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Abstract

:

Microstructured transparent conductive oxides (TCOs) have shown great potential as photonic electrodes in photovoltaic (PV) applications, providing both optical and electrical improvements in the solar cells’ performance due to: (1) strong light trapping effects that enhance broadband light absorption in PV material and (2) the reduced sheet resistance of the front illuminated contact. This work developed a method for the fabrication and optimization of wavelength-sized indium zinc oxide (IZO) microstructures, which were soft-patterned on flexible indium tin oxide (ITO)-coated poly(ethylene terephthalate) (PET) substrates via a simple, low-cost, versatile, and highly scalable colloidal lithography process. Using this method, the ITO-coated PET substrates patterned with IZO micro-meshes provided improved transparent electrodes endowed with strong light interaction effects—namely, a pronounced light scattering performance (diffuse transmittance up to ~50%). In addition, the photonic-structured IZO mesh allowed a higher volume of TCO material in the electrode while maintaining the desired transparency, which led to a sheet resistance reduction (by ~30%), thereby providing further electrical benefits due to the improvement of the contact conductance. The results reported herein pave the way for a new class of photonic transparent electrodes endowed with mechanical flexibility that offer strong potential not only as advanced front contacts for thin-film bendable solar cells but also for a much broader range of optoelectronic applications.
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1. Introduction


The ubiquitous availability of solar energy is only one factor in the long chain leading to its conversion to usable electricity. Its collection, conversion, and storage still require significant technological improvements in order to fully realize its potential as a fossil fuel replacement [1]. The current photovoltaic (PV) market is thus still dominated by first-generation crystalline silicon solar cells (~95% share), which can achieve a maximum PV conversion efficiency of ~26%, despite their high production and implementation costs [2,3,4]. Second-generation devices based on thin-film solar cells (TFSCs) have emerged due to the necessity of lowering production costs, reducing material expenditure, and increasing mechanical flexibility, therefore enabling a much wider range of applications. Nevertheless, due to their reduced thickness, TFSCs suffer from major absorption losses, especially when compared with thicker wafer-based cells [5,6]. Therefore, the efficiencies attained by TFSC technologies (~15%) tend to be much more modest than those of bulk wafer-based devices [7]. As such, effective light trapping (LT) techniques offer great improvement potential for flexible TFSCs as a means to make the cells optically thicker while reducing their physical thickness and enabling mechanical bending.



Several LT schemes have been shown to improve the performance of different types of TFSCs, such as disordered [8,9] and ordered arrays [10] of micro-pyramidal features, photonic jets [11], corrugated substrates, and self-cleaning micro-cone structures [12]. It has also been observed that simple grating (wave-optical) structures in the front [13,14] and back electrodes [15] enable enhancements not only in light absorption but also in the stability of emergent TFSC technologies, such as perovskite solar cells (PSCs) [16]. Other non-LT optical approaches have also been attempted, such as down and/or upconversion [13,15,16,17].



Wavelength-sized photonic structures with high refractive indexes have recently been shown to allow the highest-efficiency improvements in TFSCs by reducing reflection in a broad spectral range via geometric index matching and increasing absorption in TFSCs via light scattering and coupling to waveguided modes confined in the periodic cells’ structure [10,18,19,20,21].



Among the nano/micro-patterning strategies capable of fabricating these LT structures, nano-imprint lithography (NIL) and colloidal lithography (CL) have sparked the highest research interest for PV applications [22,23,24,25]. However, NIL is limited in terms of the materials that can be structured, and presents difficulties concerning scalability due to its poor pattern fidelity over large areas. On the other hand, CL is an easily scalable, high-throughput, and low-cost technique that allows nanoscopic precision in an arbitrarily large area [5,26,27]. A lithographic mask can be promptly achieved via CL, whose pattern resolution is entirely dependent on the colloidal size that can be deposited in high-quality monolayer arrays. The best achieved resolutions in the literature ranges between 50 nm and 200 nm, which is comparable to that of state-of-the-art conventional-lithography systems [23,28]. Moreover, the fabricated structures can be produced with a high accuracy on a large scale, as the method is not limited in terms of the deposition area, meaning that it offers the possibility to be adapted to mass production techniques such as roll-to-roll. CL can also be used with a large range of materials, such as dense dielectrics or metal oxide materials with a high refractive index (appropriate for photonic applications) [29]. Moreover, it uses low-temperature steps (<100 °C), making it ideal for usage with temperature-sensitive materials (e.g., polymeric-based flexible substrates); thus, it tolerates a wide range of materials and surface chemistries [30].



