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a perylene tetracarboxylic derivative, that 
exhibited a power conversion efficiency 
(PCE) of ≈1%, as described in the seminal 
work by Tang.[1] Later, in 1992, Sariciftci 
et  al.[2] reported photo-induced electron 
transfer from a conducting polymer to 
fullerene. As a way to deal with the short 
exciton diffusion lengths in organic semi-
conductors, in 1995 Heeger et  al.[3] intro-
duced the concept of interpenetrating 
bicontinuous network of donor and 
acceptor materials, known as bulk-hetero-
junction (BHJ). OPVs were dominated by 
fullerene-based acceptors[4,5] for over two 
decades but, due to rapid developments in 
non-fullerene acceptors (NFA), fullerene 
acceptors have been outperformed in 
efficiency and progressively replaced by 
NFAs.[6–12] After a period of slow progress 
in the efficiency of small area (typically 
<10 mm2) single junction OPV devices, 
observed between ≈2012 and 2018, OPVs 
have witnessed a rapid development in 
the last 2 years, with National Renewable 

Energy Laboratory (NREL) certified efficiencies under AM1.5G 
conditions jumping from 11.5% in October 2017 to 18.2% in 
December 2020.[13] These outstanding improvements were 
largely due to the development of new polymer donors[14–21] and 
new NFAs,[19–23] and have caused a surge of research activity in 
the OPV field.

In recent years, OPV devices have attracted growing interest 
as energy harvesters for indoor environments under artificial 
light sources, such as white light-emitting diodes (LEDs) and 
fluorescent lamps.[24–31] The cell requirements for indoor and 
outdoor light are crucially different, as the indoor light power 
is typically <1.0 mW⋅cm−2, that is, 100–1000 times weaker than 
in AM1.5G (100 mW⋅cm−2) and the spectrum of the indoor light 
is narrower and limited to the wavelength range 400–700 nm. 
Recent studies have demonstrated the high potential of OPVs 
for indoor applications, with reported PCE for small area 
devices of 28%[32] and more recently 31%.[33] OPVs are, there-
fore, currently envisaged as a future indoor energy harvester 
technology for powering low-power electronics and portable 
devices for the Internet of Things.[26]

Despite such progress, the potential advantages that OPV 
devices have to offer are still far from being a reality. Record 
OPV efficiencies are typically achieved with small active area 
devices (<1.0 cm2), produced on rigid glass substrates under 
inert conditions, employing costly vacuum deposition steps 
and costly and scarce elements such as indium in the semi-
transparent front electrode. For example, the current maximum 
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1. Introduction

Among the emerging solar cell technologies, organic photo-
voltaic cells (OPVs) have attracted great interest due to their 
promising performance and potential for low cost manufacture. 
OPVs can be manufactured over large areas, on lightweight 
plastic substrates with high flexibility, using high-throughput 
roll-to-roll (R2R) fabrication, which is compatible with solu-
tion processing technologies, potentially resulting in large 
reductions in fabrication costs and in the energy payback time 
(EPBT).

Research in OPVs started in the 1980’s with the demonstra-
tion of a bilayer device, based on copper phthalocyanine and 

Adv. Energy Mater. 2021, 11, 2100342

http://crossmark.crossref.org/dialog/?doi=10.1002%2Faenm.202100342&domain=pdf&date_stamp=2021-04-30


www.advenergymat.de

© 2021 Wiley-VCH GmbH2100342 (2 of 29)

www.advancedsciencenews.com

NREL certified PCE of modules with an active area ranging 
200–800 cm2 is 11.7%;[34] a value much lower than 18.2% 
reported for small area devices.

There are several key challenges that OPV technology 
has to overcome to achieve a reliable lab-to-fab transfer.[35] 
One upscaling challenge is related to the optimization of the 
photo-active layer (PAL), including the choice of its deposi-
tion method. As a result of the limited exciton diffusion length 
(≈10  nm) and charge carrier mobility in organic semiconduc-
tors, the optimized thickness of the PAL in OPVs is typically 
less than 300  nm. Furthermore, the performance of large 
area OPV cells and modules is very sensitive to the presence 
of defects (which cause leakage currents) and thickness inho-
mogeneities in the active layer.[36,37] Therefore, one of the 
great challenges in the fabrication of high-efficiency large-area 
OPVs consists in the deposition of thin defect-free PAL with 
a homogeneous thickness over large areas. The upscaling of 
OPVs requires the use of large scale deposition methods such 
as inkjet printing,[38,39] spray coating,[40,41] doctor-blading/blade 
coating, slot-die coating, knife coating, gravure printing, flexo-
graphic printing, rotary screen printing, and flat-bed screen 
printing. All these printing and coating techniques have their 
own advantages and disadvantages and they have been exten-
sively described in a number of review articles.[41–49] Other 
upscaling challenges relate to the use of green solvent formu-
lations for PAL deposition, which replace the halogenated sol-
vents typically used in small scale device development.[43,50–53] 
Other challenges concerns the development of new molecularly 
engineered donor and acceptor materials that can exhibit a high 
efficiency when formed into thick active layers (desirable for 
upscaling).[42,43,54,55] These challenges have been previously rev
iewed,[42,43,50,54,56] including some very recent reviews,[42,43,50,54] 
and will not be the subject of specific attention here.

As a benchmark for upscaling, this review mostly addresses 
the development of single cells and modules with an active area 
≥1.0 cm2, which has been considered as the minimum critical 
area for a scalability proof-of-principle,[54,57,58] and will focus on 
the following key issues:

i) Single Cells Versus Modules–Strategies are needed for 
upscaling individual cells and for upscaling modules of seri-
ally connected cells, minimizing performance losses. The 
efficiencies reported for large area cells are typically signifi-
cantly lower than for small area cells, due to factors such 
as the limited conductivity of the transparent contact and 
the occurrence of film thickness heterogeneities in the PAL. 
A general technique to overcome the limited conductivity 
of the transparent contact is by connecting several smaller 
cells in series. This ensures that the photocurrent produced 
by the module is limited, while the voltage increases linearly 
with the number of cells. The production of these mono-
lithically series-connected OPV cells requires patterning of 
each deposited layer to electrically connect them together. 
This technique, however, can also introduce large photocur-
rent and electrical fill factor losses which are mainly caused 
by the high electrical resistance of the interconnects.

ii) Indium-Tin-Oxide-Based Versus Indium-Tin-Oxide-Free 
Devices–Indium-tin-oxide (ITO) is commonly used as a 
transparent conductive electrode in OPV cells and modules, 

however indium is an expensive and rare metal. Further-
more, ITO only has a modest conductivity limiting the 
current extraction from large area devices. It also only has 
modest mechanical flexibility which makes it inappropriate 
for flexible device applications. For these reasons, several 
strategies explore replacing the ITO bottom electrode in 
large area devices.

iii) Vacuum-Based Versus Vacuum-Free Processing–Top (back) 
metal electrodes are usually deposited by thermal evapora-
tion under vacuum. This vacuum-based process restricts the 
high throughput manufacture goal of OPVs and increases 
the associated costs. Solution-processed electrodes, to be 
used as alternative to the thermally evaporated electrodes, 
are therefore highly desirable as they could reduce signifi-
cantly the EPBT.

iv) Improving the Stability of Large-Area Organic Photovoltaics– 
The operational lifetimes of large area devices are still sig-
nificantly lower than the market requirements of ≥10 years. 
Strategies are needed to improve the stability of the devices 
including the development of new encapsulation strategies.

This review article is divided in three main parts: The first 
part (Section 2), addresses the upscaling of OPV devices based 
on ITO substrates and is divided in two sub-sections, which 
deal with the upscaling of single cells and the upscaling of 
modules consisting of connected cells. Inside each of these 
sub-sections, the upscaling using vacuum-based and vacuum-
free processing are also considered separately. The second 
part (Section 3), addresses the upscaling of ITO-free cells and 
modules and separately considers the upscaling using different 
types of ITO-free bottom electrodes, such as, metal-based, 
carbon-based, and conducting polymer-based bottom elec-
trodes. The third part (Section  4) then, addresses the testing 
and improvement of the operational lifetime stability of large 
area (≥1 cm2) devices. Finally, Section  5 draws general con-
clusions regarding the future development of this very active 
research field.

2. Upscaling of Indium-Tin-Oxide-Based Devices

Indium tin oxide (In2O3:Sn, ITO) possesses a large number 
of highly mobile free carriers and an energy bandgap ≈3.8 eV. 
Due to these properties, ITO exhibits low electronic resis-
tivity (≈10–20 Ω □−1 on glass) and high optical transparency 
(>80% in the visible region), and is the most commonly used 
transparent bottom (front) electrode for OPVs.[59] ITO can be 
deposited on glass or plastic substrates by sputtering under 
ultra-high vacuum.

This section reviews the upscaling of OPV devices based on 
ITO bottom electrodes and is divided in two parts: Section 2.1 
deals with upscaling of single cells and Section 2.2 deals with 
the upscaling of modules of serially connected cells.

2.1. Upscaling of Indium-Tin-Oxide-Based Single Cells

The most significant upscaling studies of ITO-based single 
cells are reviewed here and the performance of the most 
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representative devices, processed either with or without metal 
evaporated top electrodes, are indicated in Table S1, Supporting 
Information, and are shown in Figure 1.

2.1.1. With Vacuum Conditions

The large majority of studies on the upscaling of ITO-based 
single cells have relied on the use of top electrodes evapo-
rated under vacuum conditions and follow different strategies 
to achieve highly efficient devices with active areas ≥1.0 cm2. 
Some studies have focused on optimizing large area coating 
and printing techniques; others have tested new donors, new 
acceptors and new ternary PALs; different devices architectures 
and cathode interfacial layers (CIL) have also been considered.

Among the scalable coating and printing techniques studied 
for large area OPVs are blade-coating,[60–64] slot-die coating,[64–69] 
spray-coating,[70–76] inkjet-printing,[77–79] maobi coating,[37] and 
wire-bar coating.[80]

Blade-coating of PALs, consisting of the donor:acceptor 
blend PBTA-TF:IT-M from non-halogenated solvent mixtures 
was used to produce cells with an active area of 1 cm2 and a 
PCE of 10.6%.[60] Blade-coating was also explored by some 
authors[61–63] to deposit the PAL films by layer-by-layer (LbL) 
sequential processing, using non-orthogonal solvents. As com-
pared to the common BHJ strategy, LbL presents several unique 
advantages including a much greater control of the D:A mor-
phology over large areas, as well as better charge transport and 
extraction properties. Using this strategy, OPV cells based on 
bilayer donor:acceptor PALs were reported with an active area 
of 1.0 cm2 and PCEs >10%, outperforming the corresponding 
standard donor:acceptor (BHJ) based devices.[61–63] The work by 
Sun et  al.[63] is particularly impressive, wherein they used an 
LbL blade-coating strategy to produce cells with an average PCE 
of 15.03% compared to PCE of 14.01% for reference BHJ based 
devices. These cells had the structure ITO/PEDOT:PSS/PAL/
PNDIT-F3N-Br/Ag, where the PAL consisted of the polymer 

donor PM6 (also known as PBDB-TF) and the NFA Y6 (also 
known as BTP-4F).

An innovative deposition method was reported by Kim 
et al.[64] to simplify the fabrication of tandem OPVs. PAL mate-
rials (PTB7-Th:PC71BM) were mixed with a non-conjugated 
polyelectrolyte [polyethyleneimine (PEI)] widely used as a 
cathode interfacial material. A blade or slot-die coating the 
PEI:PAL nanocomposite was used to create a bilayer with a 
PEI bottom layer and a PAL top layer via a spontaneous ver-
tical phase separation of the materials driven by their surface 
energy differences. Cells with an active area of 1.0 cm2 achieved 
a PCE of 9.1%.

Cells with area of 2 cm2 and a PAL of PTB7:PC71BM depos-
ited using a slot-die R2R coating approach that combined addi-
tives and the use of an in-line drying oven, achieved an average 
PCE of 5.30%.[66] A sequential slot-die coating strategy, using 
a non-halogenated solvent, was used to deposit a ternary PAL, 
composed of PTB7-Th:PCBM: p-DTS(FBTTH2)2, forming flex-
ible cells with areas of 1 and 2 cm2, achieving PCEs of 7.11% 
and 6.8%, respectively.[67] A study of the effect of shear impulse 
during coating on the morphology of BHJs, reported 1.04 cm2 
cells based on two different slot-die coated PALs of PTB7-
Th:PC71BM and PBDB-T:ITIC, with maximum PCEs reported 
of 9.10% and 9.77% respectively.[68] Wu et al.[69] reported slot-die 
coated cells with 1.0 cm2 active area and PCE of 11.19% based 
on the NFA system PBDB-T-SF:IT-4F.

Spray-coating has been explored as a scalable PAL deposi-
tion technique to produce large area OPV cells[70–76] and the cor-
responding mechanisms of film formation have been studied 
in detail.[74] Notably, Park et  al.[70] created cells with size of 
12.5 cm2 and PCE of 1.68% from spray-coated P3HT:PCBM. 
Yang and coworkers[72] reported OPV cells with active areas 
of 1.0 and 10.2 cm2 and PCEs of respectively 4.6% and 4.1% 
based on spray-coated PALs of PBDT-TFQ:PC71BM. Later, the 
same authors[75] used spray-coating to deposit the PAL system 
PBTI3T:PC71BM in single cells with an active area of 1 cm2 that 
achieved an optimized PCE of 6.10%. These are amongst the 
highest efficiency large area cells based on spray-coated PALs 
reported so far in the literature.

