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Abstract

:

Ultrafast laser patterning is an essential technology for the low-cost and large area production of flexible Organic Electronic (OE) devices, such as Organic Photovoltaics (OPVs). In order to unleash the potential of ultrafast laser processing to perform the selective and high precision removal of complex multilayers from printed OPV stacks without affecting the underlying nanolayers, it is necessary to optimize its parameters for each nanolayer combination. In this work, we developed an efficient on-the-fly picosecond (ps) laser scribing process (P1, P2 and P3) using single wavelength and single step/pass for the precise and reliable in-line patterning of Roll-to-Roll (R2R) slot-die-coated nanolayers. We have investigated the effect of the key process parameters (pulse energy and overlap) on the patterning quality to obtain high selectivity on the ablation of each individual nanolayer. Finally, we present the implementation of the ultrafast laser patterning process in the manufacturing of fully R2R printed flexible semitransparent OPV modules with a 3.4% power conversion efficiency and 91% Geometric Fill Factor (GFF).
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1. Introduction


Organic Photovoltaics (OPVs) are among the most promising solutions in the competitive market of emerging photovoltaic technologies today. The competitive advantage that OPVs offer is the fabrication on flexible polymer substrates by additive fabrication methods (as printing), enabling energy harvesting functionalities to numerous existing and new consumer products, as well as to large and complex shaped surfaces (e.g., in buildings, roofs, automotive and transportation, greenhouses, marine, etc) [1,2,3,4]. Some of their unique advantages include their thin film form factor, lightweight nature, conformability to curved surfaces and capability for fabrication by cost-effective production processes, such as Roll-to-Roll (R2R) printing, digital fabrication in custom-shaped devices, use of environmentally friendly materials and solvents and recyclability [3,5,6,7]. Although the majority of the research efforts from the scientific and technological communities targets the increase in the efficiency and stability of OPV devices, in normal and inverted architectures, mainly in a laboratory scale by using wet methods, such as spin coating and small-scale printing, the use of R2R printing in lab and large scale processes is rapidly expanding [8,9,10,11,12,13,14].



Moreover, a prerequisite for the commercialization of OPV devices in existing and new applications and products is the capability to manufacture large area OPVs on flexible substrates with reproducible properties (e.g., optical, electrical), homogeneity in thickness and structure, as well as stable performance over large areas [8,15,16,17,18,19]. The thickness and properties homogeneity over the whole printed area can contribute to the minimization of the ohmic losses and to the increase in current output leading to high device efficiency. This still remains as a major scientific and technological challenge because it requires the optimization of the material solution preparation, as well as of the printing and web roll treatment parameters (e.g., curing, annealing, etc.).



The fabrication of fully printed OPV devices by a R2R pilot line includes the sequential printing of the different nanolayers on a flexible substrate to form the inverted OPV device architecture [20]. During this process, the printed nanolayers must be patterned with high precision and large-scale repeatability in order to form a series of OPV devices connected to a module [21,22,23,24,25,26]. However, the conventional patterning methods, such as photolithography, include several etching steps, chemicals and optical masks, whereas they cannot be used in line with the manufacturing process. Therefore, ultrafast pulsed laser processes have an enormous potential to revolutionize the R2R manufacturing of Organic Electronic (OE) devices, since they can provide high quality and reproducible patterns by selectively removing thin film layers [21,27,28]. The short-pulse widths (typically in the range of 2–10 ps) ensures the minimization of the thermal effects on the subsequent layers.



The manufacturing of an OPV module combines three laser patterning processes (P1, P2, P3), which are required for the separation and monolithic interconnection of the individual OPV cells. More specifically, these processes are the P1 for the removal of the bottom transparent electrode; P2 for the removal of the electron transport layer (ETL), photo active layer (PAL) and hole transport layer (HTL); and finally P3 for the removal of the HTL and transparent top electrode [21,27,29,30,31,32,33,34,35]. The best scribing quality and high-power conversion efficiencies are accomplished with femtosecond (fs) laser systems, which are extremely sensitive to the industrial environment and apply multiple passes for a single P2 scribing process due to reduced ablation efficiency, which cannot be upscaled to an R2R scale. The combination of on-the-fly R2R laser patterning with an industrial picosecond (ps) laser system using a single wavelength and single pass for all scribing processes has not been achieved yet.



Key requirements for the successful laser patterning of OPV nanolayers are: (a) selective layer patterning with the complete removal of certain layers, (b) no layer residues on the surface, (c) no substrate layer damage (thermal, mechanical, etc.), (d) good quality laser scribed edge control with minimum edge burr if possible <100 nm (i.e., less than the typical layer thickness) to prevent short circuits between the individual stack layers, (e) no laser redeposited debris on the surface surrounding the scribes as it can have a detrimental effect on the device performance.



Finally, the reliable manufacturing and performance of large-scale OPV modules demand a homogenous thickness distribution across the area of the printed layers along with the stable composition of the donor: acceptor (D-A) organic semiconductors. Additionally, effective laser scribing requires knowledge of the photoactive layer’s optical constants (e.g., absorption coefficient) and therefore the laser penetration depth and a stable effective optical response of the materials across the printed area, which can be affected by the overall composition and diversities in the case of blended layers.



In this work, we present an effective methodology for the optimization of an upscaled ps pulsed laser patterning process for the reliable fabrication of high-efficiency R2R-printed OPVs on flexible substrates, combining in-line Spectroscopic Ellipsometry (SE) for the optical characterization of the printed nanolayers. The reported methodology employs a single laser source harmonic for all (P1, P2 and P3) for the on-the-fly laser ablation processes that simplify the R2R process by avoiding laser alignment and focusing steps due to laser wavelength changes. Thus, this is focused to a high-throughput industrial R2R production of OPV modules with an enormous potential for fast market commercialization.




