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ABSTRACT Organic photovoltaic (OPV) devices have shown remarkable performance 

progress in recent years, reaching current record power conversion efficiency (PCE) values of 

16.4% for single junction and 17.3% for multi junction devices, owing mostly to the 

impressive developments made within synthesis of new non-fullerene acceptors. This progress 

places organic solar cells at the forefront of thin-film photovoltaic technology. However, in 

order to meet industrial demands and reach high performance values in industrial settings, 

further research and development efforts within Roll-to-Roll (R2R) and Sheet-to-Sheet (S2S) 

processing of OPV devices under ambient conditions are required. Furthermore, OPV modules 

being manufactured through such up-scaled processing techniques should ideally be developed 

from low cost materials, and show good stability towards various different operational stress 

conditions. In this work, we demonstrate combined R2R and S2S development of ITO-free 

OPV devices, which are based on the non-fullerene material system PBDB-T:ITIC. The 
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devices are processed from R2R vacuum sputtering and S2S slot-die coating at ambient 

conditions, and reach cell PCE values of 5.5%. In addition, we introduce a correlation between 

different barrier films, both commercial and sputtered inorganic coatings on ultra-clean PET, 

and the lifetime of the developed devices. The results therefore demonstrate an important step 

in the development of OPV devices from R2R and S2S processes in industrial settings. 

KEYWORDS organic photovoltaics (OPV), organic solar cells and modules, non-fullerene 

acceptors, Sheet-to-Sheet (S2S), Roll-to-Roll (R2R), device encapsulation, slot-die coating 

 

INTRODUCTION The amount of solar energy that reaches the surface of the earth is by far 

enough to meet the world’s increasing energy demand, and thus explains the increased focus 

on photovoltaic (PV) technologies in the past decades1. This has resulted in a growing number 

of PV research and development groups, institutions and companies around the world. In 

recent years, several types of thin-film PV devices have been investigated, which also 

includes a strong rise in research and development within organic and hybrid photovoltaics2–5. 

Organic photovoltaics (OPV) possesses intriguing advantages6 such as light weight7, 

mechanical flexibility, semi-transparency and color tuning8, making it a highly promising PV 

technology for the rapidly growing energy market. As OPV cells can be fabricated by 

standard printing methods, they are also compatible with high speed and low cost production 

from e.g. Roll-to-Roll (R2R) technology9–11, which results in very low energy payback times 

(EPBT)12. The R2R coating techniques in principle span over a range of different methods 

such slot-die coating12-14, rotary screen12, inkjet15, flexographic12,16 and also gravure17 

printing, which have all shown good promise within OPV technology. Several different 

device architectures have been demonstrated over the years, and R2R coating of ITO-free 

OPV devices have been well investigated by for example the Krebs12, Galagan15 and Würfel14 

groups. In terms of device geometry, recent works by the Brabec group have demonstrated 
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very high geometric fill factors using laser structuring13, showing good promise for the 

printed module efficiencies. The vast amount of research and development efforts within OPV 

technology has also resulted in new commercial efforts by several companies, resulting in a 

still growing share of the OPV technology on the energy market.  

Due to huge efforts and improvements made within synthesis of non-fullerene acceptor 

materials, OPV devices have very recently reached certified power conversion efficiency 

(PCE) values as high as 16.4% for single junction devices18, and 17.3% for multi junction 

cells19. Although this brings OPV technology in the forefront of thin-film PV device 

technology, such record device efficiencies are always obtained from small area solar cells 

(around 1 cm2) developed from e.g. spin-coating techniques in inert atmosphere. However, in 

order to boost OPV technology further, industrial conditions and requirements should be met 

during development of the cells, and a transfer of such high device efficiencies from lab to 

production is therefore in high demand.  

