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Abstract 

Luminescent solar concentrators (LSCs) represent a viable spectral conversion technology to maximize sunlight harvesting 

while promising to reduce the current gap for integration of solar cells into the built environment. In this work, novel highly 

emissive and photostable core-shell nanostructured luminescent species were synthesized and used in LSC devices. Such 

systems were obtained by entrapping Lumogen F Red 305 in silica-based shells by means of the sol-gel process using a 

combination of hydrophilic (tetraethyl orthosilicate) and hydrophobic (phenyl triethoxysilane) silica precursors. By tuning 

their relative proportions during the synthetic process, fine control over the characteristic dimensions and morphology of 

the obtained dye-doped core-shell nanoparticles could be achieved, leading to a maximum concentration of non-covalently 

entrapped fluorescent dye of ~1 wt.%. Optical characterization showed that the newly synthetized nanoparticles displayed 

markedly improved photoluminescence quantum yield in solid state (~ 95 %) with respect to the non-encapsulated dye (~ 2 

%), as a result of an effective suppression of dye aggregation and fluorescence quenching phenomena. In addition, their 

excellent photostability under harsh UV light exposure was demonstrated, resulting from the protective action of the 

encapsulating hybrid silica-based shell, which can effectively limit photobleaching of the luminescent core. Their 

incorporation in thin-film LSCs led to a maximum internal photon efficiency as high as ~29%, thus providing evidence of 

their suitability as highly performing luminescent species with superior optical response and excellent photostability. Also, 

a maximum external photon efficiency as high as 2.12% was achieved. This work provides the first demonstration of silica-

based encapsulation of Lumogen F Red 305 and of the application of silica-based core-shell nanoparticles in LSCs, thus 

paving the path to the development of a new class of highly efficient and stable nanostructured luminophores for the 

photovoltaic field. 
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1. Introduction  

The steady increase in energy demand and the simultaneous need of reducing carbon emissions caused by 

the overconsumption of fossil fuels for energy production represent some of the current drivers for continuous 

technological improvement in the field of renewable energy. In particular, the development of new efficient 

devices and the increase in performance of existing ones constitute topics of high priority for modern science 

and engineering. Among the many available energy sources, solar energy is by far the most readily accessible 

and exploited nowadays. Indeed, photovoltaic (PV) technology has evolved rapidly in the past few decades and 

now encompasses a large variety of materials and device structures, targeting both stationary and mobile 

applications [1],[2]. 

Within this framework, luminescent solar concentrators (LSCs) have been employed as a viable spectral 

conversion technology to maximize sunlight harvesting while promising to reduce the current gap for integration 

of solar cells into the built environment (BIPV)[3]. The basic idea behind the LSC concept is the replacement 

of a large solar-cell area with a transparent thin film or plate collector (the host matrix) containing luminescent 

species (the luminophores) that enable a large amount of incident photons to be absorbed, to be spectrally 

converted through a photoluminescence (usually fluorescence) process and to be redirected towards edge-

mounted small-area PV cells, where the conversion of light to electricity can take place. Interestingly, the ability 

of luminophores to collect both direct and diffuse light strengthens the possibility to employ LSCs for BIPV 

applications and allows to improve the light-harvesting ability of conventional solar cells[4],[5].  

In the past few years, research efforts in this field have largely focused on the elaboration of effective 

approaches to maximize the performance of LSC devices by focusing on the following three main aspects: the 

optimization of the device assembly, in the pursuit of more efficient architectures to boost photon harvesting, 

transport and conversion into usable electrical energy[6]; the development of highly performing luminescent 

species, to ensure broad light absorption and efficient photon emission[7–10]; the design of novel host matrices, 

to guarantee appropriate optical properties, sufficient chemical compatibility with the guest luminescent species 

and good processability for easy device fabrication[11],[12]. Similarly, a sufficiently long durability of LSC 

systems during operation also represents a key asset to prove the real commercial viability of this technology. 

