacturing of the

devices. In addition, in order to optimize the factors

such as solubility, crystallization rate and device

efficiency, appropriate solvents and perovskite pre-

cursor formulations are needed to be considered. The

parameters such as solvent viscosity, boiling point,

toxicity of the perovskite solution and environmental

compatibility of the materials must be considered for

better device performance and production efficiency.

Also, the processing factors such as coating temper-

ature and ambient humidity level, which affect per-

ovskite film quality, must be optimized. The

techniques of hot casting and N2/air blow drying for

the perovskite layer preparation also significantly

affect the perovskite morphology, crystallization,

defects and grain size and, therefore, affect the PSC

performance. Therefore, the uniform and highly

crystalline perovskite films prepared through R2R

techniques are important for better device perfor-

mance. It is with the ingenious introduction of new

materials together with the incorporation of the new

techniques that can reserve a promising outcome of

the technology.
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MV, Gevorgyan SA, Søndergaard RR, Jørgensen M, Krebs

FC (2013) A rational method for developing and testing

stable flexible indium- and vacuum-free multilayer tandem

polymer solar cells comprising up to twelve roll processed

layers. Sol Energy Mater Sol Cells 120:735–743

[42] Angmo D, Sweelssen J, Andriessen R, Galagan Y, Krebs

FC (2013) Inkjet printing of back electrodes for inverted

polymer solar cells. Adv Energy Mater 3:1230–1237

[43] Yang J, Vak D, Clark N, Subbiah J, Wong WWH, Jones DJ,

Watkins SE, Wilson G (2013) Organic photovoltaic mod-

ules fabricated by an industrial gravure printing proofer. Sol

Energy Mater Sol Cells 109:47–55
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Lövenich W, Brabec CJ (2015) Inverted, environmentally

stable perovskite solar cell with a novel low-cost and water-

free PEDOT hole-extraction layer. Adv Energy Mater

5(15):1500543

[158] Xie FX, Zhang D, Su H, Ren X, Wong KS, Grätzel M,

Choy WCH (2015) Vacuum-assisted thermal annealing of

CH3NH3PbI3 for highly stable and efficient perovskite solar

cells. ACS Nano 9(1):639–646

[159] You J, Meng L, Song TB, Guo TF, Yang YM, Chang WH,

Hong Z, Chen H, Zhou H, Chen Q, Liu Y, De Marco N,

Yang Y (2015) Improved air stability of perovskite solar

cells via solution-processed metal oxide transport layers.

Nat Nanotechnol 11(1):75–81

[160] Berhe TA, Su WN, Chen CH, Pan CJ, Cheng J, Chen HM,

Tsai MC, Chen LY, Dubale AA, Hwang BJ (2016) Orga-

nometal halide perovskite solar cells: degradation and sta-

bility. Energy Environ Sci 9:323–356

[161] Kwon YS, Lim J, Yun HJ, Kim YH, Park T (2014) A

diketopyrrolopyrrole-containing hole transporting conju-

gated polymer for use in efficient stable organic-inorganic

hybrid solar cells based on a perovskite. Energy Environ

Sci 7(4):1454

[162] Fu Q, Tang X, Huang B, Licheng TH, Chen TL, Chen Y

(2018) Recent progress on the long-term stability of per-

ovskite solar cells. Adv Sci 5:1700387

[163] Cao C, Zhang C, Yang J, Sun J, Pang S, Wu H, Wu R, Gao

Y, Liu C (2016) Iodine and chlorine element evolution in

CH3NH3PbI3-xClx thin films for highly efficient planar

heterojunction perovskite solar cells. Chem Mater

28:2742–2749

[164] Xiao Z, Bi C, Shao Y, Dong Q, Wang Q, Yuan Y, Wang C,

Gao Y, Huang J (2014) Efficient, high yield perovskite

photovoltaic devices grown by interdiffusion of solution-

processed precursor stacking layer. Energy Environ Sci

8:2619–2623

[165] Li S, Yang B, Wu R, Zhang C, Zhang C, Tang XF, Liu G,

Liu P, Zhou C, Gao Y, Meng JQ, Yang J (2016) High-

quality CH3NH3PbI3 thin film fabricated via intramolecular

exchange for efficient planar heterojunction perovskite

solar cells. Org Electron 39:304–310

[166] Gong CD et al (2020) Flexible planar heterojunction per-

ovskite solar cells fabricated via sequential roll-to-roll

microgravure printing and slot-die coating deposition. Sol

RRL 4:1900204

[167] Liu M, Johnston MB, Snaith HJ (2013) Efficient planar

heterojunction perovskite solar cells by vapour deposition.