2. Materials and Methods


2.1. Experimental Details


The OPV devices of this work were fully printed on commercially supplied PolyEthylene Terephthalate (PET) flexible web rolls (DuPont Teijin Films, Dumfries, Scotland, UK) of 15 cm width, precoated with an IMI film (sandwiched Indium-Tin-Oxide (ITO)/Ag/ITO). Commercially supplied Aluminum doped Zinc Oxide (AZO) ink (Avantama AG, Stäfa, Switzerland) was printed onto the PET/IMI to serve as the electron transport layer (ETL), whereas poly-3,4-ethylenedioxy-thiophene:poly (styrenesulfonic-acid) (PEDOT: PSS) (Heraeus Deutschland GmbH & Co. KG, Leverkusen, Germany) was used as the hole transport layer (HTL), and silver NWs (AgNWs) ink as the top contact electrode (Figure 1a).



The photoactive layer of the printed OPVs consisted of a polymer donor (D) and a fullerene derivative acceptor (A) provided in the form of a ready-to-use commercial ink (OET-D2A1) from OET PC. The OPV single cells and the Sheet-to-Sheet (S2S) OPV modules were fully printed by the use of a roll coater (FOM Technologies, Copenhagen, Denmark) and the R2R OPV modules were fully printed in the R2R pilot line of the Nanotechnology Lab LTFN, Aristotle University of Thessaloniki (www.ltfn.gr). The OPV nanolayers were printed by slot die coating with a printing speed of 1 m/min, whereas they were sequentially dried in a hot air oven for 3 min at 120 °C, simulating a continuous R2R manufacturing process where all the layers are printed sequentially in a single pass to form the complete OPV stack.



The optical properties of the laser-scribed nanolayers were investigated by Visible-far ultraviolet SE in both ex situ and in-line configurations. The ex situ measurements were taken by an SE (UVISEL, Horiba, Palaiseau, France) in which we performed the transmittance measurements at 90° configuration in the 1.5–6.5 eV spectral range. For the scanning SE measurement of the photoactive layer, an in-line SE system (UVISEL, Horiba, Palaiseau, France) adapted on the R2R pilot line was used, and the measurements were performed at 32 specific photon energies in the same spectral region.



The surface quality of the printed OPV nanolayers was investigated by a CX23 Upright Microscope from Olympus equipped with 4×, 10× and 40× optical lenses and a 5 M EP50 digital camera. Field-emission scanning electron microscopy (FE-SEM) and the corresponding electron dispersive X-ray spectroscopy (EDX) investigations were performed with a NEON 40 (Carl Zeiss Microscopy GmbH, Jena, Germany) Scanning Electron Microscope operating at an accelerating voltage of 1.0 kV. The photo current of the fabricated OPV devices was measured under air mass AM 1.5 G solar illumination and 100 mW/cm2 of irradiation using a Newport Oriel Solar Simulator (91191) where the intensity was calibrated using a KG filtered silicon reference cell.




2.2. Laser Processes


The laser patterning processes (P1, P2, P3) for the manufacturing of OPV modules are shown in Figure 1a and reflect the individual stack layers, which are typically in the range of 30 to 280 nm thick. The black arrows indicate the photocurrent path of an illuminated OPV module under short circuit conditions to illustrate how the P1, P2 and P3 scribes control the current path to maximize photovoltaic cell efficiency. The distance between the P1 to P3 scribes is called the “dead area” of the cell since this area does not contribute to the generation of electricity. One of the advantages of laser scribing is that significantly reduced dead areas can be achieved compared with large area printing methods [27]. The ratio between the area that produces a photo current (photoactive area) and the total area of the module is referred to as the Geometric Fill Factor (GFF). Figure 1b shows the laser patterning drawing used to form the OPV modules. All the laser scribing processes were performed on the fly on the moving web in the R2R line and therefore relatively large gaps of 500 μm, comparing the best values (80 μm) reported in the literature [28], between the P1/P2 and P2/P3 scribes were selected due to the limitations of the web handling systems used in the R2R pilot line. The edge guiding systems can control the lateral displacement of the web with an accuracy of ±100 μm on the next roller after the system. Such limitations are very important to take into account during the optimization of the on-the-fly R2R laser scribing process.



The laser system used was installed in a two-meter-long cabinet on the R2R pilot line and was equipped with a picosecond laser (ps) source with a pulse duration < 10 ps and a beam quality of the system M2 < 1.5 (EKSPLA uab, Vilnius, Lithuania). A picosecond laser pulse is comparable to electron–photon relaxation and is short enough for “cold” ablation. Moreover, ps pulses are short enough for very precise and stress-free micromachining. The laser beam is guided to the web through digital encoder scanner system with a 300 × 300 mm field of view. We have used a single wavelength of 532 nm for all the laser patterning processes (P1, P2, P3) because all the processed nanolayers are absorbing in this wavelength. Moreover, with this simplified methodology, we avoid the wavelength changes among adjacent P1, P2 and P3 processes, which require numerous laser alignments and focusing steps. Therefore, we enable cost-effective on-the-fly R2R laser patterning manufacturing processes by reducing laser equipment complexity and cost.



