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Photovoltaic (PV) devices based on organic heterojunctions have recently achieved remarkable power conversion efficiency (PCE) values. However, photodegradation is often a cause of dramatic drops in device performance. The use of ultraviolet (UV)-absorbing luminescent downshifting (LDS) layers can be a mitigation strategy to simultaneously filter UV radiation reaching the device and reemit it with lower energy in the visible spectral range, matching the maximum spectral response of the PV cells and thus enabling the increase of the photocurrent generated by the cell. In this work, we report the use of a Eu3+-doped siliceous-based organic–inorganic hybrid as a coating on organic solar cells based on the PTB7-Th:ITIC bulk heterojunction with the purpose of increasing their performance. We found that the applied coatings yield a PCE enhancement of ∼22% (from 3.1 to 3.8%) in solar cells with spin-coated layers, compared with the bare solar cells, which is among the highest performance enhancements induced by plastic luminescent coatings.
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INTRODUCTION
Photovoltaic (PV) solar cells based on solution-processed organic semiconductors, either polymers or small molecules, arranged in bulk heterojunctions (BHJ) as the photoactive layer, have recently exhibited remarkable performance in small-area devices, proving great promise as competitors of their well-established inorganic counterparts. Furthermore, organic photovoltaic (OPV) technology is especially attractive because low-cost deposition methods, such as roll-to-roll printing, can be employed in its manufacture, and semitransparent and light-weight modules can be fabricated over glass or curved plastic substrates. This makes OPV technology particularly advantageous for building integration, as windows and facades generate electricity while simultaneously protecting against heat and UV irradiation. Today, most efficient OPV solar cells, exhibiting efficiencies above 17%, contain active layers of ternary blends of the polymer donor PBDB-T-2F, the fullerene [6,6]-phenyl-C71-butyric acid methyl ester (PC71BM), and the non-fullerene acceptor Y6 (Lin et al., 2019). A comprehensive analysis on the progress of OPV solar cells and their performance is given by Xu and coworkers in a recent review (Xu et al., 2020). Y6 belongs to a new class of non-fullerene acceptors (NFAs) based on a central core of fused aromatic rings linked to electron-deficient end units, whose molecular design enables surpassing the drawbacks of the standard fullerene acceptors, PC60BM and PC70BM, by exhibiting broader absorption of the solar radiation. Nevertheless, OPVs still face a few challenges in making a successful pathway into large-scale commercialization. Several studies have demonstrated a noteworthy photoinduced degradation of device parameters even in the absence of oxygen and moisture, which is particularly different from that of crystalline silicon-based counterparts, which are relatively stable under sunlight. In fact, device efficiency can drop by 10–50% even in well-encapsulated devices, which is a serious drawback considering the moderate starting PCE values of OPVs (Peters et al., 2012; Liu et al., 2017; Mateker and Mcgehee, 2017). Ways to eliminate or minimize such intrinsic degradation (it contrasts with extrinsic degradation that involves oxygen and moisture from the atmosphere) are still little understood and can depend on the materials forming the BHJ and/or specificities of their interactions in the BHJ. In solar cells with polymer:PCxBM (x = 60, 70) BHJs, photo-dimerization of the fullerene acceptor (Distler et al., 2014; Heumueller et al., 2016) and light-induced defect states in the polymer (Peters et al., 2012; Distler et al., 2014; Kong et al., 2014; Heumueller et al., 2016) have been related to lower currents and voltages. In addition, photoinduced burn-in was also correlated with less densely packed BHJ morphologies (Heumueller et al., 2014; Heumueller et al., 2015). As for cells with NFAs, superior photoinduced intrinsic degradation was documented for devices with the efficient ITIC acceptor than for PC71BM-based counterparts (Doumon et al., 2019). The authors identified that the fill factor (FF) is the most affected parameter and correlated it with changes in charge carriers mobilities upon light exposure. Other authors determined that photochemical reactions on such systems could ultimately create recombination centers and negatively affect charge transport within the BHJ (Upama et al., 2017). One strategy to prevent intrinsic photoinduced device degradation consists of reducing the UV portion of the incident radiation in the device. To test this possibility, Cha et al. used radiation without UV to illuminate encapsulated devices with an efficient polymer:NFA BHJ made of PffBT4T-2OD:EH-IDTBR, and found superior performance stability (Cha et al., 2017). Other proposals used UV longpass filters with different cutoff wavelengths to illuminate OPV cells based on PTB7-Th:PCBM blends and obtained significant improvements in both open-circuit voltage (VOC) and short-circuit current density (JSC) for filters cutting up to 400 nm (Liu et al., 2017).