Inkjet printing has also been studied to deposit the PAL of 
large area OPV cells.[77–79] Reference cells with 1 cm2 active area, 
based on PV2000 PAL, inkjet printed using non-halogenated 
solvents, achieved a PCE of 4.9%.[78] Corzo et  al.[79] reported 
1.0 and 2.0 cm2 active area cells with PCEs of ≈6%, based on 
an inkjet printed P3HT:O-IDTBR PAL, which are amongst the 
highest performances reported for inkjet printed large area 
cells. One of the main advantages of inkjet printing—freedom 
of design—was also exploited by fabricating a 2.2 cm2 solar cell 
in the form of a marine turtle, as shown in Figure 2. This cell 
achieved a PCE of 4.76%, therefore demonstrating the versa-
tility of digital inkjet printing for free-form manufacturing.

Maobi coating has been used to patch defects in the spin-
coated PAL of large area cells, based on PBDB-T:ITIC.[37] Cells 
with areas of 1.6, 8, and 52 cm2 achieved PCEs of respectively 
7.2, 6.0 and 2.2%, where the larger cells contained a silver grid 
deposited on ITO to reduce the carrier collection path length.

Scalable techniques have also been investigated for the depo-
sition of interfacial layers. Notably, Kang et al.[80] demonstrated 
cells with an active area of 1.0 cm2 and PCE of 10.1%, with 

Figure 1. Performance of large area (≥1 cm2) ITO-based OPV single cells 
under AM1.5G conditions. The highest efficiency cells have been reported 
very recently, as indicated.
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structure glass/ITO/MoOx/PB3T:I-TM/PFN-Br/Al, where a very 
thin and highly uniform MoOx interfacial layer was wire-bar 
coated.

In the above studies of scalable processing techniques, the 
PAL was deposited either under ambient or inert conditions, 
however comparative studies of these two processing condi-
tions are scarce. Dkhil et al.[81] reported 1.0 cm2 cells based on 
PTB7-Th:PC71BM achieving PCEs of 7.84% and 7.08% when pro-
cessed under inert and air conditions, respectively.

Optimizing the molecular structures of organic photoactive 
materials has been the most successful method to increase the 
performance of the OPV devices and hence new NFAs,[82–85] 
polymer donors,[86–90] and small-molecule donors[91] have been 
tested with much success in large area cells.

In a seminal work, Zhao et al.[82] reported, in 2016, OPV cells 
with 1.0 cm2 and structure ITO/ZnO/PBDB-T:ITIC/MoO3/Al 
with a certified PCE of 10.78%; a value much higher than the 
PCE of 7.45% for a reference PBDB-T:PC71MB based device, 
resulting from a much broader PAL absorption band and a 
more appropriate molecular energy level alignment. This was 
the first example of a NFA-based OPV cell exhibiting higher 
PCE than the corresponding fullerene-based OPV and paved 
the way for the outstanding improvements in PCE observed in 
the following years. More recently, Cui et al.[83,84] reported new 
NFAs with improved performances in OPV cells. First, the fluo-
rine atoms on BTP-4F (Y6) were replaced with chlorine atoms 
originating BTP-4Cl, which has an extended optical absorp-
tion.[83] Single cells with an active area of 1 cm2 (Figure  3) 
and inverted structure ITO/ZnO/PBDB-TF:BTP-4Cl/MoO3/
Al, achieved a PCE of 15.3% and improved VOC, mainly due to 
reduced non-radiative energy losses, combined with a broader 
photo-response range. However, the BTP-4Cl has poor solubility 
and to improve the relationship between solubility and device 
efficiency, the alkyl chains in BTP-4Cl were later finely tuned 
creating the material BTP-eC9.[84] OPV cells with an active area 
1 cm2 and structure glass/ITO/PEDOT:PSS/PBDB-TF:BTP-ec9/
PFN-Br/Al, where the PAL was blade-coated, achieved a very 
impressive maximum PCE of 16.2% (average 15.5%), which is 
among the top performances for single-junction OPV cells with 
an active area ≥1.0 cm2, due to improved JSC and FF.

Different novel polymeric donors have been tested in 
large area OPV cells including the random copolymers 

PTAZDCB20[86] and PDT2fBTBT10,[87] the chlorinated polymer 
PBDB-T-2Cl,[88] P2F-EHp,[89] and the copolymer T1 (0.8 PBDB-
TF + 0.2 PTO2).[90] Replacement of the fluorine atoms in PBDB-
T-2F with chlorine atoms originating PBDB-T-2Cl was shown 
to reduce the polymer HOMO and LUMO levels, contributing 
to an increase in VOC and PCE of the corresponding devices.[88] 
Cells with the structure ITO/ZnO/PBDB-T-2Cl:IT-4F/MoO3/Al 
and with an active area 1 cm2, achieved a PCE of 11.51%. Fan 
et  al.[89] synthesized new polymer donors (P2F-EH, P2F-EHp, 
P2F-EO) by fine-tuning modification of the side chains or end 
groups of existing high-performance polymers, and tested them 
in OPV devices. A certified PCE of 12.25% was achieved in 
single cells with an active area of 1 cm2 based on the structure 
ITO/PEDOT:PSS/P2F-EHp:IT-2F/PFNDI-Br/Ag. Cui et  al.[90] 
synthesized copolymers of PBDB-TF with PTO2 which, com-
pared with PBDB-TF, show lower HOMO levels and broader 
optical absorption and are very soluble in most common sol-
vents including non-halogenated solvents. OPV cells with 1 cm2 
and inverted structure ITO/ZnO/PAL/MoO3/Al, where the PAL 
was blade-coated from non-halogenated solvents and consisted 
of a blend of copolymer T1 (0.8 PBDB-TF + 0.2 PTO2) and the 
small molecule NFA IT-4F, achieved a PCE of 13.1%.

Figure 2. a) The performance of P3HT:O-IDTBR devices as a function of cell area and b) J–V of free-form inkjet-printed solar cell in the shape of a 
marine turtle on top of ITO glass. Reproduced with permission.[79] Copyright 2019, John Wiley & Sons.

Figure 3. J–V curves of PBDB-TF:BTP-4Cl cell with active area of 1 cm2. 
J–V curves for small area devices are shown for comparison. Reproduced 
with permission.[83] Copyright 2019, Springer Nature.
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Ternary blending of the PAL, either with two donors and 
one acceptor (D1:D2:A) or with one donor and two acceptors 
(D:A1:A2), has also proved and effective strategy to increase 
the PCE of devices compared to the corresponding devices 
based on binary blends.[92–95] The D1:D2:A strategy was used 
by Zhang et  al.[92] to produce cells with 5 cm2 active area and 
PCE of 5.75% based on PTB7-Th:p-DTS(FBTTH2)2:PC71BM. Liu 
et  al.[93] reported 1.05 cm2 active area OPV cells based on two 
different ternary blade-coated PAL structures: PM6/ICBA:IT-
4F (named as PPHJ) and PM6:ICBA:IT-4F (BHJ), where ICBA 
is a minority component. Devices with PPHJ and BHJ struc-
tures achieved PCEs of 14.25% and 13.73%, respectively—both 
higher than similar devices without ICBA. Baran et al.[94] used 
a ternary blend D:A1:A2 strategy to produce 1 cm2 active area 
cells with structure ITO/ZnO/P3HT:IDTBR:IDFBR/MoO3/Ag, 
which achieved a PCE of 6.5%. The improved PCE, compared 
to the binary blend, was assigned to improved light harvesting 
in the visible region and to changes in microstructure that 
reduced charge recombination and increase the photo-voltage. 
All-polymer cells based on the ternary blend PBTA-Si:PTzBI-
Si:N2200 were reported by Fan et al.[95] Cells with 1.0 cm2 active 
area and structure custom-ITO/PEDOT:PSS/PAL/PFNDI-Br/
Ag, achieved a PCE of 10.01%, where the custom-ITO, had a 
metal frame on its periphery.

A different strategy to optimize the performance of large area 
single cells has consisted in the study of different cell architec-
tures[96] and different CIL.[97–99] Some authors[36,96] reported 
that multi-junction (tandem, triple, four) ITO-based cells suffer 
lower reductions in PCE on upscaling than the corresponding 
single junction cells, suggesting that multi-junction OPV cells 
can achieve higher efficiency and improved scalability. Kang 
et al.[97] studied the impact of different CILs on the performance 
of cells with structure ITO/PEDOT:PSS/PBDB-T-2F:IT-4F/CIL/
Al. The best performances were obtained with a CIL consisting 
of naphthalene diimide (NDI)-based organic molecule (NDI-N), 
with cells having a 1.0 cm2 active area achieved a PCE of 13.2%. 
Another study addressed the impact of the surface morphology 
of a ZnO CIL on the performance of inverted OPV cells.[98] 
Bai et  al.[99] produced highly efficient (average PCE = 11.28%) 
semi-transparent cells with 1 cm2 active area and structure ITO/
Al(acac)3/PM6:Y6/MoO3/Ag (15  nm), where aluminum(III) 
acetylacetonate Al(acac)3 was used as a novel CIL.

Large area ITO-based single cells, with top electrodes 
evaporated under vacuum, exhibiting promising PCE values 
(particularly considering they were fullerene-based), have also 
been reported, sometimes as reference cells.[100–103]

Large area ITO-based OPV single cells are also being inves-
tigated for indoor applications and the first report was made by 
Steim et al.[104] in 2011. Cells based on P3HT:PCBM and with an 
area of 1 cm2, achieved a PCE of 2.7% under AM1.5G conditions 
(i.e., 100 000 lux) and achieved a PCE of ≈7%, corresponding to 
a power output of 19 µW⋅cm−2, under a fluorescent lamp with 
1000 lux. The requirements of shunt (Rp) and serial (Rs) resist-
ances were observed to be different for indoor and outdoor cells, 
with indoor cells coping with higher Rs values (Rs ≤ 50 Ω⋅cm−2) 
than outdoor cells (Rs  ≤ 3 Ω⋅cm−2) but requiring higher Rp 
values (Rp ≥ 85 kΩ⋅cm−2) than outdoor cells (Rp ≥ 1 kΩ⋅cm−2).

Quite recently, Cui et  al.[85] synthesized a novel NFA (IO-
4Cl) and blended it with PBDB-TF to obtain a PAL with an 

absorption spectrum that matches that of indoor light sources. 
Under AM1.5G conditions, 1 cm2 cells with the acceptor IO-4Cl 
achieved a PCE of 9.80% which was lower than that reference 
cells with the acceptor IT-4F (PCE = 12.5%) having an iden-
tical size. By contrast, under light from a 2700 K LED lamp at  
1000 lux, the same IO-4Cl-based cells achieved a PCE of 26.1%; 
a value that was much greater than the PCE of 21.2% obtained 
with the IT-4F-based cells. These results showed that the best 
blend compositions for AM1.5G and indoor conditions are not 
necessarily the same. The IO-4Cl-based cells were then up-
scaled to an active area of 4 cm2 and the corresponding PCE 
at 1000 lux was determined as 23.9%. The authors observed 
that under indoor lighting, the parasitic Rs caused by the trans-
parent electrodes was not a limiting factor to the PCE and 
therefore large-area OPV cells do not need to be made of thin 
strips. Additionally, under indoor lighting the performance of 
OPVs was observed to be less dependent on the PAL thickness 
than under 1 Sun AM1.5G conditions, meaning that thickness 
uniformity requirements over large areas are less stringent for 
indoor applications; a result that potentially facilitates upscaling 
using printing techniques.

In other work,[105] 1 cm2 active area cells were studied 
with two additional PAL blends (PBDB-TF:ITCC and PBDB-
TF:PC71BM). Under AM1.5G conditions, ITCC and PC71BM 
based cells achieved PCEs of 10.3% and 8.43%, respectively. 
Under 1000 lux (2700 K) LED illumination, the ITCC-based cell 
achieved a PCE of 22.0% with a VOC of 0.962 V corresponding 
to an output power (Pout) of 66.5 µW.cm−2, and the PC71BM-
based cell achieved a PCE of 18.1% with a VOC of 0.784 V and a 
Pout of 54.7 µW.cm−2. The performance of OPV cells for indoor 
applications was again observed to be less dependent on the 
PAL thickness.

2.1.2. With Vacuum-Free Conditions

Upscaling studies of ITO-based cells under vacuum-free condi-
tions, that is, not relying on the use of thermal evaporated top 
electrodes, have been scarce and explore different vacuum-free 
processing strategies for depositing the top electrodes.

Eutectic metal alloys with low melting points (m.p.), such 
as Wood´s metal (m.p. ≈70  °C—50% Bi: 25% Pb: 12.5% Cd: 
12.5% Sn) and Field’s metal (m.p. of ≈62  °C—51% In: 32.5% 
Bi: 16.5% Sn), were coated at temperatures above melting point 
and tested as top electrodes in large area OPV cells,[106–108] but 
with very limited success (Table S1, Supporting Information). 
Using Field’s metal cathode, the best PCEs reported were 2.4% 
in P3HT:PCBM cells with an active area of 3 cm2[107] and 3.1% 
in PTB7:PC71BM cells with an active area of 2.25 cm2.[108]

Silver inks have also been deposited using inkjet or screen-
print (under ambient conditions) and used as the top electrodes 
(either grids or full-layers) of large area OPV cells, however the 
reported results were quite modest[109,110] (Table S1, Supporting 
Information).