An x–y stage equipped on the R2R laser system with a vacuum table for the placement of samples was used for the optimization of short-pulse laser patterning processes. The x–y stage has a 200 mm travel distance on the x direction in order to be able to simulate the movement of the web below the field of view of the scanners, enabling the optimization of the laser scribing process on A4 size samples in an R2R environment [36]. The laser beam is focused on the samples using a z-axis moving stage for the adjustment of the scanner’s height. The laser system has two camera systems, one for projecting the scribed area for quality control and one for image recognition for registration control while running in R2R or S2S processes. The system is equipped with a suction system using special filters in order to remove the scribing residues that are formed right after the scribing process [30,37].



For the optimization and manufacturing of the OPV modules, sequential printing and laser patterning processes were performed. In more details, as the first step the P1 laser scribing process was applied on the PET/IMI substrate. This scribing process was used to segment the first conductive layer PET/IMI into adjacent, electrically isolated stripes. The next step was the sequential printing of the ETL, PAL and HTL followed by the P2 laser scribing process targeting to create a clean opening down to the IMI layer for the top electrode to create an interconnection between the OPV cells. The next is the printing of the top electrode and the P3 laser scribing process for the separation of the OPV cells as shown in Figure 1. As a final step, a laser isolation scribing process took place to separate the sequential modules produced on the 1 m length web.





3. Results and Discussion


3.1. Thin Film Properties


The efficiency and reliability of the film’s laser ablation is directly correlated with the thickness and the optical properties of the involved materials. In principle, light must penetrate through the films structure and reach the corresponding interfaces for each ablation process (P1, P2 and P3). The determination of the thickness and the optical properties of the OPV nanolayers was performed by SE measurements. The measured      ε ˜    ω     were analysed by the use of a theoretical model that consisted of each layer structure sequence successively. The analysis process included the fitting of the experimental      ε ˜    ω     spectra with the theoretical values by the determination of the minimization function χ2 using the Levenberg–Marquardt algorithm [38,39]. In order to take into account, the optical response of the underlying layers, each layer sequence was measured successively and the pristine optical constants and average thickness were determined. The photoactive blended nanolayer was modelled with the use of the Tauc–Lorentz model and the layer described as a single-phase material combining the optical features and characteristics (absorption bands) of the two blend constituents [16,39,40]. Further discussion on the extended analysis procedure is out from the scope of this article and will be presented in a future work.



The thickness of the AZO, photoactive and PEDOT:PSS nanolayers was calculated at 35, 260 and 257 nm, respectively. The IMI bottom electrode consists of a multilayer stack of ITO/Ag/ITO with calculated thickness values of 30 nm (bottom ITO nanolayer), 15 nm (Ag) and 30 nm (top ITO nanolayer) [41]. The calculated optical parameters (real part n and imaginary part k) of the refractive index and the absorption coefficient α of the materials for the specific wavelength of the reported laser process (532 nm) are presented in Table 1.



The ablation of the photoactive layer is the most challenging issue of the P2 and P3 laser scribing processes because it has high thickness values in combination with a high absorption coefficient at this wavelength. In addition, the large area uniformity of the thickness of each individual printed nanolayer of the OPV stacks and plays a key role in ensuring a homogeneous absorption of the laser radiation during the patterning process. Moreover, the high thickness uniformity of the OPV nanolayers over large areas lead to more efficient photon absorption and carrier collection, enabling a better electrical performance of the OPV modules. Therefore, we investigated the thickness profile of the printed photoactive nanolayer over large areas, by in-line SE. By recording the pseudodielectric function <  ε ˜  (ω)> using a spatial step of 1.6 mm across the rolling (web) direction, we measured 600 <  ε ˜  (ω)> spectra per meter of web. Taking into consideration that the SE spot size is around 3 mm in length at the 70° angle of incidence of the light beam, the results report a fully measured coverage of the web.



The analysis results from Figure 2 demonstrate a remarkable large area thickness uniformity of the photoactive layer with a mean thickness of 252 ± 3 nm, demonstrating a homogenous, smooth and uniform film deposition. Additionally, the negligible deviation of the 1/α value (181 ± 5 nm) reveals the homogeneity of the layer without defects, impurities or contaminations. As a result, the constant light penetration depth across the web can ensure the effective and reproducible laser patterning as well as the semitransparency and consistent light harvesting properties across the area of the OPV modules.




3.2. Laser Scribing


The success of the laser scribing process is based on the optimized combination of the laser parameters based on the defined instrumentation setup. Typically, the main parameters to be optimized for the laser scribing process are the pulse energy and the pulse overlap. Representative optical microscopy images for the ablation threshold of P1, P2 and P3 laser scribing processes under various pulse energies and pulse overlap values are shown in Figure 3. Low pulse energy results in either no ablation or exclusively in thermal effects on the targeted layers. Low-pulse overlap results in noncontinuous scribe lines as indicated in Figure 3a for P1, Figure 3b for P2 and Figure 3c for P3. Yet, high pulse energy and/or high pulse overlap could cause damage on the beneath layers or create a strong heat-affected zone around the scribe line as shown in Figure 3g for P1, Figure 3h for P2 and Figure 3i for P3. Finally, the optimum pulse energy and pulse overlap laser scribing process parameters lead to a successful ablation of the targeted layers avoiding the damage of the underneath layers with a minimum heat-affected zone around the scribe line as shown in Figure 3d for P1, Figure 3e for P2 and Figure 3f for P3.