In particular, two critical aspects directly affecting the lifetime of LSCs are the chemical and physical durability 

of the host matrix, and the photostability of the luminescent species, both addressed by designing intrinsically 

stable host materials [13–18] and luminophores [19–24].  

In addition to more emerging classes of emitters such as inorganic phosphors and quantum dots [25–29], 

organic dyes have been traditionally the most widely employed in LSCs, likely due to their relatively 

straightforward synthetic accessibility and to the easy tunability of their optical properties by design. Among 

them, perylene-based systems (e.g., Lumogen F Red 305 by BASF, LR305 in the following) still represent the 

reference materials in the field, as they offer many attractive features including high absorption coefficients, 

quantum yields in solution approaching unity and good solubility in a wide range of polymer matrices. 

Nevertheless, these systems also present some important drawbacks that limit their optical performance in LSC 

devices, namely potential photo-instability resulting from the detrimental interaction with degradation products 

from the host matrix, strong aggregation-induced photoluminescence quenching, and potential photobleaching 

particularly when directly exposed to UV light [7],[30–32]. 

Taking inspiration from the biomedical field, and in particular from areas such as bioimaging, labelling, 

clinical diagnosis and drug delivery[33–37], a potential approach to overcome photobleaching and aggregation-

induced photoluminescence quenching constraints is the development of core-shell nanoparticles (NPs), with 

organic luminescent molecules either physically or covalently entrapped in the core, and the protective shell 

being constituted by a layer of silica or by a polymeric material. In this context, the selection of the material 

used for the shell needs to be accurately weighted up, considering the chemical nature both of the entrapped 
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luminescent dye and of the host matrix in which such NPs are meant to be incorporated. While polymeric shells 

may offer better chemical compatibility with the surrounding medium given that most LSCs are built using 

polymer-based host matrices (such as e.g. poly(methyl methacrylate) - PMMA), they can often provide little-

to-no-protection to the dye molecules from external factors (e.g., solvents, air/oxygen), making these systems 

more prone to luminescence quenching and photobleaching under working conditions[38]. Therefore, NPs 

based on the use of silica as shell material can in principle be preferred in some applications, considering that 

silica exhibits high transmittance in the UV-visible spectrum, is photo-chemically inert[39], provides a 

chemically and mechanically stable vehicle for dye encapsulation, may serve as an effective protection layer for 

the luminophore thus improving its photostability, may prevent or limit dye aggregation, and is intrinsically 

nontoxic[40]. Moreover, from a synthetic point of view, silica is a very appealing material: the preparation of 

silica-based NPs usually requires relatively mild reaction conditions that can be adjusted to easily tune their 

size, while normally not involving complicated purification steps.  

The most consolidated synthetic protocols for the formation of dye-silica core-shell NPs are the water-in-oil 

reverse microemulsion method[41–44] and the Stöber method[45,46]. In both cases, only dyes exhibiting 

functional groups suitable for covalent attachment to the shell or carrying positive charges within their molecular 

structure can normally be considered for NP formation because covalent binding or electrostatic interactions are 

exploited to incorporate the organic molecule into the silica matrix. However, most of the organic dyes currently 

used as best performing luminophores in LSC systems (e.g., perylene-based) are highly hydrophobic or require 

intensive synthetic routes to equip their core structure with easily accessible groups suitable for covalent linking 

with the silica shell[47,48]. While attempts have recently been made to design new chemical pathways to enable 

the incorporation of hydrophobic organic dyes into silica NPs for improved photostability, brightness, and 

reduced molecular aggregation[34,39,49–52], only limited efforts have been addressed to the encapsulation of 

inert organic molecules via supramolecular interactions[40,53], mostly focusing on fluorescent systems of 

specific interest for the biological and biomedical fields[46,52,54]. On the contrary, no examples have been 

reported to date of the development of silica-based fluorescent NPs entrapping organic luminophores with 

suitable optical properties for PV and LSC applications, despite the potential advantages this approach can 

provide in terms of enhanced fluorescence efficiency, improved photostability and reduced molecular 

aggregation as compared with non-encapsulated dyes. 

