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Environmental deterioration and depletion in conventional energy resources greatly demand the need for photovoltaic devices, which use solar radiation to meet future energy demands. Efficient light management plays a pivotal role in improving the performance of photovoltaic devices. Various avenues have been explored to address light management in solar cells. Employing whispering gallery mode (WGM) microresonators in solar cell device is one such strategy. Using resonating structures for light scattering is recently gaining momentum as they exhibit great potential to enhance the efficiency through light trapping. Functional material-based microresonators further provide an added advantage as they combine inherent optical resonance with the material properties suitable for photovoltaics like efficient charge separation and transport in one platform. “Whisperonic solar cell” is a broadly classified device in which resonating cavities are used in the cell architecture to effectively scatter the light, resulting in enhanced light absorption and thus efficiency. Recent studies reveal that WGM-enabled optical microcavities can effectively get coupled to the light absorber in a sensitized solar cell (SSC) and improve the performance of SSC significantly. In this short review, we briefly present the idea of enhancing the efficiency of solar cell using WGMs. Several case studies available from the literature for realizing the concept of WGM for light trapping are highlighted. Particular focus is given to the quantum dot sensitized whisperonic solar cells. The concept is much more universal and will be useful in both thin-film and sensitized solar cells.
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INTRODUCTION

Solar radiation, which is green, clean, and abundant, is a vast resource for renewable energy technologies. Recent changes in climatic conditions and increased global energy demands have prompted researchers to develop technologies and device efficient methods to get useful form of energy from such renewable resources. Quantum dot sensitized solar cells (QDSSCs), which belong to the third-generation photovoltaic devices, have drawn enormous attention in recent years because of the possibility of boosting their efficiencies beyond the theoretical limit proposed by Shockley–Quiesser (Nozik, 2002). In a typical QDSSC device, quantum dots (QDs) are the active light absorbing material (Kamat, 2008). QDs are three-dimensionally confined, optically active nanocrystals whose dimensions are less than or comparable with their Bohr exciton radius (Bera et al., 2010). Early report on QDSSCs in a dye-sensitized solar cell (DSSC) configuration, using indium phosphide (InP) QD as the active light-absorbing sensitizer, appeared in 1998 (Zaban et al., 1998). QDs possess exceptional optical properties, such as multiple exciton generation, large absorption coefficient, excellent photostability, size-dependent bandgap tunability, large dipole moments for enhanced charge separation, and many more (Nozik, 2002; Kamat, 2008; Rühle et al., 2010).

In spite of possessing exceptional optical properties, the performance of QDSSCs in terms of efficiency is sub-average when compared to silicon-based devices (Sharma et al., 2015). Extensive research is being carried out to improve the performance of these solar cells. Complex processes are involved in QDSSCs, which include light absorption, charge separation, and charge transport across multiple heterojunctions. Thus, optimization of different components of the cell including choice of QDs, its size and quality (Hetsch et al., 2011; Jara et al., 2014), electrolyte, type of photoanode, counter electrode (Jun et al., 2013), etc. have become an intense focus of research. Few other strategies are being investigated for bettering the performance of cells. These include surface passivation (Zhao et al., 2012), molecular linker assistance (Pernik et al., 2011), device architecture (Zhu et al., 2013), light trapping for enhanced absorption (Kim and Yong, 2013), adopting whispering gallery resonators in the photoanode (Das et al., 2018a), etc.