In order to reduce the trial-and-error experimental steps for the optimization of the laser scribing processes, we proceeded to the theoretical calculation of the laser ablation threshold fluence from the relationship between the squared diameter of the ablated spot r2 and the laser fluence F0 (Equation (1)). The laser ablation threshold fluence (FTh) is defined as the minimum laser intensity that enables material removal and is measured as energy/unit area. Typically, an operating laser process is defined as at least at 2 × FTh, and since this parameter is independent of a focused spot size, it is used to compare laser ablations with different focal spot sizes or laser types. FTh can be calculated assuming the well-known Gaussian equation below [29,32,42,43]:


   F  T h   =  F 0  ·  e    − 2  r 2     w 0 2       



(1)




where F0 is the laser fluence, r is the laser ablated crater diameter and 2w0 is the focused spot size of the laser beam, defined as the distance across the centre of the beam for which the irradiance (intensity) is equal to 1/e2 of the maximum irradiance. Equation (1) can also be written as follows:


  2 r = 2  w 0    0.5 l n    F   F  T h          



(2)







According to Equation (2), the laser ablation threshold value for the laser fluence FTh or laser pulse energy ETh can be derived from a single 2r, and fluence (F) or energy (E) measurement at a given w0. However, the experimentally measured values by imaging techniques include a level of uncertainty. For the improved calculation accuracy and appreciated statistical significance of the results, Equation (2) was implemented by curve fit to calculate the FTh or ETh at given values of (2r) versus the laser pulse energy E (or F) plots. The crater diameter or scribe line width for a focused spot size of 45 um at 532 nm was measured by optical and SEM microscopy. Figure 4 shows the ablation diagrams that are essential to define the process window for the individual P1, P2 and P3 processes. From the curve fit presented in Figure 4, the best fitted values for the laser energy ablation threshold Eth are calculated to 4.87 (R2 = 0.93), 3.08 (R2 = 0.96) and 4.47 (R2 = 0.99) μJoule for the P1, P2 and P3, respectively. The observed deviation of the P2 ablation threshold to lower energies is ascribed to the high absorption of the polymer photoactive layer at 532 nm, and therefore the energy required for the ablation of these layers is lower than the energy required for the P1 and P3 processes, which involves laser irradiation with inorganic and metallic layers of the OPV stack. The above calculations are following the experimental data from the optical microscopy images (Figure 3a–c) and SEM images shown later in the manuscript for the optimized P2–P3 laser scribing process parameters. The calculated laser ablation thresholds were used as boundary conditions for the experimental investigation of the combined effect of pulse energy and pulse overlap.



The combined effect of the pulse energy along with the pulse overlap was experimentally investigated and is demonstrated by a traffic light system to present the process window for the different laser scribing processes (Figure 5). The green colour indicates complete, consistent scribing whereas red represents incomplete scribes or scribes with excessive damage to the underlying layers. The yellow colour refers to intermediate and doubtful quality of laser scribes. Delamination is not considered in these process window maps. The process window maps were used to identify the best process parameters that can produce the sufficient selective ablation of the printed layers with the necessary tolerance due to fluctuations of the R2R manufacturing process parameters such as the homogeneity of printing processes across the printing width and over long printing runs, deviations of the web tension and stability of the laser pulse energy over time.



The establishment of the selective ablation of the corresponding layers for each process was verified by SEM imaging and EDX analysis (Table 2). Figure 6 shows the optimum accomplished laser scribes for each laser process, establishing the successful removal of the desired layers without damaging the underlying structure. The P1 optimum scribing quality was achieved at a 78% pulse overlap and 29.4 μJ pulse energy. From the EDX analysis performed within the scribe line, no traces of Indium or Ag were reported, indicating the complete removal of the IMI layer. Moreover, we observed no heat-effect zone or damage delivered to the PET substrate. For P2 laser process, the best scribing quality was achieved with an 87% pulse overlap and a 5.1 μJ pulse energy, and according to the EDX analysis in the scribing line the absence of S, which is a component of the PAL as well as of the PEDOT:PSS layer, both were completely removed and at the same time the existence of In and Ag verified that the transparent electrode in still was undamaged. For the P3 laser process, the optimum laser parameters were found to be the same as for the P2, and the EDX analysis reported no S residues inside the scribe line, announcing efficient ablation not only for the top AgNw but also for the PAL/PEDOT:PSS over the AZO. Here again as for the P2 laser process from the trace of the Ag and In inside the scribe line, it can be concluded that the transparent electrode is still bridging the OPV cells in the module. Nevertheless, from the SEM images of the P2 and P3 laser process, a small delamination at the edges of the scribe line was observed due to lower pulse energy at the edges, as well as a heat effect zone due to the high focal length used in order to achieve a 300 × 300 mm field of view.




3.3. Fully Printed Semitransparent OPVs


Using the laser scribing process to monolithically connect the OPV device to modules, we achieved an increase in the GFF of the modules from 60% (for stripe coating) up to 91% using the fully coated surface for the printed layers and applying P1, P2 and P3 laser processes for the patterning. The attainment of this maximum GFF value is attributed to the fact that a further increase in the GFF value requires an extremely accurate displacement of the web roll during the laser process. Nevertheless, the effectiveness of the web roll displacement is affected by the resolution of the handling system used in the R2R pilot line.



In order to demonstrate the efficiency of the laser scribing process in the manufacturing of fully R2R printed semitransparent OPV modules, a comparison is presented between the performance of single OPV cells with a 1 cm2 active area and S2S and R2R OPV modules with different module lengths consisting of eight interconnected in-series OPV cells with a total active area up to 35.3 cm2. As it is declared in the J-V curves (Figure 7) and the electrical characteristics shown in Table 3, there are negligible power losses at the upscaling of the manufacturing process from a single cell to a fully printed OPV module.