To bridge this gap, LR305-silica core-shell NPs (SiLRNPs) were synthesized in this work and employed as 

new nanostructured luminophore in thin-film LSC devices. These new SiLRNPs were obtained via the sol-gel 

process through a modified Stöber method[46] based on the hydrolysis and condensation of two silane reagents, 

namely phenyltriethoxysilane (PTES) and tetraethyl orthosilicate (TEOS), in the presence of LR305. The 

aromatic character of PTES enables supramolecular interactions with the dye molecules, allowing a stable 

LR305 suspension in the hydrophilic hydroalcoholic reaction medium and providing access to the formation of 

the encapsulating silica shell by sol-gel reaction with TEOS. The effect of TEOS:PTES relative proportions on 

dimension, morphology, chemical composition, dye encapsulation efficiency and chemical resistance of the 

synthetized fluorescent NPs was thoroughly investigated, and optimal process conditions for dye entrapment 

were highlighted. To provide evidence of the suitability of such novel SiLRNPs as highly performing 

luminophores, their optical properties were tested in thin-film LSCs and compared with control systems 

incorporating non-encapsulated LR305. This represents the first demonstration of silica-based encapsulation of 

LR305 and of the application of silica-based core-shell luminescent species in efficient and stable LSCs.  
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2. Material and Methods 

2.1. Material   

Ethanol (≥ 99.8%), ammonium hydroxide solution (28 vol.%), tetraethyl orthosilicate (TEOS), 

phenyltriethoxysilane (PTES) and hexane (anhydrous, 95%) were all obtained from Sigma-Aldrich. Lumogen® 

F Red 305 (LR305) was supplied by BASF, while Silgard 184, a two-component (component A:component B 

= 10:1 w/w) silicone elastomer resin used to prepare poly(dimethyl siloxane) – PDMS, was obtained from Dow. 

Index Matching Liquid 150 (IML150) was purchased from Norland. Monocrystalline silicon solar cells (mc-Si 

PV) were provided by IXYS (IXOLAR SolarBIT KXOB22-12X1F, active area 2.2  0.6 cm2 – VOC = 0.64 ± 

0.01 V, JSC = 42.60 ± 0.42 mA cm-2, FF = 69.4 ± 0.3%, power conversion efficiency = 18.69 ± 0.23%). 

 

2.2. Synthesis of fluorescent silica nanoparticles 

The LR305-silica core-shell fluorescent NPs (SiLRNPs) were synthesized using the Stöber method with 

some modifications[46]. First, 0.4 mL of 10 mM solution of LR305 in ethanol were transferred into a 25 mL 

round-bottom flask containing 12.6 mL of ethanol and were mixed with half of the total required volume of 

PTES (1° PTES). Then, 0.20 mL of ammonium hydroxide were added to start the hydrolysis of PTES, and the 

solution was maintained under magnetic stirring at low speed for 24 h at room temperature. Subsequently, TEOS 

and the remaining volume of PTES (2° PTES) dissolved in 5 mL of ethanol were added to the hydrolysed 

solution and further reacted with 0.10 mL of ammonium hydroxide solution. The reaction was carried out for 

an hour at 0 °C in the presence of continuous sonication (with an ultrasonic processor Sonics Materials™ Vibra-

Cell VCX130 at sonication amplitude 90%), and then magnetically stirred for another 24 h at room temperature. 

The obtained NP suspension was centrifuged at 3300 rpm and washed four times with a washing buffer solution 

of ethanol and DI water (25 vol.%). The residue was left to dry completely at 80 °C in an oil bath followed by 

vacuum-oven treatment to completely remove water.  