The challenge that prevails even today is to perfect various avenues available to achieve high efficiency. Among several of the listed parameters, designing photoanode is of paramount importance (Sharma et al., 2016). Most of the loss in solar cell device results from the ineffective charge carrier collection at photoanode. These arise from poor connectivity by the nanoparticles of photoanode, poor charge separation and transport in the photoanode layer, ineffective loading of the sensitizer on the photoanode, and non-directional transport of charge carriers with significant recombination (Mora-Seró et al., 2009; Tachan et al., 2013; Prasad and Pathan, 2016). Inefficient light absorption by QDs and non-optimal utilization of light entering a device is the most decisive one. A large fraction of light that enters the solar cell gets lost or does not get converted into excitonic pairs (Shen et al., 2015). To overcome such hindrance, researchers have modified, for example, the photoanode in a Grätzel-type solar cell (O'Regan and Grätzel, 1991). One notable version is the plasmonic solar cell (Catchpole and Polman, 2008). Another concept recently gaining momentum is the use of whispering gallery modes (WGMs) to effectively scatter the light (Grandidier et al., 2011; Das et al., 2018a; Wang et al., 2018a). The latter has led to a new type of solar cell broadly classified as “whisperonic solar cell” (Das et al., 2018a). The photoanode in these devices is modified so as to exhibit optical whispering gallery resonances while it exhibits the rest of all the characteristics required for the functioning of SSCs. Optical whispering galleries employed in other solar cells have been shown to improvise the net efficiency of the device. This short review provides the basic background of optical WGMs and highlights from recent works the efforts made to enhance the efficiency of different types of solar cells. A detailed summary of various studies, with specific focus on the QD and perovskite SSCs, that has integrated the WGM emitting microresonators in the solar cell devices is given (also refer to Table 1).


Table 1. Solar cells using whispering gallery resonating structures to enhance power conversion efficiency.
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WHISPERING GALLERY RESONANCE

Resonant phenomena in optical cavities are analogous to the acoustic WGMs first explained by Rayleigh (1910, 1914). WGMs occur in optical cavities with precise geometric properties possessing closed concave interface guided by means of repeated reflections (Foreman et al., 2015). Mie theory provides a theoretical framework for elastic (scattering) interaction between plane waves and spherical objects (van de Hulst, 1946). The first experimental observation of WGM optical resonances was demonstrated with a spherical sample of CaF2:Sm++ (Garrett et al., 1961). Micron-sized spheres of SiO2, TiO2, Si2N3, SiC, polymethyl methacrylate, polystyrene, etc. have been used as optical cavities in optoelectronic sensing applications (Venkatakrishnarao et al., 2018). Total internal reflection at the cavity interface, where the refractive index of the cavity is greater than outside ambient, leads to the confinement and also helps in the sustainment of WGMs (Foreman et al., 2015). The negligible radiative losses, absorption, scattering, and material dispersion leads to stronger confinement of WGM and highest Q factors are achievable. Light with wavelength “λ” resonates in spherical cavity by the propagation and circulation of scattered light in a ring-like path. For a spherical cavity of radius “a” and refractive index “n(λ)”, under the constructive interference condition, WGMs are guided in the resonator. A simple approximation for the constructive resonance to occur in a spherical cavity is that the circumference should be equivalent to an integral multiple (m) of the wavelength of light inside the sphere, i.e., 2πa = mλ′, where [image: image]. A schematic diagram depicting the formation of WGM in a spherical resonator is given in Figure 1A. It is much more complicated to get a precise spectrum of WGM for a given geometry and composition of resonator (Foreman et al., 2015). While a general analytic solution describing the modal structures does not exist, for spherical symmetry resonators, using exact analytical methods, solutions for scattering of light have been proposed (Mie, 1908; Debye, 1909). Direct observation of WGM is not feasible as the energy is trapped in the cavity. However, WGM can be observed from the photoluminescence spectra emitted from the sphere itself. Emission of light with modulated wavelength and intensity also occurs due to the surface losses when the resonator is continuously excited. Such spectra are analogous to the scattering efficiency (Qsca) of those resonators (Chang and Campillo, 1996). A representative photoluminescence spectrum obtained from the TiO2 microsphere clearly revealing the formation of WGM is shown in Figure 1B. The excitation of WGM also becomes evident when the resonator is coated with fluorescent material like dye or QD. Due to the increase in the local density of states, fluorescence gets enhanced many folds (Foreman et al., 2015). An example of such an enhanced fluorescence resulting from the CdSe QD loaded on the TiO2 microsphere is shown in Figure 1C. Thus, such modulated light sources are found to be effective means of enhancing the absorption and conversion of light to energy in solar cell devices.