Nature 501:395

[168] Eperon GE, Burlakov VM, Docampo P, Goriely A, Snaith

HJ (2014) Morphological control for high performance,

solution-processed planar heterojunction perovskite solar

cells. Adv Funct Mater 24:151

[169] Kim JE, Jung YS, Heo YJ, Hwang K, Qin T, Kim DY, Vak

D (2018) Slot die coated planar perovskite solar cells via

blowing and heating assisted one step deposition. Sol

Energy Mater Sol Cells 179:80–86

[170] Qin T, Huang W, Kim JE, Vak D, Forsyth C, McNeill CR,

Cheng YB (2017) Amorphous hole-transporting layer in

slot-die coated perovskite solar cells. Nano Energy

31:210–217

[171] Yuan YB, Huang JS (2016) Ion migration in organometal

trihalide perovskite and its impact on photovoltaic effi-

ciency and stability. Acc Chem Res 49:286–293

[172] Back H, Kim G, Kim J, Kong J, Kim TK, Kang H, Kim H,

Lee J, Lee S, Lee K (2016) Achieving long-term

stable perovskite solar cells via ion neutralization. Energy

Environ Sci 9:1258–1263

[173] Tan L, Liu C, Huang Z, Zhang Y, Chen L, Chen Y (2017)

Self-encapsulated semi-transparent perovskite solar cells

with water-soaked stability and metal-free electrode. Org

Electron 48:308–313

[174] Krebs FC, Tromholt T, Jørgensen M (2010) A new archi-

tecture for printable photovoltaics overcoming conventional

module limits. Nanoscale 2:873–886

[175] Kang H, Hong S, Back H, Lee K (2014) A new architecture

for printable photovoltaics overcoming conventional mod-

ule limits. Adv Mater 26:1602–1606

[176] Collins SD, Ran NA, Heiber MC, Nguyen TQ (2017) Small

is powerful: recent progress in solution-processed small

molecule solar cells. Adv Energy Mater 7(10):1602242

[177] Heo YJ, Jung YS, Hwang K, Kim JE, Yeo JS, Lee S, Jeon

YJ, Lee D, Kim DY (2017) Small-molecule organic pho-

tovoltaic modules fabricated via halogen-free solvent sys-

tem with roll-to-roll compatible scalable printing method.

ACS Appl Mater Interfaces 9:39519–39525

[178] Anderson TR et al (2014) Scalable, ambient atmosphere

roll-to-roll manufacture of encapsulated large area, flexible

organic tandem solar cell modules. Energy Environ Sci

7:2925–2933

[179] Stringer MW et al (2019) A flexible back-contact per-

ovskite solar micro-module. Adv Sci 12:1928–1937

[180] Zhang T, Chen Z, Yang D, Wu F, Zhao X, Yang X (2016)

Fabricating high performance polymer photovoltaic mod-

ules by creating large-scale uniform films. Org Electron

32:126–133

J Mater Sci (2020) 55:13490–13542 13541



[181] Krebs FC (2009) Polymer solar cell modules prepared

using roll-to-roll methods: knife-over-edge coating, slot-die

coating and screen printing. Sol Energy Mater Sol Cells

93:465–475

[182] Qiu L et al (2019) Scalable fabrication of metal halide

perovskite solar cells and modules. ACS Energy Lett

4(9):2147–2167

[183] Agresti A et al (2019) Two-dimensional material interface

engineering for efficient perovskite large-area modules.

ACS Energy Lett 4(8):1862–1871

[184] Han GS et al (2019) Spin-coating process for 10 cm 9

10 cm perovskite solar modules enabled by self-assembly

of SnO2 nanocolloids. ACS Energy Lett 4(8):1845–1851

[185] Matteocci F et al (2019) Fabrication and morphological

characterization of high-efficiency blade-coated perovskite

solar modules. ACS Appl Mater Interfaces

11(28):25195–25204

[186] Krebs FC, Jørgensen M (2014) 2D characterization of OPV

from single and tandem cells to fully roll-to-roll processed

modules with and without electrical contact. Adv Opt

Mater 2:465–477

[187] Larsen-Olsen TT, Andersen TR, Dam HF, Jørgensen M,

Krebs FC (2015) Probing individual subcells of fully

printed and coated polymer tandem solar cells using mul-

tichromatic opto-electronic characterization methods. Sol

Energy Mater Sol Cells 137:154–163

Publisher’s Note Springer Nature remains neutral with

regard to jurisdictional claims in published maps and

institutional affiliations.

13542 J Mater Sci (2020) 55:13490–13542


	Roll-to-roll printing of polymer and perovskite solar cells: compatible materials and processes
	Abstract
	Graphic abstract
	Introduction
	Roll-to-roll printing: technique basics
	Film and device preparation methods
	Printing techniques
	Gravure printing
	Flexographic printing
	Screen printing
	Inkjet printing

	The coating techniques


	Roll-to-roll printing: technology advancements
	Material processing
	Environmental-compatible materials
	Application of inexpensive materials for electrodes
	Environmental and processing stable materials

	Roll-to-roll-compatible processing techniques
	Printing modules

	Conclusion and perspectives
	Acknowledgements
	References