In further analysis, the mean short-circuit current (Jsc) values reported a loss of around 8.4% between the 1 cm2 single cells and the right interconnected S2S module cells with a 4.4 cm2 average active area for each cell, but for the R2R modules, we are measuring an increased Jsc almost 14% that can be attributed to the low fill factor of the R2R modules. The minor Jsc losses can be attributed to the uniform thickness profile of the active layer across the cells area and to the good quality of the laser scribing and interconnection between the cells in the modules. The mean values of the S2S modules’ open-circuit voltage (Voc), measured at 5.45 V as a result of the in series interconnected cells, suggests a mean value of 0.68 V per cell and a loss of around 10.5% compared with 0.76 V Voc of the single cells and a loss of around 17% for the R2R modules. The Voc losses in the modules can be attributed to the dissimilarity of the interconnected subshells. On the other hand, the average values of the S2S modules fill factor (FF) reported 3.3% higher values than the single cells. In combination with the small diversity of the series and shunt resistance values (Rs, Rsh), it can be attributed to the good quality of the laser scribing and interconnection between the cells in the modules. In contrast, the FF of the R2R printed modules showed a significant reduction mainly due to the defects created at the interfaces of the printed layers in the R2R printing processes. The number of defects in the module active area due to the contact of the coated side on the surface of the rolls of the R2R pilot line strongly affected the performance and should be the main focus of future research in order to further decrease the power losses.



Finally, the combination of the above electrical characteristics resulted in only a 15.6% reduction in the power conversion efficiency (PCE) for the 35.3 cm2 S2S modules and 22% for the R2R modules compared with the 1 cm2 single cells. These characteristics prove the reproducibility of the successful manufacturing fully R2R printed semitransparent OPV modules using on-the-fly laser scribing processes with an efficiency up to 3.4%. Τhe device transparency (without encapsulation) spread from NIR to UVA, exhibiting 29% maximum transmittance for the VIS range at 504 nm and above 40% at the NIR for wavelengths above 800 nm.





4. Conclusions


In this work, we investigated the on-the-fly short-pulse laser patterning processes for the R2R fabrication of large-area fully printed semitransparent flexible OPV modules. The thickness and the optical properties (real n and imaginary part k of the refractive index and the absorption coefficient a) of the OPV nanolayers was defined by SE measurements. The calculated thickness and penetration depth 1/α of the photoactive layer demonstrate a remarkable large area thickness uniformity of the photoactive layer (252 ± 3 nm), with a negligible deviation of the 1/α value (181 ± 5 nm). We theoretically calculated the ablation threshold of multiple nanolayer structures to improve the experimental investigation of the combined effect of pulse energy and pulse overlap to create the P1, P2 and P3 process windows. The selective ablation of the corresponding layers for each process was verified by SEM imaging and EDX analysis. The optimization of the P1, P2 and P3 laser scribing process revealed an innovative on-the-fly laser scribing process which uses an industrial ps laser source at a single wavelength (532 nm) in visible and performs all laser process steps in a single pass that can be applied for the in-line on-the-fly real-time R2R laser scribing of all slot-die-coated OPV nanolayers. Moreover, the upscaling of the laser scribing process from single cell to S2S modules and R2R modules was validated with 15.6 and 22% power losses, respectively. The optimized scribing parameters resulted in the manufacturing of fully printed semitransparent OPV modules exhibiting PCE up to 3.8% with minor power cell-to-module losses and a GFF of 91%. This methodology has a strong potential to improve the large area manufacturing processes of high performance and stable OE devices (OPVs, OLEDs, OTFTs, etc.) in combination with low-cost and high commercialization potential.







Author Contributions


Conceptualization, C.K. and S.L.; methodology, C.K., A.Z. and A.L.; validation, C.K., E.M., S.K. and C.G.; formal analysis, A.Z.; investigation, C.K., S.K, C.G. and E.M.; resources, S.L. and E.M.; data curation, A.Z.; writing—original draft preparation, C.K. and A.Z.; writing—review and editing, A.L., E.M. and S.L.; visualization, C.K. and A.Z.; supervision, S.L.; project administration, S.L. and A.L.; funding acquisition, S.L. All authors have read and agreed to the published version of the manuscript.




Funding


This work received funding from the European Union’s Horizon 2020 research and innovation programme “RealNano” under grant agreement No 862442.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data sharing is not applicable.




Acknowledgments


The authors would like to thank E. Pavlidou and S. Oikonomidis from the Electron Microscopy and Structural Characterization of Materials, Physics Department of Aristotle University of Thessaloniki, Greece for the SEM images and EDX measurements.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



OE-A. White Paper OE-A Roadmap, 8th ed.; VDMA Services GmbH: Frankfurt, Germany, 2020. [Google Scholar]

	



Espinosa, N.; Lenzmann, F.O.; Ryley, S.; Angmo, D.; Hösel, M.; Søndergaard, R.R.; Huss, D.; Dafinger, S.; Gritsch, S.; Kroon, J.M.; et al. OPV for mobile applications: An evaluation of roll-to-roll processed indium and silver free polymer solar cells through analysis of life cycle, cost and layer quality using inline optical and functional inspection tools. J. Mater. Chem. A 2013, 1, 6971–7278. [Google Scholar] [CrossRef]

	



Gevorgyan, S.A.; Madsen, M.V.; Roth, B.; Corazza, M.; Hösel, M.; Søndergaard, R.R.; Jørgensen, M.; Krebs, F.C. Lifetime of organic photovoltaics: Status and predictions. Adv. Energy Mater. 2016, 6, 1501208. [Google Scholar] [CrossRef]

	