A major problem limiting the conversion efficiency of PV cells is their insensitivity to the full solar spectrum. The nonabsorption losses can be minimized using luminescent materials as spectral converters, involving the incorporation of a passive luminescent layer on PV cells. In this case, the active materials of the solar cells present a lower response in the UV spectral region (300–400 nm) than that of the visible one (600–750 nm). Thus, adding a luminescent layer able to absorb the incident UV photons (high absorption coefficient, see Supplementary Figure S3) and convert them to visible ones (e.g., ∼615 nm) should be beneficial, by increasing the number of available visible photons for absorption by the solar cell, increasing the generated photocurrent, and, consequently, inducing an enhancement in the solar cells’ performance. Lanthanide (Ln3+)-based complexes (e.g., Ln = Eu and Tb) absorb high-energy UV photons and efficiently emit lower-energy visible photons, thereby simultaneously acting as UV absorbers and luminescent downshifting (LDS) layers (Van Der Ende et al., 2009; Huang et al., 2013; Bünzli and Chauvin, 2014; Ferreira et al., 2020). While acting as UV filters, LDS layers do not necessarily decrease the overall efficiency of solar cells because the loss in photocurrent due to the lost UV absorption can be compensated or even exceeded by the current generated upon absorption of photons reemitted by the LDS, with wavelengths matching the range of larger spectral response of the cells. Such an approach has already been used to enhance the response of perovskite-based PV cells in the low-yield UV region while preventing UV-induced PV degradation (Chen et al., 2017; Kim et al., 2017; Rahman et al., 2019). In this regard, an increase in PCE of 14.15% in combination with improved device stability upon incorporating a layer of a Eu3+-based blend at the interface with the perovskite absorbing layer inside the device was reported (Rahman et al., 2019). Recently, some of us used Eu3+- and Tb3+-doped organic–inorganic hybrids as LDS coatings on the top of c-Si-based PV cells and obtained an absolute increase of the external quantum efficiency (EQE) of ∼27% in the 300–400 nm spectral region (Correia et al., 2019). In another work, a combined approach using Eu3+-based materials as an LDS layer and luminescent solar concentrator as a single device resulted in a significant increase in the PV cell EQE, of ∼32% between 300 and 360 nm relative to the bare PV cell (Cardoso et al., 2020).