A more successful vacuum-free processing approach 
was reported by Czolk et  al.[101] who produced refer-
ence ITO-based OPV cells, with 1.0 cm2 active area and 
top electrodes consisting of Ag nanowires (AgNWs) inter-
mixed with PEDOT:PSS. These cells had the structure 
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glass/ITO/PEDOT:PSS/ZnO/PAL/AgNWs:PEDOT:PSS, 
where the PAL consisted of a ternary blend of PffBT4T-
2OD:PC61BM:PC71BM, and achieved an impressive PCE of 7.4%

2.2. Upscaling of Indium-Tin-Oxide-Based Modules

In this section the most significant upscaling studies of ITO-
based OPV modules are reviewed. The performances of the 
most representative ITO-based OPV large area modules, pro-
cessed with and without top metal evaporated electrodes, are 
shown in Table S2, Supporting Information, and plotted in 
Figure 4.

Due to several technological issues, enlarging the area 
of single cells to increase the maximum output power is not 

always the best solution. Inhomogeneities in the active layer 
may degrade device performance, and these effects scale with 
the area of the cell. Furthermore, and more importantly, the 
limited conductivity of electrodes such as ITO makes it difficult 
to extract the large photocurrents generated in large area single 
cells. A common technique used to overcome the limited con-
ductivity of the transparent front contact consists in connecting 
several narrow single cells in series. Assuming that in a module 
all the i cells connected in series behave identically, then the 
total photo-generated current JSC (Module) equals the JSC (i) of 
each individual cell, that is, JSC (Module) = JSC (i). On the other 
hand, VOC (Module) = Σ VOC (i). Therefore, this series connec-
tion strategy is typically preferred as it ensure that the photo-
current produced by the module remains limited (reducing 
resistive power losses), while the voltage increases linearly with 
the number of cells (Figure 5).

Although connection in series can be achieved by externally 
connecting cells that were produced separately (as is commonly 
done in the silicon photovoltaic industry), producing integrated 
monolithic OPV modules is far more attractive from a manu-
facturing perspective. In a monolithic connection, all the dif-
ferent layers are processed on one substrate and patterned in 
such a way that the different cells become interconnected in 
series, that is, the bottom electrode of one cell is directly con-
nected to the top electrode of an adjacent cell. This is shown in 
Figure 6, where i) pattern P1 disconnects the individual bottom 
electrodes of all cells within the module from each other; ii) pat-
tern P2 removes the material stack between the bottom and top 
electrodes allowing the formation of a low ohmic contact, and 
finally iii) pattern P3 divides the top electrodes between adja-
cent cells. The area between the P1 and P3 lines is the so-called 
“dead area” because it does not contribute to energy produc-
tion. The ratio between the photoactive area and the total area 
of the module is referred to as the geometric fill factor (GFF). 
The smaller the dead area, the larger the GFF and the higher 
the module efficiency. Therefore, lines P1, P2, and P3 should be 
made as narrow as possible.

Figure 4. Performance of large area (≥1 cm2) ITO-based OPV modules 
under AM1.5G conditions. As shown, the most efficient modules have 
been reported very recently.

Figure 5. Schematic representation of the connection of two identical solar cells and the corresponding IV characteristic curves: a) Series connection; 
b) parallel connection.
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Common coating and printing techniques (like blade-coating, 
slot-die coating, screen printing, inkjet printing, gravure printing, 
and spray coating) can produce patterns making interconnections 
between single cells within a module by depositing the bottom 
electrode, the PAL, and the top electrode as one-dimensional 
stripes which are slightly offset with respect to each other. How-
ever, the relatively low resolution of these deposition techniques 
requires typical scribe widths ≥1  mm to prevent intermixing 
between inks applied to adjacent cells. This limits the achiev-
able GFF to values typically below 85%. An alternative approach 
consists in creating lines P1–P3 by laser ablation which allows 
a much higher-precision (reproducible scribe width in the range 
20–100 µm depending on the laser system), high-throughput and 
mask-free patterning process. Laser ablation employs a focused 
laser beam to selectively ablate materials from a surface.[111–114] 
When processing the different OPV layers, different wavelength 
and pulse duration are selected to reach different pulse ener-
gies which can melt and evaporate the processed layer without 
damaging the underlying layer. By minimizing the inactive areas 
used to interconnecting the individual solar cells in series within 
the module, a GFF of over 95% can be achieved.

For a module with a given total area, increasing the number 
of cells within the module leads to an increase in the number of 
interconnects (number of cells—1) which leads to a decrease in 
the GFF and a decrease in the overall module efficiency. On the 
other hand, decreasing the number of cells leads to an increase 
in cell width and in resistance losses due to the limited conduc-
tivity of the electrodes (especially ITO). Therefore, the optimum 
number of cells for a given area results from a balance of these 
two contradictory effects[115] and can be simulated as described 
by Lucera et al.[116]

2.2.1. With Vacuum Conditions

In 2007, Frederik Krebs at the Denmark Technical Univer-
sity (DTU)[117] published one of the earliest reports of an OPV 
module. This consisted of 91 individual cells, each with an 
active area of 2.4 × 3.0 cm2, connected in series and parallel, 
making up a total active area of 655 cm2 displaying, however, a 
very low PCE of 0.0002%.

Later, in 2009, Tipnis et  al.[118] reported on the use of laser 
ablation to pattern OPV modules of connected cells and since 
then, the use of lasers for the patterning OPV modules has 
been the subject of intensive research.[119–125]

In 2013, Brabec and coworkers,[119] used an ultrafast fs-laser 
ablation system, with a pulse duration of <350  fs at repetition 
rates up to 960  kHz, to pattern OPV modules based on the 
structure ITO/Aluminium-doped ZnO (AZO)/P3HT:PCBM/
PEDOT:PSS/Ag. Here a GFF >  90% was achieved with the 
module consisting of 10 monolithically interconnected stripe 
cells, each with width of 1.0  mm. The best modules with an 
active area of 1.15 cm2, had a total interconnection width of 
178  µm and a GFF of 83% and attained a PCE of 1.38%. The 
same laser system was later used by the group to; i) extend this 
concept to tandem P3HT-based modules with 10-cells and a 
device area of 1.1 cm2 achieving a GFF of ≈85% and a PCE of 
3.3%;[120] ii) produce P3HT-based modules consisting of 14 cells 
in series, with a total area of 35 cm2 achieving a GFF > 95% and 
a PCE of 3.07%;[121] and iii) produce modules with GFF of 98.5% 
consisting of 14 cells connected in series with a total active area 
of 35 cm2 and a total interconnection width below 100 µm. These 
were based on a PAL blend of PBTZT-stat-BDTT-8:PC61BM and 
achieved maximum PCEs of 4.2% and 5.3%, respectively, on 
polyethylene-terephthalate/ITO-metal-ITO (PET/IMI) and on 
glass/fluorine-doped tin oxide (FTO) substrates.[122]

A ps-laser ablation system, with a pulse duration of 6 ps, was 
used by Röttinger et al.[124] to pattern ITO at repetition rates of 
50 kHz and both metal and organic layers at 400 kHz. This pro-
duced modules consisting of six stripes with tandem cells that 
were based on the PAL blend HDR14:C60. A GFF of 94% and a 
PCE of 4.3% were achieved for an aperture area of 64 cm2.

Very recently, a ns-laser ablation system with a pulse dura-
tion of 20  ns was used by Distler et  al.[125] to produce mod-
ules from the cell structure glass/ITO/ZnO/PM6:Y6:PC61BM/
MoOx/Ag having a GFF >  95%. By carefully tuning the laser 
ablation parameters combined with a modification of the 
standard patterning sequence (the P2 patterning was divided 
in two separate steps P2a and P2b) and an optimization of the 
active cell width (see Figure 7), the authors were able to pro-
duce; i) modules of 12 cells in series with total/active areas of 
26.2/25.0 cm2 and total area PCE of 12.6% and ii) larger mod-
ules of 33 cells with total/active areas of 204.0/194.8 cm2 and 
total area PCE of 11.7%. These values currently represent world 
record energy efficiencies. The authors demonstrated that the 
required quality and reproducibility of laser patterning can be 
achieved with ns-lasers, rather than fs-lasers, thus reducing sig-
nificantly the investment cost.

Alternative techniques for OPV patterning (i.e., not involving 
the use of lasers) have also been investigated. These included;  

Figure 6. Schematic illustration of an OPV module with lines P1, P2, and P3.
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i) a chemical-based patterning process achieved by printing thin 
lines of a fluoro-surfactant to repel the subsequently deposited 
PAL layer[126,127] and ii) a mechanical scribing process.[127,128] 
However, the GFF demonstrated was low.

Different module architectures and interfacial layers have 
also been explored in an attempt to increase the overall effi-
ciencies.[96,129–131] Lee et al.[129] proposed a new architecture that 
avoids P2 patterning during the module production. In this 
architecture, the cells are connected in series with alternating 
conventional and inverted configurations using self-aligned 
dual charge-selecting interfacial layers. A module based on 
PCDTBT:PC71BM was demonstrated having an active area of 
10.68 cm2, a high GFF of 96% and a PCE of 4.24%.

To reduce the resistive contribution from ITO, Xiao et al.[96] 
used a metal bus bar sub-electrode around 95% of the cell 
perimeter for each cell, which had an active area of 1 cm2. Cells 
were then connected in series to form columns of 5 cells, while 
5 columns were connected in parallel to form a module with a 
total active area of 25 cm2 and an average PCE of 6.5%.

Hong et  al.[130] demonstrated a new module architecture 
without patterning the electron transport layer (ETL) and hole 
transport layer (HTL). The inverted structure device ITO/ZnO/
PAL/MoO3/Ag consisted of patterned ITO, a stripe-patterned 
PAL (PTB7-Th:PC71BM) and single-layers of ZnO and MoO3 
without any patterning. A module PCE of 7.5% was demon-
strated with area of 4.15 cm2 and a GFF of 90%.

Dong et  al.[131] doped a ZnO CIL with the naphthalene-
diimide based derivative NDI-PFNBr, which improved the 
PCE of the corresponding devices. Modules with active areas 
of 16 cm2 (4 cells) and 93 cm2 (13 cells), based on the struc-
ture glass/ITO/NDI-PFNBr@ZnO/PTB7-Th:PC71BM/MoO3/
Ag achieved PCEs of 8.05% and 4.49%, respectively. Reference 

modules with a ZnO CIL had an active area of 16 cm2 and 
achieved a PCE of 7.11%.

Research of scalable deposition techniques to produce 
large area modules has also been the focus of much interest. 
The techniques that have been considered include blade-
coating,[132–141] slot-die coating,[65,66,69,142–146] spray-coating,[75] 
reverse gravure coating,[147] Maobi coating,[37,148] and water 
transfer printing.[149]

Blade coating of large area modules has received special 
attention by Meng and coworkers.[132–137] Blade coating with 
uniform blade acceleration, instead of uniform blade speed, 
was used to create a more homogeneous film morphology and 
uniform film thickness.[132] The active layers were patterned 
manually using a knife edge and a metal interconnection mask 
as overlay. Modules with a total active area of 108 cm2 com-
posed of 10 cells connected in series achieved PCEs of 2.66% 
and 3.64%, respectively for PALs consisting of P3HT:PC61BM 
and POD2TDTBT:PC71BM blends. Rapid-drying blade-coating 
was later used by the same group to optimize the PAL mor-
phology.[133] Blade-coating was explored to produce opaque 
and semi-transparent modules based on four different PAL 
blends.[134] The most efficient modules, with an active area of 
10.8 cm2, were obtained with PTB7-Th:PC71BM and achieved 
PCEs of 5.9% for opaque and 5.3% for semi-transparent mod-
ules.[134] Blade coating was also used to deposit modules using 
the PAL (PTB7-Th:PC71BM) and a CIL of MSAPBS with high 
uniformity and an impressive active area of 216 cm2 demon-
strated.[135] Accelerated blade motion was used as before[132] 
to accurately control the PAL film uniformity over large area 
and PCEs of 5.63% and 4.50% were reported for opaque and 
semitransparent modules, respectively. Notably, more recently, 
the same deposition technique was used to produce mod-
ules having an active area of 216 cm2 for devices based on a 
donor:acceptor blend of NF3000-P:NF3000-N and using a 
CIL of TASiW-12, with a very impressive PCE of 9.50% dem-
onstrated.[136] These values are among the highest PCE ever 
reported for OPVs with an active area > 100 cm2.[136] In similar 
work by the same group, non-halogenated solvents were used 
to blade-coat PTB7-Th:PC71BM PAL films to produce modules 
with a total active area of 216 cm2 (16 cells) and an average PCE 
of 5.12%.[137] Non-halogenated solvents were also explored by 
other groups to blade-coat large area OPV modules.[138,139] For 
example Zhang et  al.[138] produced 16 cm2 modules based on 
a PTB7-Th:PC71BM PAL, that reached a PCE of 7.5%. Zhao 
et al.[140] also demonstrated blade-coated modules with the PAL 
morphology optimized through a vacuum assisted annealing 
(VA) method. Modules with 3 cells, based on the PAL blend 
PBDB-TF:IT-4F, with a total active area of 12.6 cm2, achieved 
an impressive PCE of 10.21%. Blade-coating has also been used 
in the production of tandem OPV modules[141] with active areas 
of 1.3 cm2 (3 cells) and 2.1 cm2 (5 cells) and with PCEs of 5.2% 
and 4.7%, respectively.

