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We report a copper–zinc oxide bilayer electrode supported on flexible polyethylene terephthalate (PET) with a sheet resistance of 11. 3 Ω sq−1 and average transparency of 84.6% in the wavelength range of 400–800 nm. The copper film is perforated with a dense array of sub-micron diameter apertures fabricated using polymer-blend lithography, which imparts broad band anti-reflectivity. We demonstrate proof-of-principle that it is possible to fabricate the polymer mask by dip coating which is a scalable deposition method compatible with roll-to-roll processing. During storage of the electrode at ambient temperature the ZnO layer is spontaneously doped with copper from the underlying copper film and so the thin ZnO layer serves both as an anti-reflecting layer and an excellent electron transport layer. When compared with commercially available indium tin oxide coated (ITO) plastic substrates this electrode exhibits superior stability towards bending deformation, with no change in sheet resistance after bending through a 4 mm radius of curvature 100 times. Model inverted organic photovoltaic (OPV) devices using this electrode exhibit a champion power conversion efficiency of ~8.7%, which is the highest reported efficiency to date for an OPV device using a copper based transparent electrode, outperforming identical devices using ITO coated plastic as the transparent electrode.
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INTRODUCTION

The low cost associated with processing organic semiconductors by printing, together with the low processing temperature and color tuneability make organic photovoltaics (OPVs) attractive for a diverse range of applications (Kippelen et al., 2009; Ierides et al., 2019). The flexibility and light weight of OPVs supported on flexible plastic substrates also enables integration into wearable electronics, roofing, automobile and building related applications where conventional rigid photovoltaics are not suitable (Mohammad Bagher, 2014; Stoppa and Chiolerio, 2014; Zamarayeva et al., 2017; Meng et al., 2018; Cui et al., 2019), as well as enabling compact storage for transportation. All OPVs require a transparent electrode with low sheet resistance, which is often expressed in terms of the Haacke figure-of-merit (FoM), defined as the average transmittance (Tavg) raised to the power of 10 and divided by the electrode sheet resistance (Rsh) (Haacke, 1976, 1977; Garner, 2017). In addition to requiring a high Haacke FoM, flexible OPVs require a transparent electrode that does not degrade when bent, both for application purposes and for compatibility with roll-to-roll processing. Whilst ITO and fluorine doped tin oxide are predominantly used for research scale OPVs, due to their high Haacke FoM, they are unsuitable for flexible OPVs because of the inherent brittleness of the oxide films (Alzoubi et al., 2011; Galagan et al., 2011; Zou et al., 2014) which causes the Rsh to degrade readily upon modest physical deformation (De Arco et al., 2010; Alzoubi et al., 2011; Galagan et al., 2011; Rathmell and Wiley, 2011; Stec and Hatton, 2012; Zou et al., 2014). Consequently, flexible OPVs reported to date use a transparent electrode composed of carbon nanotubes (Yu et al., 2016), metal nanowires (Hu et al., 2011; Rathmell and Wiley, 2011; Lee et al., 2012), graphene (De Arco et al., 2010; Park et al., 2015), metal nanogrids (Galagan et al., 2011; Hu et al., 2011), or optically-thin (6–12 nm) films of gold (Au), silver (Ag) or copper (Cu) (Hu et al., 2011; Zou et al., 2014; Table S1). Of the metals, Ag is by far the dominant choice due to its relatively slow oxidation under ambient conditions, high electrical conductivity and its very low optical losses in the visible and infra-red regions (West et al., 2010; Naik et al., 2013). However, Ag is a costly metal and so Cu is attractive as an alternative because it offers a comparable conductivity at one hundredth of the cost (West et al., 2010; Pereira et al., 2017). Unfortunately, parasitic absorption in Cu due to inter-band absorption losses mean that optically-thin Cu films are not as transparent as Ag films of the same thickness (Burdick, 1963; West et al., 2010; Pereira et al., 2017, 2018). To address this we have recently reported a powerful bio-inspired method for increasing the far-field transparency of optically-thin Cu films on glass, based on incorporating a random distribution of ~100 million sub-micron diameter holes cm−2 which simultaneously reduces absorption losses whilst suppressing losses due to reflection (Pereira et al., 2018). Herein we advance that work by showing that: (i) the method of electrode fabrication can be translated to the a technologically important transparent plastic substrate polyethylene terephthalate (PET) with only slight adaptation, and that the Haacke FoM can be increased substantially above that previously-reported on glass substrates with a small increase the aperture density; (ii) it is possible to fabricate the polymer mask by dip coating, which, unlike spin coating, is a scalable deposition method compatible with roll-to-roll processing; (iii) these electrodes outperform ITO coated plastic as the transparent electrode in flexible OPVs.

