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Abstract:



We investigated the fabrication of large-area (cm2) nanostructured glasses for solar cell modules with hydrophobic and hydrophilic properties using soft lithography and colloidal lithography. Both of these techniques entail low-cost and ease of nanofabrication. We explored the use of simple 1D and 2D nanopatterns (nanowires and nanocones) and the effect of introducing disorder in the nanostructures. We observed an increase in the transmitted light for ordered nanostructures with a maximum value of 99% for wavelengths >600 nm when ordered nanocones are fabricated on the two sides of the solar glass. They produced an increment in the efficiency of the packaged solar cell with respect to the glass without nanostructures. On the one hand, the wettability properties showed that the ordering of the nanostructures improved the hydrophobicity of the solar glasses and increased their self-cleaning capacity. On the other hand, the disordered nanostructures improved the hydrophilic properties of solar glasses, increasing their anti-fogging capacity. The results show that by selecting the appropriate nanopattern, the wettability properties (hydrophobic or hydrophilic) can be easily improved without decreasing the efficiency of the solar cell underneath.
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1. Introduction


Solar energy is often seen as the most promising form of renewable energy, due to the amount of solar irradiation available for its generation [1,2]. High efficiency solar cells require high absorption of incident sunlight. In commercial mono and multi-crystalline Si cells based on solar cell wafers, absorption is routinely improved by surface texturing, typically with pyramid shapes of a few micrometers in size. This texturing increases the light scattering in the cell by an anti-reflective coating of silicon nitride [3,4]. This approach is not practical for thin film silicon solar cells, where the thickness of the absorbent layer is in the order of 1–3 μm and can be even less. In these cells, the absorption is improved by engineering the surface of the material used as the substrate or solar glass [5]. This process improves both the light scattering in the absorbent thin layer and the anti-reflective effect in the interfaces over a wide range of wavelengths and incidence angles [6,7]. The anti-reflective properties originate from a gradual change in the effective refractive index in textures with texture sizes where the smallest characteristic corresponds approximately to the wavelength of incident light [5,8].



The cover glass constitutes approximately 25% of the silicon thin film (Si) modules [9] and approximately 10–15% of the crystalline Si modules [10]. Therefore, the improvement of the cover glass becomes essential to reduce costs. In this context, there are two means of acting on glass to reduce costs. The first would be the reduction of costs in the manufacture of glass and the second, an increase in the transmission of sunlight through the glass, since a 5% increase in solar transmittance could result in an improvement of up to 10% in the efficiency of the solar module [11]. Current solar glasses transmit about 90% of incident light, due to loss of absorption and reflection, unless coated with some coating. In this case, it is possible to achieve transmissions >98%. The regular coatings are typically SiO2, Si2N3 or MgF2 porous films [12]. However, these coatings do not usually have a high hydrophobicity that would give them the ability to self-clean, and therefore would require maintenance. Self-cleaning liners are a way to achieve reduced maintenance. One of the most frequently used liners to obtain self-cleaning surfaces is the TiO2 [13,14]. However, these coatings have a higher refractive index than the glass of the substrate that increases the reflectivity. The self-cleaning surface technology is often related to the lotus flower effect [15], where the contact angle of the water is key. In this context, two relevant low-cost and scalable techniques are spray coating (commercial products are already disposable such as SurfaShield G by NanoPhos S.A) and dip-coating [16]. In order to use self-cleaning coatings with a similar index of refraction, nanostructuration of the solar glass is presented as a good option to improve both the transmission of sunlight and the ability to self-clean (hydrophobic) or prevent fogging (hydrophilic). By altering the roughness of the surface at the nanoscale, it is possible to create hydrophilic surfaces [17,18] that prevent fog or to create hydrophobic surfaces [19,20] that have a self-cleaning effect. In addition, this nanostructuration of the glass surface can improve the anti-reflective properties of glass [21,22]. This improvement of the solar glasses would avoid the need for coatings, thus reducing the costs of the solar module and ultimately increasing the efficiency of the cell. Nevertheless, it is essential that the procedures used for nanostructuration can produce the nanopatterning in an easy way, in large areas (at least in the order of several cm2), and with low-cost.



The most common methods for the creation of textured interfaces for thin film solar cells utilize the deposition of boron doped textured zinc oxide (ZnO:B) by low pressure chemical vapor deposition (LPCVD), or chemical etching of ZnO (AZO) in thin films using a dilute hydrochloric acid solution (HCl:H2O) [23,24]. These surface-textured techniques generate sub-micrometric features and are both scalable and economically inexpensive, making them attractive options for a commercial application. However, these approaches provide limited control over the size of the feature and the geometry of the nanometric texture can often result in a surface texture that is not fully optimized for light retention. To this end, different light management strategies have been explored, including the introduction of plasmon nanoparticles [25,26], ordered photonic [27,28] and disordered [3,4,6,7] nanostructures. These studies show that ordered nanostructures can provide a significant enhancement to the absorption in thin-layer solar cells, although this finding is often limited to relatively narrow wavelength ranges [29]. It is also known that an improvement in broadband absorption requires photonic structures with a certain amount of disorder. For this reason, disordered interactions [30,31,32] which are inherently broadband scatter centers, are particularly promising. However, the description of a realistic shape of its topography is complicated, which makes studying and optimizing the light that can be caught, a complicated task. Furthermore, the operational efficiency and the lifetime of the photovoltaic module would be increased by either a self-cleaning or anti-fogging effect, as well as by the improvement in the anti-reflectivity of a surface specially designed to achieve high optical transmission.