Despite the potential of LDS coatings, in the OPVs field, only a few works reported their use to improve PV performance and they refer to solar cells with BHJs containing fullerenes as the acceptor (Wang et al., 2011; Engmann et al., 2012; Das and Narayan, 2013; Ma et al., 2013; Moudam et al., 2015; Fernandes et al., 2017). Organic LDS layers with a UV absorber triphenyl-diamine derivative (TPD) deposited on the transparent side of P3HT:PC61BM-based cells caused an increment of 7.2% in PCE after optimizing the TPD layer thickness and covering with an antireflecting LiF layer to trap the emission into the device (Wang et al., 2011). A similar increment in PCE (7.4%) accompanied by improved performance stability was reported for inverted solar cells with the same BHJ, upon using an energy transfer system based on a mixture of the luminescent dyes Kremer Blue and Alq3 dispersed in poly(methyl methacrylate) (Fernandes et al., 2017). As the increment in PCE was mainly due to an increase in the FF and no major impact was observed in the EQE spectrum, the authors hypothesized that the LDS layer modifies the solar radiation power incident on the cell and consequently affects the FF value. These authors also highlighted that the use of a commercial filter instead, as needed for encapsulating the devices for commercial applications, would cause a ∼20% drop in PCE due to increased reflection. A higher increment on PCE of 14% for similar devices with P3HT:PC61BM was demonstrated through the use of a titanium and silicon oxide UV-blocking layer in combination with a LDS layer composed of an anthracene derivative dispersed in an epoxy matrix covering the transparent side of the solar cells (Engmann et al., 2012). A higher improvement in PCE for P3HT:PC61BM-based cells, of 15%, was shown upon introducing an LDS layer combining two fluorescent molecules, Coumarin 545T and Alq3, in between the indium tin oxide (ITO) electrode and the BHJ layer in inverted cells (Ma et al., 2013). Noteworthy, in these cells, the improvement was related to an EQE enhancement, particularly in the shorter-wavelength region, consistent with the absorption of the Alq3 dye. Other studies focused on solar cells with BHJs with the polymers PCPDTBT or PTB7 as donors and the fullerene acceptor PC71BM (Das and Narayan, 2013; Moudam et al., 2015). In one of such works, downshifting was achieved within the visible, from the 500–600 nm range to the 600–800 nm, this being the spectral range of higher absorption of the BHJ, by using an organic fluorophore termed as 759 Dye dispersed in a dielectric polymer matrix. An enhancement in EQE at wavelengths corresponding to that of the dye absorption was consistent with the observed increase in JSC of about 12% (Das and Narayan, 2013). In another work, the PCE was increased from 3.66 to 3.76% upon introducing an LDS layer based on a UV-absorbing silver(I) complex in PTB7:PC71BM-based solar cells, which was attributed to an EQE enhancement in the UV spectral region (Moudam et al., 2015).
To the best of our knowledge, the application of LDS layers on OPV cells with efficient NFAs has not yet been reported. In this work, we investigate the effect of a di-ureasil organic–inorganic hybrid modified with Eu3+ (dU6Eu) LDS layer when applied over the light-incident surface of OPV cells of such a class, namely, with the PTB7-Th:ITIC BHJ (PTB7-Th:poly ([2,6′-4,8-di (5-ethylhexylthienyl)benzo [1,2-b; 3,3-b]dithiophene], also known as PCE-10, ITIC: 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetrakis (4-hexylphenyl)-dithieno [2,3-d:2′,3′-d′]-s-indaceno [1,2-b:5,6-b′]dithiophene) (Figure 1). The choice of such polymer and acceptor was based on their commercial availability and on their well-documented good performance in their own categories. The OPV cells were fabricated with direct architecture and with the organic layer spin-coated over the hole transport layer (HTL) of LDS/glass/cathode/HTL substrates, yielding semitransparent bluish sets for devices. Analogous devices without the LDS layer were also prepared and tested as control devices. As shown in Figure 1, both PTB7-Th and ITIC have intense absorption bands spanning between 500 and 800 nm, while a decrease in the absorption is observed in the UV-blue (up to 400 nm). The rationale behind the LDS layer selection lies in the fact that it presents absorption in the lower wavelength harvesting spectral region (<400 nm) of the BHJ layer and emission in its higher spectral response region (570–710 nm). Thus, by adding an LDS layer with absorption complementary to that of the active PV material and emission matching its maximum spectral response, UV photons that would not be efficiently used by the bare solar cell are now being converted to visible ones, which will be absorbed by the solar cell active layer, increasing the number of available visible photons for PV conversion. A beta-diketonate complex of