MATERIALS AND METHODS

Substrate Cleaning

Substrate slides of the required dimension (13 × 13 mm for OPV devices and 26 × 26 mm for electrode characterization) were cut from a roll of PET (Mitsubishi, Hostaphan GN 125 4600 A) and cleaned by rinsing consecutively in a diluted solution of surfactant, deionized water, acetone, and IPA for 30 min each followed by drying with a stream of nitrogen and UV/O3 treatment for 15 min. Notably both sides of the PET sheet were not identical in surface roughness and so Atomic Force Microscope (AFM) imaging was performed in tapping mode using an Asylum Research MFP−3D AFM to identify the smooth side onto which all surface treatment was done prior to deposition of Cu.

Mixed Monolayer Deposition

A mixed monolayer metal nucleation layer was deposited onto the PET substrates prior to evaporation of Cu, by exposing the substrates to vapors of 3-mercaptopropyltrimethoxysilane (MPTMS, Sigma Aldrich) and 3-aminopropyltrimethoxysilane (APTMS, Sigma Aldrich) at 50 mbar for 4 h immediately after UV/O3 treatment.

Deposition of Cu

Cu (11 nm) was deposited by thermal evaporation of Cu pellets at a rate of 2.2–2.5 Å s−1 to give the required thickness. All electrode and device fabrication was carried out in a nitrogen filled glove box with an O2 level <1 ppm unless otherwise stated. Evaporation of metals and metal oxides was carried out with a CreaPhys Organic Molecular evaporator co-located in the same glove box. The thickness of deposited layers was monitored using a carefully calibrated quartz-crystal microbalance mounted adjacent to the substrate. The working pressure of the evaporator was <1 × 10−6 mbar.

Fabrication of Apertures Using Polymer-Blend Lithography

A polymer-blend consisting of polystyrene (PS, Mw = 280 000) and poly(methyl) methacrylate (PMMA, Mw = 50,000) in the weight ratio of 3:7 having a concentration of 15 mg ml−1 was prepared in 2-butanone (methyl ethyl ketone). The blend was deposited on Cu films by spin coating at 2,500 rpm for 60 s or by dip coating them using an automated setup at a dipping rate of 2 mm s−1 and a dwell time of 2 s. The PS entities were selectively removed by rinsing the films in cyclohexane. The films were then UV/O3 treated for 15 min. A dilute solution of ammonium persulfate (0.002 mol dm−3) was used to etch Cu through the PMMA mask to fabricate holes by immersing the substrates in the etchant for 15–20 s followed by washing with deionized water and drying with a stream of nitrogen. The PMMA template was finally removed by ultrasonic agitation in toluene and then very briefly in glacial acetic acid to remove any residual PMMA and Cu oxides on the surface of electrode.

Morphology and Distribution of Apertures

AFM imaging was performed using an Asylum Research MFP−3D operated in tapping mode to study the morphology of the Cu films. The size distribution of apertures was evaluated using WXsM software. Scanning Electron Microscopy (SEM) imaging was performed using ZEISS Gemini 500 with an accelerating voltage of typically 0.1–0.4 kV to evaluate the distribution and coverage of apertures.

Optical Transparency and Reflectance Measurements

Far-field transmittance and reflectance of metal films supported on PET were measured over the wavelength range of 350–850 nm using 150 mm Spectralon® Integrating Sphere coupled to a PerkinElmer® LAMBDA™ high performance series of UV/Vis spectrometer. Measurements were performed with reference to the substrate.

Fabrication of Flexible OPV Devices

A ZnO ink (5.6% w/v) in IPA was purchased from Infinity PV and a diluted solution was spun at 1,000 rpm for 60 s followed by annealing at 145°C for 15 min to fabricate the ETL. PCE12 (Poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-b′]dithiophene))-alt-(5,5-(1′,3′-di-2-thienyl-5′,7′-bis(2-ethylhexyl)benzo[1′,2′-c:4′,5′-c′]dithiophene-4,8-dione)]) and m-ITIC (3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6/7-methyl)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2′,3′-d′]-s-indaceno[1,2-b:5,6-b′]dithiophene) were mixed in 1:1 mass ratio to make a 20 mg ml−1 solution in chlorobenzene (99%) and 1,8-diiodooctane (1%) and was stirred for 4h at 50°C and this was deposited by spin coating from a static start at 1,900 rpm for 60 s to form a photoactive layer having a thickness of ~100 nm. These slides were left in high vacuum overnight and MoOz (10 nm at 0.1–0.2 Å s−1) was deposited as the HTL followed by Ag (85 nm at 1.0–1.2 Å s−1) as the top reflective electrode. Notably, whilst the molybdenum oxide layer is deposited from a powder of MoO3, it is known that during vacuum evaporation MoO3 partially reduces to MoO3-y where y is <0.3. Ag was deposited through a shadow mask to give an electrode area of 0.06 cm2. All metals were thermally evaporated from tungsten boats while MoO3 was thermally evaporated using a boron nitride crucible.

