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1 FINAL PUBLISHABLE SUMMARY REPORT 

1.1 Executive summary 

Organic light emitting diodes (OLEDs) open up a wide range of new possibilities for lighting applications. 

Over the last few years, a number of OLED-based lighting products have entered the market. These first 

generation OLED lighting products are typically based on rigid glass, demonstrate their unique “area lighting” 

nature and start to establish their market share. Further development of new and disruptive OLED 

technologies is now aimed at future manufacturing of bendable and flexible OLED devices, which will be 

used to realise low-cost, thin, light-weight, robust and power-efficient lighting panels in the near future. In 

the long run, roll-to-roll (R2R) processing is considered the ultimate cost-efficient manufacturing technology 

for flexible OLED lighting products. Many technical issues related to complete R2R processing still need to be 

addressed, however, which complicates reaching a sufficiently high maturity level within several years. 

Funded under the FP7 Factories of the Future Public Private Partnership, the FLEX-O-FAB project addressed 

this challenging upscaling issue by developing a hybrid manufacturing chain for flexible OLEDs. A combined 

process chain was set up, consisting of available sheet-to-sheet (S2S) infrastructure, using know-how of rigid 

OLED processing,  and newly developed solutions for roll-to-roll (R2R) foil-based large-area electronics. A 

hybrid R2R/S2S pilot-scale OLED manufacturing process was successfully demonstrated, which shows 

feasibility for market introduction within three years from now. 

 

Figure 1: Flexible OLED device fabricated in FLEX-O-FAB’s hybrid R2R/S2S processing chain. 

The project successfully developed key building blocks needed for flexible OLED processing and 

demonstrated their feasibility in a semi-industrial process. A novel plastic film substrate with optimized light 

outcoupling properties was developed and produced on a pilot scale, significantly increasing the amount of 

light that can be extracted from thin-film OLEDs. Using optimized R2R equipment, ultra-high moisture barrier 

films were processed on these plastic substrates in an in-line process, enabling word-class performance 

suited for high-end OLED applications. Work on R2R and S2S processes for large-area transparent electrodes 

has resulted in significantly improved electrode performance and will enable a substantial reduction in 

production costs by eliminating the use of scarce materials. Finally, the implementation of novel, customized 

roll-to-sheet (R2S) handling solutions allowed the project to test the integration of R2R and S2S processes in 

a flexible OLED pilot series production campaign. The demonstration, which used industrial infrastructure for 

OLED deposition, resulted in flexible OLEDs with high visual quality and luminance greater than glass-based 

rigid reference devices. 
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1.2 Project context and objectives 

FLEX-O-FAB is a collaborative research project with experts from twelve European companies and 

organisations, with the aim to create a pilot-scale hybrid roll-to-roll (R2R) / sheet-to-sheet (S2S) 

manufacturing chain for flexible OLEDs. The project started in October 2012 and work was finalized in 

September 2015. The overall objective of the FLEX-O-FAB project was to demonstrate a reliable 

manufacturing chain for OLED lighting foils, enabling market introduction within 3 years after the end of the 

project. This means FLEX-O-FAB aims to take flexible OLEDs from the lab to the fab. 

The need for further development of flexible OLED lighting technology towards commercialization can be 

understood from a number of considerations. 

First, it is generally accepted that the lighting industry is moving away from conventional technologies such 

as incandescent sources and towards solid state lighting. Based  on light-emitting diodes (LEDs), solid state 

light sources are significantly more energy efficient and have much longer lifetime. Market forecasts indicate 

a potential global market of $ 88 billion in 2020, of which OLED is projected to have a share of $ 2-8 billion by 

2018. The development of a pilot manufacturing chain for flexible OLEDs based in the European Union paves 

the way towards this expected growth market.  

The second reason follows from the fundamentally different properties of organic light-emitting diodes 

versus conventional LEDs. OLEDs are an intrinsic large-area light source, which means that - in contrast to 

LEDs, which are point sources - they intrinsically emit light distributed over a surface area. Furthermore, 

OLEDs are thin-film devices and therefore have the potential to be integrated in thin, light-weight, robust 

and flexible packages. The chemical nature of the materials used for light emission in OLEDs, allows chemists 

to adapt the molecular structure in order to tune the colour of emitted light. By using novel deposition 

processes and developing new device concepts, the 2D shape of the emission pattern can be changed as 

well. These combined features result in novel options for integration and ample possibilities for embedding 

in products. 

A third important asset of flexible OLEDs is that their flexible and large area form factor enables the 

development and use of roll-to-roll manufacturing techniques, much like printing a newspaper. R2R 

processes bear the potential of vast cost reductions compared to sheet-to-sheet processes used for rigid 

glass-based OLEDs, as higher production volumes over 10 million square metres per year will be accessible. 

With increasing throughput and reducing production costs, long-term targets for OLED devices <100 €/m2 or 

<0.01 €/lm will be accessible in several years from now. 

1.2.1 Flexible OLED technology development: from S2S to R2R 

Organic LEDs are planar thin-film devices that typically consist of a stack of ultrathin, carbon-based layers on 

a relatively thick substrate. Layer thicknesses range from several nanometers to tens of micrometers 

depending on their function in the device. On a general level, one can picture an OLED as consisting of 

several organic layers, which provide the actual optoelectronic properties (light emission and transport of 

electronic charges) – and which give the OLED its very name, sandwiched between two planar electrodes of 

which at least one is optically transparent. Typically this is the anode (+). When an OLED device is designed 

to be flexible and made on a plastic substrate, there is an additional need to protect it from the environment 

as the organic materials and electrode interfaces are prone to degradation in the presence of moisture and 

oxygen. Plastic film itself is not a good barrier to moisture ingress, which calls for the development of thin-

film moisture barrier layers to be deposited below and on top of the actual OLED device stack. Figure 2 

shows a schematic cross section of a flexible OLED device made on a plastic film substrate. 
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Figure 2: Schematic cross section of an OLED device processed on a laminated film substrate. 

Typically, processing of rigid OLEDs takes place on a plate-by-plate, or sheet-to-sheet basis. In such a process, 

plates are handled and processed consecutively in a manufacturing line and the functional layers are added 

one by one per plate (see Figure 3a). This involves coating of thin films using vacuum or solution processes 

and often post-deposition patterning to realize the desired device geometry or layer functionality. 

To enable real high-throughput manufacturing, the long-term objective is to process flexible OLEDs in a roll-

to-roll process (Figure 3b). Layers are deposited in-line, one by one, as the flexible web passes deposition 

units positioned along the line. Intermediate substrate handling is greatly reduced as individual plates are 

replaced by a continuously running web. However, significant process development and capital investments 

are needed to enable full roll-to-roll manufacturing of flexible OLEDs. This poses an additional risk for 

organizations considering to scale up flexible OLED technology directly to R2R. 

   

(a) (b) (c) 

Figure 3: Manufacturing platforms: (a) sheet-to-sheet (S2S), (b) roll-to-roll (R2R) and (c) roll-to-sheet (R2S). 

A third platform was therefore identified and chosen as the main topic for the FLEX-O-FAB project: a hybrid 

roll-to-roll/sheet-to-sheet (short: roll-to-sheet) manufacturing platform (see Figure 3c and section 1.2.2 

below). New developments in R2R produced, plastic-based substrate films with R2R deposited moisture 

barrier layers and R2R-compatible anodes were to be combined with existing infrastructure and 

manufacturing know-how for S2S made OLEDs. The combination enables a faster assessment of the 

feasibility of R2R processes for OLED half-fabricates in an industrially relevant environment and, if successful, 

earlier commercialization compared to full roll-to-roll processing. 