In this work, we have used low-cost methods to make large-area rough glass interfaces by nanostructuration. In particular, we focused on ultra-thin solar glass, aiming to achieve the transmission limit with optimized roughness, produced by a simple, low-cost nanostructuration. To create the texture at the nanoscale with a controlled geometry, two techniques of manufacture were explored: soft lithography was used to produce high quality 1D and 2D ordered patterns and colloidal lithography was used to fabricate 2D disordered nanostructures. Both techniques are simple, non-expensive, and allow the fabrication of large areas. The results obtained showed an improvement in the transmission of light for ordered nanostructures with a maximum value of 99% when 2D ordered nanostructures were fabricated on both sides of the solar glass. The measurement of wetting properties showed that the ordered nanostructures improved the hydrophobicity and the self-cleaning properties, whereas the disordered nanostructures improved the hydrophilic properties, without the use of any chemical treatment or coating of the surface. Finally, a solar cell packaged under the differently fabricated nanostructured glasses (without any optical glue or thermo-adhesive) has been measured. The results showed that different wettability properties do not significantly alter the final efficiency of the solar cell and that if the right nanopattern is chosen, the efficiency can be increased with respect to the use of a non-patterned glass.




2. Experimental Process


In the study on the influence of shape, size, and arrangement of the nanostructures in the transmission and the wettability of the solar glass, two different methods were followed.



Figure 1a shows the fabrication process used for glasses with ordered patterns (1D-nanolines or -nanowires and 2D-nanocones). These glasses were patterned by soft lithography [33]. Elastomeric Polydimethylsiloxane (PDMS) stamps were fabricated using the following low-cost molds: (i) Compact Disc (CD) with a lineal grating of 1600 nm period and 600 nm linewidth; (ii) Digital Versatile Discs (DVD) with a lineal grating of 775 nm period and 400 nm linewidth; (iii) Blu-ray disc (BR) with a lineal grating of 325 nm period and 200 nm linewidth; (iv) master of silicon with pillars of 400 nm period and 170 nm diameter. This master was fabricated by laser interference lithography (LIL). A droplet of 5 μL of resist (5% PMMA 996 k in gamma-butyrolactone (GBL) was dropped over the glass (Menzel-Gläser cover slips 18 × 18 mm2, 130 μm to 160 μm thick) with a micropipette. The resist was then covered with the PDMS stamp with the desired pattern and was then pressed between two glasses to obtain a mask. The resist was cured under low-vacuum (desiccator) for 3 h [34]. All the procedures were extremely easy and cheap and permitted the fabrication of large areas, in our case limited to a size around 1.8 × 1.8 cm2 for easier handling during experimental measurements. Reactive Ion Etching (RIE) with CHF3 was used to transfer the pattern into the glass. Finally, the residual resist was washed off with acetone. Figure 1b shows the fabrication process used for glasses with disordered patterns. A commercial polystyrene (PS) nanoparticle solution was used to make the mask by colloidal lithography. The concentration of the solution was 2%, and the size distributions of the nanospheres were 124, 202, 500 and 1024 nm. RIE with CHF3 was used to transfer the pattern into the glass. Finally, the nanoparticles were washed off in an ultrasonic bath with milli-Q water.


Figure 1. Fabrication processes. (a) Soft lithography for order samples (b) Colloidal lithography for disorder samples.
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3. Results and Discussion


3.1. Optical Characterization of Ordered 1D Nanostructures


Figure 2a–c show atomic force microscope (AFM) images for the fabricated samples. The periods obtained were 307, 753 and 1583 nm and were denominated BR, DVD and CD, respectively. The depths of the nanostructures were between 15 and 25 nm.


Figure 2. Atomic force microscope (AFM) images of ordered 1D nanostructures on glass. (a) Compact disc (CD) sample. (b) Digital versatile disc (DVD) sample. (c) Blu-ray disc (BR) sample.
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Optical measurements were realized using an integrating sphere (Perkin Elmer Lambda 950) with universal reflectance accessory (URA) that had a rectangular spot size of around 4 × 9 mm2. The measurements were carried out with an incidence of 8° and without any polarization filters. Figure 3 shows the optical spectra measured, compared to the same glass without nanostructures (labeled “ref”). Figure 3a shows the transmission (T) spectrum obtained for each nanostructured glass and for the reference sample. For all the cases, T smoothly increases towards the infrared region. It was also observed that for all of the nanostructured glasses, a slight improvement of the T was achieved with respect to the reference sample. This improvement was more remarkable at short wavelengths. The higher improvement in T (around 0.5%) was achieved for the DVD sample and also for the short wavelengths (400–600 nm). In any case, no clear influence of the period used for the fabrication of the 1D nanostructures was observed. Figure 3b shows the total reflection (RT) measured in the integrated sphere, represented as the sum of the direct and diffuse reflection. The spectra show a decrease of the RT with respect to the reference sample for all the nanostructured glasses at short wavelengths. This is in accordance with the increase of the T in the same wavelength range. However, towards longer wavelengths, only the RT of the DVD is smaller than in the reference sample. Figure 3c shows the direct reflection spectrum (Rdir) being corrected for a thin glass according to Fresnel’s law [35]. The plot shows that Rdir remains approximately constant for the visible spectrum. Only in the case of BR, was a slight decrease observed at short wavelengths. Figure 3d shows the diffuse reflection or light scattering (Rdif) calculated as Rdif = RT − Rdir. A decrease in Rdif was observed towards large wavelengths for all samples. Here, we can see more clearly that in the case of the BR sample, the scattering of the light was smaller than the reference sample for all the visible wavelengths. Meanwhile, in the cases of CD and DVD, the light scattering is higher for wavelengths longer than 530 nm and 575 nm respectively. This observation matches well with the fact that the BR sample has the nanostructures of a smaller size. As a partial conclusion, 1D ordered nanostructures (nanolines forming a grating) always improve T, although only rather slightly and without a clear dependence on the period used. The scattering effect (haze) that has been described as relevant in solar cell enhancement was moderated (around 5%).