Slot-die coating has been studied for the upscaling of OPV 
devices.[65,66,69,142–146] In 2014, Hong et  al.[65] prepared modules 
based on a P3HT:PCBM PAL, slot-die coated from CB:DCB 
mixtures, with an impressive total active area of 198 cm2  
and a PCE of 1.73% demonstrated. A mask was used for stripe 
patterning, and the modules consisted of 3 sub-modules  
connected in parallel; each sub-module was composed of  

Figure 7. a) Bright-field microscope images of all laser lines involved in 
the module production process, namely, P1, P2a, P2b, and P3, together 
with cross-section sketches of the layer stack after each laser patterning 
step. The black arrows indicate the different coating steps, that is, electron 
transport layer (ZnO), active layer (AL: PM6:Y6: PC60BM), hole transport 
layer (MoOx), and top electrode (Ag); b) Power conversion efficiencies 
(PCE) with respect to the total area (blue data, left y-axis) and the active 
area (red data, right axis) of modules comprising three different layouts 
(four modules each layout). The layout variation consists in different cell 
widths (see x-axis), a different number of cells connected in series, and dif-
ferent geometric fill factors (GFF). The total area of all modules is 26.2 cm2.  
Reproduced with permission.[125] Copyright 2020, John Wiley & Sons.
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11 serially connected cells with 6 cm2 active area per cell. 
Heo et  al.[143,144] studied the use of slot-die coating to prepare 
modules based on blends of PC71BM with the small molecule 
donors LGC-D023,[144] LGC-D073,[144] and BTR.[143] The most 
promising modules were based on LGC-D073:PC71BM, had 
a total active area of 24 cm2 and achieved a PCE of 5.50%.[144] 
Modules, with 5 serially connected cells (total active area of  
23.7 cm2, 4.74 cm2 per cell) were prepared by Chang et  al.,[145] 
where three different ETL/HTL combinations were tested, 
namely ZnO/MoO3, PEI/MoO3, and PEI/PEDOT:PSS. The 
ETL, PAL, and HTL were all deposited by slot-die coating under 
ambient conditions using a stainless steel meniscus guide for 
stripe patterning, with the Ag top electrode thermally evapo-
rated through a stripe patterned shadow mask. The most prom-
ising modules were obtained using the PEI/PEDOT:PSS com-
bination, and achieved a certified PCE of 7.56%. Lee et  al.[146] 
prepared slot-die coated modules with a total active area of  
30 cm2, consisting of 5 cells connected in series, where the PAL 
consisted of a ternary blend of PTB7-Th:PC71BM:COi8DFIC. 
Rigid modules including a slot-die-coated PAL achieved a PCE 
of 8.6%. Flexible R2R coated modules fabricated using a com-
mercial machine achieved a PCE of 9.6%.

The use of spray-coating to produce large area OPV modules 
has been so far very limited. Zhang et  al.[75] reported spray-
coated modules based on the system PBTI3T:PC71BM, with 
structures consisting of 6 series-connected single stripe cells 
(70  mm × 11  mm), each with an active area of 38.5 cm2 and 
exhibiting a PCE of 5.27%.

Other less common scalable deposition techniques have also 
been tested in the production of large area OPV modules. R2R 
reverse gravure coating was used by Vak et  al.[147] to produce 
P3HT:PCBM based modules (5 series-connected strip cells) 
with a total area of 45 cm2 and a PCE of 2.1%. Inspired by an 
old Chinese calligraphy technique, Mao et al.[148] used a motor-
driven, computer controlled Maobi coating system to deposit 
the PAL of large area solar modules (18 cm2) containing 14 cells 
connected in series. Modules based on a PAL of PBDB-T:ITIC 
achieved a PCE of 6.3%. Maobi coating was also used by the 
same authors to repair defects in blade-coated modules.[37] Mod-
ules based on the same PBDB-T:ITIC PAL system, consisting 
of 5 cells and a total active area of 21 cm2 (4.2 cm2 per cell), 
achieved a PCE of 5.1%. Sun et al.[149] demonstrated the use of 
a water transfer printing method to produce a highly uniform 
PAL film on an OPV module with a total active area of 3.2 cm2 
and consisting of 4 cells. Modules with a PAL of PBDB-T-2F:IT-
4F achieved a PCE of 8.1%.

The use of novel donors[150–152] and acceptors[153,154] and novel 
PAL blends,[92,155,156] has also been explored by some authors. 
Badgujar et al.[150] prepared modules with 11 serially connected 
cells and a total active area of 78.5 cm2, where the PAL con-
sisted of a blend of PC71BM with newly synthesized oligomer 
donors based on benzodithiophene (BDT) units. The higher 
efficiency modules were made with the oligomer BDT2 and 
achieved a PCE of 7.45%, due to reduced charge recombina-
tion and a well-constructed 3D morphology. Novel synthesized 
donor polymers TPD-n, n = 1–3 and TPD-3F were used by Liao 
et  al.[152] to fabricate OPV modules with 5 cells connected in 
series and with a total active area of 29.75 cm2, corresponding 
to a GFF of ≈37%. The most efficient module (Figure  8) was 

based on TPD-3F:IT-4F and had a PCE of 10.13% (certified PCE 
of 10.08%) over an active area of 20.4 cm2 as defined by an aper-
ture mask; smaller cells (having an area of 0.04 cm2) had a PCE 
of ≈13%.

Lee et  al.[153] synthesized a novel NFA T2-OEHRH, which 
was made of asymmetric side chains (octyl and 2-ethylhexyl) 
and an unfused bithiophene core and used it in OPV modules 
based on the D-bar-coated ternary PAL PTB7-Th:EH-IDTBR:T2-
OEHRH. Modules consisting of 11 stripe cells connected in 
series, with a total aperture area of 55.5 cm2 achieved a PCE of 
9.32%.[153] Very recently, Dong et al.[154] synthesized a novel NFA 
(DTY6) by extending the branched alkyl chains of BTP-4F (also 
known as Y6) to improve the solvent processing ability and 
suppress excessive molecular aggregation due to the steric hin-
drance effect of the long-branched alkyl chains. Modules with a 
total active area of 18 cm2 and consisting of 6 ITO/PEDOT:PSS/
PM6:DTY6/PNDIT-F3NBr/Ag cells (each of 5 × 0.6 cm2) were 
monolithically connected in series and achieved an impres-
sive PCE of 14.4% (certified PCE of 13.98%).[154] Ternary blends 
have also been used to increase the efficiency of OPV mod-
ules.[92,153,156] Huang et  al.[156] prepared modules with 16 cell 
stripes connected in series (total active area of 216 cm2) with the 
structure glass/ITO/PEDOT:PSS/PAL/CIL/Al where the PAL 
consisted of a ternary blend of PBDB-T:ITIC:PC71BM with dif-
ferent CIL used. Here, modules with a ZrOx CIL achieved an 
impressive (considering their large area) PCE of 7.7%.

ITO-based OPV modules have also been investigated for 
indoor applications,[157–161] as indicated in Table 1. Devices based 
on P3HT, PCDTBT, and PTB7 blended with PC71BM were tested 
by Lee et  al.[157] PCDTBT-based devices achieved the highest 
PCE under a fluorescent lamp (300 lux), in contrast to AM1.5G 
conditions where the PTB7-based devices performed the best. 
A PCDTBT-based module with a total active area of 100 cm2 
delivered, under a 300 lux fluorescent lamp, a PCE of 11.2% 
corresponding to a maximum power of 9.38 µW⋅cm−2. Mod-
ules (8 cells) based on a proprietary formulation, with an active 
area of 3.67 cm2 achieved an output power of 43.4 µW⋅cm−2 as 
reported by Aoki et  al.[158] OPV modules consisting of 6 cells 
connected in series with a total active area of 9.5 cm2 (1.6 cm2 
per cell) were prepared by Arai et al.[159] on glass and PET sub-
strates using a PAL of BDT-2T-ID:PNP. Under a white LED 

Figure 8. a) Schematic of the TPD-3F-based OPV module structure.  
b) Photograph of a TPD-3F based OPV module. c) I–V characteristics of 
the TPD-3F-based OPV module. Reproduced with permission.[152] Copy-
right 2020, Elsevier.
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illumination at 200 lux, the module (on a glass substrate) 
achieved an output power of 11.7 µW⋅cm−2, corresponding to a 
PCE ≈15%, and the module on PET achieved an output power 
of 10.6 µW⋅cm−2. In related work, the same authors[160] studied 
similar OPV modules based on the PAL system 1DTP-ID:PNP, 
which could generate a power of 95.4 µW under a lamp pro-
ducing 200 lux, corresponding to a PCE of ≈17% and a VOC = 
4.05  V. More recently, Park et  al.[161] tested a novel polymer 
donor (PBDB-TSCl), blended with the NFA IT-4F in OPV mod-
ules with a total active area of 58.5 cm2 composed of 10-stripe 
cells connected in series with the complete structure being 
glass/ITO/ZnO/PBDB-TSCl:IT-4F/MoOx/Ag. These modules 
demonstrated a PCE of 12.42% under 1000 lux; a value much 
greater than the PCE of 6.53% produced by reference modules 
based on PBDB-TF.

2.2.2. Vacuum-Free (Evaporation-Free) Conditions

Some of the earliest (2009 and 2010) reports of OPV mod-
ules processed without vacuum deposition steps (except 
for the sputtered ITO substrate), were made by Krebs and 
coworkers.[115,162–164] In 2009, these authors introduced one of 
the first industrial manufacturing processes in an ambient 
atmosphere (known as ProcessOne) that was used to create 

flexible ITO-based OPV modules.[163] ProcessOne uses a roll of 
PET substrate with a sputtered ITO layer and involves several 
steps, including the deposition by screen printing of a silver 
back electrode under ambient conditions. ProcesseOne mod-
ules with areas up to 360 cm2 were reported by the DTU group 
in 2010,[115] but the corresponding PCEs were low (<2%).

After these early vacuum-free studies, several others 
have addressed the upscaling of OPV modules using vac-
uum-free processing[103,107,147,165–177] with strategies used to 
deposit the top electrodes including spray coating,[165,172] 
screen-printing,[103,147,166,170,176] rotary screen printing,[169,174] 
inkjet printing,[166,173] blade-coating,[107,167,175,177] and gravure 
printing.[168] However, despite all these studies, only a few 
reported modules displayed PCEs close to or higher than 
5.0%.[171,175,176]

In 2016, Berny et  al.[103] reported modules, produced under 
ambient conditions, based on a PBTZT-stat-BDTT-8:PC61BM 
PAL blend with screen-printed top Ag-grid electrodes. Mod-
ules composed of 9 serially connected cells patterned using a 
high precision laser, had a total active area of 114.5 cm2 and a 
GFF of 95%. These devices displayed an average PCE of 4.3% 
and were assembled in solar trees at the Milan Expo in 2015, as 
illustrated in Figure 9.

Laser patterning (fs) was used by Lucera et al.[171] to produce, 
semi-transparent blade-coated modules (on rigid glass/FTO) 

Table 1. Performance of ITO-based large area (≥1.0 cm2) OPV devices (cells and modules), under indoor light.

Device structure Photoactive 
layer (PAL)

PAL 
deposition 
technique

PAL 
solvent

PAL thick 
[nm]

PAL 
atmos

Cell (C) or 
Module (M)

Total 
Active 

Area [cm2]

Light 
source

Light 
intensity 

(lux)

Pin 
[µW⋅cm−2]

Pout 
[µW⋅cm−2]

PCE 
[%]

Year Ref.

Glass/ITO/
PEDOT:PSS/PAL/
PFN-Br/Al

PBDB-TF:IO-4Cl Spin-coated Hal 100 Inert C 1.0 LED (2700 
K)

1000 302.2 78.8 26.1 2019 [85]

Blade-
coated

179 4.0 72.1 23.9

Glass/ITO/
PEDOT:PSS/PAL/
PFN-Br/Al

PM6:IT-4F Spin-coated Hal 100 Inert C 1.07 LED (2700 
K)

1000 302.2 62.8 20.8 2019 [105]

PM6:ITCC 66.5 22.0

Glass/ITO/ZnO/
TPD-n:IT-4F/
MoO3/Ag

TPD-3F:IT-4F Blade-
coated

— — — C 20.4 TL84 
fluorescent 

lamp

1000 185 40.2 21.8 2020 [152]

ITO/PEDOT:PSS/
PAL/Al

PCDTBT:PC71BM Spin- 
coated

Hal 70 Inert M(8) 100 Fluores-
cent lamp

300 83.6 9.38 11.2 2016 [157]

Glass/ITO/ETL/
PAL/PEDOT:PSS/Al

Merck  
formulation

Spin- 
coated

— 200 — M(8) 3.67 Fluores-
cent lamp

1000 — 43.4 — 2017 [158]

Glass/ITO/ZnO/
PAL/MoO3/Ag

BDT-2T-ID:PNP Spin-coated Hal 150-200 — M(6) 9.6 White LED 200 76.8 11.7 15 2019 [159]

PEN/ITO/ZnO/
PAL/MoO3/Ag

10.6 14

PET/ITO/AZO/
PAL/MoO3/Ag

1DTP-ID:PNP Spin- 
coated

Hal 150-190 — M(6) 9.6 White LED 200 ≈58.5 9.94 ≈17 2019 [160]

Glass/ITO/ZnO/
PAL/MoOx/Ag

PBDB-TSCl:IT-4F Spin- 
coated

Hal — — M(10) 58.5 Fluores-
cent lamp

1000 298.5 37.06 12.42 2020 [161]

3700 1182.1 169.73 14.36

PBDB-TF:IT-4F 1000 298.5 19.48 6.53

5000 1607.5 172.69 10.74
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and slot-die coated modules (on flexible PET/IMI), based on a 
PBTZT-stat-BDTT-8:PC61BM PAL. The flexible PET/IMI-based 
modules consisted of 19 individual cells, with a total active area 
of 68.76 cm2 (3.61 cm2 per cell) and achieved a PCE of 4.3%. 
The rigid glass/FTO-based modules consisted of 30 individual 
cells, with a total active area of 197.40 cm2 (6.58 cm2 per cell) 
and reached a PCE of 4.8%. Glass-based modules, with GFF 
> 94% and transparency > 10%, were demonstrated in a BIPV 
insulating glass window.