Characterization of OPV Devices

Current density-voltage (JV) testing was performed in the dark and under one sun simulated solar illumination using a Keithley 2400 source measurement unit (SMU) and a custom Labview interface using an ABET technologies Sun 2000 Solar Simulator. The intensity was set to 100 mW cm−2 over the AM 1.5 solar spectrum. The light source was calibrated using a calibrated silicon diode. OPV devices were measured through a mask having a pixel area of 0.013 cm2. EQE measurements were done using a white light xenon arc lamp (Sciencetech SF150), monochromator (Photon Technology International), focusing and splitting lenses, current-voltage amplifier (Femto DHPCA-100), lock-in amplifier (Stanford Research SR830 DSP) and a custom Labview interface.

RESULTS AND DISCUSSION

Optically-thin Cu films with a thickness of 11 nm were thermally evaporated onto PET substrates modified with a mixed molecular nucleation layer of MPTMS and APTMS (Stec and Hatton, 2012; Pereira et al., 2018). In the first instance 15 mg ml−1 PS:PMMA blend with the ratio 3:7 in methyl ethyl ketone was spin coated onto these 11 nm Cu films on PET. The PS phase was then selectively removed using cyclohexane, followed by a UV/O3 treatment to open out the base of the holes in the PMMA, and finally rapid etching and removal of the PMMA mask according to our previously-reported protocol designed for glass substrates (Pereira et al., 2018; Figures 1, 2A–D). However, spin coating is not compatible with roll-to-roll processing and large area fabrication of electrodes, and so the possibility of dip-coating the polymer-blend was tested. It is clear from the AFM images in Figure 2 that the polymer-blend mask can be readily deposited by dip-coating. Using a dipping rate of 2 mm s−1 and a dwell time of 2 s a very similar aperture size distribution to that achieved by spin coating can be achieved, even though the solvent evaporation rates for spin coating at 2,500 rpm and dip-coating are very different, which demonstrates the robustness of this method for mask formation and the scope for increasing the dipping speed.
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FIGURE 1. Schematic of electrode fabrication procedure.
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FIGURE 2. AFM images showing the morphology of: (A) the PS:PMMA polymer-blend (15 mg ml−1) spin cast onto an 11 nm Cu film on PET substrates, showing spherical PS islands dispersed in a PMMA matrix; (B) following the selective removal of PS using cyclohexane the peaks are transformed into holes; (C) the resulting PMMA film is UV/O3 treated to remove residual polymers within the holes and to ensure the holes extend right through the PMMA to the underlying metal; (D) ammonium persulfate etched Cu film showing circular apertures. (F–I) are representative AFM images showing the morphology of the film when the same steps are repeated following the deposition of the polymer-blend by dip coating; Histograms showing the size distribution of apertures computed for 10 × 10 μm2 AFM images of the etched Cu electrode where the PMMA mask was fabricated by spin coating (E) and dip coating (J) the PS/PMMA blend.



The primary difference between Cu electrodes fabricated using a spin cast and dip coated mask is in the density of apertures in the Cu film (Figures 2E,J): Electrodes fabricated by spin casting the resist layer have a total aperture area of 29 ± 1 vs. 25 ± 1% for electrodes fabricated using a dip coated resist layer. It is anticipated that by fine tuning of the dip coating deposition parameters it is feasible to achieve the same result using the two different methods. For convenience all of the OPV devices fabricated as part of this study were fabricated by spin coating the polymer-blend.