1.2.2 Objectives 

The main objective of the FLEX-O-FAB research project was to demonstrate a reliable pilot manufacturing 

process for OLED lighting foils enabling market introduction within 3 years after the end of the project. The 

targeted process flow was a hybrid roll-to-roll/sheet-to-sheet one, that enables bridging the technology gap 

existing between currently available tools and processes for manufacturing of rigid OLEDs on glass and long-

term R2R objectives in the organic large area electronics (OLAE) domain (see Figure 4).  
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Figure 4: Position of the hybrid R2R/S2S pilot chain in the transition roadmap from S2S to R2R. 

By the end of the project, OLEDs were to be made in a small series demonstration using the developed 

hybrid R2R/S2S pilot manufacturing chain. R&D tools and pilot-scale industrial equipment were available at 

the various partner locations at the project’s start. An approach was followed in which tools suited for the 

development and testing of new R2R and R2S technologies for the hybrid flexible substrate were combined 

with equipment already installed in an industrial environment for S2S OLED deposition and finishing. 

To enable pilot series production by the end of the project, its main objectives were further detailed over the 

needed developments for the major technology building blocks. They relate to the structure of the OLED, as 

illustrated in Figure 2: 

• Development of a R2R manufacturing process for a flexible moisture barrier substrate with state-of-

the-art barrier properties and optimized light-outcoupling capabilities. 

o Roll-to-roll process allows higher throughput of ultra-barrier production and use of the film in 

multiple moisture-sensitive OLAE applications, which next to OLED lighting can be OPV and 

organic LED displays. 

o Substrate film structures optimized for OLED applications enable more efficient operation of the 

device by extracting light into the environment that otherwise would be lost in the device. 

• Development of a large area anode for OLED lighting foils, compatible with R2R processing. 

o Scalable processes, compatible with temperature-sensitive substrates and using potentially low-

cost materials, are needed to enable the production of transparent and conductive electrodes 

on flexible substrates at an affordable cost level. 

• Development of processes for temporary bonding, cutting and debonding of barrier substrate foils 

without any damage to the OLED device and barrier layers. 

o Process methodologies and know-how are needed to enable the step from a R2R to a S2S 

platform in the process flow.  

• Adaptation of glass based OLED design and manufacturing processes for small series manufacturing of 

flexible OLED on carrier. 

o The use of  production tools available for glass-based OLEDs requires processes to be adapted to 

the specific nature of the substrates used for flexible OLED processing. 
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1.2.3 The partnership 

FLEX-O-FAB is an industry-driven project with a consortium that consists of key European organizations from 

the entire value chain. Each project partner brings their own relevant competences in the fields of research, 

material development, machine development or manufacturing for large area electronics and flexible OLEDs 

in particular. Such a mix is instrumental for achieving the targeted results. 

Table 1 lists all beneficiaries of the FLEX-O-FAB project and Figure 5 shows their main respective roles in the 

supply chain. 

Table 1: The FLEX-O-FAB consortium. 

No. Organization Abbreviation 

1 TNO/Holst Centre TNO 

2 Philips Electronics Nederland B.V. PRL-E 

3 Philips GmbH PTA 

4 Orbotech Ltd. Orbotech 

5 École Polytechnique Fédérale de Lausanne EPFL 

6 Henkel Electronic Materials N.V. Henkel 

7 SPGPrints B.V. SPG 

8 Epigem Ltd. Epigem 

9 Technical University of Tampere TUT 

10 Roth & Rau AG (Meyer Burger) R&R 

11 Dupont Teijin Films UK Ltd. DTF 

12 Centre Suisse d’Electronique et de Microtechnique S.A. CSEM 

 

 

 

Figure 5: Roles of the partners in the FLEX-O-FAB consortium. 
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1.3 Main S&T results 

The development of a hybrid R2R/S2S processing chain for flexible OLEDs asks for a dedicated and focused 

development of its key technology building blocks. Relating to the objectives of the FLEX-O-FAB project, R&D 

and demonstration activities were structured following the device build-up. The main scientific and 

technological results presented below are therefore ordered along these lines as well. 

1.3.1 Optimized R2R flexible moisture barrier substrate 

In the flexible OLEDs developed in FLEX-O-FAB, a polyester film is used as a basic substrate to replace rigid 

glass. The addition of the feature of flexibility comes at an important cost, which is that such plastic films do 

not act as an intrinsic barrier to moisture permeation to the extent a glass carrier does. Therefore, additional 

thin layers are needed to protect the OLED device from water and moisture coming in from the 

environment. TNO’s approach to this is to use two ultrathin silicon nitride (SiN) layers separated by an 

organic coating for planarization and decoupling of defects (Figure 6). The diffusion of moisture through the 

substrate and into the OLED device is thus severely slowed down, giving rise to long device lifetimes. 

 

Figure 6: Schematic cross-section of the multilayer barrier concept of TNO/Holst Centre. 

FLEX-O-FAB partners have extensively investigated the possibility of using roll-to-roll (R2R) processes for the 

manufacture of such thin-film moisture barriers on plastic film. A R2R manufacturing route for the flexible 

moisture barrier substrate was developed that enables reliable protection of S2S processed OLEDs and that 

can be used for other organic large-area electronics (OLAE) applications as well. 

Optimization of the barrier substrate was achieved by addressing a number of topics: (1) optimization of the 

substrate film structure for enhanced light outcoupling from OLEDs made on top, (2) optimization of R2R 

barrier equipment and (3) optimization of the R2R barrier deposition process. 

1. Optimized substrate film structure for light outcoupling 

In order to enhance the efficiency of light outcoupling from the flexible substrate into air, extensive optical 

modelling and experimental trials were performed. Modelling by PTA and DTF showed that a potential 

increase on the order of 30% could be expected for typical white light-emitting flexible OLEDs made on this 

film compared to using clear film as a substrate. 

Film production experiments used pilot equipment available at DTF. A double-layered, 120 µm thin PET film 

was developed and optimized in DTF, in which the base layer was made to contain scatter particles in its bulk 

during manufacturing (Figure 7). Particle size and concentration were optimized for maximum outcoupling 

enhancement. Furthermore, extensive thermomechanical characterization of multiple pilot makes of film 
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using a variety of characterization techniques showed that irrespective of particle loading the film retained 

its excellent dimensional stability needed for downstream processing. 

 

Figure 7: Reel of PET film with optimized bulk scatter particle loading, giving it a milky appearance. 

Final specifications allowed the specialized outcoupling film to be made reliably in the pilot line and to be 

forwarded to barrier deposition, lamination and OLED integration.  

Experiments integrating the outcoupling foil in a flexible OLED process flow confirmed the predicted 

outcoupling enhancement. For a white OLED stack deposited by PTA, a 37% higher luminous efficacy was 

measured for devices made on the outcoupling film compared to clear PET. 

 

Figure 8: Flexible white OLED (41 cm
2
) made onto outcoupling PET film substrate. 