Device up-scaling requires the use of aforementioned R2R printing techniques, and the 

transfer from spin-coating techniques, used for the active layer coating of small scale cells, is 

not a straight-forward task. In addition, one of the important factors responsible for the drop 

in device performance upon up-scaling is the production in ambient air. It is well known that 

OPV devices are sensitive to both oxygen and especially UV light illumination, where e.g. 

photo-oxidation of the materials takes place, and exposure to oxygen during production may 

initiate degradation processes. Many routes are pursued to alleviate such effects, for example 

by synthesis of more stable materials20 or by stabilizing the active layer materials through 

additive processing21,22. For practical use of the cells under standard operating conditions, 

there is still a huge need for careful device encapsulation following device processing23, to 

significantly reduce any photo-oxidative degradation processes taking place during device 

operation10. Ideally, the cost of the developed modules is also kept low, which set needs on 
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the materials used for industrial processing. Finally, further requirements may also be set from 

an application point of view, where i.e. mechanical flexibility may be desired. One route that 

addresses the two latter requirements is the removal of Indium Tin Oxide (ITO) as a 

transparent, conductive electrode12,14,15, as ITO is both costly and brittle.  

The non-fullerene OPV system PBDB-T:ITIC has been well investigated in recent years, 

reaching remarkable device efficiencies of up to around 11% when processes on small scale 

in inert conditions24,25. ITO-free devices reaching up to 9.1% have been shown for this system 

in recent work26, however, also for small-scale devices developed by spin-coated in inert 

conditions. Scalable deposition techniques in air have also been pursued recently leading to 

well performing flexible devices (PCE 8.8% from batch and PCE 7.1% from R2R processing, 

both for small scale cell areas), developed from slot-die coating in conventionally used ITO-

based configurations27. Such high OPV performance is promising for further manufacture up-

scaling, if devices can be processed under realistic conditions considering the aforementioned 

industrial requirements. In this work, we demonstrate the development of OPV devices using 

the non-fullerene based system PBDB-T:ITIC, processed from combined Roll-to-Roll (R2R) 

vacuum deposition28,29 and Sheet-to-Sheet (S2S) slot-die coating, in ambient conditions. The 

process is performed on flexible PET substrates using sputtered silver electrodes, which 

allows for removal of the brittle ITO electrode. All layers in the devices are fabricated on 

processes that meet true industrial scale requirements. Finally, the OPV devices were 

encapsulated with two types of flexible barrier films, namely a commercially available 

candidate and a new barrier film based on a single inorganic water vapor barrier coating 

deposited on a Peelable-Clean-Surface (PCS) film. We demonstrate that ITO-free cells made 

from such industrial processing techniques in air can reach device performances of 5.5%. 

Furthermore, we show that a barrier films possessing a Water Vapor Transmission Rate 
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(WVTR) in the 10-4 g/(m²day) range is necessary to obtain a long term stability for over 1000 

hours in dark for the developed organic solar cells and modules.  

 

EXPERIMENTAL 

Materials The OPV structure used in this study is presented on Figure 1c. We used a heat 

stabilized PET foil with a thickness of 125 µm (Melinex ST505) from DuPont Teijin Films. 

ZnO Nanoparticles (H-SZ01034) were purchased from Genes’ink and were in-line filtered 

with a 0.2 µm RC filter from whatman. PBDB-T and ITIC were purchased from Brilliant 

Matters Inc. The active layer solution was prepared with a ratio 1:1 (PBDB-T:ITIC) at a total 

concentration of 20 mg/ml in chlorobenzene with 0.5% v/v of diiodooctane. The solution was 

stirred at 80°C for 6 hours in ambient conditions. HTL solar and CPP PEDOT:PSS were both 

purchased from Heraeus. 10% v/v of silver nanowires in isopropanol were added to the CPP 

PEDOT:PSS prior to deposition, in order to increase the conductivity of the top electrode. 

Three different gas permeation barrier films were tested in this study. Barrier film 1 is the 

ultra barrier films 510 provided by 3M Company (USA). Barrier 2 is based on a single 100 

nm thick layer of Zinc-Tin-Oxide (ZnSnOx), which was deposited using reactive dual 

magnetron sputtering30 on a Peelable-Clean-Surface (PCS) film provided by DuPont Teijin 

Films. A protective polymer layer was deposited on top of the Zinc-Tin-Oxide to avoid 

damage to the barrier and improve the adhesion to the adhesive. In order to investigate the UV 

effect from the barrier film, UV absorbers were added to the Barrier 2 film, which is referred 

to as Barrier 2+UV, i.e. the third barrier film tested in this study. 