[image: Figure 1]
Figure 1. (A) Schematic of WGM in a spherical microcavity. (B) PL spectra of isolated TiO2 microsphere and its nanoparticle counterpart (adapted from Das et al., 2018a, with permission from American Chemical Society). (C) PL spectra of bare CdSe QD and QD loaded on TiO2 microsphere (adapted from Das et al., 2018a, with permission from American Chemical Society). Application of WGM resonators in different solar cell architectures: (D) a-Si solar cell with close packed dielectric resonant nanospheres (adapted from Grandidier et al., 2011, with permission from John Wiley and Sons). (E) Schematic of whisperonic QDSSC (adapted from Das et al., 2018b, with permission from Springer Nature). (F) Schematic of whispering gallery perovskite solar cell (adapted from Wang et al., 2018a, Copyright Elsevier).




APPLICATION OF WGM IN SOLAR CELLS


WGM in Thin-Film Solar Cells

Silicon solar cells suffer with poor absorption characteristics of silicon, which demands thick film deposition to absorb the sunlight effectively (Wang et al., 2010). Various strategies have been explored to address this issue, which include antireflection coating of dielectric thin films (Zhao et al., 1995) and surface patterning with nanocones (Zhu et al., 2009) and nanopyramids (Mavrokefalos et al., 2012), which gave tangible results. However, the increased surface area resulting from the patterned nanostructures cause an undesired recombination loss and thus decreases the open-circuit voltage, in turn limiting the power conversion efficiency (Ha et al., 2018). Significant enhancement in absorptivity without compromising the open-circuit voltage has been reported by texturing the surface with cellulose fibers, which gradually changes the refractive index from air to the active material. Such alteration has resulted in 24% enhancement in the power conversion efficiency of GaAs solar cells (Ha et al., 2014). Nanostructured solar cells that belong to a novel class of photovoltaics have the potential to reach the power conversion efficiency up to 42%, which is because of the improvement in open circuit voltage arising from the built-in optical concentration that leads to higher carrier densities (Xu et al., 2015). Recently, other promising approaches are gaining attention to enhance the light absorption in solar cells. These include exciting and coupling the optical resonance modes using spherical resonators (Yao et al., 2012; Yin et al., 2013). The incident light is excited into resonant modes using spherical resonators and optically coupled to the absorbing medium. WGMs being mainly the surface modes, photonic whispering gallery excitation ultimately leads to enhanced light absorption within the high index active material of solar cells (Ha et al., 2018). A complete mechanism behind the efficiency enhancement through WGM is yet to be understood clearly. From finite-difference time-domain (FDTD) simulations, it has been shown that power absorbed is directly proportional to the intensity of electric fields (Grandidier, 2012). Thus, the most commonly cited reasoning is the increase in electric field intensities arising from whispering gallery resonances at the interface between resonator array and the photosensitive material (Ha et al., 2018). Yin et al. have shown the enhancement in the absorption of silicon by decorating optical whispering gallery resonators on the surface of Si solar cells (Yin et al., 2013). Further, Grandidier et al. theoretically showed that WGM in the spheres can be coupled into particular modes of the solar cell, thus significantly enhancing the efficiency (Grandidier et al., 2011). They have investigated several