Fully blade-coated modules, including AgNW top electrodes 
and consisting of 12 individual cells monolithically connected 
in series with a total area of 64.0 cm2 were developed by 
Strohm et  al.[175] As a PAL, two donor:acceptor combinations 
were explored (P3HT:PCBM and P3HT:IDTBR) and for mod-
ules based on the IDTBR acceptor, both halogenated and non-
halogenated solvents were used for the PAL deposition. Laser 
patterning allowed monolithic interconnection of cells, pro-
ducing narrow interconnect areas with high precision and good 

reproducibility, achieving GFF values of ≈93% for all modules 
(total active area of 59.52 cm2). PCBM-based modules delivered 
a maximum PCE of 2.4% and IDTBR-based modules delivered 
maximum PCEs of 5.0% and 4.7% when processed from CB 
and from o-methylanisole, respectively.

Han et  al.[176] fabricated inverted structure ITO/ZnO/PAL/
HTLs/Ag OPV modules by ProcessOne, with devices incor-
porating screen-printed top Ag electrodes. Modules using 
bilayer HTLs (WO3/HTL) with 10 cells connected in series and 
having a total active area of 80 cm2 achieved an impressive PCE  
of 5.25%.

3. Upscaling of Indium-Tin-Oxide-Free Cells and 
Modules
OPVs have evolved around ITO as the front electrode, because 
of its high transparency, low sheet resistance (8–12 Ω·□−1 on 

Figure 9. A) Schematic of the module layout. The interconnect P2 is made by laser scribing. The distance between two cells (beginning of P1 to end 
of P3) is 1 mm. B) Close-up of a small module installed in an EXPO tree. One of the small modules consists of six submodules, each in a triangular 
shape (dashed line), which are all connected in parallel. One triangular module is made of nine cells, all connected in series. The red arrow symbolizes 
the current pathway for one distinct triangular submodule from the anode to the cathode. C) large scale deployment of OPV modules in solar trees at 
the Milan Expo 2015. Reproduced with permission.[103] Copyright 2016, John Wiley & Sons.
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glass substrates) and industry proven reliability. However, ITO 
presents several problems:

i) ITO is expensive due to the scarcity of indium and due to 
the vacuum sputtering processing needed in its preparation. 
Some life cycle analysis studies have concluded that ITO has 
a substantially negative impact on the EPBT of OPVs;[178–182]

ii) ITO is brittle and not suitable for highly flexible substrates;
iii) ITO processing, especially at higher conductivity, requires 

high temperature annealing, which is incompatible with 
plastic-based flexible substrates, such as, polyethylene naph-
thalate (PEN) and PET.

iv) ITO has a relatively high sheet resistance (typically > 40 Ω·□−1 
on plastic substrates and > 8 Ω·□−1 on glass substrates) which 
is problematic when fabricating large-area OPVs.

All these shortcomings make the replacement of ITO an 
important and desirable goal on the pathway to commercially 
and technically viable OPVs.[183–185] Several strategies have been 
followed to replace the ITO bottom electrodes either with other 
transparent conducting electrodes (TCEs) or with opaque elec-
trodes (back illumination). These strategies are summarized 
in Figure  10 and include the use of current collecting metal 
grids, metal nanowires, ultrathin metal films (UTMFs), carbon-
based electrodes, and conducting polymer based electrodes as 
transparent electrodes, as well as, the use of thick metal films 
as opaque electrodes. Although some recent literature reviews 
have addressed work to develop ITO-free OPVs,[186–190] their 
focus was not on large area cells and modules.

The most relevant ITO-free large area OPV cells and mod-
ules are described along this section and their performances 
are indicated in Table S3, Supporting Information, and repre-
sented in Figure 11.

3.1. Upscaling Using Metal-Based Transparent Conducting 
Electrodes as Bottom (Front) Electrodes

Metal-based TCEs, have been extensively investigated as poten-
tial substitutes for ITO in OPV devices and some reviews on 

this topic have been published,[191,192] although these were not 
focused on large area OPVs. Silver (Ag), copper (Cu), and gold 
(Au) are (in this order), the most highly conductive metals 
and their use in metal-based TCEs for large area OPV cells 
and modules has been extensively explored in different forms, 
including as current collecting metal grids, UTMFs, metal 
nanowires among others, and is reviewed in this sub-section.

3.1.1. Metal Grids (Meshes) as Transparent Bottom Electrodes

Metal grids can be either positioned above the substrate or 
embedded into the substrate. A printed grid, with raised 
topography above the substrate, has the advantage that it only 
requires one single printing step. As a disadvantage, these elec-
trodes may suffer from high surface roughness, resulting in the 
possibility of electrical short-circuits between the TCEs and the 
top electrode. As a way to attenuate this effect, such grids needs 
to be very thin, however very thin grids needs a certain width to 
guarantee a good electrical conductivity which leads to a loss in 
transparency.

An embedded grid has the advantages of creating both a 
smooth substrate topography and allowing the use of thicker 
metal grids with a very high aspect ratio (height/width). This 
results in grids that both have very high conductivity and 
optical transparency. The disadvantages of this approach are 
that grid fabrication requires at least two distinct processing 
steps (thermal imprinting and filling with metal) and an associ-
ated lower production speed.

Metal grids can have different geometries, including cir-
cular, linear, and hexagonal (honeycomb). The ideal geometry 
of a current-collecting grid should provide an optimal balance 
between transparency and conductivity. A higher transparency 
can be obtained by using thinner lines and a larger pitch size 
(distance between lines). By contrast, a higher conductivity can 
be achieved using thicker lines and a smaller pitch size.

Figure 11. Performance of large area (≥1 cm2) ITO-free devices, cells (C), 
and modules (Mx, where x is the number of cells), under AM1.5G condi-
tions. The most promising devices have been reported very recently, as 
indicated inside brackets.

Figure 10. a) Transparent bottom electrodes with front illumination.  
b) Opaque bottom electrodes with back illumination.
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In 2005 Cheknane et  al.[193] determined the best theoretical 
compromise between shadowing effects and series resistance 
effects, caused by using a metallic grid having a circular geom-
etry. Later, the same author[194] compared circular and linear 
geometries and concluded that devices with a circular grid 
should achieve a higher FF and PCE. Similar studies on the 
best compromise between transparency and conductivity were 
performed for linear grids by Tvingstedt et  al.[195] and later by 
Galagan et al.[196] In practice, linear and honeycomb grids have 
been far more popular than the circular grids. A honeycomb 
pattern has an important advantage over a linear pattern, as 
line breaks have less impact in overall current collection, since 
charges can be redirected through alternative paths along the 
grid.

In one of the first reports on the use of metal grids in 
OPVs, Kang et  al.[197] demonstrated the fabrication via a R2R 
compatible nano-imprint lithography technique of nano-pat-
terned metal-grid TCEs composed of Ag, Au, and Cu having 
a thickness of 40 nm. Small cells fabricated using these grids 
as bottom electrodes achieved a PCE similar to reference 
ITO-based cells.

Silver, being the most highly conductive metal, has been 
by far the most studied metal for TCE applications. In 2007, 
Tvingstedt et  al.[195] demonstrated a soft lithographic method 
for depositing linear grid Ag electrodes. The best theoretical 
compromise between transparency and conductivity was 
determined as a function of pitch size. Silver grid-covered 
substrates were coated with the highly conductive polymer 
DEG-PEDOT:PSS to reduce surface roughness and associated 
risk of short circuits. The small cells fabricated achieved a PCE 
comparable to ITO-based devices.

Frederik Krebs at DTU and his coworkers have been a 
leading group in the development of high throughput R2R 
mass-production methods for large area OPV cells and mod-
ules. These authors have developed an extensive and impor-
tant body of work on the R2R upscaling of OPVs based on 
Ag-grid TCEs. Part of this work focused on the standard 
P3HT:PCBM PAL system[198–209] and addressed issues such 
as: i) Printing/deposition of the silver grid bottom (front) elec-
trodes using techniques, such as, thermal imprinting, inkjet 
printing, flexographic printing, and photonic sintering;[198–200] 

ii) the printing of the top (back) electrodes using techniques 
such as flatbed screen printing, rotary screen printing, inkjet 
printing, and flexographic printing;[201–203] iii) the fabrica-
tion of tandem devices where the entire layer stack was pre-
pared by printing or coating, that is, without vacuum;[204] 
iv) the optimization of the slot-die coated PAL morphology 
with additives;[205] and v) round-robin inter-laboratory device 
reproducibility.[206]

In 2013, Krebs et  al.[208] introduced a new candidate for the 
replacement of ITO-based substrates; the flextrode. Flextrode 
substrates, or flextrodes, are made of a highly conducting Ag 
grid flexographically printed on a PET substrate and have the 
structure PET/Ag-grid/PEDOT:PSS/ZnO (see Figure  12). Flex-
trodes exhibit a sheet resistance of ≈10 Ω·□−1 and an optical 
transmittance over the visible region of ≈60%, with their elec-
trical and optical properties being studied in detail.[210] Since 
their introduction, flextrodes have been used by Krebs and 
coworkers in a large number of upscaling studies and currently, 
flextrodes are commercialized by the company InfinityPV, a 
spin-off from DTU.[211]

Using flextrode bottom electrodes and screen printed top 
Ag-grid electrodes, Krebs et  al.[207] described the all-solution 
processing of ITO-free OPV modules, and named this process 
as IOne, as opposed to the ITO-based ProcessOne as described 
in Section 2.

Krebs and coworkers have also applied high throughput R2R 
mass-production methods to fabricate OPV devices based on 
PAL systems other than the classical P3HT:PCBM[209,212–221] and 
addressed issues such as: i) Use of new polymer donors[209,212–216] 
and new small molecule donors[217] with PCBM; ii) testing of 
fullerene-free systems;[218,219] iii) PAL morphology optimization 
with additives;[220] and iv) tandem devices.[214,221]

Upscaling work on ITO-free OPV devices based on Ag-
grid bottom electrodes has also been explored by other 
groups,[78,92,101,222–231] either using a P3HT:PCBM PAL[78,222–225] 
or other PALs.[78,92,101,225–231] Most of this work focused on the 
optimization of the Ag-grid electrodes including grid geometry 
(honeycomb, linear),[222] the height and width of grid lines and 
busbars,[223] grid pitch,[228] and the properties of PEDOT.[224,229] 
Other work was more focused on the use of new PALs in Ag-
grid based OPVs,[92,230,231] including fullerene-free systems.[231]

Figure 12. Examples of Flextrode-based OPV devices. Reproduced with permission.[201,207] Copyright 2013, Elsevier.
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Jin et al.[228] prepared fully printed Ag-grid/PEDOT:PSS TCEs 
with different grid pitches (GP = 1, 2, and 4  mm). All these 
TCEs exhibited a high optical transmittance (T550nm  ≈ 90%), 
low surface roughness (rmsr ≈ 1 nm), high flexibility (bending 
radius of ≈1  mm) with Rsheet varying between ≈4 Ω·□−1 
(GP = 1  mm) and ≈20 Ω·□−1 (GP = 4  mm). Flexible OPVs 
based on TCE-GP of 1 mm with an active area of 2.10 cm2 and 
based on a PTB7:PC71BM PAL, exhibited a relatively high PCE 
of 5.79%; a value higher than reference devices with same size 
based on ITO (3.85%).[228] Lu et al. used the additives 5% DMSO 
and 0.1% fluoro-surfactant Capstone FS-31, v/v[229] to improve 
the conductivity and the wettability of PEDOT:PSS on a PET 
substrate. Devices based on a PTB7-Th:PC71BM PAL with active 
area of 2.25 cm2 and with different Ag patterns exhibited very 
similar PCEs (max of 6.51%) suggesting that it is the cover ratio 
rather than the shape of the patterns that has stronger influ-
ence on device performance. Zhang et al.[92] reported cells with 
Ag-grid bottom electrodes and a ternary PAL blend of PTB7-
Th:p-DTS(FBTTH2)2):PC71BM, with active area of 1.25 cm2 and 
achieved an impressive PCE of 8.28%. This is one of the highest 
efficiencies reported so far for OPV devices based on Ag-grid 
bottom electrodes with an active area ≥1 cm2. OPV cells based 
on the ternary PAL blend PAL PffBT4T-2OD:PC61BM:PC71BM, 
with active area ≈1.2 cm2 and the structure PET/Ag-mesh/
PEDOT:PSS/ZnO/PAL/top-electrode were reported by Czolk 
et al.[101] Here, a mixture of AgNWs:PEDOT:PSS and evaporated 
MoOx/Ag were tested as top electrodes with corresponding 
average PCEs reported of 5.8% and 7.6%, respectively. Helgesen 
et al.[230] upscaled the synthesis of the polymer PBDTTTz-4 from 
milligram to gram scale by applying continuous flow synthesis. 
This was then blended with PCBM and used in roll coated cells 
and modules with Ag-grid/PEDOT:PSS bottom electrodes. 
Modules, consisting of 16 cells connected in series with a total 
active area of 29 cm2 exhibited an average PCE of 3.3%.[230] 
Fan et  al.[231] reported fullerene-free cells based on a PAL of 
PM6:IDIC and with Ag-grid bottom electrodes. Devices with an 
active area of 1.25 cm2 exhibited a PCE of 6.54%.