Organic solar cell fabrication Organic solar cells were fabricated in the following inverted 

device configuration: PET/Ag/ZnO/PBDB-T:ITIC/HTL solar/CPP PEDOT:PSS. All devices 

were processed in ambient conditions, except for the vacuum deposited electrode. For silver 

deposition, the PET substrates were pretreated with DC argon plasma in vacuum and around 
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100 nm silver was deposited using DC magnetron sputter (sputter power 150 W, sputter 

pressure 6·10-3 mbar, sputter time 170 s) through a shadow mask that defines the small-scale 

cell or module area. The whole process was done in a R2R vacuum line. For the photovoltaic 

modules, a top silver grid was added to increase the conductivity of PEDOT:PSS, which was 

deposited with similar DC magnetron sputtering parameters. Solution based slot-die coatings 

were performed using a motorized film applicator (Erichsen COATMASTER 510), which 

was custom modified for slot-die coating. The coating setup is shown in figure S1. The 

coating system holds a vacuum plate containing a heating element, for combined substrate 

fixture and substrate heating. A syringe pump (Harvard Apparatus PHD 2000) was used for 

controlled ink delivery. During coating, the syringe was placed in a custom-build aluminum 

sleeve that was heated with silicone heater pads. The slot-die head was custom-build from 

stainless steel, and heating of the slot-die head was done with a heating cartridge. Shims and 

meniscus guides were used to limit coating widths to 11 mm. In case of small-scale cells, the 

top electrode stack was coated with a shim and a meniscus guide that limited the width to 

7 mm. 

The vacuum plate was heated to 70°C before the coating process was started, and kept at this 

temperature throughout the coating process. The slot-die coating steps were performed under 

ambient air. First, the ZnO layer was slot-die coated with a coating speed of 12 mm/s at a 

pumping speed of 0.05 ml/min. The gap between the slot-die meniscus guide and the substrate 

surface was 200 µm. This resulted in a layer thickness of 30 nm measured by an optical 

profilometer. After ZnO coating, the film was annealed in a vacuum oven at 100°C for 10 

minutes, followed by slot-die coating of the active layer with a coating speed of 6.3 mm/s, and 

a pumping speed of 0.035 ml/min. During the coating process, both the slot-die head and the 

syringe were heated to 60°C. The coating gap distance was kept at 200 µm during the coating 

process. This resulted in an active layer thickness of approximately 250 nm. The PEDOT:PSS 
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HTL Solar solution was coated directly following coating of the active layer, using a coating 

speed of 7 mm/s and a pumping speed of 0.06 ml/min. Again, the coating gap distance was 

kept at 200 µm during the coating process. The CPP PEDOT:PSS solution was coated with 7 

mm/s coating speed and 0.05 ml/min pumping speed, while the gap distance here was 250 

µm. The total PEDOT:PSS thickness was around 200 nm. At the end, the complete layer stack 

was annealed in a vacuum oven at 60°C for 5 minutes.  

For the small-scale cells, PET foil dimensions were 350 mm x 100 mm containing 60 samples 

in four rows. Each sample contained four devices that had an active area of 5.4 mm2. The cell 

layout on the PET foil is seen in figure 1a. For the developed modules, PET film dimensions 

were 350 x 150 mm² containing 16 samples in two rows. In case of OPV modules, the ZnO 

and active layer were coated on top of the Ag electrodes with an offset of 1 mm. Process 

parameters were identical to those mentioned above as for the small-scale cells. Top electrode 

layers were coated with an additional offset of 1.5 mm. The pumping speed of the HTL solar 

was 0.09 ml/min and 0.08 ml/min for the CPP PEDOT:PSS. The modules were composed of 

four cells connected in series, resulting in an active area of 714 mm2. 