Eu3+, Eu (tta)3·2H2O, absorbing in the UV region and able to downshift toward the redder part of the spectrum, was selected as an optically active center (Supplementary Figures S1–S3 in the Supplementary Material). This was dispersed in an organic–inorganic hybrid matrix, which presents the advantage of easy processing at room temperature with the desired shape and thickness, due to combining the flexibility of the organic counterpart with the mechanical stability of the inorganic one (Sanchez et al., 2003; Parola et al., 2017; Ramalho et al., 2020). Previous studies pointed out the role of hybrid matrices in improving the photostability of beta-diketonate complexes (Lima et al., 2006; Lima et al., 2013; Ramalho et al., 2020). Moreover, recently, it was reported their stability upon severe accelerated aging tests performed under controlled relative humidity (RH) and temperature, revealing minor changes in the emission quantum yield values. The stability of the emission color was also studied after prolonged continuous solar irradiation (AM1.5G, 1000 Wm−2), revealing that the red emission remained unchanged (Ramalho et al., 2020). Noteworthy, the red emission of the Eu3+ complex permits the hybrids to keep their transparency under daylight illumination (negligible absorption in the visible spectral range) (Correia et al., 2018; Correia et al., 2019; Ramalho et al., 2020), since the intense red color can only be seen under UV irradiation. The UV component (300–400 nm) corresponds to a small fraction (∼6%) of the AM1.5G solar spectrum; thus, the transparency of the device is not compromised (Correia et al., 2018; Correia et al., 2019). Furthermore, the Eu (tta)3.2H2O complex was chosen because after incorporation into the hybrid host, the water molecules coordinated to the Eu3+ ions are replaced with the oxygen atoms from the carbonyl groups of the urea cross-linkages, contributing to a remarkable increase in the absolute emission quantum yield (q, defined as the ratio between the number of emitted and absorbed photons), from 0.27 (for the isolated complex) to 0.80 (dU6Eu) (Correia et al., 2016). Noteworthy, hybrid matrices incorporating this complex were already used for silicon-based PV applications as optically active layers in luminescent solar concentrators (Correia et al., 2015; Correia et al., 2016; Correia et al., 2018) and as LDS layers (Correia et al., 2019). In terms of photophysical characteristics, the selected luminescent material also presents optimal features for LDS applications: 1) high absorption coefficient that translates into an effective ability to harvest solar photons in the absorption spectral range (overlap integral, O, between the absorption spectra and the AM1.5G spectrum, corresponds to ca. 1.5% of the total solar photons available on earth); high q values (0.85 ± 0.08) (Correia et al., 2016); 3) large ligands-induced Stokes shift that prevents self-absorption, 4) high thermal stability (Correia et al., 2015; Correia et al., 2016; Correia et al., 2018; Correia et al., 2019; Ramalho et al., 2020). Finally, their siliceous-based gel formulation and air-stability enable easy processing from solutions using benign solvents (ethanol), convenient for large-scale applications (Ramalho et al., 2020).
[image: Figure 1]FIGURE 1 | Chemical structure and absorption spectra of the components in the BHJ layer of the studied OPV cells (PTB7-Th and ITIC) as spin-cast films.
EXPERIMENTAL DETAILS
Materials and Methods
All the solvents and reagents were purchased from commercial sources and used without further purification. The PEDOT-PSS (poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)) as water dispersion was acquired from Heraeus (CLEVIOS™ PVP AI 4083). PTB7-Th and ITIC were purchased from Ossila. The nonhydrolyzed organic–inorganic hybrid precursor, d-UPTES (600) (Supplementary Figure S1A in the Supplementary Material), was prepared according to the literature (supplementary data for details). The Eu (tta)3·2H2O complex (Supplementary Figure S1B in the Supplementary Material) was synthesized by the reaction of europium chloride (EuCl3·6H2O, Sigma-Aldrich, 99%) and 2-thenoyltrifluoroacetone (tta, Sigma-Aldrich) in the presence of NaOH (Merck, 98%) ethanol (EtOH, Fisher Scientific) solution as fully described elsewhere (supplementary data). The Eu3+-doped d-U (600) solution was prepared by dissolving the Eu (tta)3.2H2O complex in ethanol (HPLC grade) and adding the solution to the d-UPTES (600) with magnetic stirring until a homogeneous solution is formed. For this, 17 mg of Eu (tta)3.2H2O was dissolved in 0.82 ml of ethanol and the solution was added to 1.91 g of d-U (600), resulting in an Eu (tta)3.2H2O/d-U (600) wt% of 0.89% (C1). Then, HClaq. 1 M was added (6.7% with respect to the ethanol) and the solution was stirred for ca. 30 s to produce a gel-like solution. The Eu3+-doped di-ureasil will be hereafter termed as dU6Eu.