The photonic structures fabricated by this versatile soft-lithography CL method can be implemented in PV devices in a straightforward manner, demonstrating pronounced performance improvements [25,31,32]. Moreover, metallic micro-meshed electrodes can also be obtained by CL, which is currently considered one of the most promising approaches for producing industrially compatible transparent conducting materials with excellent optical transmittance and electrical conductance [23,33,34].



As such, we employed CL as the micro-patterning method in this work to produce photonic-structured TCO layers, since it can easily fabricate honeycomb arrays of metal-oxide-based micro-features with semi-spheroidal geometries (either dome or void-like), in accordance with the optimized LT designs presented in previous theoretical studies [10,16].



The effectiveness of the light management of photonic structures depends chiefly on the geometry and material of the patterned features [6,16,20]. Recently, promising results [31] were obtained with LT structures made of indium zinc oxide (IZO) deposited directly on amorphous silicon (a:Si:H) TFSCs, leading to pronounced increases in photocurrent (by 21.4–23.1%) and efficiency (by 18.2–26.7%) [32]. Here, besides the LT effects causing higher broadband absorption, the photonic-structured IZO allowed a higher TCO volume relative to that in planar (non-structured) TFSCs, thus providing further electrical improvements (due to the reduced sheet resistance of the front contact) that contributed to such efficiency gains. Nevertheless, all these benefits have only been shown with photonic-structured TCOs patterned as a post-process on solar cells with a substrate-type layer configuration, while most TF PV technologies work best in a superstrate configuration supported on transparent (and potentially flexible) substrates.



This work defines the first main step for the development of advanced light management in superstrate-like TFSC configurations, as illustrated in Figure 1 (left, schematic of a superstrate device; right, optical effect of the micro-structuring). Namely, photonic-structured TCOs on bendable poly(ethylene terephthalate) (PET) substrates are developed for flexible superstrate TFSCs, in particular PSCs, following a LT design that was previously theoretically designed by the authors [35].



The fabricated photonic flexible structures showed a pronounced increase in diffuse transmittance (up to ~50%) due to the strong light in-coupling and scattering from the structured surface. This increase in scattered light directly correlates with path length enhancement and, consequently, with increased device absorption. Furthermore, the increased volume of the electrical contact also provides a conducive medium for easier charge collection, shown here by a ~30% decrease in sheet resistance.



It should also be noted that these structures benefit from a better practical compatibility—for instance, with PSC technology—compared to previous LT architectures shown in the literature that require the post-processing of the PV devices [10,16,20]. This is because, in the present approach, the PSC layers can be uniformly wet-coated by state-of-the-art methods onto substrates previously micro-patterned with the designed LT structure, thus avoiding the exposure of the sensitive solar cell materials to the required micro-structuring steps.



Lastly, even though they were not experimentally assessed in this work, the LT-structured electrodes developed on PET are expected to present considerable bending robustness, as evidenced by related studies [34] of metallic mesh electrodes CL-patterned onto PET substrates, which show pronounced mechanical flexibility (exhibiting only a marginal ~5% increase in sheet resistance after 150 bending cycles on a 0.5 inch curvature).




2. Materials and Methods


2.1. Substrate Preparation


ITO-coated PET substrates with 2.5 cm × 2.5 cm × 0.0175 cm dimensions, purchased from KINTEC COMPANY, were used as supports for the photonic microstructures. The substrates were washed with a micro cleaning solution (Micro-90), which is a chelating solution of detergent containing ethylenediaminetetraacetic acid (EDTA) salt, and ionic and non-ionic ingredients. Then, they were sonicated for 10 min in isopropanol and rinsed again with deionized water. Finally, the substrates were dried under a nitrogen flow.