OPV studies based on TCEs with other metal grids, such as, 
Cu grids or multi-metal grids are much rarer. However, TCEs 
based on Cu meshes have been studied due to their very low 
cost. For instance, copper nanoparticle inks have been reported 
as being six times cheaper than Ag nanoparticle inks, and this 

could further reduce the fabrication cost of OPV devices. Cu is 
well suited for OPV applications due to its much lower cost and 
similar work function to ITO (≈4.7 eV). Although Cu grids have 
been tested in small area (<1 cm2) OPVs,[232–234] no reports are 
known of its application in larger areas (>1 cm2).

Multi-metal grids have been also explored.[235–238] Choi 
et al.[235] developed embedded Cu/Au metal grids consisting of 
an Au grid-layer on top of an electroplated copper grid-layer on 
a flexible SU8 polymer substrate. Using this, OPVs cells based 
on a P3HT:ICBA PAL with an active area of 9.3 cm2 exhibited a 
PCE of ≈2.4%.

Sputtered tri-layer Mo/Al/Mo (MAM) grids have been 
explored as bottom TCEs in large area OPV devices.[236,237] Gal-
agan et  al.[236] studied the relationship between the resistance 
of MAM grids, the size of the OPV cells (active areas from 2.4 
to 14.4 cm2) and their PCE using P3HT:PCBM based devices. 
Here, an observed PCE drop (1.6% to 0.8%) was observed when 
scaling up devices from 2.4 to 14.4 cm2 and was found to depend 
both on the metal-grid sheet resistance (RS) and on the light 
intensity. Interestingly, for a RS of 9.64 Ω⋅□−1, a PCE drop of 
75% was found at 1 Sun illumination, with this reducing to only 
25% at 0.13 Sun, indicating that for indoor applications, scaling 
up the OPV cell dimensions has a much less effect on PCE. Mo/
Al/Mo metal grids have also been used by Eggenhuisen et al.[237] 
to produce modules with a total active area of 92 cm2. However, 
these modules achieved a very low PCE of 0.98%.

More recently, Han et  al.[238] reported Ag/Cu grid TCEs 
having a honeycomb structure and very low sheet resistance 
<1  Ω⋅□−1 with high average transparency (84%). The grids 
developed were 3  µm in width and 3  µm in depth and were 
almost completely embedded in the PET substrate and only 
covered ≈3% of the substrate (see Figure 13). Such grids were 
surface planarized using highly conductive PEDOT:PSS (E100) 
and then tested in large area OPV cells. The highest efficiency 
cells, (having an active area of 1.0 cm2) utilized a PAL of 
NF3000-P:NF3000-N and a CIL of ZnO/zirconium-acetylaceto-
nate (ZrAcac) and achieved a very impressive PCE of 12.26% 
(certificated PCE of 11.45%). This is currently a performance 
record for large area ITO-free devices. Such TCEs were also 
tested in larger area devices with an impressive PCE of 8.75, 
7.79, and 7.35% attained for active areas of 2.4, 4, and 9 cm2, 
respectively.

Figure 13. Photograph and the schematic diagram of the large-area PET/Ag/Cu electrode. Reproduced with permission.[238] Copyright 2019, John Wiley 
& Sons.
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3.1.2. Metal Nanowires as Transparent Bottom Electrodes

Metal nanowires (NWs), and particularly silver and copper 
nanowires (AgNWs and CuNWs), have been investigated as 
promising alternatives for ITO-based electrodes. TCEs based 
on AgNWs that were around 8.7  µm long and 100  nm dia-
meter, were first demonstrated in 2008, in a seminal work by 
Peumans and coworkers,[239] and their scalability has been 
demonstrated by the same authors in 2010.[240] Since then, a 
significant number of studies have addressed the use of trans-
parent AgNWs-based bottom electrodes in OPVs, although the 
majority of these studies were limited to small area devices 
(<1 cm2)[241–246] and are the subject of previous reviews.[191,247,248] 
The reports of large area OPVs based on AgNWs bottom elec-
trodes are still very scarce in literature.[102,249–252]

The DTU group[249] rotary screen printed AgNW-based TCEs 
covered with ZnO, displaying a transmittance ≈84% over the 
spectral range 550–800 nm and had a RS of 10–20 Ω⋅□−1. OPV 
cells based on these bottom TCEs with active area of 1.0 cm2 
and structure PET/AgNW/ZnO/PAL/PEDOT:PSS/Ag-grid were 
fabricated using different polymer:PCBM PALs. The highest 
efficiency devices were based on a PAL blend of PBDTTTz-
4:PCBM and achieved a PCE of 3.30%.[249] Fully inkjet printed 
OPV cells, with AgNW bottom and top electrodes and with 
active area of 1.0 cm2 were demonstrated by Maisch et  al.[250] 
who achieved a PCE of 4.3% based on a PV2000:PC71BM PAL. 
Zhao et al.[102] used AgNW-based TCEs, deposited on PET sub-
strates using slot-die printing to produce OPV cells having the 
structure PET/AgNWs/ZnO/PAL/MoOx/Ag with an active area 
of 7 cm2 where the PAL was a PPDT2FBT:PC71BM blend. These 
cells achieved a PCE of 3.04% when the PAL was coated on sub-
strate at 40 °C. Very recently, Sun et al.[252] reported all-solution 
processed OPV cells with the structure AgNWs@PI/ZnO/
PBDB-T-2F:IDIC:Y6/HXMoO3/PEDOT:PSS/AgNWs having an 
active area of 1.0 cm2 which reached a PCE of 10.3%. This rep-
resents one of the highest efficiencies ever reported for OPV 
devices based on AgNWs bottom electrodes.

Although AgNW-based bottom electrodes exhibit a good bal-
ance between conductivity and transmittance and are amenable 
to R2R processing, some stability issues have been reported. 
The electrical conductivity of AgNWs degrades under simul-
taneous presence of high humidity and high temperature,[253] 
under electrical stress[253,254] and under UV-light exposure.[255] 
Another disadvantage of AgNWs lies in the occurrence of short 
circuits (shunting) due to inter-electrode penetration.[241]

Despite several reports on the application of copper nano-
wires (CuNWs) in TCEs,[256,257] the few literature studies that 
report their use as bottom electrodes in OPVs are limited to 
small area devices.[258,259] No literature studies are known on 
large area (≥1 cm2) OPV devices with CuNW-based electrodes.

3.1.3. Ultrathin Metal Films as Transparent Bottom Electrodes

UTMFs are continuous metallic films, typically with thickness 
<10 nm, that have a high transmittance and exhibit a low sheet 
resistance. UTMFs possess high compatibility with organic 
semiconductor materials and are very flexible due to their low 
thickness and high mechanical ductility. UTMFs are scalable to 

large areas and, compared to metallic grids, have the advantage 
that they do not require any patterning processes. However, 
the growth of UTMFs follows the Volmer–Weber mechanism, 
resulting in a rough and discontinuous morphology with poor 
optoelectronic properties due to poor adhesion to substrates. 
Different strategies have been developed for preparing ultra-
smooth UTMFs with superior transmittance and conductivity 
by successfully suppressing the Volmer–Weber mechanism. 
Addressing these strategies is outside the scope of this review 
and interested readers are referred to a recent comprehensive 
review on this topic.[260]

In 2012, the DTU group[261] demonstrated fully solution 
processed semi-transparent Ag-based UTMF electrodes (thick-
ness < 20  nm) spin-coated on flexible PET substrates from 
diluted Ag-inks. These electrodes had a sheet resistance as low 
as 5 Ω·□−1 and transmittance of ≈30% at 550  nm and were 
tested in OPVs devices based on a P3HT:PCBM PAL. Devices 
with an active area of 1 cm2 and R2R processed modules with 
an active area of 35.5 cm2 exhibited PCEs of ≈1.6% and ≈0.44%, 
respectively.[261] Stec et al.[262] produced 8 nm thick Cu, Ag, Au, 
and Cu/Ag UTMF bilayer electrodes on flexible chemically sur-
face modified PET and PEN substrates. OPV devices employing 
8 nm Ag and Au electrodes, based on the PAL PCDTBT:PC71BM 
and with an active area of 1 cm2, achieved PCEs of 3.7% (Ag) 
and 4.25% (Au) comparable to the PCE of 4.10% for ITO-based 
reference devices. The UTMFs however were more resistant to 
repeated bending.

3.2. Upscaling Using Carbon-Based Transparent Conducting 
Electrodes as Bottom Electrodes

Studies on the application of carbon-based TCEs in large area 
OPV cells and modules have focused on the use of carbon 
nanotube (CNT)-based and graphene-based electrodes, and 
these are briefly reviewed in this sub-section.

3.2.1. Carbon Nanotubes-Based Transparent Conducting Electrodes

CNTs have some outstanding properties such as high electrical 
conductivity and excellent mechanical and thermal properties 
that make them attractive for electrode applications in OPV 
devices. However, most of these properties are along their axial 
direction, that is, highly anisotropic, which makes their indus-
trial application very challenging.

The first application of CNT-based bottom TCE as a replace-
ment of the ITO electrode in OPVs, was reported in 2005 by Du 
Pasquier et al.[263] in a small area device that achieved a PCE of 
≈1%. Since then, a considerable number of studies have tested 
the use of CNTs as bottom TCE in OPVs and these studies have 
been discussed in a large number of reviews broadly related 
with the use of CNTs in thin film TCEs and the application of 
these TCEs in OPV devices.[264–272]

While some progress has been made regarding the applica-
tion of CNT-based TCEs in OPVs,[273] this research topic is still 
on its infancy, due to the complexities involved, and no litera-
ture studies are known on large area (>1 cm2) OPVs using CNT-
based TCEs.
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3.2.2. Graphene-Based Transparent Conducting Electrodes

Graphene combines a good optical transmittance, electrical 
conductivity, chemical stability, and flexibility making it a 
very attractive material for electrode applications.[274,275] The 
first example application of graphene-based bottom TCE in 
small area OPVs was reported by Peumans and coworkers in 
2008.[276] Since then, the application of graphene in TCEs and 
of these TCEs as bottom electrode in OPV devices has been 
extensively investigated as described in several literature rev
iews.[270,271,277–286] However, despite all the progress achieved, 
the majority of the most important studies focus on small 
area OPV devices.[287–290] Reports of OPV devices based on gra-
phene bottom electrodes and with large active area (≥1 cm2) 
are still very scarce in the literature[291,292] and these are briefly 
described below.

Konios et  al.[291] developed a laser-based patterning tech-
nique, compatible with plastic substrates, for the production 
of reduced graphene oxide micromesh (rGOMM) electrodes 
over large areas. This technique was used to increase the trans-
parency of reduced graphene oxide films from ≈20% to up to 
≈85%, with only a minor increase in the respective sheet resist-
ance value. These rGOMM electrodes were tested in OPV cells 
with area of 1.35 cm2, based on PCDTBT:PC71BM active layers, 
and exhibited an average PCE of 1.07% compared with 1.38% 
for a similar ITO-based reference device.

More recently, La Notte et al.[292] prepared a 4-layer (4L) gra-
phene electrode doped with SOCl2 by chemical vapor deposi-
tion and transferred it to glass. This was then used as cathode 
in OPV devices having an inverted structure. The 4L-graphene 
electrode had a transmittance value of 88.1% at 550 nm and a 
sheet resistance Rs of 30 Ω⋅□−1. Devices were prepared with the 
structure: Glass/graphene/PEDOT:PSS/ZnO/PEIE/PffBT4T-
2OD:PC71BM/V2O5/Ag. A mini-module composed of 3 cells, 
based on the 4L-graphene electrode, and with total active area of 
1.6 cm2 exhibited a PCE of 0.44% (Figure 14).

3.3. Upscaling Using Conducting Polymer Transparent Con-
ducting Electrodes as Bottom Electrodes

PEDOT:PSS is an electrically conductive complex of 
poly(3,4-ethylenedioxythiophene) (PEDOT) and poly(4-sty-
renesulfonate) (PSS) where the PSS works as a dispersion 
agent in aqueous medium.[293] PEDOT:PSS electrodes have 

been tested as potential substitute for the ITO electrode in 
OPVs.[294]

In 2004, Aernouts et  al.[295] made the first reports of the 
use of a highly conductive PEDOT:PSS anode as a potential 
substitute for ITO in OPV devices. Other studies have then 
followed using small area devices.[296–300] Due to the relatively 
large optical absorption coefficient of PEDOT:PSS, PEDOT:PSS 
films need to have a thickness below 100  nm to maintain a 
high transmittance. This significantly raises the sheet resist-
ance of the electrodes limiting the application potential of pure 
PEDOT:PSS-based devices.