UV–Vis absorption spectra were determined using a Cecil 7,200 spectrophotometer or a Lambda 950 dual-beam spectrometer (PerkinElmer). The photoluminescence spectra were recorded with a modular double-grating excitation spectrofluorometer with a TRIAX 320 emission monochromator (Fluorolog-3, Horiba Scientific) and a spectrofluorometer (FluoroMax-4, Horiba Scientific) equipped with a monochromator, both coupled to a R928 Hamamatsu photomultiplier. The emission decay curves were measured with the setup described for the luminescence spectra using a pulsed Xe−Hg lamp (6 μs pulse at half-width and 20–30 μs tail). The absolute emission quantum yield (q) values were measured at room temperature using a C9920–02 Hamamatsu system. The method is accurate within 10%. The thicknesses of the LDS layers were determined using a Dektak profilometer. Atomic force microscopy (AFM) measurements were performed on a Nano Observer microscope from Concept Scientific Instruments (Les Ulis, France) in noncontact mode. Cantilevers with a resonance frequency between 200 and 400 kHz and silicon probes with tip radius smaller than 10 nm from AppNano were used. All images were taken at a resolution of 256 × 256 pixels and were processed with Gwyddion (version 2.26) software. In this study, all measurements of device performance were performed under N2 atmosphere to eliminate possible effects related to extrinsic factors as oxygen and moisture in the ambient.
Devices Fabrication and Characterization
The OPV cells were fabricated according to the scheme in Figure 2 with the structure glass/ITO/PEDOT:PSS/PTB7-Th:ITIC/Ca (20 nm)/Al (80 nm) (control devices) and with the LDS layer prior to the glass exterior surface.
[image: Figure 2]FIGURE 2 | Outline of the fabrication steps of the dU6Eu LDS-coated OPV devices in this study and depiction of the UV-filtering and light downshifting phenomena taking place in the LDS layer.
Glass/ITO substrates were first cleaned with a nonionic detergent, distilled water, acetone (HPLC grade), and 2-propanol (HPLC grade) successively under ultrasounds. The substrates were then dried with N2 flow and subjected to UV-oxygen plasma for 3 min prior to the deposition of a ca. 40 nm thick layer of PEDOT:PSS by spin-coating (1800 rpm for 45 s, at room temperature, using a Chemat Technology KW-4A spin coater). The substrates were then dried at 125⁰C for 10 min in air. The glass/ITO/PEDOT:PSS substrates were placed on microscope slides with the PEDOT:PSS facing downwards, and the Scotch tape was placed at the edges sealing them with the slides to prevent the leakage of LDS solution into the device during its deposition. The LDS layer was then spin-coated at 500/1,000 rpm for 15/45 s or drop-cast on top of the upper face of the substrates under air conditions and left under air for 24 h at room temperature for cross-linking reactions to occur. The dU6Eu is then obtained as a rigid and glassy layer. Afterward, the substrates were released from the slides and transferred to a N2-filled glovebox to deposit the PTB7-Th:ITIC blend solution. This was prepared with 15 mg/ml in concentration with a 1:1.3 polymer:acceptor mass proportion in chlorobenzene. The blend solution was stirred overnight at 100⁰C and spin-coated (1,300 rpm for 60 s) while hot over the PEDOT:PSS layer surface. Finally, the resulting substrates were transferred to a high-vacuum chamber inside the glovebox with a base pressure of 2 × 10−6 mbar to evaporate a 20 nm thick Ca layer followed by a 60–100 nm thick Al through a shadow mask, defining the active device area of 0.24 cm2 (as determined by the overlap of ITO and Ca/Al electrodes). At least 8 devices were prepared for each condition. In all the device fabrication processes, an analogous set of control devices, i.e., without LDS layer, was meticulously prepared under the same conditions except that the LDS coating was not deposited.