2.2. Deposition of PS Colloidal Monolayer


Polystyrene (PS) colloidal spheres dispersed in aqueous solution at a 2.5% weight were purchased from Microparticles GmbH and Micromod Partikeltechonologie GmbH, with diameters of 1.3 µm and 2.0 µm. They were first dispersed in a mixture of the aqueous solution and diacetone (1:3), and this colloidal suspension was used to deposit an hexagonal close-packed monolayer of PS microspheres via a Langmuir–Blodgett (LB) wet coating [6,36] employing a Biolin Scientific KSV NIMA. The deposition steps consisted of dropping 800 mL of the prepared colloidal suspension onto the interface between water and air. The barriers of the LB system were then closed at a controlled speed of 10 mm/min, leading the floating PS spheres to self-assemble in an ordered close-packed hexagonal array at the water surface. Subsequently, this monolayer was transferred to the surface of the ITO-coated PET substrates by vertically withdrawing the previously immersed substrate at a speed of 2 mm/min.




2.3. Shaping of Colloidal Mask


The size and shape of the PS spheres will determine the geometry of the resulting surface structure. Since the colloids were deposited by LB in a close-packed array, it is necessary to controllably increase their inter spaces to create non-close-packed monolayers. This was achieved by partially etching the particles via reactive ion etching (RIE), which decreases the particles’ size and, therefore, increases their spacing. This RIE process was performed with oxygen (O2) gas in a dry-etching system using the conditions given in the first line of Table 1.




2.4. IZO Deposition


Indium zinc oxide (IZO) films with thicknesses of 175, 250, 325, and 500 nm were deposited by radio frequency (RF) magnetron sputtering using an In2O3/ZnO target (99.99% purity, 3′′ diameter) in a mixture of oxygen and argon at partial pressures of 10−5 and 1.5 × 10−3 mbar for 70, 100, 130, and 200 min, respectively. The RF power applied was 50 W and it yielded a deposition rate of 2.5 nm/min. A pre-sputtering process that took 15 min was performed before deposition to clean the target.




2.5. Lift-Off of Colloidal Mask


The last step of the CL fabrication process consisted of removing the PS particles by the sonication of the samples in a toluene bath for 30 min. Before that, an Ar/CF4 RIE process (see Table 1) was performed to remove the top covering layer of the deposited IZO over the PS particles, promoting the subsequent dissolution of the PS particles in the toluene bath.




2.6. Characterization


The morphological characterization of the fabricated structures was performed by Scanning Electron Microscopy (SEM) using a TM3030 Plus (HITACHI, Tokyo, Japan) tabletop microscope as well as a CARL ZEISS AURIGA Cross Beam SEM workstation. The surface morphology of the samples was also determined by Atomic Force Microscopy (AFM), with an Asylum MFP3D being employed mainly to analyze the height and size of the IZO structures.



Optical measurements were performed with a UV-Visible-NIR scanning spectrophotometer (PERKIN ELMER lambda 950, Shelton, CT, USA) using a 15 cm-diameter integrating sphere to obtain the total reflectance (RT) and transmittance (total, TT, and diffuse, TD) spectra of the samples. The total absorption (AT) was calculated using the following expression: AT (%) = 100% − TT (%) − RT (%). The measured spectra were also used to confirm the thickness of the layers by fitting the results with the analytical Scattering Matrix Method, which calculates the TT and RT for an arbitrary number of stacked layers.



The surface electrical properties were determined by measuring the sheet resistance and conductivity of the samples with a Jandel 4-Point Probe system.





3. Results and Discussion


The four main fabrication steps of the colloidal lithography (CL) method are shown in Figure 2, with the respective SEM images given to visually show the structures at each step. The optimization of this process was performed with the IZO microstructures deposited on commercial ITO-coated PET substrates (see experimental methods), varying the main geometrical parameters as indicated in Figure 2.