2. Optimization of R2R barrier equipment 

A R2R barrier deposition tool was installed at TNO in 2012, just prior to the start of FLEX-O-FAB (Figure 9). In 

the project, work of R&R and TNO focused on optimization of the hardware itself as well as the required 

process settings for reliable barrier deposition. Hardware upgrades to the tool throughout the project have 

led to stable operation of the tool within specifications with limited downtime and thus enabled its use in 

the pilot series demonstration phase in the final project year. 
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Figure 9: R&R’s RollCoat 400 tool for R2R moisture barrier deposition installed at TNO. 

The R2R barrier coater tool was designed to accept a plastic web up to 400 mm in width and to deposit 

TNO/Holst Centre’s multilayer barrier stack, consisting of two thin silicon nitride barrier films separated by 

an organic coating for planarization (Figure 6).  

After ramp-up of the R2R barrier tool and process run-in, steps were taken to remediate several issues that 

were observed with respect to equipment quality, maintainability and meeting operational targets. Most 

notably, adaptations were made to the arrangement and shielding of plasma sources, which led to better 

attainable thickness homogeneity of the barrier layers of the film width. 

3. Optimization of the R2R barrier deposition process 

Apart from hardware modifications, the processes for deposition of the multi-layer barrier stack were 

developed and migrated from a S2S platform to R2R. TNO performed a large number of barrier deposition 

runs of silicon nitride (SiN) layers using the R2R PECVD system, with and without in-situ deposition of an 

organic coating for planarization on the PET film. The layer structure was optimized for use in the fabrication 

of flexible OLEDs and OPVs, which resulted in flat films with low internal stress.  

Optimization of the process parameters on commercial-grade PET film has resulted in regular availability of 

hundreds of meters of a “universal barrier film” consisting of a silicon nitride barrier layer on in-situ 

planarized PET, which reliably showed water vapour transmission rates (WVTR) on the order of 

10-6 g/m2/day at 20°C/50% relative humidity conditions. 

In the final stages of the project, a (pre-)pilot barrier production run was performed over an extended period 

of time, resulting in high quality barrier film with a cumulative length of more than 2.5 km. Results confirmed 

WVTR values of 10-6 g/m2/day were achieved with over 90% yield (Figure 10).  

This very promising WVTR level, which met the original specification for the full (double SiN) barrier film, is 

better than what can be achieved with S2S processing due to the reduced number of handling and transport 

steps in the in-line process. The R2R barrier film thus not only enables lower cost manufacturing but also 

provides better barrier quality and therewith possibly higher yield of OLED manufacturing. 
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(a)                                                     (b) 

Figure 10: (a) R2R barrier film, based on in-line deposition of SiN on in-situ planarized PET. (b) Water vapour 

transmission rate of the R2R barrier over de produced length. 

Further pilot line trials by DTF and TNO have confirmed that the same process can be used to prepare high 

quality barrier films on planarized PET film with bulk outcoupling features (Figure 11). This optimized barrier 

film approach was therefore selected for use in the final pilot chain demonstration. 

 

Figure 11: R2R barrier deposited on outcoupling PET film having a hazy appearance. 

1.3.2 Temporary lamination and substrate customization 

To make the transition from R2R processing of the barrier substrate to S2S manufacturing of the OLED 

devices  inside the processing chain, a reliable method for lamination of the barrier film onto a temporary 6” 

square glass carrier was developed. Furthermore, laser processes were delivered to allow the dimensions of 

the barrier substrate to be customized without affecting its quality. 

Henkel developed a UV curable bond/debond adhesive material that met the requirements set in the 

project. Tests confirmed that the adhesive was strong enough to keep the barrier film on the glass carrier 

during downstream processing while providing sufficiently low peel force for reliable debonding. The 

material was deposited on the glass carrier in a screen printing and curing process developed by TNO, 

resulting in layers with a suitable thickness of around 10 µm (Figure 12). 
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Figure 12: 3D micrograph obtained by confocal microscopy showing the flatness and thickness of the printed adhesive. 

TNO developed a new roll-to-sheet (R2S) lamination process to apply the R2R barrier onto the printed 

adhesive. Despite the presence of mechanical contact between the laminator roller and the thin-film barrier 

structure, barrier quality was maintained by optimization of the process and barrier film material. Climate 

chamber tests by PRL-E confirmed that the barrier quality was not affected by the optimized lamination 

process. Also the debonding process and laser separation of OLEDs from the common substrate was seen to 

leave the barrier intact. 

An accurate and versatile process for customization of the laminate was realized by TNO. Using laser 

processing tailored to the optical and mechanical properties of the laminated barrier film , accurate 

alignment and clean cuts were realized leaving the barrier intact (Figure 13a). After lamination and cutting of 

the R2R barrier film, a S2S finishing step was applied to the R2R barrier substrate before OLED deposition to 

effectively reduce further the influence of local defects and potential side leakage (Figure 13b). 

  
(a) (b) 

Figure 13: (a) R2R barrier film laminated to a rigid glass carrier and cut to size using laser processing. (b) Finished hybrid 

R2S barrier substrate. 

The new hybrid R2S barrier foil-on-carrier system was successfully tested for its compatibility with small-

molecule OLED deposition in an industrial environment. OLEDs deposited by PTA on substrates made by TNO 

and EPFL using PET film from DTF and adhesive from Henkel showed excellent visual appearance after 

processing (Figure 14). Lifetime testing showed very promising results with negligible degradation after 1000 

hours of ageing under accelerated conditions of 60°C/90% relative humidity, confirming that the R2R barrier 

is of at least as good a quality as S2S barriers. 

By implementing strict handling and transport procedures, it was possible to achieve close to flawless OLED 

appearance using the physically distributed pilot chain with processing locations in The Netherlands, 

Switzerland and Germany.  
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Figure 14: Flexible OLED processed on foil-on-carrier substrates based on the R2R barrier film. 

Alternative routes for temporary lamination were investigated and demonstrated by CSEM, using 

commercially available adhesives in newly developed deposition and lamination processes. The approach 

was demonstrated successfully in an in-house solution-based process flow for polymer-based OLED 

deposition on plastic film substrates without barrier (Figure 15). 

 

Figure 15: Solution-processed OLED made at CSEM on temporarily laminated substrate using commercial adhesives. 

1.3.3 Large-area anode for use in flexible OLEDs 

For glass based OLEDs a thin layer of indium tin oxide (ITO) is often used to ensure a uniform distribution of 

voltage and current density in the active device area.  Large area devices require a supporting grid of metal 

lines to reach sufficiently low sheet resistance and high luminance homogeneity. Due to its high cost and 

high processing temperature, ITO is not preferred for use in flexible OLEDs. FLEX-O-FAB partners therefore 

examined several technologies for metal oxides that can replace ITO and metal grid technologies to be used 

in large-area flexible OLED anodes. 

1. Zinc tin oxide as ITO replacement 

EPFL developed a zinc tin oxide (ZTO) amorphous compound with optimized optical and conductive 

properties for application in flexible small-molecule OLED lighting devices. The optimized void-free 

amorphous ZTO films were fabricated by sputtering deposition, which is a common industrial process that 

will facilitate upscaling and ITO replacement at the industrial level. 