Five different batches of LR305-doped silica nanoparticles were prepared changing the volume ratio of silica 

precursors (TEOS:PTES ratio) and keeping constant the total amount of silica precursors (PTES+TEOS). Also, 

a control batch of non-loaded silica NPs (i.e., without LR305 and with TEOS:PTES = 1:1 v/v) was synthetized 

for direct comparisons. The exact quantities of precursors used for the synthesis of the different SiLRNP batches 

are reported in Table S1 in the Supporting Information. 

 

2.3. SiLRNP incorporation into LSC devices and coupling of mc-Si PV cells  

LSC devices in thin film configuration were prepared by incorporating the synthesized SiLRNPs at increasing 

concentrations into a PDMS-based host matrix obtained by thermally curing a two-component silicone 

elastomeric resin (Silgard 184). Control experiments were also conducted using bare LR305 as reference 

luminophore. Further details on the preparation of PDMS-based LSC devices are provided in a dedicated section 

(S.9) in the Supporting Information. 

To achieve the LSC/PV assembly, the as-formed thin-film LSC systems were coupled to four mc-Si PV cells 

in series, so that two opposite edges of the glass substrate were connected to the photoactive area of two PV 

cells each. Bonding was achieved by means of IML150 (~ 1.52 refractive index) that was dispensed on the 

active face of the PV cell. 
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2.4. Characterization techniques  

Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) analysis were 

performed on gold sputtered SiLRNP samples using a Zeiss EVO 50 scanning electron microscope. 

Micrographs of core-shell NPs were acquired using a Philips CM200 transmission electron microscope (TEM) 

equipped with a field emission gun operated at 200 keV accelerating voltage and starting from a 1 mg/ml 

solution of these particles dispersed in hexane. TEM and SEM images were analysed using ImageJ software to 

estimate the average NP diameter. More than 300 NPs were considered to obtain statistically relevant size 

distributions. 

Thermogravimetric analysis (TGA) was performed using a TA Instruments Q500 thermogravimetric 

analyser. Measurements were carried out in air from 25 to 800 °C, with a constant heating rate of 10 °C min−1. 

The amount of LR305 entrapped in SiLRNPs was determined by means of UV-Vis spectroscopy (Evolution 

600 UV-vis spectrometer, Thermo Scientific) through leaking tests in two distinct organic solvents of different 

polarity (chloroform and ethanol). Based on the absorbance results, the kinetic of dye leakage from the silica 

capsules and the total amount of dye trapped in the NPs was estimated.  

Luminescence quantum yield measurements (LQY) of SiLRNPs were performed with a C11347 

Quantaurus–Absolute Photoluminescence Quantum Yield Spectrometer (Hamamatsu Photonics K.K), equipped 

with a 150 W Xenon lamp, an integrating sphere and a multichannel detector. 

Accelerated aging tests were performed in combination with fluorescence spectroscopy to assess the 

photostability of the synthesized SiLRNPs and compared with that of control LR305 powder. In particular, 1 

mg of each of the considered solid powder (LR305 or SiLRNPs) was sandwiched between two quartz coverslips. 

Then, the samples were exposed to continuous UV-A light (radiative power hitting the powder was 54.6 mW 

cm-2) in air at a temperature of 50 °C and their emission spectra were collected every 30 min. A UV 

polymerization apparatus (POLIMER 400W, by Helios Quartz) was used as light source for the UV-A 

irradiation experiments, equipped with high pressure mercury lamps with emission window in the 315-400 nm 

wavelength range. Accelerated aging experiments were repeated on SiLRNP-PDMS LSCs and LR305-PDMS 

LSCs to evaluate the photostability of the final devices under the same testing conditions. Time-resolved 

fluorescence measurements by time-correlated single photon counting (TCSPC) technique were carried to verify 

the effective encapsulation of the organic dye in the core of silica NPs and they were obtained with a NanoLog 

composed by a iH320 spectrograph equipped with a PPD-850 single photon detector module and a DD-405L 