The CL process consists of the deposition of a close-packed honeycomb monolayer of PS micro-spheres, via the Langmuir–Blodgett (LB) process, on the ITO-coated PET substrate (Figure 2a). These are then subjected to O2 reactive-ion etching (RIE) to reduce their size [37,38,39], thus obtaining a spaced (non-close-packed) monolayer of PS spheres (Figure 2b) that is subsequently used as a mask for the infiltration of IZO, deposited via RF magnetron sputtering (Figure 2c), leaving the colloids surrounded by the IZO material. Subsequently, two subprocesses are then required to remove the PS colloids. Firstly, a second RIE using Ar/CF4 as a reactive gas (Table 1) is used to remove part of the IZO film deposited on top of the colloids. This is performed to facilitate the penetration of the solvent, which dissolves the PS particles in the subsequent step. Secondly, the dissolution of the colloidal particles, which is performed by submersion in toluene, proceeds with sonication for 30 min. Finally, when the colloids are removed and the final structure, which is essentially composed of the IZO material that had been deposited in the inter-space of the colloidal array, is exposed (Figure 2d).



As indicated in Figure 2 and Table 2, we studied three key parameters: pitch (i.e., the microstructures’ center-to-center distance), linewidth (i.e., the spacing between the masking colloids), and IZO height/thickness. The pitch was given by the diameter of the PS spheres used in the LB deposition (D, either 1.3 μm or 2.0 μm); the IZO mesh linewidth was determined by the spacing between colloids, which was tuned by varying the first RIE exposure time (tRIE) from 0 to 450 s; and the IZO thickness (h, varied from 0 nm to 500 nm) was determined by the sputtering time.



Figure 3 shows top-view SEM images of the colloidal masks (left side) and the final microstructures obtained (right side) for the different O2 RIE times. As seen in Figure 3(a1,a2), for both colloidal sizes employed in this work the PS spheres were well deposited, forming the desired close-packed honeycomb structure throughout the entire sample area. Figure 3b–f corresponds to O2 RIE engravings with a duration of 90–450 s. The shorter plasma exposure times lead to only a small reduction in the spheres’ size and, consequently, a thinner linewidth of the resulting IZO mesh, while longer etching times lead to a stronger particle reduction (i.e., larger inter-particle separation), promoting higher IZO infiltration. However, care must be taken to avoid prolonging the O2 etching time too much (in this case above ~500 s), because if there is an excessive reduction in the particles’ size they will be strongly deformed, making them unsuitable for use as masks in the CL patterning, as also observed in previous contributions from the authors [6,23,31].



The surface morphology of the microstructures was also studied using AFM, mainly to verify the vertical profile (height) of the final mesh, which was set by the IZO sputtering time. As an example, Figure 4 presents the AFM morphology of two representative IZO microstructures, one with 1.3 µm initial PS spheres, 450 s of O2 RIE, and 130 min of IZO sputtering (Figure 4a), and the second with 2.0 µm initial PS spheres, 270 s of O2 RIE, and 100 min of IZO sputtering (Figure 4b). As observed here, and in more detail in Figure S1 in the Supplementary Material, the resulting average height of the IZO features remains below the equivalent IZO film thickness (h). This was determined according to the IZO sputtering time, mainly as a consequence of the final lift-off step (Figure 2c,d), which inevitably removes a small portion of the IZO material infiltrating the colloids. In addition to the information concerning the height of the resulting mesh features, the AFM results revealed the presence of undesirable PS residues in the mesh voids, which is assumed to be the result of the shorter-than-required lift-off time. Due to the small amount of these residues, they do not significantly affect the optoelectronic properties of the samples, and therefore their impact in the results discussed here is negligible. Nevertheless, they can be easily eliminated by adding an extra dry-etching or annealing (~100 °C) step to the process.



The optical behavior of the final IZO micro-mesh on the ITO-coated PET substrates was studied for each patterned substrate obtained for the different sets of fabrication conditions listed in Table 2. The control of these morphological parameters is crucial because they determine the anti-reflection and light scattering performance of the final structured material, as shown in Figure 5 and Figure 6 (see also Sections S2 and S3 of the Supplementary Material with the absorbance and transmittance spectra of all the samples analyzed in this work).



Figure 5 shows the optical absorbance and diffuse transmittance spectra of selected substrates with and without the IZO microstructures on the ITO-coated PET. These quantities indicate, respectively, the parasitic optical losses and light scattering performances of the samples in view of their application as photonic front electrodes providing light trapping in solar cells patterned uniformly on IZO mesh (as illustrated in Figure 1). The low optical absorbance over the visible spectral range ensures that almost all sunlight can cross to the PV active layer, while light scattering will increase the absorption path in this active layer, leading to a higher probability of photon absorption.