Figure 3. Optical measurements of ordered 1D nanostructures. (a) Transmission spectra (T). (b) Total reflection spectra (RT). (c) Direct reflection (Rdir). (d) Diffuse reflection (Rdif).
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3.2. Optical Characterization of Disordered 2D Nanostructures


Figure 4a–c show scanning electron microscope (SEM) images of the nanostructures obtained in the surfaces of the glass using PS nanoparticles with different diameters (D = 124, 202 and 1024 nm). The height of all the nanostructures was ≈200 nm.


Figure 4. SEM images of disordered 2D nanostructures, tilt 30°. (a) D = 124 sample. (b) D = 202 sample. (c) D = 1024 sample.
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Figure 5a shows T versus the wavelength, for different diameters of the disordered 2D nanospheres used, as well as for the reference sample. Contrary to the case of the 1D nanolines, none of the samples improved the T, despite the large range of diameters used. The decrease in size induces an increase in the degree of disorder, which seems to be the main reason for the decrease of T. The direct reflection shown in Figure 5c has values around those that were observed for the 1D ordered nanolines. Nevertheless, the large diffuse reflection scattering shown in Figure 5d is more than double of that of the 1D ordered samples. We must note that there is a very small amount of absorption in the case of sample D = 1024 due to the presence of PS remains (as has been checked by AFM). This makes that the sum of RT (Figure 5b) and T is slightly below 100% but it does not alter the main conclusion of the study: disorder does not seem to enhance T but rather contributes largely to scattering and haze. Indeed, most of the samples in this batch looked slightly white to the eyes.


Figure 5. Optical measurements of disordered 2D nanostructures. (a) Transmission spectra (T). (b) Total reflection spectra (RT). (c) Direct reflection (Rdir). (d) Diffuse reflection (Rdif).
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3.3. Optical Characterization of Ordered 2D Nanostructures


Since the 1D ordered nanopatterning seemed to be adequate in providing an enhancement for T, we extend the ordering to 2D using nanocones. Nanocones or nanoneedles have been widely used for this purpose in glass and other materials [35,36]. Therefore, we do not want to study in depth the optical properties of the nanocones or optimize their dimensions, but rather we wish to compare their performance with the rest of the nanostructures and then extract conclusions. Furthermore, they will also be used as packaging for a solar cell in order to compare their performance, which will be presented in Section 3.4. Figure 6 shows the AFM image obtained from the 2D ordered nanostructures fabricated on glass as well as the height profile. The 2D nanocones obtained after RIE had a diameter of ≈230 nm and a period of 400 nm, with a depth of ≈200 nm. Since it is known that the presence of nanocones in both sides of the glass enhances considerably the T, we fabricated two samples, one with nanocones on a single side of the glass (sample “2D_order_1F”) and a second one with the same nanostructures on both sides of the glass (sample “2D_order_2F”).


Figure 6. AFM image of ordered 2D nanostructures on glass.
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Figure 7a shows the transmission spectra obtained for both samples. For both samples and for wavelengths exceeding 600 nm, we obtained an increase in T with respect to the reference sample. For the single-side, the increase was around 2%, while for the double-side, the increment was around 7%, i.e., with the nanostructuration of the two sides, we reached 99% of T versus 92% of the reference sample. It was also observed that for wavelengths below 600 nm, a rapid drop in transmission was seen for both samples. This has been observed previously and can be attributed to the onset of the internal reflection that occurs on ordered nanostructured surfaces, which are therefore highly dependent on the period used [37]. This effect is increased when the two air-glass-air interfaces have an index-matching, due to a higher number of internal reflections.


Figure 7. Optical measurements of ordered 2D nanostructures. (a) Transmission spectra (T) for glasses with nanostructures on a single side and on two sides. (b) Total reflection spectra (RT) for glasses with nanostructures on two sides. (c) Direct reflection (Rdir) for glasses with nanostructures on two sides. (d) Diffuse reflection (Rdif) for glasses with nanostructures on two sides.
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Figure 7b shows the RT spectrum of the double-sided sample. This spectrum shows a high RT for wavelengths below 600 nm. However, for longer wavelengths, we obtained RT of ≈7% less than the reference sample. This agrees well with the increase in T obtained for these wavelengths. Figure 7c shows the Rdir obtained for this glass. In this graph, it was observed that the Rdir is high for short wavelengths. However, only at wavelengths between 400 and 500 nm is the Rdir obtained higher than in the reference sample. This indicates, as is shown in Figure 7d, that the decrease observed in T is mainly due to the increase in scattering below 600 nm.