A key improvement in the ZTO material and process development resulted from the determination of the 

optimum Zn/Sn ratio in the films, and the manufacture of a single target of this optimised structure. The 

deposition of ZTO thin films from the single target presented improved electrical properties, as compared to 

those prepared by co-sputtering. A sheet resistance on the order of 250 Ω/sq was achieved, which is feasible 
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for application in OLEDs when combined with a supporting metal grid or thin film. ZTO showed excellent 

optical properties, with >80% average transmittance and < 3.5% average absorbance in the visible range 

(Figure 16a). 

Tests of OLED fabrication on several indium-free TCO combinations of EPFL were performed by PTA using 

5 cm square glass substrates. All TCO combinations were found to be compatible with the OLED deposition 

steps (Figure 16b). The results were published in Advanced Functional Materials and the optimized ZTO 

material was selected for use in the pilot chain demonstration in the final project year. 

  
(a) (b) 

Figure 16: (a) Transmittance and absorptance of optimized ZTO anode films. (b) Small molecule OLED (11 cm
2
 active 

area) made by PTA on a ZTO-based anode structure of EPFL 

2. MAM-ISO metal grids 

TNO and PRL-E worked on the introduction of sputtered and photolithographically patterned metal grids to 

be processed on top of transparent ZTO layers in a combined anode structure. The processes of sputtering 

the molybdenum-aluminum-molybdenum metal stack and wet chemical etching were optimized for the 

temperature-sensitive plastic substrate. Process development and design optimization resulted in well-

aligned metal lines of 30 µm width and a matching insulator (ISO) pattern of 60 µm, leading to minimal 

visibility in OLEDs (Figure 17). An overall anode sheet resistance of 10 Ω/square was realized both with ITO 

and ZTO on PET film, at 6% area coverage, ensuring sufficient luminance homogeneity in flexible OLEDs. The 

technology was taken forward to pilot chain processing. 

  

                                (a) (b) 

Figure 17: (a) Schematic cross-section of the metal grid structure in the anode. (b) MAM-ISO grids with optimized 

30 µm linewidth on a laminated polyester film with thin-film barrier. 
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3. Screen printed metal grids 

Materials and processes for flatbed and rotary (R2R) screen printing were developed by SPG and TNO to 

enable an alternative, additive approach to making metal grids on the TCO. Improvements by SPG to the 

method of manufacture of the printing screens resulted in them being finer (355 to 405 holes per linear inch) 

and stronger whilst having 50% open area. Adhesion of the printed lines to the substrate was improved by 

optimization of the silver paste and printed insulator and shown to be sufficient to withstand standard 

substrate cleaning processes prior to OLED deposition. Using optimized printing settings, it was possible to 

achieve 30 µm line and space features onto an optimised PET film surface for flatbed printed structures and 

50 µm for rotary printed lines (Figure 18). 

  
(a) (b) 

Figure 18: (a) Flatbed printed line pattern (30 µm line and gap). (b) Rotary printed line pattern (50 µm line and gap). 

OLED test devices were made by PTA on metal grids and ISO screen printed by TNO on ITO coated glass 

substrates. Successful initial tests performed on small-area (12 cm2) OLEDS were confirmed on devices with a 

larger active area of 41 cm2 (Figure 19). An excellent centre-to-edge luminance homogeneity of more than 

95% and low leakage currents were demonstrated. 

 

  

(a) (b) 

Figure 19: OLEDs deposited on flatbed screen printed metal/ISO anodes. (a) Smaller OLED of 12 cm
2
 and (b) large-area 

OLED of 41 cm
2
. 

4. Embedded-plated metal grids 

Epigem worked on adapting their insulator-less embedding technology for metal grids to fit the 

requirements for OLED processing. Embedded-plated anode samples were made onto glass and also onto 

R2R barrier coated PET film. An improved device design made with PRL-E to prevent water ingress into the 

device from the edges of the embedding resin was shown to be effective in accelerated lifetime tests. A 

linewidth of 6 µm was demonstrated with a thickness of 4 µm. A surface resistance of 0.6 Ω/sq was achieved 
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in combination with a ZnO overcoating with total absorption of only 2.8% (average 400 to 700 nm). Working 

OLED devices were successfully made without changes to the standard processing conditions and 

demonstrated the excellent optical clarity of the embedded metal grid (Figure 20). 

  
                       (a) (b) 

Figure 20: (a) Schematic cross-section of the embedded grid structure in the anode. (b) Large-area OLED (41 cm
2
) made 

onto the embedded-plated metal grid. 

5. Self-aligned passivation by Joule heating 

Since grid lines and insulator layers decrease the light emitting area of OLEDs, it is essential to align the 

passivation layer accurately onto the grid lines. TUT followed another approach to reduce the area lost by 

ISO margins. A dielectric is applied on top of metal grids and thermally cured by passing an electric current 

through the grid structure. Successful proofs of principle of line passivation were obtained by heating using a 

constant current. The introduction of pulsed current resulted in a significant improvement in control over 

the ISO overhang to values below 5 µm. The experimental results were rationalized thoroughly with a time-

dependent thermo-electric model. To assess the technology for its applicability in OLEDs, metal gridlines 

were screen printed by TNO on top of ITO coated glass and insulated using a Joule-heated dielectric by TUT, 

and substrates passed on to PTA for small molecule OLED deposition. Very promising results were obtained, 

with working OLEDs showing leakage current levels on par with grid-less devices (Figure 21). The results 

were published in Applied Physics Letters. 

  
                              (a) (b) 

Figure 21: (a) Schematic cross-section of the metal grid structure in the anode. (b) Small-area white OLED (12 cm
2
) 

made on the screen printed metal and ISO aligned by Joule heating. 

1.3.4 Demonstration of flexible OLEDs 

Throughout the FLEX-O-FAB project, flexible OLEDs were made routinely to test the various substrates, 

anodes and other technologies. Using a fixed design with an emitting area of 41 cm2, high quality flexible 

OLEDS were made using  for instance PEN and PET films, PET films with outcoupling enhancement 

functionality, ITO and ZTO anodes, metal grids with various linewidths and pitches and different OLED stacks. 

A selection of results is shown in Figure 22. 
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Figure 22: Flexible OLEDs were fabricated successfully using a variety of different substrates, anodes and OLED stacks. 

Most notably, white light emitting flexible OLEDs were realized with a luminance output of 10,000 cd/m2, 

which to our best knowledge is a world-first achievement (Figure 23). This high brightness level was achieved 

by careful tuning of the organic stack and the use of the optimized, nearly invisible metal grid, leading to 

excellent brightness homogeneity. At an average luminance of 4,250 cd/m2, the centre-to-edge brightness 

ratio amounted to 94%. 

 

Figure 23: Flexible OLED emitting white light at a luminance of 10,000 cd/m
2
. 

Demonstration of pilot chain for flexible OLEDs 

Selected technologies were combined in an integrated flexible OLED pilot chain, which used equipment and 

processes at various partner locations and aimed at making a greater number of devices. The outcoupling 

film, R2R barrier, lamination and customization processes, zinc tin oxide anode layers with narrow MAM-ISO 

grids, white OLED stack and direct thin-film encapsulation were all taken forward in pilot runs in the final 

project year. 