DeltaDiode Laser. The decays were analysed with the instrument Software DAS6. Steady-state fluorescence 

spectroscopy measurements in front-face configuration on LR305 solid powders, SiLRNPs and LSC thin-film 

devices were carried out in air at room temperature using a Jasco FP-6600 Spectrofluorometer. The 

photoluminescence emission spectra were recorded from 550 to 800 nm wavelength range exciting at 445 nm, 

while the excitation spectra were collected at the emission wavelength of 615 nm by scanning the excitation 

wavelength from 280 to 600 nm.  

Diffuse reflectance spectra of undoped-PDMS LSC and SiNP-PDMS LSC were collected with a Jasco V-

570 UV-Vis-NIR instrument combined with an integrating sphere. Absorbance measurements of LSC systems 

were carried out with an ILT950 spectroradiometer and SpectraLight III software. Illumination of LSC devices 

and LSC/PV assembly was performed using a calibrated Sun 2000 solar simulator (Abet Technologies) 

equipped with an AM 1.5G filter and imposing solar irradiation at 1 sun (100 mW cm-2). The edge emission 

irradiance spectrum emitted from each of the four edges of the LSC in the presence of an absorbing black 

background was collected by the spectroradiometer equipped with a cosine corrector positioned at the center of 

the edge, while the other edges were covered with black tape. The parameters used to characterize the optical 

performance of LSCs were the internal photon efficiency ηint and the external photon efficiency ηext (Equation 

S4 and Equation S5 in Supporting Information). 
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Current–voltage characterization of the illuminated LSC/PV assembly was performed using a Keithley 2612B 

multimeter to carry out the voltage scans and acquire the output photogenerated current. PV tests were repeated 

with two different experimental setups: 

- fixing an absorbing black background in contact with the LSC back surface to avoid photocurrent 

overestimation due to photon double-pass effects; 

- placing a white diffuser (Edmund Optics, #34-480) in contact with the rear side of the LSC to allow back 

scattering of transmitted photons.  

In both cases, a black mask placed on the front face of the LSC system was used to avoid direct illumination of 

the PV cells, thus leading to undesirable photocurrent overestimation. Also, no reflective element was employed 

at the free edges of the waveguide. These measurements enabled to determine the device efficiency ηdev defined 

as the electrical power effectively extracted from the PV cells (Pout
el) relative to the optical input power hitting 

the top surface of the LSC (Pin
opt): 
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el
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where FF, ISC and VOC are the fill factor, the short-circuit current and the open-circuit voltage of the edge-

coupled PV cells, respectively, Pin
opt is the incident solar power density (in mW cm-2) and ALSC is the front 

illuminated area of the LSC device (in cm2). 

 

3. Results and discussion 

3.1. SiLRNPs synthesis and characterization 

SiLRNPs were synthesized through a two-step hydrolytic condensation process[46], where the aromatic 

silane precursor PTES was first allowed to undergo self-condensation reaction around LR305 molecules, 

followed by the growth of a silica shell surrounding the entrapped dyes via condensation reaction after the 

addition of a mixture of TEOS and PTES. Because LR305 is a neutral species and does not possess functional 

groups readily available for covalent bonding with the silica layer, this two-step approach enables 

supramolecular physical entrapment of the dye molecule inside a silica shell by exploiting hydrophobic and π-

π stacking interactions between the aromatic groups of PTES and LR305 (see Figure 1). As a result, the 

formation of a core-shell NP morphology with a diffuse interphase is expected.  