The results obtained for ordered and disordered nanostructures with different dimensionality support the recent idea of incorporating hierarchical nanostructuration [38]. Ordering is necessary to reduce the random scattering, at least in the range of sizes that we have used for the nanostructuration. Different sizes of nanostructures are also needed in order to achieve broadband enhanced transmission. However, all of this should also entail low-cost, ease of fabrication, and demonstrated performance in a large area with sufficient mechanical robustness.




3.4. Solar Efficiency


A solar simulator was used to study the behavior of nanostructured glass in a solar cell. Measurements were taken by placing the glass over a solar cell. The set was illuminated with a lamp AM1.5D simulating the solar spectrum. A solar cell of SiGeSn of 1 cm2 was used for the measurements. Figure 8a shows the I-V curves obtained for each of the nanostructured glasses, as well as the reference sample and the I-V curve of the solar cell without any glass. Figure 8b shows the results obtained from the I-V curves. In the filling factor (FF) defined as FF = (Imp × Vmp)/(Isc × Voc) where Imp and Vmp are the current and voltage at the maximum power point respectively, Isc is the short-circuit current at zero voltage and Voc is the open-circuit voltage at zero current. The solar efficiency was calculated as η = (Isc × Voc × FF)/(G × Area) where G is the power of the lamp, in this case 1 sun, and Area is the area of the solar cell, in our case 1 cm2.


Figure 8. (a) I-V curves recorded for a solar cell with different nanostructured cover glasses (2D_ordered_2F, D = 1024, D = 202, D = 124, CD, DVD and BR), with a conventional cover glass (ref), and without cover glass (solar cell) in a solar simulator. (b) Values of fill factor (FF) and solar efficiency (η) obtained from I-V curves.



[image: Nanomaterials 07 00437 g008]






The values obtained for FF and η indicate that the nanostructured glasses 2D_order_1F and D = 124 produced a better performance with efficiencies around 4.30%, which is very similar to the reference sample (η = 4.33%). The samples with the highest η are also those with the lower reflection for large wavelengths. It should be noted that η does not improve, although T improves, which is related to the low-efficiency of the solar cell used. Nevertheless, and as mentioned before, our study is not focused on obtaining record values but rather on the combination of clearly defined effects and the use of large-area, low-cost methods to enhance the properties of solar glass. In any case, the efficiency of the double-sided nanostructured sample, that was measured using a cell with similar characteristics to those that were used for the measurement of the remaining samples, was clearly improved. Figure 9a shows the I-V curves obtained for the solar cell without glass, with glass (reference) and for the double-sided nanostructured sample. Figure 9b shows the results for the calculation of the FF and η. In this case, we obtained an improvement of η to 4.39%, 0.11% higher than the reference sample. This value is clearly measured within an experimental error (which is below 0.1%). Despite the improvement seeming small, it is a significant change relative to the small efficiency of the solar cell used. Currently, record efficiency of 26.6% [39] has been achieved in solar cell panels (i.e., cells under solar glass) using silicon-based solar cells, which would result in an increment close to 0.7% if our glass was used. For multiple-junction solar cells, efficiencies can reach 46% [40] and the enhancement using our glass would be around 1.2%, which is a significant value in the field of solar energy. Therefore, we consider our results as very promising, although it is clear that more research is needed to achieve higher increments.


Figure 9. (a) I-V curves recorded for a solar cell with a conventional cover glass (ref), without cover glass (solar cell) and with a nanostructured cover glass (2D_ordered_2F) in a solar simulator. (b) Values of fill factor (FF) and solar efficiency (η) obtained from I-V curves.
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3.5. Wettability


An important property of the glasses used in solar cells is their wettability [13,21,36,41]. To understand the effect that the fabricated nanostructures could have on wettability, measurements of contact angle were carried out. A higher contact angle increases the hydrophobicity and therefore the self-cleaning capacity. Likewise, a higher hydrophilic surface increases the capacity to prevent fogging or hazing. To carry out these measurements, a drop of 0.5 μL was dropped with the help of an injecting needle and the angle of the resultant drop was measured on the glasses. Figure 10 shows the contact angles obtained for the different nanostructured glasses as well as the reference sample. No chemical treatment of the surface was undertaken. The red dotted line in Figure 10 marks the contact angle of the reference sample for a quick view of the increase or decrease in the contact angle of the material. It is observed that the 1D and 2D ordered nanostructures (with the exception of BR) increased the hydrophobicity of the material. The values obtained were 91.3° for DVD and 77.2° for 2D_order_1F, while the reference sample showed a value of 63.4°. In contrast, the fabrication of 2D disordered nanostructures on glass decreased the contact angle, and angles between 45° and 30° were obtained. These results clearly show that the manufacture of ordered nanostructures produces an increase in hydrophobicity, and may improve the self-cleaning ability of the material. They also show that the manufacture of disordered nanostructures increases the hydrophilic capacity, which may also improve the ability to prevent fog formation in the glass. In addition, we can conclude that it is possible to add, by selecting the appropriate nanopattern, wettability properties (hydrophobic or hydrophilic) without significantly decreasing the efficiency of the solar cell.