As expected, the unstructured reference (ITO-coated PET substrate) without the IZO mesh exhibited the lowest optical absorption (<10%) over the visible–NIR band (400–1000 nm), whereas the light absorption over the same band of the substrates with the IZO microstructures reached values about 10% higher. On the other hand, the diffuse transmittance was almost negligible for the planar reference, while values between ~35% and ~50% on average were obtained for the microstructured samples, revealing the strong scattering capabilities desired for light trapping in thin-film PV.



Among the photonic-structured samples shown in Figure 5, those fabricated with shorter O2 RIE times (D = 1.3 μm, tRIE = 360 s, and D = 2.0 μm, tRIE = 270 s) scatter better in the blue to green range (400 nm to 500 nm) than the samples fabricated with longer O2 RIE times (D = 1.3 μm, tRIE = 450 s, and D = 2.0 μm, tRIE = 360 s), which scatter better in the red to NIR range (600 nm to 1000 nm). In other words, there is a red-shift of the diffuse transmittance peaks for thicker mesh linewidths (attained with a longer RIE), as would be expected in accordance with electromagnetic studies investigating light trapping in different types of thin-film PV devices [10,16,35]. Comparing the optical performance of the samples obtained with different initial PS sphere sizes, it can be seen that the 1.3 μm spheres lead to higher broadband scattering than the 2.0 μm spheres, which is also in accordance with the results of the same computational studies that target sizes close to the micrometer as the optimal ones.



The amount of scattering achieved due to the structured IZO, as evaluated by the diffuse transmittance, will directly translate into photocurrent gains attainable by TFSCs patterned on top (relative to planar cells coated on the reference ITO/PET substrates). Therefore, the diffusive transmittance spectra exhibited by the structures are the first indicator of an initial optical screening of the photonic substrates. However, such scattering effects can only lead to photocurrent gains for the weakly absorbed wavelengths (typically above ~550 nm for TFSCs), whose optical path length within the PV absorber exceeds the absorber thickness. In the more easily absorbed shorter wavelength range (below ~550 nm), the amount of light scattering (i.e., diffuse transmittance) taking place does not lead to photocurrent enhancement with respect to planar reference cells. Therefore, what mainly matters in this shorter range is the high anti-reflection and weak parasitic absorption of the structures—namely, the light in-coupling evaluated by the measured total transmittance, which is also represented in Figure 5b,d. As can be seen, the reference sample exhibits an average total transmittance of 81% in the 400–1000 nm range, while values close to 73% on average are obtained for the microstructured samples due to the higher parasitic absorption occurring in the extra IZO material.



Figure 5a,c also show in the inset the corresponding sheet resistance (RS) results of these transparent electrodes. The presence of the highly conductive IZO material over the flat ITO layer reinforces the conductance of the overall structure (see Figure 1). As expected, the higher the volume of IZO present in the final mesh is, the more the RS is reduced, and this is mainly controlled by the O2 RIE time (determining the mesh linewidth) and IZO thickness (setting the mesh height). Therefore, besides optical gains, another beneficial side effect of the implementation of the IZO microstructures is a significant reduction in the sheet resistance of the transparent electrode, which will have a direct impact on the reduction in the series resistance and the improvement of the fill factor of the SCs integrating the proposed photonic front contacts.



Figure 6 compiles the main optical and electrical quantities to evaluate the performance of all the samples analyzed in this study, fabricated with the parameters listed in Table 2, in view of their application as photonic transparent electrodes.



It can be seen in Figure 6a that longer O2 RIE times and higher IZO thicknesses result in a higher diffuse transmittance (reaching ~50% on spectral average), and, consequently, a stronger light scattering. Generally, in this regime the larger the dimensions of the patterned IZO structures are (i.e., mesh linewidth and height), the stronger their scattering effects will be and the higher their parasitic absorption will be (as presented in Figure 6b).