In order to validate this assumption, SEM-EDS analysis was carried out on SiLRNPs (TEOS:PTES = 1:1 

vol/vol) as well as on pristine LR305 dye powder and blank silica NPs, obtained in the same conditions as 

SiLRNPs but in the absence of LR305 (SiNPs). All EDS spectra and the corresponding average elemental 

percent abundance are reported in Figure S1 and discussed in depth in the Supporting Information. Briefly, this 

preliminary evaluation revealed that a core-shell structure can be assumed for such SiLRNPs, where LR305 

molecules are entrapped as core within a surrounding silica shell. The present findings were corroborated by the 

results obtained from time-resolved fluorescence measurements, from which the average fluorescence lifetime 

values and the nonradiative decay rate constants were evaluated. Figure 2 compares time resolved fluorescence 

decay curves for LR305 and SiLRNPs in the solid state. The corresponding average fluorescence lifetime values 

were found to be equal to 0.31 ns and 7.73 ns, respectively. The pronounced increase in fluorescence lifetime 

of SiLRNPs proves the encapsulation of LR305 into the core of silica NPs[55–57]. Indeed, the longer 

fluorescence lifetime of SiLRNPs is strongly coupled to the decrease in fluorescence quenching, given by the 

reduced level of aggregation of the dye upon encapsulation, and to the restricted conformational mobility of 
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LR305 dye in the rigid silica environment. This latter aspect was confirmed by the reduced nonradiative rate 

value for SiLRNPs with respect to bare LR305, being the nonradiative rate sensitive to the architecture of the 

luminophore[58] (see Supporting Information for further details). Interestingly, all SiLRNPs produced varying 

TEOS:PTES proportions were found to exhibit similar fluorescence lifetimes, highlighting excellent 

reproducibility of the synthetic protocol and confirming a similar morphology for all systems.  

Size, shape and morphology of SiLRNPs were investigated by means of TEM and SEM analyses (SEM 

images and size distribution profiles of every SiLRNPs batch are reported in Figure S3 and Figure S4 in the 

Supporting Information). As shown in Figure 3, where representative micrographs of SiLRNPs are reported, 

round nanostructures were obtained in all cases, with average particle sizes ranging from 20 nm to 200 nm and 

depending on the relative amounts of the sol-gel monomer precursors. In particular, the lower the TEOS:PTES 

ratio, the bigger the particle diameter (see Figure 3 on the lower left). This progressive increase in dimensions 

with the increased amount of aromatic precursor in the initial sol-gel formulation may be attributed to stronger 

hydrophobic, π-π stacking interactions taking place as the TEOS:PTES ratio decreases. Additionally, this trend 

may also be associated to a change in the rates of the hydrolysis and condensation steps as the volume ratio 

between the sol-gel precursors is varied, as also reported in previous studies on similar sol-gel systems[59,60]. 

Indeed, when the single PTES precursor is employed for NP formation (a situation corresponding to the first 

step of the hydrolysis/condensation process reported here for SiLRNP production), the hydrolysis rate of PTES 

was found to decrease for higher PTES concentrations, accompanied by a faster condensation process. This 

trend was shown to lead to the formation of bigger NPs. As opposed to this, when a mixture of TEOS and PTES 

is used (a situation corresponding to the second step of the hydrolysis/condensation process reported here for 

SiLRNP production where both precursors simultaneously react), the increasing concentration of PTES was 

found to speed up the hydrolysis process of TEOS, while slowing down its condensation rate and simultaneously 

increasing the condensation rate of the aromatic silane precursor. These differences in the sol-gel process 

kinetics may first lead to the condensation of PTES, and then of TEOS, thus promoting the formation of NPs 

with a sharper core/shell interface. Similarly, it may yield an incomplete condensation of TEOS during the 

synthetic process. As a result, bigger NPs are found for lower TEOS:PTES ratios. It is interesting to observed 

that all SiLRNP systems exhibited a clearly visible core-shell morphology (with shell thickness ~ 25 – 35 % 

particle diameter as illustrated in Figure S2 in Supporting Information), further supporting what previously 

inferred from EDS and time-resolved fluorescence lifetime analyses and providing evidence of the robustness 

of the proposed synthetic protocol to achieve effective entrapment of the dye molecule within the outer silica 

layer. The optimization of the NP structure (e.g., synthetic control of shell thickness and core size) is currently 

underway and will be the subject of a separate study. 