Organic solar cell encapsulation Small-scale cells were glued on a glass substrate 

(15x15mm) using 105 instant adhesive from Permabond, followed by encapsulation with the 

barrier material. Delo KATIOBOND LP655 was used as encapsulation glue, which was cured 

under UV light (365 nm and 400 nm wavelength) for 15 min. Modules were place between 

barrier materials and identical glue and curing processes were used. Conductive tape was 

added to electrodes for the measurement of the module performance. At the end, the complete 

structure was laminated with a manual roll laminating machine. The encapsulated module is 

presented in figure 4.  

Film and device characterization OPV cells were characterized under a 3000 class AAA 

solar simulator from Abet Technologies Inc. providing AM1.5G light of 100 mW/cm². The J-
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V curves were measured with a Keithley 2400 source measure unit (Keithley Instruments 

Inc.). The small-scale cells of 5.4 mm² were characterized 8 by 8 via a USB eight Channel 

Relay controller-RS232 serial controlled-12V with a GPIB-USB-HS IEEE488 from National 

Instruments piloted with a homemade Matlab code. OPV modules were measured with 

crocodile clamps and the system described above. Ageing measurements were done under 

continuous exposure to AM1.5G light of 100 mW/cm². The thickness of the different layers 

were measured with an optical profilometer from Fogale Microsurf 3D. Absorption and 

transmittance spectra were taken with a Shimadzu UV-2700 spectrophotometer. The Water 

Vapor Transmission Rate (WVTR) of all barrier films used in this paper was characterized 

using a Brugger WDDG permeameter. The samples were measured at 38°C and 90% R.H. 

The measurement area was 78 cm2. 

 

RESULTS AND DISCUSSIONS 

Device performance and barrier characteristics Figure 1a demonstrates the layout of the 

organic solar cells developed from slot-die coating in this work. Small area cells of 5.4 mm2 

were fabricated from vacuum deposition (in a R2R vacuum line) of silver bottom electrodes 

followed by S2S slot-die coating in ambient conditions of all other layers. The solar cells 

were developed from active layers based on the electron donor polymer PBDB-T and the non-

fullerene electron acceptor ITIC (see figure 1b). Top electrodes were made from HTL solar 

and CPP PEDOT:PSS formulations. The full layer stack used both for the small area cells and 

modules are shown in figure 1c. The design of the bottom electrodes overlaid with the top 

slot-die coated PEDOT:PSS electrode defined the active area of the cells.  
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In figure 1d, a representative J-V curve for the PBDB-T:ITIC solar cells are shown. At 

optimum active layer thicknesses of 190 nm, the cells show short-circuit current density 

values of around 12 mA/cm2, open-circuit voltage values of 0.86 V and fill factor values of 

around 49, leading to a power conversion efficiency of 5.5% for the best performing device, 

and 5.1% in average, as detailed in figure 2c. At lower active layer thicknesses, device 

failures from shunts were observed. At higher active layer thicknesses, Jsc drops leading to 

PCE drops were observed (see figure 2c), which could be explained by increased series 

resistance and also non-ideal active layer morphology for these thicker cells. The optimized 

OPV parameters represent lower Jsc and FF values that previously reported for flexible slot-

die coated PBDB-T:ITIC devices on ITO substrates (8.8% PCE), using metal evaporated top 

contacts27. This can be explained by the top PEDOT:PSS electrode causing additional 

resistance and absorption losses in these ITO-free cells, see supporting information for more 

Figure 1. a) Small scale PBDB-T:ITIC OPV devices made by sheet-to-sheet (S2S) slot-die coating. 

b) Chemical structure of the electron donor PBDB-T (PCE12) and the non-fullerene electron acceptor 

ITIC. c) Device stack for the PBDB-T:ITIC OPV cells. d. Representative J-V curve of a small scale 

PBDB-T:ITIC OPV device. 
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details. The Voc in the cells, however, are around the same level as previously reported for this 

system24,27,31, as this it mainly determined by the charge transfer state of the PBDB-T:ITIC 

blend. The value of 5.5% is the highest reported for slot-die coated (in air) ITO-free PBDB-

T:ITIC cells.   