Here, there are two main factors contributing to the absorption losses. First, the use of a more patterned material will inevitably lead to more absorption taking place. Second, the beneficial scattering effect of the structures, increasing the diffuse transmittance, also leads to a small increase in parasitic absorption from the longer travel path of light within the structures. These two quantities (parasitic absorption and diffuse transmittance) have opposite contributions to the LT performance of these structures. In this, it is paramount to find the ideal trade-off where the increase in scattering is not overshadowed by the increase in parasitic losses. The best balance can be assessed by an optical figure of merit (FoM, Equation (1)), which allows a preliminary screening of the structures, in order to perform a first-order evaluation of the preferential fabrication parameters:


  FoM =     ∫   350    nm    550    nm     T T  · d λ +   ∫   550    nm    1000    nm     T D  · d λ   Δ λ    



(1)




where TT is the total transmittance, TD is the diffuse transmittance, and ∆λ (1000 − 350 nm = 650 nm) is the full wavelength interval. The defined FoM (as shown in Figure 6c) can be understood as an effective averaged transmittance that has a direct correlation with the expected photocurrent gains induced in the solar cells; these are mainly given by TT in the shorter (<550 nm) wavelength range and TD in the longer spectral range, as previously discussed. Note that the amount of parasitic absorption that takes place is also intrinsically considered in this FoM definition, since the higher the absorption is the lower the transmittance will be.



The slight increase in parasitic absorption, from the presence of the IZO structures, is largely compensated for by the boosted diffused transmittance, leading to an overall increase in the FoM with the O2 RIE time and IZO thickness.



As can clearly be seen in the plots of Figure 6, there is a steeper increase in the scattering capability with the dimensions (height and linewidth) of the IZO mesh, while the absorption values increase more modestly (mainly with a higher IZO height from 175 nm to 500 nm). Therefore, the optical FoM ends up improving with the increase in the IZO features’ dimensions.



The same can be said for the electrical performance of the electrodes, since RS tends to decrease with a higher volume of IZO (see Figure 6d,h and Section S4 in the Supplementary Material), as expected. Besides the general decrease in RS with the IZO thickness, we can observe for the two sphere sizes that longer O2 RIE times also lead to a lower RS of the photonic structures, which is due to the formation of smaller IZO voids, meaning that a greater IZO mesh area is available for electrical conduction.




4. Conclusions


A colloidal lithography (CL) technique was successfully developed to create photonic transparent electrodes, which are highly attractive for the front contact of any class of thin-film solar cell with a superstrate architecture or for other types of optoelectronic devices where maximum light absorption is desired.



The properties of the front contact structures depend on three main CL parameters: the initial polystyrene (PS) sphere diameter, the duration of the O2 RIE shaping the colloidal mask, and the deposited IZO thickness. In general, longer O2 RIE times and thicker IZO deposits lead to IZO meshes with wider and taller lines, respectively, which scatter light more effectively than smaller IZO features. The best performing IZO microstructure was developed with an initial PS sphere size with a 1.3 µm diameter, ~450 s O2 RIE time, and 375 nm IZO deposit. This structure exhibits a considerably lower sheet resistance of 26 Ω/□ than that of the reference ITO-coated PET (37 Ω/□), with a remarkable average diffuse transmittance (~50%, calculated in the 550–1000 nm wavelength range) and low average parasitic absorbance (~20%) in comparison with the planar reference substrates (flat ITO on PET substrate). The best performing IZO structure was optimized with an initial 2.0 µm diameter sphere, ~250 nm IZO thickness, and 360 s O2 RIE time presented a sheet resistance of 28 Ω/□ with improved average diffuse transmittance (~45%, in the 550–1000 nm wavelength range) and a low average absorbance (~14%) compared to the planar reference substrate.