In a 2019 study, Wang et al.[301] prepared TCEs based on high 
conductivity PEDOT:PSS PH 1000 on ultrathin (100 µm-thick) 
flexible glass substrates, with optimized TCEs exhibiting a RS 
of ≈30 Ω⋅□−1 and a transmittance of ≈77% at 550  nm, with a 
broad transparency window observed between 300 and 800 nm. 
OPV cells with active area 1.6 cm2 and with the structure glass/
PEDOT:PSS PH1000/MoOx/BQR:PC71BM/Ca/Al achieved a 
PCE of 5.2% (compared to 8.0% for devices with small area of 
0.2 cm2). Also in 2019, Meng et al.[68] produced flexible modules 
composed of 6 cells with a total active area of 15 cm2 having 
the structure PET/hc-PEDOT:PSS/ZnO/PAL/MoO3/Ag, where 
the high conductivity (hc-) PEDOT:PSS, the ZnO, and the PAL 
were slot-die-coated. Modules prepared with the PAL blends 
PTB7-Th:PC71BM and PBDB-T:ITIC achieved average/max-
imum PCEs of 7.25/7.58% and 8.64/8.90%, respectively. These 
represent the highest efficiency values reported so far for large 
area OPVs based on PEDOT:PSS bottom electrodes.

3.4. Upscaling Using Opaque Bottom Electrodes with Top 
(backside) Illumination

A different strategy for the replacement of ITO as the bottom 
electrode consists in using opaque bottom electrodes and illu-
minating the devices from the top (backside).

In 2009 Frederik Krebs[302] reported on the use of opaque 
bottom electrodes made of Cu(50 µm)/Ti (100 nm) in large area 
modules illuminated from top. This strategy has since been 
followed by others[36,100,303–316] and the list of opaque electrodes 
tested includes mostly thick (typically ≈100 nm) silver[36,100,303–310] 
and aluminum films[311–313] among others.[314–316]

In 2015, Huang et al.[100] reported top-illuminated single cells 
with an active area of 1 cm2 and with a thick (100 nm) opaque 
Ag bottom electrode exhibiting a PCE of 7.21%, based on a 

Figure 14. Photo of the graphene sample at each patterning step: a) P1 by laser scribing, b) P2 by shadow mask, and c) P3 by shadow mask. Reproduced 
with permission.[292] Copyright 2018, Elsevier.
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PBDTT-F-TT:PC71BM PAL. The cells had the inverted archi-
tecture glass/thick-Ag/FPI-PEIE/PAL/MoO3/UTMF-Ag/TeO2, 
where “MoO3/UTMF-Ag/TeO2” is a UTMF-based microcavity 
semi-transparent top-electrode that allows for efficient light in-
coupling. This PCE was considerably higher than the PCE of ref-
erence ITO-based inverted cells (5.70%). In the same year, Zuo 
et al.[304] reported OPV cells with an active area of 4 cm2 using 
an opaque 100 nm thick Ag film (on glass or PET) as bottom 
electrode, and ultrathin thickness-gradient Ag TCE as top 
electrode. Devices based on a PTB7-Th:PC71BM PAL achieved 
PCEs of 7.15% and 7.09% on glass and PET substrates respec-
tively. Later, the same authors[305] produced similar cells with 
opaque Ag bottom electrodes which were also based on a PTB7-
Th:PC71BM PAL, but where the ultrathin thickness-gradient 
Ag top electrode was replaced by a triangular shaped Ag-grid. 
The 4 cm2 cells on glass substrates achieved a PCE of 6.93%. 
Mao et  al.[36] reported 10.5 cm2 active area flexible tandem 
cells using an opaque Ag film (80  nm) as bottom electrode. 
Cells using two different PALs, namely PAL1 = P3HT:ICBA 
and PAL2 = PTB7-Th:PC61BM, yielded maximum PCE values 
of 6.50%. Compared to single junction cells, tandem cells are 
less susceptible to parasitic area upscaling effects and exhibit 
a superior tolerance to defects. Producing tandem cells, the 
authors demonstrated that a toy electric car could be powered 
to run under sunlight[317] (Figure  15). Opaque Ag films cov-
ered with TiOx were used by Lin et  al.[307,308] to produce OPV 
cells with an active area of 2.03 cm2. Cells based on a blade-
coated PTB7-Th:ITIC PAL achieved a PCE of 7.60%[307] and cells 
based on a blade-coated all-polymer PAL (PTB7-Th:PNDI-T10) 
achieved a maximum PCE of 6.65%.[308] Very recently, Jiang 
et  al.[310] demonstrated the growth of a very smooth Ag layer 
(rms = 1.06 nm) with a thickness of 70 nm (opaque) on top of 
a chemically reactive hydrogen molybdenum bronze (HxMoO3) 
surface. Top-illuminated 10 cm2 NFA-based OPV cells with 
structure glass/HxMoO3/opaque Ag (70  nm)/PAL/HxMoO3/
ultrathin Ag (8 nm)/MoO3, where the PAL consisted of PM6:IT-
4F, achieved an impressive PCE of 10.24%.[310]

Using an opaque Al film (100  nm thick) as bottom elec-
trode, Ibraikulov et  al.[313] produced modules of 15 monolithic 
cells connected in series, based on a blade-coated PAL of 
PF2:PC71BM, with an impressive total active area of 66 cm2 
(GFF = 69%) that achieved a PCE of 6.1%.

4. Encapsulation and Stability Testing of Large 
Area Devices

OPV devices will only become a commercial success if they 
can have both a high PCE and exhibit long-term stability at a 
reasonable price. After rapid recent improvements observed in 
PCE, increasing the operational lifetime of OPV devices has 
become particularly important for practical applications.

Important advances in the stability of OPV devices have been 
made recently. Du et al.[318] reported small area OPV cells exhib-
iting a PCE of ≈8% along with an extrapolated operational life-
time approaching 10 years. Xu et al.[319] demonstrated small area 
OPV cells with a PCE of 10% combined with an extrapolated 
potential lifetime of 22 years, based on an estimated absorbed 
optical energy dose. Despite these significant improvements on 
the lifetime of small area OPVs, the lifetime of large area OPVs, 
which indirectly determine the EPBT is still poor compared to 
the 25 years that inorganic silicon-based solar cells can last. 
Therefore, significant improvements still need to be made in 
terms of stability to make OPV technology attractive for mass 
production and commercialization.

The factors that contribute to the reduction in operational 
efficiency of OPV cells and modules over time are several and 
have been clearly identified.[320–329] Degradation factors that 
are common to all OPV devices include: photochemical and 
photo physical degradation of the active layer materials and 
interfaces;[330–332] morphological degradation[333,334] due to high 
thermal stress under operation; as well as, a series of degrada-
tion events that can be initiated by the ingress of H2O and O2 
in poorly sealed devices.[335–337] Additionally, there are some 
degradation factors specific to OPV modules, including elec-
trical stress[338] and degradation at the cell interconnections. A 
detailed description of all these degradation factors and corre-
sponding mechanisms is beyond the scope of this review, and 
the interested readers are directed to some existing reviews on 
this topic.[320–329]

Some strategies to improve the stability of OPV cells and 
modules have focused on improving the intrinsic stability of 
the materials and interfaces. For example, chemical modifi-
cation of polymer donors, either modification of backbone or 
side chains, has proved effective to improve the stability of 
OPV devices.[212,339,340] An increase in the polymer molecular 
weight[341–343] and in polymer regioregularity[333] have also been 
shown to produce more stable devices. NFA-based OPVs, have 
been demonstrated to exhibit, in general, considerably higher 
thermal and photochemical stability than the corresponding 
fullerene based OPVs.[82,218,344–347] Also, among NFAs, end-
group and side-chain modifications have shown to strongly 
influence both device photo-stability and morphological sta-
bility.[318] Therefore, in outdoor conditions and especially in 
tropical regions where high stability at elevated temperature 
is crucially important, replacing fullerene by NFAs is a prom-
ising strategy to extend the device lifetime up to the com-
mercial requirements. Ternary blending of the PAL through 
the addition of compatibilizers with light harvesting proper-
ties[94,348–351] has proved to be a powerful strategy to improve the 
morphological stability of the PAL with an associated increase 
in the lifetime of OPVs which is often also with associated 
enhancements in PCE. Replacement of the PEDOT:PSS HTL 

Figure 15. Frames from a movie showing a toy electric car being pow-
ered to run under sunlight. It uses a flexible tandem OPV with structure 
PES/Ag/PEI/PAL1/m-PEDOT:PSS/PEI/PAL2/ hc-PEDOT:PSS/Ag-grid. The 
movie, from the work of Mao et al.,[36] can be found in the URL at ref. [317]. 
Reproduced with permission.[36] Copyright 2017, Royal Society of Chemistry.

Adv. Energy Mater. 2021, 11, 2100342



www.advenergymat.de

© 2021 Wiley-VCH GmbH2100342 (18 of 29)

www.advancedsciencenews.com

either by thin films of solution-processed molybdenum oxide 
(MoOx)[352] or by a thin V2O5 layer;[353] the plasma treatment 
of interfacial layers;[354] the replacement of the front and back 
electrodes;[251,355] as well as, the choice of more favorable device 
architectures[355–358] has also been used successfully to improve 
the OPVs lifetime. UV-blocking filters that can attenuate most 
UV photons below 400  nm have also proved successful in 
extending lifetime.[359] Other strategies have focused on pre-
venting the ingress of H2O and O2 through encapsulation of 
the devices (extrinsic stability).[339,358,360–367] However, most 
of these strategies have either been applied only to small area 
devices (<1 cm2) or, when applied to larger areas, have resulted 
in devices with relatively modest lifetimes (<<1 year).

In this section we present and discuss the most relevant 
stability studies performed on large area (≥1 cm2) OPV cells 
and modules. It should be noted that the vast majority of 
these studies focus on devices based on P3HT:PC61BM blends, 
chosen primarily because of the commercial availability of 
P3HT and PC61BM in the quantities required for large scale 
production and at a reasonable price. Also, for these reasons, 
the majority of such studies focus on mitigating extrinsic deg-
radation factors (H2O and O2) through the development of dif-
ferent encapsulation strategies, rather than on improving the 
intrinsic stability of the devices. Although the P3HT:PC61BM 
system has promising stability, the corresponding devices 
exhibit a PCE well below the commercial requirements (max-
imum small area PCE ≈5%) and therefore, the interest in this 
system is currently purely academic.

4.1. Stability Testing and Encapsulation

OPV devices typically suffer an initial period of faster reduc-
tion in their PCE, known as the “burn-in” period, after which a 
much slower and typically linear reduction of PCE occurs with 
time (Figure  16a). Two different lifetime parameters, namely 
T80 and Ts80, are typically used to quantify the operational life-
time of OPV devices.[358,368,369] The T80 lifetime is the time it 
takes for the PCE of the cell or module to decrease to 80% of its 
very initial value. The Ts80 lifetime is defined as the time needed 
for the PCE of the device to decrease to 80% of its value at the 
end of the burn-in period. Interestingly, recent studies have 
shown that NFA-based OPVs may not have a burn-in period.[347]

Until 2010 there were no specific standards for OPV lifetime 
testing and the standard IEC61646, originally created for amor-
phous silicon thin film solar cells was often used. However, as 
the degradation mechanisms of silicon based PVs and OPVs are 
different, an International Summit on Organic solar cell Stability 
(ISOS) in 2011 established a set of guidelines to allow ready com-
parison of data obtained by different laboratories.[370] Five main 
testing protocols were created with each protocol containing 
three levels of complexity, named levels 1, 2, and 3, corresponding 
respectively to “Basic,” “Intermediate,” and “Advanced.” The 
five protocols created were: i) Dark tests (ISOS-D-1; ISOS-D-2; 
and ISOS-D-3); ii) Outdoor tests (ISOS-O-1; ISOS-O-2; and 
ISOS-O-3); iii) Laboratory weathering tests (ISOS-L-1; ISOS-L-2; 
and ISOS-L-3); iv) Thermal cycling tests (ISOS-T-1; ISOS-T-2; 
and ISOS-T-3) and v) Solar-thermal-humidity cycling tests 
(ISOS-LT-1; ISOS-LT-2; and ISOS-LT-3). More details about these 

testing protocols can be found in the literature.[370] ISOS-T and 
ISOS-LT tests are rarely used due to their complexity and low 
stability of most OPVs under such harsh conditions. In the fol-
lowing discussion, particular emphasis is placed on the results 
from outdoor stability tests (ISOS-O) as these most closely repre-
sent operation under real conditions.

A novel OPV lifetime diagram (entitled o-diagram), see 
Figure  16b, was proposed by Krebs and coworkers for com-
paring lifetimes of different OPV technologies and/or different 
test conditions.[371] O-diagrams plot the initial device perfor-
mance versus the T80 values in a Log4 scale (units of days); base 
4 is used since it allows the scale to be associated with common 
time units (hours, days, months, seasons, years).