absorber configurations using a periodic array of resonant silica microspheres and demonstrated significant enhancement of light absorption in amorphous silicon solar cells. Figure 1D depicts a schematic of such a-Si solar cell decorated with close packed dielectric resonant nanospheres on top of the cell (Grandidier et al., 2011). As the WGMs vary with the size of resonators, randomly mixing spheres with a diameter ranging from 500 to 900 nm was proposed as a way to broadly enhance the a-Si absorption. Since a-Si has poor absorption characteristics for λ > 600 nm, this approach was expected to improve the efficiency largely (Grandidier et al., 2011). Light trapping due to microcavities could enable reduction in the thickness of an absorber layer resulting in electrical improvement and cost reduction as experimentally demonstrated by Grandidier et al. Efficiency over 11% in thin-film silicon solar cells using resonant dielectric structures was demonstrated (Grandidier et al., 2013). Alternatively, silicon nanoshell structures are shown to exhibit good confinement of WGM, because of high refractive index contrast between air/substrate and the nanocrystalline silicon (Yao et al., 2012). They also maintain a low Q factor, which facilitates the coupling (Yao et al., 2012). Twenty-fold reduction in the film thickness was achieved without compromising the absorption when spherical silicon shells were used in comparison to a thick planar silicon solar cells (Yao et al., 2012). Thus, WGM resonators with a low Q factor have high absorption, low frequency selectivity, and high coupling efficiency (Yao et al., 2012; Hua et al., 2013). Yang et al. also proposed a novel approach to enhance the light-trapping capability and the light conversion efficiency of the ultrathin a-Si:H solar cells (Yang et al., 2016). In this work, TiO2 nanosphere arrays along with ITO coating were made on top of the a-Si:H layer. Such cells were shown to exhibit ~44% enhancement in efficiency compared to the cell without the resonant spheres. Apart from the studies on Si-based p-n junction solar cells, Yin et al. have explained the absorption enhancement in ultrathin CIGSe solar cells (Yin et al., 2016). Closely packed SiO2 sphere arrays were used in their studies. It has been demonstrated that the WGM and Mie scattering, which dominate in the larger spheres, can enhance the light absorption for CIGSe solar cells. Smaller spheres on the other hand are also proven to enhance the absorption as these spheres form an anti-reflection layer (Yin et al., 2016). Dielectric nanospheres decorated on the solar cells can gradually change the refractive index from air to the high index active material, thus favoring absorption enhancement (Ha et al., 2018). Recently, Ha et al. have demonstrated nearly 20% enhancement in absorptivity and photocurrent using silicon dioxide (SiO2) nanosphere arrays on a gallium arsenide (GaAs) solar cell. The absorptivity enhancement observed over the entire visible spectrum is attributed to an antireflective effect arising from thin-film interference. In addition, the narrowband absorptivity enhancements over the various wavelengths are evidenced, which is attributed to the enhanced electric field intensities arising from whispering gallery resonances at the interface between nanosphere array and GaAs substrate. Photocurrent enhancement has resulted from the improved number of photo-generated electron–hole pairs due to broadband enhancement in absorptivity. Thus, total enhancement was attributed to the combined effects of thin-film interference and whispering gallery-like resonances within nanosphere arrays (Ha et al., 2018).