The transparent LT-enabling electrodes developed in this work offer particularly high potential for flexible perovskite PV devices, as the LT scheme can be integrated as a pre-process in their standard superstrate architecture without degrading the sensitive materials composing these cells.
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Figure 1. Illustration of a photonic-structured TCO electrode, composed of a micro-patterned IZO layer on a flexible ITO-coated PET substrate (a), aimed at producing effective light trapping (LT) in thin-film PV devices with a superstrate configuration (b). This LT solution can reduce reflection losses from the front illuminated surface and redirect the light to angles away from the incidence direction, thus boosting the optical path length of light in the solar cell absorbing materials patterned over this structure. Such an optical scheme is suitable for enhancing the performance of thin-film PV while allowing a thinner (and thus more flexible) absorber film, since the photocurrent generated by the devices (hence, their efficiency) is boosted in a wide spectral and incidence angular range. 
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Figure 2. Depiction of the main steps of colloidal lithography (CL): (a) deposition of the close-packed monolayer of colloidal polystyrene (PS) micro-spheres on top of the standard ITO-coated PET substrate, (b) the shaping of the colloids by O2 RIE, (c) IZO deposition via sputtering, and (d) the lift-off (removal) of the PS colloids, leaving the micro-structured IZO mesh on the surface. The bottom images show tilted-view SEMs of the patterned surface at each step. 
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Figure 3. Top-view SEM images showing the steps in the construction of the IZO microstructures by colloidal lithography using two different diameters of the PS colloids: 1.3 µm (top images) and 2.0 µm (bottom images). (a) Initially deposited close-packed array of PS spheres resulting from the LB coating. ((b–f) left half) Non-close-packed arrays resulting from the O2 RIE shaping for different etching times: 90 s (b), 180 s (c), 270 s (d), 360 s (e), and 450 s (f). ((b–f) right half) Resulting IZO micro-meshes created using the colloidal mask shown in the corresponding left half of the SEM images. 
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Figure 4. Examples of 3D AFM images of the resulting IZO micro-structures on ITO-coated PET substrate, used to correlate the resulting features’ height with the IZO deposition time, for two of the best-performing samples attained with the two different colloid sizes and distinct deposition times: (a) 130 min of IZO sputtering, with D = 1.3 µm PS spheres and tRIE = 360 s, resulting in an equivalent IZO film thickness of h = 0.325 μm and an average height of the IZO features of 0.3030 ± 0.1 μm; (b) 100 min of IZO sputtering, with D = 2.0 µm spheres and tRIE = 360 s, resulting in an equivalent film thickness of h = 0.25 μm and an average height of the IZO features of 0.1409 ± 0.1 μm. 
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Figure 5. (a,c) Absorbance and (b,d) diffuse and total transmittance spectra of selected samples analyzed in this work with different fabrication parameters for the CL process (indicated in the inset tables). The left plots correspond to structures made with D = 1.3 µm colloids (setting the array periodicity) and two different values for the tRIE and IZO film thickness (h). The right plots correspond to D = 2.0 µm and h = 250 nm for two different values of tRIE. These spectra are compared with those of the reference (Ref, black lines) planar samples made of just the ITO-coated PET substrate. The inset tables compare the values of the sheet resistance, RS, measured by the 4-point probe technique on the top surface of the samples. 
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Figure 6. Assessment of the photonic-structured contacts produced in this study for the 1.3 µm (left) and 2.0 µm (right) pitches set by the spheres’ diameter (a,e). Average diffuse transmittance calculated in the wavelength range of interest (550–1000 nm) for the scattering effects (b,f). Average parasitic absorption calculated in the full wavelength range (350–1000 nm) (c,g). Optical figure of merit (FoM) defined in Equation (1) (d,h). Sheet resistance (RS) of the substrates. These quantities are plotted as a function of the RIE exposure time (tRIE) and the deposited IZO’s thickness (h). 
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Table 1. Experimental conditions used during the two reactive ion etching (RIE) processes carried out in the colloidal lithography fabrication methodology developed in this work.
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	RIE Atmosphere
	Etched Material
	Time, tRIE

(s)
	RIE Power

(W)
	Gas Pressure

(mTorr)
	Plasma Flow

(sccm)





	O2
	Polystyrene
	90–450
	50
	50
	50



	Ar/CF4
	IZO
	180
	100
	150
	4/16
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Table 2. Fabrication parameters explored for the CL processing of photonic substrates, which control the geometrical properties of the resulting IZO mesh, as indicated in the right-most column.
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	Fabrication Parameter
	Analyzed Sets
	Resulting Property





	Spheres’ diameter, D
	1.3 and 2.0 µm
	Array pitch



	O2 RIE time, tRIE
	0, 90, 180, 270, 360 and 450 s
	Mesh line width



	IZO thickness, h
	175, 250, 325 and 500 nm
	Feature’s height
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