OPVs degrade in ambient air mostly because of moisture and 
oxygen, and therefore OPV cells are usually fabricated inside 
a glove box and are encapsulated before exposure to ambient 
air. The most common encapsulation method sandwiches the 
OPV device between two or more barrier films whose edges are 
glued together with a sealant. In the encapsulation of OPVs, 
barrier films and sealants with low water vapor transmission 
rate (WVTR ≈ 10−6 gm−2day−1) and low oxygen transmission rate 
(≈10−3 cm3m−2day−1) need to be used to improve lifetime[364] and 
a certain edge sealing distance between the barrier film edge 
and the OPV edge should be left to avoid O2 and H2O edge 
ingress. Although sealants can be pressure sensitive, hot-melt, 
or UV curable epoxy-based adhesives, a study suggests that UV 
curable epoxy-based adhesives are the most effective.[373]

Rigid glass panels are the most hermetic barriers films 
known for OPVs, where OPV cells and modules can be sand-
wiched in between two panels.[374] Large area rigid glass-glass 
encapsulation can be used for example in building integrated 
OPV products, such as, glass facades.[375] In the most common 
encapsulation method, large area devices are laminated between 
films of cross-linkable ethylene vinyl acetate in vacuum, under 
compression and up to 150  °C, which requires the PAL to be 
stable for ≈2 h at 150 °C to ensure glass sealing.[103,376] However, 
recent progress in laser assisted glass sealing will likely soon 
make this compression method obsolete, as it can guarantee 
the hermetic glass sealing at a process temperature <80  °C. 
Although glass encapsulation using laser-assisted glass-frit 
sealing has been much studied to seal other related photo-
voltaic technologies, such as large area dye sensitized solar cells 
(DSSC)[377] and perovskite[378] solar cells, no studies are cur-
rently known in literature on the use of this technology to glass 
seal large area OPVs. Furthermore, the use of ultrathin flexible 
glass substrates on OPVs, compatible with R2R processing, is 
still very limited.[379,380] Despite encapsulation being known to 
play a decisive role in increasing the stability of OPV devices,[381] 
limited information is usually provided about the encapsulation 
procedures. An analysis of literature data on rigid (front and 
back glass) and flexible (mostly PET foils) encapsulated devices 
have shown that device lifetime is mostly limited by the quality 
of the edge sealing and not by the water vapor or oxygen per-
meability of the barrier films (glass and PET).[382] Solving the 
problem of efficient edge sealing has been highlighted as a cru-
cial step toward improving the lifetime of devices.[374,382,383]

Several other materials have been tested as effective encapsu-
lation barrier layers to inhibit atmosphere-induced degradation. 
These include graphene oxide based barrier films,[384] ultra-thin 
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AlOx layers deposited by ALD,[385] multilayer stacks of MgF2/
MoO3,[386] ZnO/UV-resin,[387] among others. However, all of 

these strategies[384–387] have been so far limited to small area 
devices (<1 cm2).

Figure 16. a) Typical degradation behavior of an OPV device. Reproduced with permission.[368] Copyright 2018, John Wiley & Sons. b) Lifetime diagram 
for intercomparison of lifetime of different OPV devices. X axes present logarithmic function with base 4, which is associated with the time unites shown 
above the plot. Y axes represent the PCE of the device at the T0 point, from where T80 was calculated. Reproduced with permission.[371] Copyright 2015, 
John Wiley & Sons; c) Encapsulation scheme of the ITO-free IOne modules. Reproduced with permission.[372] Copyright 2011, Elsevier.
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4.2. Stability of Large Area Cells and Modules

This sub-section reviews the most relevant studies on the sta-
bility performed of large area OPV devices, giving emphasis to 
outdoor stability studies (ISOS-O) and laboratory weathering 
tests (ISOS-L). As mentioned above, these studies mostly focus 
on P3HT:PC61BM PAL system and on different encapsula-
tion strategies to mitigate the deleterious action of extrinsic 
degradation factors (H2O and O2). Table S4, Supporting Infor-
mation, summarizes the most important results obtained 
applying ISOS-O and ISOS-L protocols where, as a benchmark 
for stability, only tests and lifetimes with duration > 1 year are 
indicated.

One of the earliest demonstrations of the encapsulation of 
large area OPV devices was made by Krebs et  al.[388] in 2004. 
Devices based on MEH-PPV with an area of 100 cm2 were lami-
nated using PET, however the lamination had a negative effect 
on the lifetime. In 2006, Krebs[389] encapsulated a cell based 
on P3HT:PCBM with active area of 10 cm2 using a thick glass 
substrate and an aluminum backplate that were sealed using a 
glass fibre reinforced thermosetting epoxy (prepreg), requiring 
a thermosetting time of 12 h. Typical devices achieved a PCE 
of 0.48% immediately after encapsulation, which dropped to 
0.31% after ≈1 year under ambient conditions.

In 2008, flexible P3HT:PCBM based modules with an initial 
PCE >  1% and packaged with transparent barrier films were 
tested at the Konarka rooftop testing setup in Lowell (USA)[390] 
and exhibited no performance losses after a 14 month testing 
period.

Gevorgyan et  al.[391] used ProcessOne to produce modules 
with 16 serially connected cells employing an inverted struc-
ture ITO/ZnOx/P3HT:PCBM/PEDOT:PSS/Ag-paste and with a 
total active area of ≈35.5 cm2. The modules were encapsulated 
using a UV filter/barrier (Amcor) with a pressure sensitive 
adhesive (467 MPF, 3M) and demonstrated initial PCE values 
between 0.7% and 1.4%. Their outdoor stability was then tested 
in 6 laboratories in 4 countries (Germany, Israel, Australia, and 
Denmark). In addition to the encapsulation, the device termi-
nals were protected against H2O and O2 diffusion which proved 
to be crucially important. The most stable modules had well 
sealed terminals and demonstrated a T80  >  416 days contrary 
to modules with unprotected device terminals which exhibited 
T80 < 21 days.

Sapkota et  al.[316] used UV curing epoxy glue together with 
glass plates or flexible barrier films to encapsulate backside illu-
minated OPV cells having an active area of 1.1 cm2 and with 
the inverted geometry Cr/Al/Cr/P3HT:PCBM/PEDOT:PSS/
metal-grid. Devices encapsulated between two glass plates were 
able to maintain 90% of their initial PCE (2.7%) after >12 000 h  
following continuous illumination at 1000 W m−2 (similar to 
AM1.5G but with low UV content) and at an ambient tempera-
ture of ≈50 °C and ≈6% RH.

Fully printed IOne modules with active areas of 70–100 cm2 
and PET/Ag-grid/PEDOT:PSS/ZnO/P3HT:PCBM/ PEDOT:PSS/
Ag-grid structure were tested by Krebs and coworkers[392] for 
outdoor stability assessment over 1 year, with devices located in 
Denmark (ISOS-O-3) and the Netherlands (ISOS-O-1). Modules 
with different PET substrate thickness (45  µm; 125  µm) were 
laminated between two sheets of food packaging barrier using 

a UV curable adhesive and with different edge sealing mar-
gins (<<1 cm and >1 cm). The best modules, in both countries, 
had a PET substrate thickness of 125 µm and an edge sealing 
margin >1 cm, and exhibited T80 > 1 year. Large area (100 cm2), 
R2R processed P3HT:PCBM based OPV modules that were 
manually laminated between barrier foils using a UV-curable 
adhesive were tested by Angmo et al.[372] for their stability. The 
encapsulation was performed feeding the “barrier/adhesive/
module/adhesive/barrier” through the nip pressure of a R2R 
coater to achieve homogenous distribution of the adhesive and 
thereafter curing the adhesive under UV light. Before encapsu-
lation, the module terminal contacts/busbars were covered with 
a copper tape and metal snap fasteners were punched through 
over them after encapsulation (Figure  16c). Impressive values 
of T80 > 2 years were obtained, under protocols ISOS-O-3 and 
ISOS-D-2. The results suggested that O2 permeation may be 
responsible for degradation mainly under outdoor conditions, 
whereas WVTR has a larger impact under dark conditions.

Weerasinghe et al.,[393] tested the outdoor stability (ISOS-O-2) 
of fully-printed OPV modules (having an active area ≈50 cm2), 
comprising of 5 individual cells connected in series and with 
a PET/ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag configuration. 
Various encapsulation architectures (partial, perforated, and 
complete) were tested using commercially available flexible 
barrier films and adhesives. Completely encapsulated modules 
showed no evidence of PCE loss after 13 months of outdoor 
exposure and a T80 of at least 3 years was anticipated. No abso-
lute values of PCE were reported.

Other stability studies of large area OPV cells and mod-
ules have been performed testing different experimental vari-
ables such as: i) Single-junction versus tandem devices;[394] 
ii) different encapsulation protocols (complete; partial);[170] 
iii) different encapsulation barrier foils;[209] iv) different adhe-
sives (UV-curable; pressure-sensitive);[207] v) the effect of edge 
sealing;[374,383] vi) the lifetime reproducibility among different 
laboratories;[371] and vii) combined application of different 
stress factors on the adhesion of OPV interfaces in large area 
R2R devices.[395] However, in all of these studies the reported 
values of T80 were <<1 year.

The vast majority of the stability tests reviewed above for 
large area devices were based on a P3HT:PCBM PAL and 
therefore, despite some encouraging stability results obtained 
(T80 > 1 year), their initial PCE values were rather low (typically 
< 3%). Therefore, demonstrating OPV devices with simultane-
ously high PCE (>10%), large area (>>100 cm2) and high sta-
bility (T80 > 10 years)—the ultimate goal of the OPV field—has 
still not been reached. However, some recent studies suggest 
that real progress is being made in this regard. For example a 
recent study by Chang et al.[145] explored carefully encapsulated 
modules based on a PV2000:PCBM PAL having a total active 
area of 23.7 cm2 and an initial PCE of 7.56%; here it was shown 
that modules were able to maintain 91.7% of their initial PCE 
value after 1000h under AM1.5G light-soaking. Furthermore, 
Distler et al.[125] fabricated PM6:Y6-based modules with areas of 
26 and 204 cm2 having PCEs of 12.6% and 11.7%, respectively; 
again no significant degradation was observed during the in-
house characterization measurements and certification process, 
which lasted several days and included extended AM1.5G irra-
diation at 1000 W m−2.
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5. Conclusions and Future Directions

The field of OPVs has witnessed a rapid development in very 
recent years, mainly due to the development of new polymer 
donors and NFAs. To date, the PCE of ITO-based single cells 
with active area ≥ 1.0 cm2 has reached over 15%, and the 
PCE of ITO-based modules having active areas ≥ 10 cm2 and 
≥ 100 cm2 has reached over 14% and 12% respectively. These 
are very encouraging results with this progress all being made 
in the last year. These devices were prepared using vacuum 
processing steps, however the PCE of devices prepared using 
vacuum-free techniques still lags far behind. Although vacuum 
processing increases the complexity and cost of device fabrica-
tion, it is not incompatible with upscaling. Therefore, unless 
the efficiency gap between vacuum and vacuum-free processed 
devices can be reduced considerably in the future, it is likely 
that vacuum-processing will form an integral part of any future 
OPV device manufacture process.

The most successful ITO-free strategy, particularly for larger 
area devices ≥10 cm2, has consisted in the use of highly con-
ductive thick metal films (≈100  nm) as opaque bottom elec-
trodes in back illuminated devices; here PCEs of 10.24% and 
6.1% in devices with active areas of 10 and 66 cm2, respectively, 
are among the most impressive efficiencies reported so far. To 
create ITO-free devices with a bottom TCE, most research has 
been concentrated on the development of silver grids. Here 
metal grids suffer from the inherent limitation that high con-
ductivity and high transparency are difficult to combine in 
a single material and a trade-off has to be met between these 
two properties. However, recent studies using hexagonal Ag/
Cu grids reported PCEs >12% in 1.0 cm2 cells; a value that cur-
rently represents a record PCE for large area ITO-free devices. 
Although the use of high conductivity PEDOT:PSS as bottom 
electrode has received far less attention, some recent reports 
suggest this to be a promising strategy; here a PCE of 8.90% 
was reported in devices having an active area of 15 cm2.

Despite these impressive very recent developments, the large 
majority of upscaling studies performed so far (particularly to 
very large areas of >100 cm2) have been performed using the 
standard P3HT:PCBM blend system due to the higher avail-
ability and lower price of these materials compared to other 
donor:acceptor pairs. However, the P3HT:PCBM system typi-
cally exhibits low PCE (≤4%) even in small area (a few mm2) 
devices. It is therefore difficult to judge the real effect of 
upscaling on PCE using a system that intrinsically exhibits low 
performance. More systematic upscaling studies are needed 
using donor:acceptor pairs that demonstrate high perfor-
mances (>10%) in small area devices, with special focus on sys-
tems containing NFAs.

Long-term device stability is also needed for commercial 
applications and requires improvements in both intrinsic and 
extrinsic stability. Here, the replacement of fullerenes by NFAs 
seems a promising strategy as these materials appear to have 
higher intrinsic stability and should result in an increase in 
device lifetime. In parallel, more effort should be placed in 
developing new encapsulation strategies to enhance the extrinsic 
stability of devices. Encapsulation studies have so far been rela-
tively scarce and mostly rely on the use of epoxy-based adhesives 
as sealants. Surprisingly, glass frit sealing technology which has 
been intensively studied for encapsulating large area DSSCs 

and perovskite solar cells, has still not been tested in large area 
OPVs. Notably for BIPV applications in which OPV devices are 
embedded in glass requires devices to be stable for at least 2 h at 
120 °C during the lamination process. However, this demanding 
requirement is partially lifted due to recent advances in laser 
assisted glass frit sealing, as encapsulation can now be per-
formed in a few minutes at temperatures as low as 80 °C. As far 
as we are aware, these new advances in laser assisted glass frit 
sealing have not been tested in large area OPVs.

The development of flexible OPV technologies remains a 
highly attractive goal. Previously this mainly meant depositing 
devices on PET or PEN substrates. However, ultra-thin flex-
ible glass is becoming increasingly popular amongst a range of 
related technologies, and its implementation in OPVs devices 
also looks to be a very attractive prospect.

The ultimate objective of these developments is to combine 
high efficiency performance and high stability in large area mod-
ules, with the 10-10 target, that is, 10% efficiency and 10 years 
stability being a key goal. Outdoor operational lifetime studies of 
OPV modules now report lifetimes of several years. Despite the 
fact that there is still a way to go to reach the 10-10 target, this 
represents an encouraging result considering that 10 years ago, 
typical device lifetimes were in the range of a few days to weeks.
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