A first integration run used a laminated, optically clear PET film with R2R barrier as the substrate and ITO in 

the anode. High quality devices were realized with close-to-flawless operation at t=0. The limited amount of 

defects that were seen could be related to contamination introduced due to suboptimal handling and 

transport. In the second run all selected technologies were included in the process flow (Figure 24). For the 

pilot campaign as a whole, a total number of 112 operational devices of 41 cm2 were realized, which 

represents 79% yield of finished devices. This is a very promising results, considering that processing took 

place at five different main locations and research tools were used for all of the substrate preparation 

processes. The OLED and TFE layers were deposited at PTA in an industrial environment. 
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(a) (b) 

Figure 24: Flexible OLEDs made using the pilot chain. (a) Loose flexible OLED and (b) flexible OLED mounted in a 

demonstrator mount made by in a collaboration with TMC outside of the project. 

In the second pilot run, a luminous efficacy of 45 lm/W was reached for white light emitting flexible OLEDs 

using ZTO in the anode. Moreover, it was seen that about 10% higher luminance was reached for flexible 

OLEDs made using ZTO in the anode compared to reference devices made on rigid ITO-coated glass 

substrates with an external extraction foil. This relates to the improved transparency of ZTO compared to 

ITO and the enhanced outcoupling caused by the outcoupling PET film.  
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1.4 Potential impact 

1.4.1 Socio-economic impact 

Flexible OLEDs will enable new and innovative lighting products, tailored to improve the comfort and 

wellbeing of consumers. Decisively moving away from conventional light sources and preparing to look 

beyond more recent developments in LED lighting, one can see the real added value of OLED lighting in 

general and flexible OLED lighting in particular. An intrinsic area light source with an extreme thinness of 

0.2 mm or even less can revolutionize the way lighting is used and perceived and will trigger new design 

options and applications. By developing and introducing innovative hybrid R2R/S2S manufacturing 

approaches, FLEX-O-FAB makes it possible to continue to the next transition in general lighting sooner, and 

thus allows manufacturers to prepare for or even partake in the setting up of the upcoming flexible OLED 

lighting market.  

More efficient use of materials during production with additive processes in a robust, in-line R2R process for 

the barrier film, transparent electrode and metal tracks will help to create OLED lighting and other 

application cases of flexible electronics using a more sustainable approach, respecting the planet's limited 

natural resources. 

Furthermore, already now flexible OLEDs realized in FLEX-O-FAB’s pilot chain comfortably reach a luminous 

efficacy of 45 lm/W, which is easily translated to luminaires by accounting for negligible losses as the OLED 

acts as a luminaire itself. This is not the case for LED light sources, which need to be integrated into retrofit 

light sources and luminaires before acceptable light distribution may be expected. The important advantage 

of aesthetically pleasing flexible OLEDs is that they require less material for integration in light sources, thus 

saving the use of additional material. 

In view of the energy challenge, the 37% enhancement in luminous efficacy for the optimized flexible OLEDs 

of FLEX-O-FAB involves a direct and significant energy saving during device operation. The proof of feasibility 

achieved in this project is expected to translate in even larger energy savings for flexible OLEDs made in an 

industrial setting in the years to come. 

On a half-fabricate level, the demonstration of pilot scale production and start of commercial assessment of 

ultrahigh moisture barrier films that provide performance at least as good as more conventional sheet-to-

sheet produced ones, will enable a faster market introduction for novel OLAE products in Europe. Also the 

robust lamination technology will find its way in ample applications in other flexible electronics domains. 

Next to energy-efficient flexible OLEDS, these will include for instance more efficient and longer-lived flexible 

OPV panels addressing the energy challenge, and biosensors that can be integrated in portable and patient-

friendly diagnosis equipment to support elderly people in staying healthy and active longer. 

1.4.2 Dissemination activities 

FLEX-O-FAB results were disseminated to the scientific community, industry and general public throughout 

the project. More output was generated naturally as the project evolved and dissemination activities were 

intensified by the end of the project. 

In total 8 articles were published in peer-reviewed journals of global publishers. The average impact factor of 

the publications was high, with one article accepted for publication in Advanced Functional Materials, two 

published in Applied Physics Letters and one in Organic Electronics. The topics of the articles related to the 

core activities of the project and include mainly developments in the area of anodes, such as zinc tin oxide 

materials and its application in flexible OLEDs, Joule heating processes for self-aligned passivation and laser 
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induced forward transfer printing for metal grids. One review article was still in preparation at the end of the 

project and will be finished after, which covers developments reported in literature for large area, flexible 

anode substrates for organic optoelectronics. 

Two press releases were issued in the duration of the project. In January 2015, TNO disseminated the 

realization of the first flexible OLEDs made with a R2R barrier as substrate in the framework of FLEX-O-FAB in 

a press release. The news was picked up by several impactful thematic news sites such as OLEDinfo.com.  

In March 2014, a technical workshop was organized at EPFL in which representatives of various project 

members of FLEX-O-FAB presented their field of work, recent developments and outlook to a wider audience 

of 35 participants that included people from outside of the project. 

 

Figure 25: OLED workshop at EPFL in Neuchâtel, Switzerland (March 2014). 

Clustering activities were undertaken with the scientific representative of Empa, the coordinator of the 

TREASORES project that was granted under the same call in the Factories of the Future PPP as FLEX-O-FAB. 

During meetings at the ISFOE15 conference in Thessaloniki and at TNO/Holst Centre, the scientific 

coordinators and management of TNO/Holst Centre discussed the overlapping topics and challenges shared 

between the two projects. A topic of possible collaboration was identified, relating to the combination of 

FLEX-O-FAB’s barrier technology and one of the flexible electrode technologies from TREASORES. 

1.4.3 Exploitation of results 

At the end of the project, a pilot chain was realized demonstrating the feasibility of flexible OLED 

manufacturing using a hybrid R2R/S2S process. Very promising results were achieved, including a robust 

process for roll-to-roll production of ultra-high moisture barrier films, reliable adhesive materials and 

processes for temporary lamination of barrier film, flexible OLEDs with record-level brightness, flawless 

OLEDS made on the R2R barrier substrate and flexible OLEDs made using the novel zinc tin oxide material, 

giving even higher luminance output than rigid, glass-based reference OLEDs equipped with an external 

outcoupling foil. 

As there is currently no real market yet for flexible OLED lighting, it is difficult to assess overall what the 

potential impact will be of exploitation of FLEX-O-FAB’s results.  

It is seen, however, that developed foreground may be used sooner in other domains as well that are more 

advanced in their commercial implementation. Also, new funded projects will start that can use significant 

parts of the foreground developed in the FLEX-O-FAB programme as starting point and stepping stone for 

further upscaling and implementation towards flexible OLED manufacturing. 
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The analogy between OLED processes and those for organic photovoltaics (OPV) is a clear one. For various 

developments in the FLEX-O-FAB project, results are planned to be used or are already used in OPV 

applications, sometimes even in pilot manufacturing. These include the developed R2R single SiN moisture 

barrier film, which is close to commercial readiness for introduction in OPV fabrication, as well as lamination 

technologies and zinc tin oxide electrodes. 

Use of foreground in other fields of flexible electronics is starting in concrete cases and expected to grow as 

well. Applications areas include biosensing devices, RFID tags, touchscreen panels and flexible displays. 

A major exploitation channel for FLEX-O-FAB results is a new H2020 project that will start in January 2016, 

which targets to develop an open access European pilot line service for flexible OLED manufacturing. Just as 

FLEX-O-FAB, the PI-SCALE project will be coordinated by TNO/Holst Centre as well and will be driven even 

more strongly by industry’s needs and requests. In this initiative, roll-to-roll processing of the moisture 

barrier, electrodes and the OLED layers will be further developed and exploitation is planned to start already 

during the project. The PI-SCALE project is a natural successor of FLEX-O-FAB and thus can build further on a 

solid technology base to bring flexible OLED manufacturing in Europe to the next level and into a new 

market. 