In order to encapsulate the PBDB-T:ITIC solar cells, the three different barrier films were 

employed, and compared up against each other. The Barrier 1 films has a WVTR of 2·10-3 

g/(m²day), Barrier 2 has a WVTR below the limit of detection of the Brugger WDDG, which 

is 1·10-3 g/(m²d), whereas the pure PET film has a WVTR of 4.5 g/(m²day). In figure 2b, the 

transmittance properties of the encapsulation layers are shown, demonstrating that the Barrier 

1 and the Barrier 2+UV obtain maximum transmittance for around 400nm wavelengths and 

above, which is still in the low absorbance part of the UV-VIS absorption spectrum for the 

active layer (figure 2a). 
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Figure 2. a) Absorbance spectrum of a 200 nm PBDB-T:ITIC active layer deposited from slot-die coating.  

b) Transmittance spectrum for the different barrier films used for the encapsulation of the organic solar cells.  

c) Photovoltaic parameters of 5.4 mm² cells deposited by slot-die coating, the different thicknesses are obtained 

by changing the coating parameters. 

OPV cell lifetime characteristics As a first step, we investigated the stability of the ITO-free 

PBDB-T:ITIC solar cells upon storage in dark, ambient air conditions, according to the ISOS-

D-1 lifetime protocol, see figure 3. It is noted that the power conversion efficiency of the cells 

evolve positively during the first hours of operation, where they rise above the initial values 

obtained just following device fabrication. We speculate that changes in the active layer 

morphology may cause this effect, although further investigations would be needed to confirm 

that. Morphological changes during device degradation have also been demonstrated recently 

for PBDB-T:ITIC solar cells32. It is also noted that the non-encapsulated cells show a strong 

performance drop during the first few hours of dark storage. This drop may be quite 

configuration dependent, as the top electrode potentially provides a barrier for the penetration 

of oxygen and water molecules to the active layer. In this work, the hygroscopic material 
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PEDOT:PSS is used as a top electrode, which is thus expected to lead to fast degradation for 

non-encapsulated cells. Clearly the cells encapsulated with the Barrier 2 film show the highest 

device stability, still remaining with a normalized PCE above 1 after 1250h of dark storage at 

ambient condition. Notably, this surpasses also the stability performance of the Barrier 1, 

which drop below the normalized PCE value of 1 within the same time period. Clearly, a 

barrier film with a WVTR in the 10-3 g/(m²day) range is not sufficient to avoid degradation 

due to water vapor ingress.  

 

Figure 3.  Normalized photovoltaic parameters of 5.4 mm² OPV devices stored in dark, ambient air conditions 

according to the ISOS-D-1 protocol. Non-normalized values with error bars are provided in the Supporting 

Information. 
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OPV modules lifetime characteristics PBDB-T:ITIC solar modules having an area of 714 

mm2 where developed by connecting four stripe cells in series, as shown in figure 4. Due to 

the up-scaling of the device area, silver grids were deposited on top of the PEDOT:PSS layers 

using vacuum sputtering. The modules were finalized with barrier films laminated on each 

side of the modules.  

 

 

In figure 5, the ISOS-D-1 lifetime performance of the PBDB-T:ITIC solar modules is shown, 

demonstrating lifetimes that resemble those of the individual cells. Again, the Barrier 2 

encapsulated devices show the most stable device performance, remaining with a PCE of 1 

after 900h of degradation. The Barrier 1 film devices display a drop in fill factor during the 

same time period, leading to a normalized PCE at 0.8 after 900h. As mentioned, the PET foil 

is not a good barrier material, and large performance drops are seen during the initial 100h of 

degradation.  

Figure 4. a. Slot-die coated PBDB-T:ITIC module. b. Sketch of the PBDB-T:ITIC module structure. 
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Figure 5. Normalized photovoltaic parameters of slot-die coated OPV modules stored in dark, ambient air 

conditions according to the ISOS-D-1 protocol. Non-normalized values with error bars are provided in the 

Supporting Information. 