Figure 10. Contact angles of nanostructured glasses and reference sample.
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4. Conclusions


We have studied the effect on the optical and wettability properties of the fabrication of nanostructured solar glass using different size, order and dimension. The fabrications of the nanostructures were based on soft lithography and colloidal lithography, both low-cost techniques that permit the nanopatterning of large areas. The results support that ordering is necessary to reduce the random scattering and that different sizes of nanostructures are also required to achieve broadband enhanced transmission. An increase in the transmission of solar glass for 1D and 2D ordered nanostructures was obtained with a maximum value of 99% when 2D ordered nanostructures were fabricated on the two sides of the solar glass. Using it, we obtained an increase in the solar cell efficiency of 0.11% with respect to the reference glass. This enhancement could be of more than 1% using high-efficiency solar cells such as multi-junction solar cells. Contact-angle measurements showed that the fabrication of ordered nanostructures on solar glass can increase the contact angle. On the other hand, a decrease in the contact angle was observed when 2D disordered nanostructures were fabricated, which may improve the anti-fogging capacity. The wettability properties can be improved by selecting the adequate nanopattern without decreasing the efficiency of the solar cell. However, all of this should also entail very low-cost, ease of fabrication and demonstrated performance in a large area with sufficient mechanical robustness.







Acknowledgments


The authors acknowledge the service from the X-SEM Laboratory at IMM, and funding from MINECO under project CSIC13-4E-1794 with support from EU (FEDER, FSE), TEC2014-54449-C3-3-R and PCIN-2013-179.




Author Contributions


Estela Baquedano and Pablo A. Postigo conceived and designed the experiments; Estela Baquedano and Lorena Torné performed the experiments; Estela Baquedano and Pablo A. Postigo analyzed the data; Pablo Caño contributed materials and analysis tools; Estela Baquedano and Pablo A. Postigo wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Timilsina, G.R.; Kurdgelashvili, L.; Narbel, P.A. Solar energy: Markets, economics and policies. Renew. Sustain. Energy Rev. 2012, 16, 449–465. [Google Scholar] [CrossRef]

	2. 
International Energy Agency (IEA). Solar Energy Perspectives; IEA: Paris, France, 2011. [Google Scholar]

	3. 
Macdonald, D.; Cuevas, A.; Kerr, M.J.; Samundsett, C.; Ruby, D.; Winderbaum, S.; Leo, A. Texturing industrial multicrystalline silicon solar cells. Sol. Energy 2004, 76, 277–283. [Google Scholar] [CrossRef]

	4. 
Panek, P.; Lipiński, M.; Dutkiewicz, J. Texturization of multicrystalline silicon by wet chemical etching for silicon solar cells. J. Mater. Sci. 2005, 40, 1459–1463. [Google Scholar] [CrossRef]

	5. 
Lalanne, P.; Morris, G.M. Antireflection behavior of silicon subwavelength periodic structures for visible light. Nanotechnology 1997, 8, 53. [Google Scholar] [CrossRef]

	6. 
Huang, Y.F.; Chattopadhyay, S.; Jen, Y.J.; Peng, C.J.; Liu, T.A.; Hsu, Y.K.; Pan, C.L.; Lo, H.C.; Hsu, C.H.; Chang, Y.H. Improved broadband and quasi-omnidirectional anti-reflection properties with biomimetic silicon nanostructures. Nat. Nanotechnol. 2007, 2, 770–774. [Google Scholar] [CrossRef] [PubMed]

	7. 
Zhou, W.; Tao, M.; Chen, L.; Yang, H. Microstructured surface design for omnidirectional antireflection coatings on solar cells. J. Appl. Phys. 2007, 102, 103105. [Google Scholar] [CrossRef]

	8. 
Postigo, P.; Kaldirim, M.; Prieto, I.; Martínez, L.; Dotor, L.; Galli, M.; Andreani, L. Enhancement of solar cell efficiency using two-dimensional photonic crystals. In Proceedings of the SPIE Photonics Europe 2010, Brussels, Begium, 12–16 April 2010. [Google Scholar]

	9. 
Burrows, K.; Fthenakis, V. Glass needs for a growing photovoltaics industry. Sol. Energy Mater. Sol. Cells 2015, 132, 455–459. [Google Scholar] [CrossRef]

	10. 
Powell, D.M.; Winkler, M.T.; Choi, H.; Simmons, C.B.; Needleman, D.B.; Buonassisi, T. Crystalline silicon photovoltaics: A cost analysis framework for determining technology pathways to reach baseload electricity costs. Energy Environ. Sci. 2012, 5, 5874–5883. [Google Scholar] [CrossRef]

	11. 
Jorgensen, G.J.; Brunold, S.; Koehl, M.; Nostell, P.; Oversloot, H.; Roos, A. Durability testing of antireflection coatings for solar applications. In SPIE’s International Symposium on Optical Science, Engineering, and Instrumentation; International Society for Optics and Photonics: Bellingham, WA, USA, 1999; pp. 66–76. [Google Scholar]

	12. 
Deubener, J.; Helsch, G.; Moiseev, A.; Bornhöft, H. Glasses for solar energy conversion systems. J. Eur. Ceram. Soc. 2009, 29, 1203–1210. [Google Scholar] [CrossRef]

	13. 
Verita, M.; Geotti-Bianchini, F.; Falcone, R.; Zangiacomi, G.; Chabas, A.; Lombardo, T.; Daveau, S.; Ausset, P.; Cachier, H.; Oikonomou, K. Analysis of self-cleaning and float glass: A comparative study of pollution on the glass surfaces under real life conditions. Glass Technol. 2007, 48, 183–190. [Google Scholar]