The current-voltage (J–V) characteristics of the devices were measured at room temperature using a solar simulator (Newport, Oriel Sol 3A, 69,920) with 1000 W/m2 AM1.5G output (calibrated with a silicon reference solar cell from Oriel) and a Keithley 2,400 Source-Meter for current-voltage measurements. The devices were mounted under N2 into a measurement chamber and kept under an inert atmosphere during the measurements. The EQE spectra were determined at short-circuit conditions using monochromatic light from a homemade setup with a xenon lamp as light source.
RESULTS AND DISCUSSION
The LDS layers were integrated into the cells following the steps depicted in Figure 2 as spin-coated or drop-cast layers (as described in the experimental section). In addition, a twofold concentration (2×C1) of the Eu (tta)3.2H2O complex in the hybrid matrix was tested to determine the effect of the density of optically active centers in the LDS layer. Also, a different set of cells was fabricated with coatings prepared without the complex, i.e., consisting solely of the nondoped di-ureasil host, d-U (600). For all the sets of fabricated devices with the LDS layer, a parallel set of control devices (without LDS layer) was prepared with the same blend solution and meticulously replicating all the fabrication steps (where the Ca/Al electrode was simultaneously evaporated over the two sets). This allows for fair comparisons with control devices and minimizes errors associated with the relatively large dispersity of PCE values found from batch to batch. These dissimilarities in performance parameters are probably related to small differences in the polymer:ITIC ratio and/or with the thickness of the BHJ layer and are also found in the literature for devices prepared under the same conditions (Song et al., 2017; Doumon et al., 2019; Gurnay et al., 2019; Wang et al., 2019).
Figure 3 depicts the room-temperature excitation and emission spectra of the dU6Eu and the EQE curves obtained for all the devices prepared with and without the LDS layers (control devices) and Figure 4 shows the J-V characteristics obtained for the cells containing the less doped spin-coated dU6Eu LDS ([Eu3+] = 0.89% (C1)) layers deposited by spin-coating, for which a significant enhancement (ca. 22%) in PCE was obtained upon integrating dU6Eu as LDS layer.
[image: Figure 3]FIGURE 3 | (A) Excitation (dashed line) and emission (solid line) spectra of dU6Eu monitored at 612 nm and excited at 365 nm, respectively. (B–F) EQE spectra of the dU6Eu/glass/ITO/PEDOT:PSS/PTB7-Th:ITIC/Ca/Al devices prepared in this study and comparison with those of the control devices.
[image: Figure 4]FIGURE 4 | J-V characteristics of dU6Eu/glass/ITO/PEDOT:PSS/PTB7-Th:ITIC/Ca/Al devices for which an improvement in PCE of ca. 22% was obtained in comparison with control devices.
As shown in Table 1, for the remaining studied cases, no significant variations in the averaged performance parameters were found, where the variations in the devices’ performance were determined as the relative increment of the average values over those of the control devices (e.g., ΔJSC/Jsc (%) = 100× (JSC, average for cells with LDS–JSC, average for control cells)/JSC, average for control cells), measured under AM1.5G illumination.
TABLE 1 | Relative variations in performance parameters of glass/ITO/PEDOT:PSS/PTB7-Th:ITIC/CA/Al devices with dU6Eu LDS layers deposited under different conditions in comparison with control devices without LDS.