Kirchmeyer, S. The OE-A roadmap for organic and printed electronics: Creating a guidepost to complex interlinked technologies, applications and markets. Transl. Mater. Res. 2016, 3, 010301. [Google Scholar] [CrossRef]

	



Krebs, F.C. Fabrication and processing of polymer solar cells: A review of printing and coating techniques. Sol. Energy Mater. Sol. Cells 2009, 93, 394–412. [Google Scholar] [CrossRef]

	



Farahat, M.E.; Tsao, C.-S.; Huang, Y.-C.; Chang, S.H.; Budiawan, W.; Wu, C.-G.; Chu, C.-W. Toward Environmentally Compatible Molecular Solar Cells Processed from Halogen-Free Solvents. J. Mater. Chem. A 2016, 4, 7341–7351. [Google Scholar] [CrossRef]

	



Logothetidis, S.; Laskarakis, A. Organic against inorganic electrodes grown onto polymer substrates for flexible organic electronics applications. Thin Solid Films 2009, 518, 1245–1249. [Google Scholar] [CrossRef]

	



Vak, D.; Weerasinghe, H.; Ramamurthy, J.; Subbiah, J.; Brown, M.; Jones, D.J. Reverse gravure coating for roll-to-roll production of organic photovoltaics. Sol. Energy Mater. Sol. Cells 2016, 149, 154–161. [Google Scholar] [CrossRef]

	



Rossander, L.H.; Zawacka, N.K.; Dam, H.F.; Krebs, F.C.; Andreasen, J.W. Andreasen, In situ monitoring of structure formation in the active layer of polymer solar cells during roll-to-roll coating. AIP Adv. 2014, 4, 087105. [Google Scholar] [CrossRef]

	



Haldar, A.; Liao, K.-S.; Curran, S.A. Curran, Fabrication of inkjet printed organic photovoltaics on flexible Ag electrode with additives. Sol. Energy Mater. Sol. Cells 2014, 125, 283–290. [Google Scholar] [CrossRef]

	



Krebs, F.C. Polymer solar cell modules prepared using roll-to-roll methods: Knife-over-edge coating, slot-die coating and screen printing. Sol. Energy Mater. Sol. Cells 2009, 93, 465–475. [Google Scholar] [CrossRef]

	



Polyzoidis, C.; Kapnopoulos, C.; Mekeridis, E.; Tzounis, L.; Tsimikli, S.; Gravalidis, C.; Laskarakis, A.; Logothetidis, S. Improvement of Inverted OPV Performance by Enhancement of ZnO Layer Properties as an Electron Transfer Layer. Mater. Today Proc. 2016, 3, 758–771. [Google Scholar] [CrossRef]

	



Koutsiaki, C.; Kaimakamis, T.; Zachariadis, A.; Papamichail, A.; Kamaraki, C.; Fachouri, S.; Gravalidis, C.; Laskarakis, A.; Logothetidis, S. Logothetidis, Efficient combination of Roll-to-Roll compatible techniques towards the large area deposition of a polymer dielectric film and the solution-processing of an organic semiconductor for the field-effect transistors fabrication on plastic substrate. Org. Electron. 2019, 73, 231–239. [Google Scholar] [CrossRef]

	



Kamaraki, C.; Zachariadis, A.; Kapnopoulos, C.; Mekeridis, E.; Gravalidis, C.; Laskarakis, A.; Logothetidis, S. Efficient flexible printed perovskite solar cells based on lead acetate precursor. Sol. Energy 2018, 176, 406–411. [Google Scholar] [CrossRef]

	



Logothetidis, S.; Laskarakis, A. Towards the optimization of materials and processes for flexible organic electronics devices. Eur. Phys. J. Appl. Phys. 2009, 46, 12502. [Google Scholar] [CrossRef]

	



Kapnopoulos, C.; Mekeridis, E.D.; Tzounis, L.; Polyzoidis, C.; Zachariadis, A.; Tsimikli, S.; Gravalidis, C.; Laskarakis, A.; Vouroutzis, N.; Logothetidis, S. Fully gravure printed organic photovoltaic modules: A straightforward process with a high potential for large scale production. Sol. Energy Mater. Sol. Cells 2016, 144, 724–731. [Google Scholar] [CrossRef]

	



Krebs, F.C.; Espinosa, N.; Hösel, M.; Søndergaard, R.R.; Jørgensen, M. 25th anniversary article: Rise to power—OPV-based solar parks. Adv. Mater. 2014, 26, 29–39. [Google Scholar] [CrossRef]

	



Andersen, T.R.; Dam, H.F.; Hösel, M.; Helgesen, M.; Carlé, J.E.; Larsen-Olsen, T.T.; Gevorgyan, S.A.; Andreasen, J.W.; Adams, J.; Li, N.; et al. Scalable, ambient atmosphere roll-to-roll manufacture of encapsulated large area, flexible organic tandem solar cell modules. Energy Environ. Sci. 2014, 7, 2925–2933. [Google Scholar] [CrossRef]

	



Välimäki, M.; Apilo, P.; Po, R.; Jansson, E.; Bernardi, A.; Ylikunnari, M.; Vilkman, M.; Corso, G.; Puustinen, J.; Tuominen, J.; et al. R2R-printed inverted OPV modules—Towards arbitrary patterned designs. Nanoscale 2015, 7, 9570–9580. [Google Scholar] [CrossRef]

	



Kapnopoulos, C.; Mekeridis, E.; Tzounis, L.; Polyzoidis, C.; Tsimikli, S.; Gravalidis, C.; Zachariadis, A.; Laskarakis, A.; Logothetidis, S. Gravure Printed Organic Photovoltaic Modules Onto Flexible Substrates Consisting of a P3HT: PCBM Photoactive Blend. Mater. Today Proc. 2016, 3, 746–757. [Google Scholar] [CrossRef]