	14. 
Mellott, N.; Durucan, C.; Pantano, C.; Guglielmi, M. Commercial and laboratory prepared titanium dioxide thin films for self-cleaning glasses: Photocatalytic performance and chemical durability. Thin Solid Films 2006, 502, 112–120. [Google Scholar] [CrossRef]

	15. 
Barthlott, W.; Neinhuis, C. Purity of the sacred lotus, or escape from contamination in biological surfaces. Planta 1997, 202, 1–8. [Google Scholar] [CrossRef]

	16. 
Salvaggio, M.G.; Passalacqua, R.; Perathoner, S.; Centi, G.; Lanza, M.; Stassi, A. Functional nano-textured titania-coatings with self-cleaning and antireflective properties for photovoltaic surfaces. Sol. Energy 2016, 125, 227–242. [Google Scholar] [CrossRef]

	17. 
Son, J.; Kundu, S.; Verma, L.K.; Sakhuja, M.; Danner, A.J.; Bhatia, C.S.; Yang, H. A practical superhydrophilic self cleaning and antireflective surface for outdoor photovoltaic applications. Sol. Energy Mater. Sol. Cells 2012, 98, 46–51. [Google Scholar] [CrossRef]

	18. 
Lin, S.H.; Wu, Y.N.; Lin, Y.C.; Yang, Y.M. Design and fabrication of antireflective nanoparticulate thin films with superhydrophilic self-cleaning properties on glass substrate. J. Taiwan Inst. Chem. Eng. 2011, 42, 852–859. [Google Scholar] [CrossRef]

	19. 
Yang, C.; Tartaglino, U.; Persson, B. Influence of surface roughness on superhydrophobicity. Phys. Rev. Lett. 2006, 97, 116103. [Google Scholar] [CrossRef] [PubMed]

	20. 
Tian, X.; Verho, T.; Ras, R.H. Moving superhydrophobic surfaces toward real-world applications. Science 2016, 352, 142–143. [Google Scholar] [CrossRef] [PubMed]

	21. 
Verma, L.K.; Sakhuja, M.; Son, J.; Danner, A.; Yang, H.; Zeng, H.; Bhatia, C. Self-cleaning and antireflective packaging glass for solar modules. Renew. Energy 2011, 36, 2489–2493. [Google Scholar] [CrossRef]

	22. 
Brongersma, M.L.; Cui, Y.; Fan, S. Light management for photovoltaics using high-index nanostructures. Nat. Mater. 2017, 13, 451–460. [Google Scholar] [CrossRef] [PubMed]

	23. 
Faÿ, S.; Kroll, U.; Bucher, C.; Vallat-Sauvain, E.; Shah, A. Low pressure chemical vapour deposition of ZnO layers for thin-film solar cells: Temperature-induced morphological changes. Sol. Energy Mater. Sol. Cells 2005, 86, 385–397. [Google Scholar] [CrossRef]

	24. 
Berginski, M.; Hüpkes, J.; Schulte, M.; Schöpe, G.; Stiebig, H.; Rech, B.; Wuttig, M. The effect of front ZnO: Al surface texture and optical transparency on efficient light trapping in silicon thin-film solar cells. J. Appl. Phys. 2007, 101, 074903. [Google Scholar] [CrossRef]

	25. 
Tan, H.; Santbergen, R.; Smets, A.H.; Zeman, M. Plasmonic light trapping in thin-film silicon solar cells with improved self-assembled silver nanoparticles. Nano Lett. 2012, 12, 4070–4076. [Google Scholar] [CrossRef] [PubMed]

	26. 
Morawiec, S.; Mendes, M.J.; Mirabella, S.; Simone, F.; Priolo, F.; Crupi, I. Self-assembled silver nanoparticles for plasmon-enhanced solar cell back reflectors: Correlation between structural and optical properties. Nanotechnology 2013, 24, 265601. [Google Scholar] [CrossRef] [PubMed]

	27. 
Bozzola, A.; Liscidini, M.; Andreani, L.C. Photonic light-trapping versus Lambertian limits in thin film silicon solar cells with 1D and 2D periodic patterns. Opt. Express 2012, 20, A224–A244. [Google Scholar] [CrossRef] [PubMed]

	28. 
Buencuerpo, J.; Munioz-Camuniez, L.E.; Dotor, M.L.; Postigo, P.A. Optical absorption enhancement in a hybrid system photonic crystal–thin substrate for photovoltaic applications. Opt. Express 2012, 20, A452–A464. [Google Scholar] [CrossRef] [PubMed]

	29. 
Yu, Z.; Raman, A.; Fan, S. Fundamental limit of light trapping in grating structures. Opt. Express 2010, 18, A366–A380. [Google Scholar] [CrossRef] [PubMed]

	30. 
Simonsen, I. Optics of surface disordered systems. Eur. Phys. J. Spec. Top. 2010, 181, 1–103. [Google Scholar] [CrossRef]

	31. 
Fahr, S.; Kirchartz, T.; Rockstuhl, C.; Lederer, F. Approaching the Lambertian limit in randomly textured thin-film solar cells. Opt. Express 2011, 19, A865–A874. [Google Scholar] [CrossRef] [PubMed]

	32. 
Jäger, K.; Fischer, M.; Van Swaaij, R.; Zeman, M. A scattering model for nano-textured interfaces and its application in opto-electrical simulations of thin-film silicon solar cells. J. Appl. Phys. 2012, 111, 083108. [Google Scholar] [CrossRef]