On November 2nd, 2015, OLEDWorks announced that it had finalized the acquisition of key parts of Philips’ 

OLED light source components business. As a consequence, the foreground developed by Philips in FLEX-O-

FAB was transferred to the new entity OLEDWorks GmbH, which is a fully-owned subsidiary of OLEDWorks 

LLC since October 30th, 2015. From that date, Philips has no activities anymore on OLED panels and modules 

and thus let go of its role as end user in the context  of FLEX-O-FAB. OLEDWorks is not a beneficiary of FLEX-

O-FAB, but announced that manufacturing will continue in the existing facility in Aachen, Germany. 

Furthermore, it is realized that flexible OLED products are key to successful future OLED business, since 

flexible OLEDs bring unique attributes that LED-based products are not foreseen to be capable of. In this 

respect, depending on market developments, it may be expected that foreground developed in FLEX-O-FAB 

relating to the flex-on-carrier concept, which may be using plastic or thin glass substrates, will be used in 

such future activities. 
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2 USE AND DISSEMINATION OF FOREGROUND 

2.1 Section A 

2.1.1 Peer-reviewed publications 

Scientific articles that were published in peer-reviewed journals or accepted for publication are listed in 

Table A1. Seven articles were published, two of which were published with open access, one article is 

published online before inclusion in an issue and another one (not listed) is a review article that is still in 

preparation. 

2.1.2 Dissemination activities 

Throughout the project, FLEX-O-FAB results were disseminated in oral presentations and posters at scientific 

conferences, in press releases available to a wider audience, through the project website, during a workshop 

organized by consortium partners and at workshops organized by the European Commission. A full list of 

dissemination activities is given in Table A2. 
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TABLE A1:  LIST OF SCIENTIFIC (PEER REVIEWED) PUBLICATIONS , STARTING WITH THE MOST IMPORTANT ONES  

NO. Title 
Main 

author 

Title of the 

periodical or 

the series 

Number

, date or 

frequen

cy 

Publisher 
Place of 

publication 

Year of 

publication 

Relevant 

pages 

Permanent identifiers 

(if available) 

Is/Will open 

access 

provided to 

this 

publication? 
1 An indium-free anode for large-

area flexible OLEDs: defect-free 
transparent conductive zinc tin 
oxide 

M. Morales-
Masis 

Advanced 
Functional 
Materials 

Early 
view 

Wiley-
VCH 

Weinheim, 
Germany 

2015  n/a http://dx.doi.org/ 10.1002/adfm.201503753 No 

2 Hydrogen plasma treatment for 
improved conductivity in 
amorphous aluminum doped zinc 
tin oxide thin films 

M. Morales-
Masis 

APL Materials Volume 
2 

AIP 
Publishing 

Melville, NY 
(USA) 

2014 096113 http://dx.doi.org/10.1063/1.4896051 Yes 

3 Passivation of organic light 
emitting diode anode grid lines 
by pulsed Joule heating 

M. Janka Applied Physics 
Letters 

Volume 
107 

AIP 
Publishing 

Melville, NY 
(USA) 

2015 103304 http://dx.doi.org/10.1063/1.4930883 Yes 

4 Optimization of large-area OLED 
current distribution grids with 
self-aligned passivation 

M. Janka Organic 
Electronics 

Volume 
15 

Elsevier Amsterdam, 
Netherlands 

2014 3431-
3438 

http://dx.doi.org/10.1016/j.orgel.2014.09.028 No 

5 Temporal pulse shaping for 
smoothing of printed metal 
surfaces 

Y. Berg Optical 
Engineering 

Volume 
54 

SPIE Bellingham, 
WA (USA) 

2015 011010 http://dx.doi.org/10.1117/1.OE.54.1.011010 No 

6 Supersonic laser-induced jetting 
of aluminium micro-droplets 

M. Zenou Applied Physics 
Letters 

Volume 
106 

AIP 
Publishing 

Melville, NY 
(USA) 

2015 181905 http://dx.doi.org/10.1063/1.4921009 No 

7 Investigation of the effects of 
LIFT printing with a KrF-excimer 
laser on thermally sensitive 
electrically conductive adhesives 

S. 
Perinchery 

Laser Physics Volume 
24 

IOP 
Publishing 

Bristol, United 
Kingdom 

2014 066101 http://dx.doi.org/10.1088/1054-660X/24/6/066101 No 

8 Reliability investigations on LIFT-
printed isotropic conductive 
adhesive joints for system-in-foil 
applications 

A. Shridhar Microelectronics 
Reliability 

In press Elsevier Amsterdam, 
Netherlands 

2015 n/a http://dx.doi.org/10.1016/j.microrel.2015.07.006 No 
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TABLE  A2:  LIST OF DISSEMINATION ACTIVITIES  

NO. Type of activities 
Main 

leader 
Title  Date  Place  Type of audience 

Size of 

audience 

Countries 

addressed 

1 Web EPFL External website: flexofab.eu January 2013 flexofab.eu All  Global 

2 Flyers EPFL FLEX-O-FAB: flexible OLEDs from lab to fab January 2013  Scientific community, 
industry 

 Global 

3 Press releases TNO EU project to take flexible OLEDs from lab to fab 30 January 2013 holstcentre.com All  Global 

4 Press releases Epigem Epigem secures €444K funding to help make flexible 
revolutionary lighting a reality 

January 2013 epigem.co.uk All  Global 

5 Presentations TNO FLEX-O-FAB March 2013 Brussels, BE Scientific community, 
industry, policy makers 

~200 EU 

6 Conferences TNO Roll-to-roll microwave enhanced CVD flexible 
moisture barriers 

April 2013 Providence, 
USA 

Scientific community, 
industry 

 Global 

7 Conferences TNO Pilot-scale hybrid roll-to-roll/sheet-to-sheet 
manufacturing chain for flexible OLEDs 

July 2013 Thessaloniki, EL Scientific community, 
industry 

~50 Global 

8 Conferences EPFL Hydrogen plasma treated amorphous ZnSnO December 2013 Boston, USA Scientific community  Global 

9 Conferences TUT Self-aligned ISO on grids December 2013 Boston, USA Scientific community  Global 

10 Presentations TNO Area 3.2.1: Micro & Nano-scale Manufacturing 25 March 2014 Brussels, BE Scientific community, 
industry, policy makers 

~200 EU 

11 Workshops EPFL Workshop on OLED technologies 31 March 2014 Neuchâtel, CH Scientific community 35 NL, DE, IL, CH, 
BE, UK, FI  

12 Conferences Orbotech Temporal pulse shaping for smoothing of printed 
metal surfaces 

June 2014 Ramat, IL Scientific community, 
industry 

 Global 

13 Conferences Orbotech Laser smoothing of rough metal surface: the effect of 
pulse width 

June 2014 Vilnius, LT Scientific community, 
industry 

 Global 
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TABLE  A2:  LIST OF DISSEMINATION ACTIVITIES  