	



Moorhouse, C.; Karnakis, D.; Kapnopoulos, C.; Laskarakis, A.; Mekeridis, E.; Logothetidis, S. Laser patterning of smart nanomaterials for reel-to-reel production of organic photovoltaic (OPV) devices. J. Laser Micro Nanoeng. 2015, 10, 195–201. [Google Scholar] [CrossRef]

	



Hassinen, T.; Ruotsalainen, T.; Laakso, P.; Penttilä, R.; Sandberg, H.G. Roll-to-roll compatible organic thin film transistor manufacturing technique by printing, lamination, and laser ablation. Thin Solid Films 2014, 571, 212–217. [Google Scholar] [CrossRef]

	



Zacharatos, F.; Makrygianni, M.; Geremia, R.; Biver, E.; Karnakis, D.; Leyder, S.; Puerto, D.; Delaporte, P.; Zergioti, I. Laser Direct Write micro-fabrication of large area electronics on flexible substrates. Appl. Surf. Sci. 2016, 374, 117–123. [Google Scholar] [CrossRef]

	



Krebs, F.C.; Hösel, M.; Corazza, M.; Roth, B.; Madsen, M.V.; Gevorgyan, S.A.; Søndergaard, R.R.; Karg, D.; Jørgensen, M. Jørgensen, Freely available OPV-The fast way to progress. Energy Technol. 2013, 1, 378–381. [Google Scholar] [CrossRef]

	



Krebs, F.C.; Tromholt, T.; Jørgensen, M. Upscaling of polymer solar cell fabrication using full roll-to-roll processing. Nanoscale 2010, 2, 873–886. [Google Scholar] [CrossRef]

	



Ganesan, S.; Mehta, S.; Gupta, D. Opto-Electronics Review Fully printed organic solar cells—A review of techniques, challenges and their solutions. Opto-Electron. Rev. 2019, 27, 298–320. [Google Scholar] [CrossRef]

	



Kubis, P.; Lucera, L.; Machui, F.; Spyropoulos, G.; Cordero, J.; Frey, A.; Kaschta, J.; Voigt, M.M.; Matt, G.J.; Zeira, E.; et al. High precision processing of flexible P3HT/PCBM modules with geometric fill factor over 95. Org. Electron. 2014, 15, 2256–2263. [Google Scholar] [CrossRef]

	



Lucera, L.; Machui, F.; Kubis, P.; Schmidt, H.D.; Adams, J.; Strohm, S.; Ahmad, T.; Forberich, K.; Egelhaaf, H.-J.; Brabec, C.J. Highly efficient, large area, roll coated flexible and rigid OPV modules with geometric fill factors up to 98.5% processed with commercially available materials. Energy Environ. Sci. 2016, 9, 89–94. [Google Scholar] [CrossRef]

	



Matylitsky, V.V.; Huber, H.; Kopf, D. Selective removal of transparent conductive oxide layers with ultrashort laser pulses: Front-vs. Back-side ablation. In Proceedings of the 30th International Congress on Applications of Lasers & Electro-Optics (ICALEO), Orlando, FL, USA, 23–27 October 2011; pp. 1022–1027. [Google Scholar] [CrossRef]

	



Xiao, S.; Fernandes, S.A.; Ostendorf, A. Selective patterning of ITO on flexible PET Substrate by 1064nm picosecond Laser. Phys. Procedia 2011, 12, 125–132. [Google Scholar] [CrossRef]

	



Bremner, S.P.; Levy, M.Y.; Honsberg, C.B. Analysis of Tandem Solar Cell Efficiencies Under AM1.5G Spectrum. Prog. Photovolt. Res. Appl. 2008, 16, 225–233. [Google Scholar] [CrossRef]

	



Ben-Yakar, A.; Byer, R.L. Femtosecond laser ablation properties of borosilicate glass. J. Appl. Phys. 2004, 96, 5316–5323. [Google Scholar] [CrossRef]

	



INNOLAS LASER APPLICATION NOTE, Selective Laser Structuring of Organic Solar Cells with Picolo sub-ns Laser. Available online: https://innolas-laser.com/Downloads/Application-Notes.html?s=ECD8A6A186A6932B2778FBDB651026F70EBA0021 (accessed on 16 November 2022).

	



Lucera, L.; Machui, F.; Schmidt, H.; Ahmad, T.; Kubis, P.; Strohm, S.; Hepp, J.; Vetter, A.; Egelhaaf, H.-J.; Brabec, C. Printed semi-transparent large area organic photovoltaic modules with power conversion efficiencies of close to 5%. Org. Electron. Phys. Mater. Appl. 2017, 45, 209–214. [Google Scholar] [CrossRef]

	



Gasparini, N.; Lucera, L.; Salvador, M.; Prosa, M.; Spyropoulos, G.D.; Kubis, P.; Egelhaaf, H.-J.; Brabec, C.J.; Ameri, T. High-performance ternary organic solar cells with thick active layer exceeding 11% efficiency. Energy Environ. Sci. 2017, 10, 885–892. [Google Scholar] [CrossRef]

	



Di Giacomo, F.; Fakharuddin, A.; Jose, R.; Brown, T.M. Progress, challenges and perspectives in flexible perovskite solar cells. Energy Environ. Sci. 2016, 9, 3007–3035. [Google Scholar] [CrossRef]

	