WGM to Boost the Efficiency in DSSCs/QDSSCs

QDs, unlike silicon, possess exceptional optical properties, such as large optical absorption coefficient (Yu et al., 2003). However, their performance still does not match with that of thin-film solar cell devices. If the morphology of TiO2 nanoparticulate photoanodes, which suits SSC well due to their high surface area and catalytic property, is tailored for superior light scattering, it will make solar cells much more promising for energy conversion applications (Wang et al., 2004). Early research in the field of QD-embedded microcavities mainly explored lasing and sensing applications (Shopova et al., 2004; Zhi et al., 2013). Beier et al. have developed models to understand the WGMs in QD-embedded polystyrene microspheres (Beier et al., 2010). The interface between the microsphere and QD was demonstrated to serve as local light source, thus increasing the sensitivity of microspheres (Beier et al., 2010). QD-coupled WGM-based refractive index sensors have been demonstrated by Zhi et al., wherein a thin layer of fluorescent silicon QDs on the surface of silica microsphere was used (Zhi et al., 2012). Aneesh et al. have studied the effect of WGM resonances on the photoluminescence properties of CdSe QDs loaded on silica microsphere and observed an enhancement in Q factors of WGM upon coating with CdSe QDs (Veluthandath and Bisht, 2015). However, in the field of QDSSCs, the applicability of WGM resonators is rarely explored until recently. Major factors that limit the power conversion efficiency in SSCs include the energy loss due to charge recombination and ineffective light management. The latter was addressed to a large extent by adopting different architectures of photoanodes (Liao et al., 2012). Several studies on DSSC devices used a microsphere–nanoparticulate bilayer or a composite TiO2 photoanode (Dwivedi et al., 2013; Qadir et al., 2015). A DSSC device made up of TiO2 mesoporous nanoparticles and microsphere composites as photoanodes exhibited an efficiency (η) increase from 7.1 to 8.9% (Ilaiyaraja et al., 2017) and 7.13 to 7.94% (Qadir et al., 2015). These studies clearly revealed the advantage of microspherical light scattering particles in the photoanode. Effective increase of η by 25% and 11.3%, respectively, compared to the nanoparticulate counterpart in these works is very promising. The composite structure proposed by Ilaiyaraja et al. possesses properties of high light scattering, higher surface area, and low interfacial resistance, which are desired for efficient electron generation and transport (Ilaiyaraja et al., 2017). Later, it was shown that a significant increase in efficiency, in fact, arises from the increased absorption by the dye, mainly modulated by the WGM arising from the microspheres (Das et al., 2018a). Similar enhancement was shown to prevail in QDSSC and semiconductor sensitized solar cell (SCSSC) devices (Das et al., 2018a; Ilaiyaraja et al., 2019). Extensive studies carried out by fabricating QDSSC devices using CdSe QDs and CuInS2 QDs are reported (Das et al., 2018a; Ilaiyaraja et al., 2018). In these studies, composite mesoporous photoanodes with microspherical TiO2 light scattering particles were used. Such devices are generically termed “quantum dot sensitized whisperonic solar cell (QDSWSC)” as the whispering gallery resonant modes from TiO2 microspheres (Figure 1B) exhibited strong coupling with QDs as demonstrated by photoluminescence spectroscopy (Figure 1C). Such strong coupling persists even after the coating of the sensitizer on the surface of smooth microspheres in the photoanode (Ilaiyaraja et al., 2019). Interestingly, the QD emission spectra from sensitized photoanodes exhibited significant blue shift compared to bare QD emission (Figure 1C). The presence of resonating modes and the blue shift in the sensitizer emission peak in the PL spectrum of QD-loaded photoanodes strongly indicate an efficient coupling between scattered light from microsphere and QD/dye absorption. The photoconversion efficiency of a CdSe-based whisperonic solar cell is found to be 2.7%, which is nearly 94% enhancement compared to the mesoporous nanoparticle photoanode. The schematic of a QDSWSC is shown in Figure 1E. The whisperonic solar cells made with CuInS2 QDs also show a similar trend with the highest PCE of 3.8%, when the WGM exhibiting microspheres form a component in the photoanode. This amounts to 81% enhancement when compared to the photoanode without these light trapping resonators. Such a definite enhancement in the efficiency when large-sized spheres are employed in the photoanode certainly suggests that the resonant scattering due to WGM plays a vital role (Das et al., 2018a). Mie scattering leads to light trapping within the spheres, which create resonant modes with a wide range of wavelengths suitable for efficient energy conversion. In addition, the enhanced intensity of certain modes leads to the availability of large flux for the excitation process. These processes eventually lead to efficient light absorption and charge generation followed by the charge separation. The performance of whisperonic solar cells when tested with CdSe QDs of different sizes revealed that defect influenced photovoltaic performances. Surface disorders, which are prominent in smaller-sized QDs, appear to underperform, specifically in the process involving charge generation and extraction. With an increase in size, the surface defects go down and thus the PV performance increases. It is observed that a 5-fold increase in the efficiency of QDSWSC is achieved with a QD of 4.7 nm size in comparison with 2.5-nm-sized QDs (Das et al., 2018b). An unprecedented high VOC of 926 mV is also evidenced when QDSSCs with CuInS2 QDs are made using a microsphere–nanoparticle composite photoanode (Ilaiyaraja et al., 2018). Low interfacial resistance and long electron lifetimes are observed in these composite photoanodes. The WGM-enabled photoanodes are also shown to improve the thin-film SSCs (Ilaiyaraja et al., 2019). Optical whispering gallery-enabled CdS-CuInS2 thin-film whisperonic solar cells showed a champion cell efficiency of 4.3% with an average efficiency of 3.2% tested over several cells. However, the same thin-film-based device without WGM-enabled photoanode showed an average efficiency of 1.9%. This observed efficiency is the highest for CdS–CIS thin-film SSCs made using I−/[image: image] electrolyte. This remarkable increase in average efficiency (~60%) is attributed to increased photon absorption by the sensitizer films because of the presence of WGM scattering prevailing in smooth microspheres (Ilaiyaraja et al., 2019).