[image: Table 1]As Figure 3A shows, the spectral characteristics of the dU6Eu LDS coatings allow for anticipating UV/blue filtering in combination with downshifting to spectral regions where the studied cells present higher yield spectral response. In particular, the emission spectrum is composed of the typical Eu3+ 5D0→7F0–4 transitions. The absence of ligands and hybrids intrinsic emission indicates effective energy transfer to the Eu3+ ions, as demonstrated in the excitation spectra that reveal three main components, peaking at 270, 320, and 365 nm, mainly ascribed to the hybrid host (Freitas et al., 2013) and to the tta excited states (Molina et al., 2003; Nolasco et al., 2013), respectively. The 320 and 365 nm components resemble those already observed for isolated Eu(tta)3∙2H2O (Kai et al., 2011) and for organic–inorganic hybrids incorporating Eu3+ complexes, being ascribed to the π-π* electronic transition of the organic ligands (Fernandes et al., 2007). Apart from changes in the relative intensity, the UV-visible absorption spectrum reveals the same components detected in excitation spectra (Supplementary Figure S4 in the Supplementary Material). We should note that the modifications in the processing routine (relative to previously reported ones in order to control viscosity and deposition methods) did not induce any significant changes in the optical features of the material (Supplementary Figure S2 in the Supplementary Material) (Correia et al., 2015; Correia et al., 2016; Correia et al., 2018; Ramalho et al., 2020). Minor changes in the energy and relative intensity were previously assigned to the solvent evaporation rate (Pecoraro et al., 2008; Graffion et al., 2011; Correia et al., 2020). Nevertheless, the Eu3+ local coordination remains the same as the energy of the 5D0→7F0–4 transitions and analogous 5D0 lifetime values were measured (Ramalho et al., 2020), independently of the processing (Supplementary Figure S2 in the Supplementary Material). The light-harvesting ability of the dU6Eu LDS layers was evaluated through the estimation of the overlap integral O between the absorbance and the sunlight available for PV conversion (see Supplementary Material for details) (Reisfeld et al., 1994; Rondão et al., 2017). A value of O = 4.5 × 1019 photons s−1m−2 was found (Supplementary Figure S4 in the Supplementary Material), indicating that these LDS coatings have the potential to absorb ∼1.1% of the solar photon flux on the earth surface (4.3 × 1021 photons s−1 m−2) (Bünzli and Chauvin, 2014), similar to the values found in previous studies for analogous materials (Correia et al., 2019).
As observed in Table 1 and Figure 4, the most improved cells, revealing a remarkable enhancement of 22% in the average PCE (the average PCE is raised from 3.1 to 3.8%), showed enhancements of 7 and 13% in JSC and FF values, respectively, while VOC was not affected.
A small improvement in PCE, of 2%, was also obtained for the cells with LDS layers deposited by drop-casting with a twofold concentration of Eu3+ centers, although the error indicates that the variation may be less or even negative (Table 1). The EQE spectrum of the most improved cells (Figure 3B) shows an enhancement of ∼29%, at the 300–360 nm range, which corresponds to the absorption spectral region of the LDS layer, as shown in Figure 3A, indicating that, even with an absolute emission quantum yield below the unit, the number of available photons is higher than that in the case of the bare solar cell. In addition, the EQE values are increased in most of the spectrum, indicating that the LDS layer is causing an overall beneficial effect on the cells. In what concerns the EQE spectra of all the OPV devices, the rising edge at higher energies of the EQE band is red-shifted in relation to those of the control cells, except in those in which the LDS layer does not contain the Eu3+ complex (Figure 3F). Such redshifts match well to the excitation/absorption edge of the LDS layer (Figure 3A and Supplementary Figure S4 in the Supplementary Material) and therefore are consistent with the occurrence of UV-blue filtering caused by the LDS layer. The absence of redshift in the EQE of the cells with LDS lacking the optically active centers indicates that the Eu3+ complex ligands are the main absorbers contributing to the UV-blue filtering while the contribution of the bare matrix is practically negligible. The slightly negatively affected performance (considering the averaged values) of the cells with nondoped LDS, d-U (600), is probably due to a minor UV-filtering effect ascribed to the low absorption of the bare matrix (Supplementary Figure S5 in the Supplementary Material). Thus, we suggest that the two effects, UV-filtering and the emission downshifting, are present in the cells with the LDS layers, although their contributions to the cells’ performance vary in accordance with the LDS features. For the cells showing an average improvement in PCE of 22%, the enhancement of the EQE in the UV region can be interpreted as a result of a balance between photogenerated charges associated with LDS photon conversion and photon loss due to UV-filtering at the LDS layer, where the first surpasses the latter. The improvement of ∼13% in the FF values found for the same cells should be related to a benefit on the blend properties caused by the reduction in UV radiation hitting the cell. This might explain the EQE increase in the spectral range where the LDS layer has no absorption and is in accordance with other studies showing the positive effect of UV-filtering in the FF (Fernandes et al., 2017; Doumon et al., 2019).