Gecys, P.; Raciukaitis, G.; Wehrmann, A.; Zimmer, K.; Braun, A.; Ragnow, S. Scribing of thin-film solar cells with picosecond and femtosecond lasers. J. Laser Micro Nanoeng. 2012, 7, 33–37. [Google Scholar] [CrossRef]

	



Logothetidis, S.; Georgiou, D.; Laskarakis, A.; Koidis, C.; Kalfagiannis, N. In-line spectroscopic ellipsometry for the monitoring of the optical properties and quality of roll-to-roll printed nanolayers for organic photovoltaics. Sol. Energy Mater. Sol. Cells 2013, 112, 144–156. [Google Scholar] [CrossRef]

	



Tompkins, H.G. Handbook of Ellipsometry; William Andrew: Norwich, NY, USA, 2005. [Google Scholar] [CrossRef]

	



Jellison, J.G.; Modine, F.; Doshi, P.; Rohatgi, A. Spectroscopic ellipsometry characterization of thin-film silicon nitride. Thin Solid Films 1998, 313–314, 193–197. [Google Scholar] [CrossRef]

	



Tomiyama, T.; Yamazaki, H. Optical anisotropy studies of silver nanowire/polymer composite films with Mueller matrix ellipsometry. Appl. Surf. Sci. 2017, 421, 831–836. [Google Scholar] [CrossRef]

	



Žemaitis, A.; Gaidys, M.; Brikas, M.; Gečys, P.; Raciukaitis, G.; Gedvilas, M. Gedvilas, Advanced laser scanning for highly-efficient ablation and ultrafast surface structuring: Experiment and model. Sci. Rep. 2018, 8, 17376. [Google Scholar] [CrossRef]

	



Sanner, N.; Bussiere, B.; Utéza, O.; Leray, A.; Itina, T.; Sentis, M.; Natoli, J.Y.; Commandré, M. Commandré, Influence of the beam-focus size on femtosecond laser-induced damage threshold in fused silica. Commer. Biomed. Appl. Ultrafast Lasers VIII 2008, 6881, 68810W. [Google Scholar] [CrossRef]








[image: Materials 15 08218 g001 550] 





Figure 1. (a) Schematic of OPV device structure with P1, P2 and P3 scribes and (b) laser scribing pattern used for the manufacturing of OPV modules. 
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Figure 2. Calculated thickness (top) and penetration depth 1/α (bottom) of the photoactive layer at photon energy of 2.37 eV (wavelength of 532 nm) across the 1 m width web. 
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Figure 3. Optical microscopy images for below (a–c), optimum (d–f) and above (g–i) ablation threshold of P1, P2 and P3 processes. The white line indicates a 40 μm scale and dash line represent heat-affected zone outer boundaries. 
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Figure 4. Laser ablation threshold measurement and fitted curves produced for a focused spot size of ~45 μm and a 532 nm wavelength. 
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Figure 5. Process window map for P1, P2, P3 laser scribing. Black dots represent the parameters used for the devices. 
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Figure 6. SEM images for the optimum laser parameters (blue marks indicate the EDX analysis spots). 
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Figure 7. (a) Current density versus voltage for the fully printed semitransparent OPV cell and modules. (b) Photo of fully R2R printed OPV module with P1, P2 and P3 laser scribing processes achieving up to 91% Geometric Fill Factor. 
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Table 1. OPV structure, materials and their optical properties at 532 nm.
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	Nanolayer
	n
	k
	α (1/cm)





	Ag
	0.129
	3.214
	755,692



	ITO
	2.372
	0.005
	1275



	AZO
	1.749
	0
	0



	Photoactive
	1.876
	0.228
	54,891



	PEDOT:PSS
	1.451
	0.036
	8.375



	PET
	1.797
	0
	0
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Table 2. EDX analysis at the blue marked spots in Figure 5.






Table 2. EDX analysis at the blue marked spots in Figure 5.















	
	Spec
	C (%)
	O (%)
	S (%)
	Zn (%)
	Ag (%)
	In (%)





	P1
	1
	50.3
	36.2
	-
	4.6
	2.2
	6.8



	
	2
	68.8
	31.2
	-
	-
	-
	-



	P2
	1
	8.9
	24.7
	2.8
	3.9
	2
	7.7



	
	2
	54.6
	29.5
	
	4.8
	2.8
	8.4



	P3
	1
	57.5
	22.1
	3.6
	5.1
	3.5
	8.2



	
	2
	57.6
	22.6
	3.7
	4.3
	3.9
	7.6



	
	3
	54.1
	30.2
	-
	4.6
	2.7
	8.4
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Table 3. Electrical characteristics of the OPV devices and modules.
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	Jsc

[mA/cm2]
	Voc

[V]
	FF

[%]
	Rs

[Ohm]
	Rsh

[Ohm]
	PCE

[%]
	Active

Area

(cm2)
	Average

PCE Loss

(%)





	Single Cell *
	12.8

(12.2)
	0.76

(0.76)
	42

(42.4)
	30

(31)
	751

(420)
	4.04

(3.91)
	1
	0



	S2S Module 8 Cells **
	11.2

(11.1)
	5.88

(5.45)
	46

(43.8)
	53

(59)
	582

(515)
	3.77

(3.30)
	35.3
	15.6



	R2R Module 8 Cells ***
	15.2

(14.2)
	5.06

(5.02)
	36

(34)
	48

(58)
	168

(167)
	3.42

(3.05)
	32
	22







* The numbers in the brackets are the average values of 15 OPV Cells. ** The numbers in the brackets are the average values of 5 OPV modules. *** The numbers in the brackets are the average values of 3 R2R OPV modules.
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