Whispering Gallery Architecture in Perovskite Solar Cells

Recent reports reveal that the perovskite material-based thin-film solar cells have revolutionized the photovoltaic technology with their remarkable efficiencies (Zhou et al., 2014). While theoretical efficiency is predicted to be 31% (Sha et al., 2015), Yang et al., have fabricated a perovskite solar cell with a certified efficiency of above 22% (Yang et al., 2017). Very recently, Ling et al. have developed a solar cell with cesium-based perovskite QDs as sensitizers with a record efficiency of above 14% (Ling et al., 2019). Inspired by these device performances, researchers have been modifying the device architectures for better light harvesting. One such interesting work reported by Wang et al. constructed the active perovskite layer such that it exhibits whispering gallery resonance modes. This has been enabled through a simple imprinted process with a robust microstructural stamp. A schematic of such a device with whispering gallery resonator pits in perovskite solar cells is shown in Figure 1F (Wang et al., 2018a). They observed that these whispering gallery structured perovskite films could achieve light trapping by optical feedback and gradually absorb the reflected light. This method is also shown to suppress recombination and efficiently accelerate electron–hole separation assisted by the arrayed column structure. A remarkable power conversion efficiency of 19.80% has been achieved with whispering gallery architecture, which was 29.4% higher than that of a non-whispering gallery structured device (Wang et al., 2018a). In another report, Wang et al. developed a facile strategy to introduce a large area grating structure into the active perovskite layer of a solar cell by utilizing commercial optical discs and to achieve high photovoltaic performance. The constructed diffraction grating on the active layer realizes nanophotonic light trapping through diffraction and suppresses carrier recombination effectively. The observed power conversion efficiency for this device is 19.71% with a photocurrent density of 23.11 mA/cm2 (Wang et al., 2018b).




CONCLUSION

In this review, we have summarized recent works addressing efficient light management in solar cells using WGMs. Mesoporous TiO2 nanoparticulates are well-suited for SSC applications as photoanodes. However, significant loss in photoconversion efficiency occurs due to the inefficient light absorption. Various schemes are being employed to address this, including suppression of specular reflection through antireflection coating (Tran et al., 2016) and surface texturing to increase diffuse reflection (Tang et al., 2014). Evolution of plasmonic solar cells paved a way to address the issue of light trapping to a certain extent (Catchpole and Polman, 2008). Alternatively, the concept of light trapping using whispering gallery microresonators is found to be an efficient way to improve light harvesting (Kang et al., 2013). WGM-enabled light scattering was shown to improve the efficiency in Si solar cells (Grandidier et al., 2011). Photovoltaic device configuration with a modified Grätzel cell architecture with the inclusion of whispering gallery resonating structures in the photoanode was proposed as a whisperonic solar cell (Das et al., 2018a). Such structure is shown to enhance the efficiency of DSSC and QDSSC devices. Carving out such resonating structures in the absorbing layers itself has shown to be beneficial for improving the efficiency. Such device structures were shown to increase the efficiency of perovskite solar cells recently (Wang et al., 2018a). We envisage, therefore, that the WGM structures integrated in the solar cell device will enable the efficiency enhancement significantly and such solar cells can be universally classified as “Whisperonic solar cells.”


Future Scope

Unique spectral properties of WGMs, including narrow line width and long lifetime, make whispering gallery resonators useful for numerous practical applications. We foresee ample scope to implement the WGMs in solar cells. Though spherical cavity is an extensively studied microstructure, other forms, such as hexagonal and microtubular cavities will also be favorable for solar cells. Much more detailed understanding is still required to effectively utilize these optically active and resonating cavities in solar cell devices. Also, WGMs are very much dependent on the geometry and refractive index of the cavity material. Exploring different materials, which have compatible optical properties for photovoltaic research, are also essential. Another specific research focus could be on understanding the interaction of WGM with the photosensitive material. Enhancement in the absorption characteristics of photosensitive materials and increased lifetime of excited carriers with minimization of charge recombination is yet another avenue to be explored in these devices. Finally, how far beyond the Shockley–Quiesser limit one can push the efficiency up theoretically and the actual outcome from the experiments using whisperonic solar cells remain to be answered.
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