NO. Type of activities 
Main 

leader 
Title  Date  Place  Type of audience 

Size of 

audience 

Countries 

addressed 

14 Conferences TNO FLEX-O-FAB: flexible OLEDs from lab to fab July 2014 Thessaloniki, EL Scientific community, 
industry 

~50 Global 

15 Conferences EPFL Microstructure and electrical transport properties of 
amorphous co-sputtered Zn-Sn-O thin films 

12-17 October 2014 Crete, EL Scientific community  Global 

16 Conferences TNO Flexible OLEDs for lighting 14-16 January 2015 Tokyo, JP Scientific community, 
industry 

 Global 

17 Press releases TNO Holst Centre and FLEX-O-FAB take the first step 
towards lighting by the mile 

15 January 2015 Website All  Global 

18 Conferences TNO Thin-film barriers for OLED devices and photovoltaics 23-26 February 2015 Monterey, USA Scientific community, 
industry 

 Global 

19 Conferences TNO Thin-film ultra-barriers for OLED devices and 
photovoltaics: overcoming the final hurdle for flexible 
electronics applications 

4-5 March 2015 Munich, DE Scientific community, 
industry 

 Global 

20 Conferences SPG Rotary screen printing for printed electronics 4-5 March 2015 Munich, DE Scientific community, 
industry 

 Global 

21 Conferences DTF Micromechanics of the thermomechanical behaviour 
of oriented semicrystalline polymer foils 

March 2015 Kerkrade, NL Scientific community  Global 

22 Conferences EPFL Quenching free carriers and tuning refractive index of 
Al:ZnO by silica addition 

6-10 April 2015 San Francisco, 
USA 

Scientific community  Global 

23 Conferences TNO FLEX-O-FAB: flexible OLEDs from lab to fab 6-9 July 2015 Thessaloniki, EL Scientific community, 
industry 

~50 Global 

24 Conferences TNO Photonic processes in printed electronics 6-9 July 2015 Thessaloniki, EL Scientific community, 
industry 

~50 Global 

25 Posters TUT A novel fabrication method for passivation of large-
area OLED anode gridlines 

December 2015 Boston, USA Scientific community  Global 
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2.2 Section B 

2.2.1 Part B1: Applications for IP rights 

No patent applications were started, which also relates to the strategic choice made by some 

partners to retain information relating to new developments internally in their organizations and to 

use them for further (process) improvements rather than publishing this in the form of IPR. 

2.2.2 Part B2: Exploitable foreground  

2.2.2.1 Chosen pilot chain process flow  

At the start of the final project year, the consortium decided to use most of the technologies 

developed for hybrid R2R/S2S manufacture of flexible OLEDs on carrier in the pilot chain 

demonstration. The process flow is schematically depicted in Figure 26 and consists of the following 

steps: 

• Roll-to-roll fabrication of outcoupling PET film on DTF’s pilot line; 

• Roll-to-roll deposition of first barrier layers on PET film using TNO’s pre-pilot tool; 

• Screen printing of Henkel’s adhesive, roll-to-sheet lamination of barrier film and laser cutting 

of the laminate at TNO; 

• Barrier finalization using a S2S process at TNO; 

• Sputter deposition of patterned ZTO at EPFL; 

• MAM/ISO metal grid deposition and patterning at TNO; 

• Vacuum deposition of the organic stack and metal cathode at  PTA; 

• Deposition and laser ablation of the thin-film encapsulation at PTA; 

• Debonding and laser cutting to single devices at TNO. 

Below, the key building blocks are  highlighted in more detail and the main foreground resulting from 

these topics is indicated. 

 

A. Roll-to-roll barrier processing 

Roll-to-roll barrier film manufacturing was not possible before the start of the project and was 

developed entirely in the project duration. The completely new RollCoat tool at TNO for R2R PECVD 

SiN deposition, developed with R&R in the FP7 project Fast2Light, was installed just prior to the start 

of FLEX-O-FAB. The project set out to develop a R2R process for multilayer barrier films by 

transferring know-how acquired in S2S barrier processing. During the project, a process was 

developed for manufacturing of a world-class, ultra-high moisture barrier based on a single SiN layer 

on in-situ planarized PET film. 
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Figure 26: Schematic view of the process flow used in FLEX-O-FAB’s pilot demonstration runs. 

 

B. Large-area indium-free anodes for OLED devices 

Considerable effort was spent in the project on the development of novel large-area, transparent 

and conductive electrodes for flexible OLED devices. With an aim to pave the way towards low-cost 

an high-volume manufacturing, preferably a R2R, the focus was on the development of indium-free 

metal oxide materials to be combined with metal grid technologies to achieve low sheet resistance 

and high luminance homogeneity. 

 

C. Large-area deposition of OLED stack and encapsulation on laminated flexible substrates 

For OLED deposition, the project had access to state-of-the-art manufacturing facilities in the 

industrially-relevant environment of Philips in Aachen, which was transferred to OLEDWorks GmbH 

after the project’s end. In the factory where rigid OLED mass production takes place, equipment 

capable of handling FLEX-O-FAB’s substrates was used. Numerous samples of barrier films laminated 

to glass carriers made using the project’s process flow were processed in OLED baseline batches and 

in the two pilot runs of the last project year, which helped significantly to improve processing know-

how and to create pilot manufacturing statistics. A yield of operational devices of 79% of finished 

devices was measured. 



 FP7-ICT 314362   Public project final report (M36) 

 

 
2015-12-15  Page 27 of 30 

 

2.2.2.2 Exploitable foreground 

Foreground developed in the project that is considered exploitable by individual partners or in joint 

exploitation activities by consortia of partners, possibly with external parties, is listed in Table B1.  

In the text below, routes for joint exploitation are highlighted first, after which a further description 

is given of the main exploitation routes listed in Table B1. 

Table B1: E XPLOITABLE FOREGROUND  

Main 

beneficiary 

involved 

Description of exploitable foreground 

& description of exploitable product/measure 

Sector(s) of 

application 

(NACE code) 

DTF 1. PET film substrate with optimized scatter particle loading 
Polyester film with outcoupling functionality 

C22.29, G46.76,  
C27.40 

Henkel 2. Debondable UV curing adhesive material 
Temporary adhesives for flexible thin-film electronics, including displays. 
Also for other emerging printed electronics applications. 

3. Electrically conductive pressure-sensitive adhesive material 
Conductive glues for temporary contacting that can be disconnected 
simply by peeling off 

C20.52, G46.75, C26.40 

R&R 4. Optimized machine platform for large-area R2R deposition 
processes Production systems for ultrahigh barrier layers 

C28.9, C46.62 

PTA 5. Process settings for OLED manufacturing on foil-on-carrier 
substrates 
For flexible OLEDs made in available S2S equipment 

C27.40, C26.40 

SPG 6. Screen specifications of mesh screens for printing 50 µm fine metal 
lines 
Flatbed and rotary mesh screens, conductive structures on film 

C28.9, C26.40, C32.9 

Epigem 7. Flexible embedded electrode geometries 
Flexible, transparent, large area electrodes for flexible electronics 

C32.9, G46.76 

Orbotech 8. LIFT printing process for pure metals 
Tools for conductive track printing technology for repair applications 

C28.9, C46.62 

TNO 9. Process for R2R production of single-SiN high moisture barrier 
films 
Universal flexible barrier substrates, flexible OPV devices and later 
flexible OLED lighting tiles 

C22.29, C27.40 

EPFL 10. ZTO films for high performance anodes 
Highly transparent electrode films 

C32.9 

 

Joint exploitation 

As a result of the FLEX-O-FAB project, three main routes for joint exploitation of project results were 

identified and entered into: 

1. Upscaling S2S processes. A subteam of project partners started to work together in a direct 

collaboration with the aim to take S2S and R2S processes to larger substrate platforms 

compatible with mass manufacturing of flexible OLEDs. 