The AFM images in Figure 2 show that the distribution of aperture sizes using both methods is broadly similar, consistent with our previously-reported observation that the PS domain size in PS/PMMA blends is primarily determined by the solution concentration (Pereira et al., 2018). Notably, SEM imaging together with the cross-sectional AFM image (Figure S1) show that the edges of the apertures are tapered, which did not occur on glass substrates (Pereira et al., 2018). However, the AFM cross-section also shows that the hole in the Cu film is 2–5 nm deeper than the combined thickness of the metal film and the APTMS/MPTMS adhesion layer, indicating that the PET substrate has been partially etched by the acetic acid wash used to remove residual PMMA and Cu oxide from the Cu surface. The tapered edge in the film is therefore attributed to nanoscale sagging of the surrounding metal into the hole in the PET, which, whilst pronounced in the SEM image is too small to affect the macroscopic properties of the electrode. The Cu electrodes with apertures have a Tavg of 75.9% over the range of 400–800 nm (Figure 3A) with an 18.8% average increase in the total transmittance over this wavelength as compared to unpatterned Cu films of the same thickness. The absolute reduction in reflectance upon introduction of apertures increases with increasing wavelength from 5% at 400 nm to 40% at 900 nm (Figure 3B). The far-field transmittance of these perforated window electrodes is further increased to 86.4% (400–800 nm) using a ~62 nm thick ZnO overlayer (Figure S2) deposited from solution at low temperature. It is well-known that the transparency of low-loss metallic films, including Cu, can be boosted by coating with a thin high-index dielectric layer due to an effective optical path length reduction through the metal (predicted by Maxwell's equations) and reduced reflectance, and that the efficacy of this overlayer is a function of its thickness (Shakhs et al., 2016). Importantly the ZnO overlayer not only contributes to an increase in transmittance but also serves as an electron transport layer (ETL) that spans the apertures in the underlying metal substantially reducing the electrode Rsh. The introduction of apertures increases the Rsh from 8.4 ± 0.5 to 29.9 ± 1.2 Ω sq−1 because the apertures scatter electrons moving in the plane of the electrode. However, after deposition of a ZnO overlayer, which includes annealing at 145°C, the Rsh drops to 21.9 ± 1.1 Ω sq−1, and continues to fall upon storage such that after 4 months the Rsh is reduced to ~11.3 ± 1.5 Ω sq−1. We have previously shown for Cu–ZnO electrodes supported on glass that these large reductions in Rsh are due to diffusion of Cu into the ZnO overlayer, where it is believed to accumulate as metallic Cu at the boundaries between ZnO crystallites reducing the contact resistance between them and increasing the in-plane ZnO conductivity (Pereira et al., 2018). The ~50% decrease in Rsh after 4 months was accompanied by a very small (<2%) reduction in the average transmittance to Tavg = 84.6% (400–800 nm; Figure S3), although overall the Haacke FoM is increased from 0.0107 to 0.0166 Ω−1 which is substantially higher than previously achieved on glass (0.0135 Ω−1; Pereira et al., 2018; Figure S4).
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FIGURE 3. (A) Total far-field transparency and (B) total reflectance of 11 nm Cu films before and after the introduction of nano–apertures (CuE), and ITO coated PEN substrates with and without ZnO (referenced to bare substrate).



An essential characteristic of flexible electrodes is the ability to sustain physical deformation without significant deterioration in conductance. In order to evaluate how our Cu on PET electrodes behave upon deformation a bending test was performed in which the electrode was bent repeatedly (100 times) through a 4 mm radius of curvature. Electrodes were bent inwards (compressed) and outwards (stretched) in separate experiments. It is evident from the data in Figure 4 that there is a negligible change in Rsh for Cu electrodes with and without apertures. In contrast the Rsh of the ITO on PEN deteriorates rapidly upon repeated bending, consistent with previous reports (Alzoubi et al., 2011; Stec and Hatton, 2012). These differences in robustness can be understood in terms of the difference in the thickness of the ITO and Cu layers, and the nature of bonds between atoms comprising these conductors: The Cu thickness is more than an order of magnitude thinner than the ITO film thickness and so the stress in the Cu film upon bending is proportionally lower. Additionally, unlike the directional covalent bonds in ITO, metallic bonds are flexible, enabling moderate elastic deformation.
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FIGURE 4. Change in Rsh when the Cu, CuE electrodes supported on PET and ITO coated PEN electrodes are subjected to repeated bending in the (A) outward (stretched) and (B) inward (compressed) directions. Inset: A photograph of a flexible CuE electrode with a ZnO (~62 nm) overlayer.