	33. 
Xia, Y.; Whitesides, G.M. Soft lithography. Annu. Rev. Mater. Sci. 1998, 28, 153–184. [Google Scholar] [CrossRef]

	34. 
Baquedano, E.; Martinez, R.V.; Llorens, J.M.; Postigo, P.A. Fabrication of Silicon Nanobelts and Nanopillars by Soft Lithography for Hydrophobic and Hydrophilic Photonic Surfaces. Nanomaterials 2017, 7, 109. [Google Scholar] [CrossRef] [PubMed]

	35. 
Macleod, H.A. Thin-Film Optical Filters, 3rd ed.; CRC Press Taylor & Francis: London, UK, 2001; ISBN 978-0-75-030688-1. [Google Scholar]

	36. 
Park, K.C.; Choi, H.J.; Chang, C.H.; Cohen, R.E.; McKinley, G.H.; Barbastathis, G. Nanotextured silica surfaces with robust superhydrophobicity and omnidirectional broadband supertransmissivity. ACS Nano 2012, 6, 3789–3799. [Google Scholar] [CrossRef] [PubMed]

	37. 
Song, Y.M.; Choi, H.J.; Yu, J.S.; Lee, Y.T. Design of highly transparent glasses with broadband antireflective subwavelength structures. Opt. Express 2010, 18, 13063–13071. [Google Scholar] [CrossRef] [PubMed]

	38. 
Lin, C.A.; Tsai, M.L.; Wei, W.R.; Lai, K.Y.; He, J.H. Packaging glass with a hierarchically nanostructured surface: A universal method to achieve self-cleaning omnidirectional solar cells. ACS Nano 2015, 10, 549–555. [Google Scholar] [CrossRef] [PubMed]

	39. 
Yoshikawa, K.; Kawasaki, H.; Yoshida, W.; Irie, T.; Konishi, K.; Nakano, K.; Uto, T.; Adachi, D.; Kanematsu, M.; Uzu, H.; et al. Silicon heterojunction solar cell with interdigitated back contacts for a photoconversion efficiency over 26%. Nat. Energy 2017, 2, 17032. [Google Scholar] [CrossRef]

	40. 
Zeitouny, J.; Katz, E.A.; Dollet, A.; Vossier, A. Band Gap Engineering of Multi-Junction Solar Cells: Effects of Series Resistances and Solar Concentration. Sci. Rep. 2017, 7, 1766. [Google Scholar] [CrossRef] [PubMed]

	41. 
Zhu, J.; Hsu, C.M.; Yu, Z.; Fan, S.; Cui, Y. Nanodome solar cells with efficient light management and self-cleaning. Nano Lett. 2009, 10, 1979–1984. [Google Scholar] [CrossRef] [PubMed]





























© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
00

750

0

Wavelength (1m)

0

00

p—
20 order 2¢
&0 7100

Wavelength (vm)

50

(b)

(%)'y ‘uondayyas eroy

400

g

5Py ‘wonsayes asnya

w0 70 | a0

Wavelength (om)

560

j—
20 orden_2F
& 70 s00

Wavelength (nm)

560

&

ERE IR R ]

(%)""y “womaiyas pang





media/file4.png
i i i i | W TN SUNI T =

| —— I | i 1 ) | A
012 3 435 0 051 15 2 0 05 1 1.5
X[pm] X[pum] X[pm]
Linewidht= 601 nm Linewidht= 469 nm Linewidht= 251 nm
Period= 1583 nm Period= 753 nm Period= 307 nm

Depth=15 nm Depth= 23 nm Depth=15 nm





media/file18.png
Current (A)

(a)

0.04

0.03 -

0.02 -

0.01 -

0.00

Solar cell
ref
20 order 2F

0.00

0.05

010 015 020 025 0.30
Voltage (V)

(b)

loe (MA) | V. (mV) | FF (%) | n (%)

Solar Cell 36 224 54 4.67
ref 34 221 57 4.28
2D _order_2F 35 224 56 4.39






media/file3.jpg
Z{om)
Zfom) |
]

01234 0051 152 005 1 1S
Xum] X[um] Xfum]
Unewidht= 601 nm Linewidht=469 nm Linewidht=251nm

Period= 1583 nm
Depth=15 nm






media/file19.jpg
o ¥201=a
o r2oc=d

o [¥2l=a

-- refangle

1
1
|
1
1
|
|
|
1
1
| 417Jepio"az
1

“ a

1

; ana

1

I

o g

1
o_ Jol
“

O O O O O O O O
09876543
1

(,) 9|bue peuon





media/file7.jpg
(a) D=124 nm






media/file10.png
—
Q
S

Transmission, T (%)

—
O
—

Direct reflection, R, (%)

95 -
90 w
85 -
804 ref

] —D=1024
75 | — D=202

—D=124
70 T T T T T T T
400 500 600 700 800
Wavelength (nm)

4.0
3.5-
3.0-
2.5-
2.0-
15_ ref

] ——D=1024
1.0- ——D=202
0.54 — D=124
0.0-

300 400 500 600 700 800 900
Wavelength (nm)

Z

Total reflection, R, (%)

=

Diffuse reflection, R, (%)

14 - ref
1 ——D=1024
12 —D=202
] —D=124
10 —M“""’h-—-—.__
8 _\
6 _
4 i T
400 500 600 700 800
Wavelength (nm)
124 ref
] ——D=1024
104 —— D=202
— D=124