In order to investigate eventual differences between the BHJ blends in the devices coated with the LDS layers and those in noncoated cells that could be related to the benefit attributed to the UV-filtering effect (e.g., differences in morphologies that could affect charge carriers mobilities), we performed AFM analysis on the BHJ blends before and after illumination of the cells. However, no noticeable modifications were found (Supplementary Figure S6 in the Supplementary Material), although the blend films in the LDS-coated cells get a little smoother upon illumination than those in noncoated cells. Still, it should be noted that modifications on the BHJ at the inner scale cannot be perceived by AFM. Further studies to unravel the origin of the benefitting effect of UV-filtering in these cells will focus on the intrinsic photodegradation of the active components and on the effects of UV illumination on the photophysical processes taking place in the active blends during their operation.
Regarding the cells with spin-cast LDS layers with the twofold concentration of the Eu3+ complex, their EQE spectra (Figure 3C) exhibit pronounced redshifts of the rising edge of the band at higher energies, indicating a strong UV-blue filtering effect. To interpret this effect, we tested the hypothesis of aggregates formation in the doubly concentrated LDS samples that could degrade their optical properties and reduce the LDS efficiency. Thus, the excitation and emission spectra and emission decay curves of the LDS layers containing the dU6Eu in both concentrations of Eu3+ complex (Supplementary Figures S7, S8 in the Supplementary Material) were measured. However, analogous spectral profiles for both samples were obtained, thus indicating that the twofold increase in the complex concentration does not induce significant changes in the local coordination of the lanthanide ions, thus supporting the absence of aggregates or clusters. Moreover, concentration quenching effects are also ruled out as the 5D0 lifetime value is also independent of the concentration in the studied range. Since analogous radiative transition probability can be inferred from the similarity of the emission spectra, the same lifetime value indicates analogous nonradiative transition probability. Hence, it can be concluded that the more pronounced redshift in the EQE of the cells with twofold concentration of Eu3+-complex can be tentatively attributed to the increase in absorbing centers in the LDS layers.
The effect of the LDS thickness on the EQE spectra can be observed by comparing the cells with spin-coated LDS layers (thickness = 24 ± 1 μm) and those with LDS layers deposited by drop-casting (thickness = 47 ± 2 μm). For the cells with less doped LDS layers, i.e., [Eu3+ complex] = C1, the EQE spectra of the cells coated with the thick LDS layers (Figure 3D) show more pronounced redshifts. Such loss in EQE is in accordance with the obtained decrease in the performance of such cells (entry 3 in Table 1) and is likely due to an unbalance between photogenerated charges upon LDS and photon loss from UV-filtering effect at the LDS layer, the latter being more intense. However, for the cells with LDS layers with a twofold concentration of Eu3+ complex, similar pronounced redshifts are observed in both types of cells (with thin and thick LDS layers), which are probably due to a strong UV-filtering effect associated with the high concentration of absorbing centers in both types of LDS layers.
CONCLUSION
In this work, the PCE of organic solar cells based on the PTB7-Th:ITIC blend was significantly increased (22%) by introducing a luminescent layer based on Eu3+-modified di-ureasil organic–inorganic hybrids on top of the transparent side of the cells. The improvement of such devices was attributed to the UV LDS effect that compensates for the photocurrent loss caused by the absorption of UV photons together with a benefitting UV-filtering effect on the cells. The latter can possibly reduce intrinsic photodegradation of the active blend; however, further studies are needed to unravel the precise mechanisms caused by UV filtering. It was found that the increase in both the LDS thickness and the concentration of optically active centers increases the UV absorption and can lead to a major decrease in the photocurrent generated on that spectral region. The luminescent layers described in this work, composed of a Eu3+ complex dispersed in an organic–inorganic hybrid matrix, can be easily deposited by solution deposition methods as roll-to-roll printing using benign solvents (ethanol), and therefore they represent interesting coatings for future applications in large-area devices.
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