2. R2R processing in PI-SCALE project. In January 2016, the new EU-funded H2020 project PI-SCALE 

will start, coordinated by TNO/Holst Centre, aiming to establish a true European pilot line for R2R 
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manufacturing of flexible OLEDs. The project targets the integration of facilities and know-how 

available at leading European R&D institutes. Foreground developed in the FLEX-O-FAB project is 

an important asset in this respect, as for instance R2R barrier technology and know-how on 

contamination prevention and transport will continue to play an important role in the PI-SCALE 

project.  

3. Setting up of supply chain for flexible OLED market. Though it is difficult to predict when the 

markets for flexible OLED lighting or related applications will take off, several companies are 

prepared to take their place in the needed supply chains. DTF is ready to scale up production of 

plastic film substrates and to start supplying. Henkel has sampled the developed adhesives in 

relevant markets and can meet market demands for flexible OLED lighting when requests 

emerge. 

 

Next to and related with these consortium-wide exploitation routes, the consortium members 

identified ways to exploit the developed know-how individually. The main routes as laid out in Table 

B1 above and summarized per case in the text below. 

 

1. DTF: PET film substrate with optimized scatter particle loading 

o The flexible substrate which has been developed during the FLEX-O-FAB project has now 

been demonstrated theoretically and experimentally to enhance the emission from a 

flexible OLED.  It is a relatively simple design that allows up to 35% higher luminance 

output from white flexible OLEDs. DTF has acquired far greater insight and data to 

support its outcoupling technology in OLED and other lighting markets as these become 

more viable.  Film has been prepared for sampling to the market through DTF’s European 

marketing organisation and production can be increased to meet any demand. 

2. Henkel: Debondable UV curing adhesive material 

o The FLEX-O-FAB results show that the adhesive developed by Henkel can be used for the 

production of flexible OLED devices by using a hybrid roll-to-sheet production. This 

means that the available S2S production equipment used by industrial parties to make 

rigid OLEDs can also be applied for making flexible devices. This represents an attractive 

low-risk approach to enter the market, which avoids major developments and capex 

needed for a R2R line. 

3. Henkel: Conductive pressure-sensitive adhesive material 

o A second achievement worked on by Henkel is the development of an electrically 

conductive pressure sensitive adhesive (PSA). As one of the biggest PSA suppliers globally 

this is a very important addition to the Henkel product portfolio which was not available 

before. The new material allows to make a temporary electrical connection that can be 

disconnected by simply peeling off one of the substrates. 

4. R&R: Optimized machine platform for large-area R2R deposition processes 

o During the FLEX-O-FAB project, R&R developed and optimized a machine platform that 

enables deposition of  different layers for high-end barriers on temperature sensitive 
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flexible substrates. The system offers different, separated processing stages in order to 

minimize cross contamination between these processes. 

5. PTA: OLED manufacturing on foil-on-carrier substrates (transferred to OLEDWorks in Oct-2015) 

o Philips has transferred all its panel and module know-how and manufacturing knowledge 

to OLEDWorks after the end of FLEX-O-FAB and is, itself, not active anymore today in the 

OLED panel / module business. Philips continues to develop, however, OLED-based 

luminaires and lighting systems as the OLED market grows. The foreground developed in 

the project was transferred to OLEDWorks as well. The know-how built up in FLEX-O-FAB 

has established a foundation for a future baseline manufacturing flow of flexible OLED 

products, as well as more detailed insights into viable individual process steps, which will 

be used in future decisions about equipment purchases and new process development. 

6. SPG/TNO: Screen specifications of mesh screens capable of printing 50 µm fine metal lines 

o SPG generated foreground on screen printing of conductive fine lines in general, both 

S2S and R2R. SPG, together with TNO/Holst Centre have focused on fulfilling the FLEX-O-

FAB project requirements for screen printing the anode grid. These grid specifications 

include fine uninterrupted conductive structures with feature sizes of 50 µm. 

o SPG has developed screens with new specifications, enabling printing of these 

conductive lines of 50 µm whilst also keeping registration for print-on-print processes, 

e.g. for ISO printing on top of the anode grid. SPG has shown stable rotary screen 

printing results at TNO (>500 m) with feature sizes of 50 µm for the OLED anode grid. 

7. Epigem: Flexible embedded electrode geometries 

o Epigem’s role in FLEX-O-FAB has been to develop their embedded electrode technology 

to a position where it is suitable for the manufacture of embedded metal electrode 

arrays for use in the anode of an OLED device. The potential advantage of the embedded 

grid approach is that because the electrodes are embedded, no isolation (ISO) layer is 

needed on top of them. Putting on an isolation layer adds extra steps to the fabrication 

process and can result in shorts if the isolation layer is not thick enough or is misaligned 

slightly with the metal electrode pattern. Due to the high resolution of the optimized 

process (<10 µm line and space) and the lack of an ISO layer, the metal electrodes are 

not visible even when the OLED is off. Applications in other domains of flexible 

electronics where flexible, highly transparent electrodes are needed are being looked at 

as well. 

8. Orbotech: LIFT printing process for pure metals 

o Pure metal LIFT printing was investigated by Orbotech for free-form and high-resolution 

printing of the metallic conductive structures in flexible OLED anodes and for barrier 

edge sealing. At the time of the relevant milestone decisions of the project, the 

technology unfortunately was not mature enough to be taken forward for flexible OLED 

anode integration. Further research is required in order to deliver smoother, more 

compact structures, which will result in higher conductivity and better adhesion. 

However, sooner market introduction is seen in other possible application areas such as 

PCB repair. 
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9. TNO: Process for R2R production of high moisture barrier films 

o In FLEX-O-FAB, TNO used a pre-pilot production line for R2R barrier foil manufacture 

developed with R&R and S2S research lab tools for technology development and 

validation of flexible OLED device components and concepts. As a result of considerable 

effort spent in the project, a reliable process was achieved for R2R deposition of high-

quality single silicon nitride layers on in-situ planarized PET. WVTR values were obtained 

at a world-leading  level of 10-6 g/m2/day at ambient conditions. Importantly, the barrier 

quality was seen to be at least as good as that of optimized S2S processed barrier films 

based on single SiN layers and good enough for introduction in organic photovoltaic 

applications. 

10. EPFL: ZTO films for high performance anodes 

o EPFL has developed an indium-free transparent conductive oxide (TCO), which is a 

mixture of ZnO and SnO2 (hereafter called ZTO), both earth abundant materials and a 

promising alternative to ITO in OLEDs. ZTO electrodes went through a number of 

baseline processes for OLEDs in the FLEX-O-FAB project and they proved to be a viable 

alternative to ITO when combined with metal grids. Project foreground enabled the 

realization of OLEDs based on a ZTO anode that have higher luminance than OLEDs on 

ITO. The sputtering process of the ZTO electrodes is now ready to be transferred for 

further upscaling, for which follow-up collaborations will be sought. 

 

  