2
0 T T T T T
400 500 600 700 800

Wavelength (nm)





media/file14.png
—
Q
S—

100
__90-
98 ]
— 80-
s
S 70
K2
€ 60 s
2 ref 550 600 650 700 750 800
& ———2D_order_1F
— 50 - —— 2D _order_2F
400 500 600 700 800
Wavelength (nm)
(c
5_

Direct reflection, R, (%)

ref
— 2D _orden_2F

'as

500 600 700 800
Wavelength (nm)

S

Total reflection, R{(%)

Diffuse reflection, R;{%) =

ref
—— 2D _order_2F

500

600 700 800
Wavelength (nm)

ref
—— 2D _order_2F

500

600 700 800
Wavelength (nm)





media/file11.jpg
LANS. mm
o Egg
__ <8
-z 488
s &84
,O.X 28 %
L m.mm.
0 = .mpD
?E_N

FHEHHHH

;'i

:VY’






media/file6.png
(a) 95

ref
—
S —
S 93
w
R
=
w
-
®
'—
40 500 600 700 800
wavelength (nm)

(c)

48-
gast—_
4.2
t§.3§9n-———*
S 36-
8 -
2 33
2 30 ref
—%
a )

2.4 R

2.1 i T | T

400 500 600 700 800

wavelength (nm)

Total reflection, R, (%)

o
S—

Diffuse reflection, R, (%)

11
10 1
9 ‘\
.M‘-——
| ref
Tf ——CD
— DVD
6j ——BR
5 . . -
400 500 600 700 800

wavelength (nm)

600 700

wavelength (nm)

500 800





media/file15.jpg
Current (A)

0.04

()

0.03
— Solarcell

—rel

—— 2D_order_tF

—D=02¢

—D=202

——D=124

o

—ow

— R

0.02

0.01

000
0.00 005 010 0.15 020 025
Voltage (V)

CARC)
e | an

oordertt | 25 | ms2 | s | 4w
oo | s | a2 | a3 | am
o | n | as | as | ans |
ome | ma | awsa | as |4
) s | s | s | am
ovo 2 | s | o6 | ez |
® w3 | s | as |am






nav.xhtml


  nanomaterials-07-00437


  
    		
      nanomaterials-07-00437
    


  




  





media/file16.png
Current (A)

0.04

0.03

0.02-

0.01-

—— Solar cell
—ref
——— 2D _order_1F
—D=1024
——D=202

— D=124
——CD
—DVD
—BR

0.00+—m7mMm———————4—
0.00 0.05 0.10 0.15 0.20 0.25

Voltage (V)

(b)

loc (MA) | Vo (mV) | FF(%) | n (%)

Solar Cell 343 217 .4 63.4 4.73
ref 32 215.4 62.9 4.33
2D_order_1F 32.5 215.2 61.5 4.30
D=1024 31.5 214.2 61.3 4,14
D=202 32 214.8 61.5 4.23
D=124 32.3 215.2 61.8 4.30

CD 31.8 214.6 61.5 4.20

DVD 32 214.8 61.6 4.23

BR 32.3 2149 61.5 4.27






media/file2.png
(a) (b)

Soft lithography Colloidal
V v ¥ lithography

Resist

CHF3
RIE etching

CHF3 RIE etching Ultrasonic bath

‘t

Acetone cleaning





media/file20.png
o -201=0

@ r20c=d

o v2l=0

-~ refangle

4] Jepio Qg

9

__.0__5__________________

-do

-and

R=ls

NEY

O O O O O O O O
O O 00~ O WV < ™M
A

(,) 9|bue j1poBIU0NH





media/file5.jpg
®) 11
j— -
S —o g
g “ow <,
i —& H %
HE)

92 = —ref
K 3 —co

0 . oo

)

w0l s

A I . T D
waveength (om) wavsength (o)
© @,

s . —
oo €55 =
Lo o =

Py SE——
£36 g
¥ e
% 3 — 540
Ear o | 8
= = 3s

24 —8R

21 20

w0 e 7m0 o sk s 7o

‘wavelength (nm)

‘wavelength (nm)





media/file1.jpg
(a) (b)

Soft lithography Colloidal
v v ¥ lithography

‘E

CHF3
RIE etching

g
¥

CHF3 RIE etching Ultrasonic bath

«t

Acetone cleaning





media/file12.png
15

0 05

1

X[pm]
Diameter=230 nm

i

200 nm

Period= 400 nm

Depth






media/file9.jpg
(a) (b)

o e — et
z g o124
g gl S —om
= < -t
g §v
8w p—— T8
1 oo 3

s ] £

o
) 4
W w0 se 0 w0 w0 s @ 70 e
Wavelength (m) Wesetengh £1n)

(c) (d)

40 ~ F——
g 35 L — D=1
£ 024
S0 o0 —om
< ] e
s 28 8
g ]
3 20 s
E 15 H
H s
% 10 H
5 oo 2

00 o

30 430 50 60 760 a0 %00 Yo s @ 70 a0

Wavelengih (vm)

Wavelength (nm)





media/file0.png





media/file8.png
(a) D=124 nm

(b) D 202 nm\

\ "\/






media/file17.jpg
Current (A)

005 070 015 020 035 030
Voltage (V)

(b)
(mA)[ Vo (mV) [ FF (%) [ n (%)
Solar Cell 36 224 54| 467
ref 34 221 57 | 428
20_order 2F | 35 224 56| 439