In order to test the applicability of these electrodes in flexible solution processed OPVs, devices were fabricated using PCE12 and m-ITIC as the donor and acceptor respectively in bulk heterojunction (BHJ) OPV devices with the architecture; Transparent electrode/ZnO (x nm)/PCE12–m-ITIC (100 nm)/MoOz (10 nm)/Ag (85 nm), where x = 25–62 nm. Whilst the highest transparency was achieved when the ZnO thickness was ~62 nm (Figure S2) this was not the optimal thickness for OPV devices. When the ZnO thickness was varied the best device performance was achieved for a ZnO thickness of ~33 nm (Table S2 and Figure S5). Transfer matrix optical simulations of the entire OPV device, with the extinction coefficient for the BHJ set to zero, confirms that more light is coupled into the device when the ZnO thickness is 33 than 62 nm: Figures S6, S7, due to optical interference effects. Using this optimal ZnO thickness a champion power conversion efficiency of 8.68% (8.25 ± 0.32%) was achieved, which to the authors' knowledge is the highest efficiency reported to date for an OPV device using a Cu based window electrode (Table S1; Jeong et al., 2018). It is evident from the external quantum efficiency (EQE) data in Figure 5B that the improvement in Jsc, as compared to the electrode without apertures, correlates with the increase in electrode transparency, being most enhanced for shorter wavelengths. Interestingly the dark current characteristics of both Cu and CuE electrodes exhibit very suppressed forward current injection in the dark, which is tentatively attributed to UV light induced oxygen desorption from ZnO which is readsorbed in the dark as this is a reversible process (Manor et al., 2012; Pereira and Hatton, 2018).
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FIGURE 5. (A) Representative current density—voltage characteristics recorded under one sun simulated solar illumination (100 mW cm−2; AM 1.5 G) (solid lines) and in the dark (dotted lines) for devices with the architecture: Transparent electrode/ZnO (33 nm)/PCE12—m-ITIC/MoOz (10 nm)/Ag (85 nm) and (B) EQE under same conditions for devices with Cu (red) and CuE (blue) and ITO (green) electrodes.



To directly compare the performance of the Cu electrode on PET against commercial ITO coated plastic substrates, OPV devices were fabricated using ITO coated polyethylene naphthalate (PEN) as the transparent electrode (Figure 5). It is evident from Figure 5A and Table S2 that devices using the ITO electrode exhibit a higher Jsc (14.5 ± 0.2 mA cm−2) than those using the Cu electrode (12.8 ± 0.25 mA cm−2), but both the Voc and FF are much lower in the former. The larger Jsccorrelates with the higher far-field transmittance of ITO (Figure 3A) although this does not translate to a higher power conversion efficiency because the FF is significantly degraded due to an s-shaped kink, which also erodes the Voc and this behaviour was not observed when identical devices were fabricated on ITO coated glass substrates (Figure S8). An s-shaped kink in the J-V characteristic is typical of accumulation of one charge carrier type at an interface in the device (Lechêne et al., 2014). Given that both OPVs are identical except in the choice of transparent electrode, the interface in question must be that between the ITO and ZnO. Alternatively the s-shape kink may result from a local deterioration in the ITO conductivity due to deformation of the ITO layer by the spring loaded pins connecting each device to the external circuit. The origin of the s-shaped kink in the J-V characteristic is the subject of ongoing investigation, although the poor performance of inverted OPVs using ITO supported on PEN as the substrate electrode serves to highlight the inadequacy of this transparent substrate electrode for flexible OPVs.

CONCLUSION

In summary, we report highly transparent Cu window electrodes suitable for flexible OPVs, based on an optically-thin Cu film perforated with over 100 million sub-micron holes per square centimeter on PET with a thin ZnO over layer. These electrodes offer a far-field transmittance of 84.6% across the wavelength range 400–800 nm, with a Rsh of 11.3 ± 1.5 Ω sq−1. We have demonstrated the utility of this electrode in flexible OPV devices with a champion power conversion efficiency of ~8.7%, which is the highest reported efficiency for an OPV using a Cu based window electrode to date. We have also shown that it is possible to fabricate the polymer mask used to form apertures in the Cu film, by simple dip coating, which is a scalable deposition method compatible with roll-to-roll processing. Consequently, we see no fundamental obstacle to scaling-up the fabrication of this electrode using a continuous roll-to-roll process, since: (i) vacuum evaporation is proven as a low cost method for roll-to-roll deposition of metal films on plastic—as is evidenced by its extensive use in the food packaging industry; (ii) in principle the fabrication steps involving removal of the very thin polymer layers by solvent washing, ammonium persulfate etching of Cu, and ZnO deposition from solution, could all be achieved by dip-coating; (iii) the UV/O3 etching step could be performed rapidly in-line with an intense UV lamp and the thin ZnO film could be flash annealed.
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