In order to assess the photostability of the ITO-free PBDB-T:ITIC solar modules, we 

performed ISOS-L-2 degradation tests33, where the solar cells were kept under 1 sun 

illumination at an elevated temperature of 65°C, see figure 6. We observe a quite strong drop 

in performance during ISOS-L-2 degradation of the encapsulated and ITO-free PBDB-T:ITIC 

modules, leading to normalized PCE values of 0.4 following 75 hours. Zhang et al. reported 

on the stability of non-encapsulated ITO based PBDB-T:ITIC solar cells measured under 1 

sun illumination at room temperature, showing a drop to around 0.5 normalized PCE after 

only 2h34, also highlighting a rather poor photostability for this system. Here, the drop should 
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be accelerated from the elevated temperature, but significantly slowed down by the 

encapsulation, as also seen from our results. In the work of Zhang et al34 and Doumon et. al.31, 

the additive DIO was pointed on as a strong cause for further degradation of this system. Du 

et al. attributed the decrease in Jsc and FF values of PBDB-T:ITIC cells exposed to sunlight 

under dry nitrogen conditions to the formation energetic traps, arising due breaking of the 

conjugation, leading to higher recombination order32. Doumon et al. also points on a drop in 

electron mobility, and thus charge mobility imbalance, arising as a result of degradation of 

PBDB-T:ITIC cells31. 

Comparing the novel Barrier 2 film with the lower performing Barrier 1 film, it is clear that 

without a UV filter, which is an integral part of the Barrier 1 film, a more pronounced drop in 

power conversion efficiency is seen, as expected due to the strong degradation contribution 

coming from UV exposure21. With a UV filter included, the Barrier 2+UV and the Barrier 1 

films lead to roughly the same stability performance of the cells. Considering both the dark 

and light stability investigations of the ITO-free PBDB-T:ITIC modules, the devices being 

encapsulated with the Barrier 2+UV film exhibit the longest lifetimes and stability. It can be 

concluded that a good barrier film requires an UV-A blocker to minimize degradation under 

light exposure, whereas a WVTR significantly below the 10-3 g/(m²day) range is necessary to 

obtain a long-term stability (in the dark) for over 1000 h, for the investigated system.  
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Figure 6. Normalized photovoltaic parameters of slot-die coated OPV modules degraded under 100 mW/cm²  

AM1.5G light illumination according to the ISOS-L-2 protocol. Non-normalized values are provided in the 

Supporting Information. 

 

CONCLUSIONS In this work, we have reported on the development of ITO-free PBDB-

T:ITIC organic solar cells from combined Roll-to-Roll (R2R) and Sheet-to-Sheet (S2S) 

processing methods. The cells and modules are developed in an inverted device configuration, 

having silver bottom electrodes, made from R2R vacuum deposition, followed by S2S slot-die 

coating of all other layers, finalized with a PEDOT:PSS transparent top electrode. The devices 

reach performance values of 5.5%, which to date is the highest reported performance for air 

processed and slot-die coated ITO-free PBDB-T:ITIC devices. Additionally, we have shown 
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that the non-fullerene (NFA) organic solar cells has an improved lifetime if encapsulated with 

a barrier film that has a WVTR of < 1 ·10-3 g/(m²day), compared to a barrier film that 

possesses a WVTR of 2 ·10-3 g/(m²day). ISOS-D-1 (dark, ambient air) and ISOS-L-2 (light, 

65°C) stability tests are performed, showing that the Barrier 2 film provides a longer device 

lifetime compared to the Barrier 1 film, when assessing both degradation conditions. While 

the modules are highly stable in dark, showing normalized PCE value of 1 after 900 hours for 

the barrier 2 films, they drop to normalized PCE values of 0.4 following 75 hours of 

degradation under 1 sun illumination at 65°C. This emphasizes the rather poor photostability 

of this NFA based OPV system, as recently reported on for ITO based devices. Our work 

highlights a route for full up-scaling of ITO-free NFA solar cells from industrial processing 

conditions, having the potential to print large area devices at low costs. The novel barrier is 

highly promising for stabilizing other NFA OPV systems that show larger intrinsic material 

stabilities than the one investigated in this work.  
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