TGA measurements were conducted on all SiLRNP systems to further investigate the chemical composition 

of the obtained fluorescent nanostructures and to quantify the relative amounts of encapsulated dye as a function 

of sol-gel formulation. For comparative purposes, TGA was also performed on LR305 and blank SiNPs. As 

expected and in accordance with theorical predictions, a greater TEOS:PTES volume ratio in the sol-gel 

formulation resulted in a reduced amount of aromatic organic phase in the hybrid silica shell (see Figure S7.a, 

Figure S8 and Table S3 in the Supporting Information). Moreover, the encapsulation efficiency was found to 

increase as a result of stronger π-π stacking interactions between the perylene-based molecular structure of 

LR305 and the aromatic ring in PTES (Table S4 and Figure S9 in the Supporting Information).  

To further confirm these results and to accurately estimate the amount of entrapped-dye in the core-shell 

nanostructures, leakage tests were undertaken on SiLRNPs with increasing TEOS:PTES ratio in two distinct 

organic solvents of different polarity (i.e., chloroform - CHCl3 and ethanol - EtOH) and the absorbance of the 

solution of the extracted dye in the solvent was measured at regular time intervals through UV-vis spectroscopy. 

In particular, dye release tests with CHCl3 were conducted to estimate the maximum mass (wt.%) of LR305 

entrapped in the obtained SiLRNPs, while tests performed in EtOH were used to evaluate the kinetics of the 
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release process. The successful entrapment of the dye molecules in the silica-based NPs could be demonstrated 

in both cases, as a result of the hydrophobic and π-π stacking interactions between the extended aromatic 

structure of LR305 and the aromatic ring in PTES, with amounts of entrapped dye found to lie in the 0.57 - 1 

wt.% range (Figure S10 and related discussion in the Supporting Information). 

 

3.2. Photophysical characterization of SiLRNPs 

The photophysical properties of SiLRNPs with different TEOS:PTES ratios were investigated and compared 

to those of pure LR305 to determine the effects of encapsulation on the fluorophore luminescence quantum 

yield (LQY), photoluminescence emission/excitation spectra and photostability. The LQY of SiLRNPs in 

powder state was measured to be 95 ± 0.2 %, a remarkably higher value with respect to pure non-encapsulated 

LR305 in the solid state (1.9%), where LR305 is known to undergo fluorescence quenching due to the formation 

of non-luminescent aggregates (see Section S.7 in the Supporting Information). This result provides a first 

indication of the viability of the proposed strategy to obtain highly luminescent nanostructures and suggests a 

significant reduction of dye aggregation phenomena within the NPs. 

Steady-state photoluminescence spectra for all five batches of SiLRNPs in the solid state (powder form) are 

reported in Figure 4(a), while excitation and emission spectra of pure LR305 dye and SiLRNPs-1:1 (taken as 

reference) are compared in Figure 4(b). The photoluminescence spectra of SiLRNPs with different TEOS:PTES 

proportions were found to exhibit the same emission profile, but with different maximum intensities and 

emission peak positions. In particular, by reducing the TEOS:PTES volume ratio, a progressive redshift in the 

emission wavelength was detected (with the exception of the NP batch prepared with TEOS:PTES = 1:1). 

Conversely, the maximum fluorescence intensity was found to show an opposite trend with respect to the amount 

of encapsulated LR305, being maximum for TEOS:PTES = 1:1. These results may be attributed to the effect of 

some fluorescence quenching starting to take place when surpassing a critical amount of dye molecules in the 

NPs, which is also compatible with the simultaneous redshift in the emission wavelength[61–64]. Comparing 

the photoluminescence spectra of bare LR305 dye and SiLRNPs, no significant differences were observed in 

their profiles, likely suggesting that the nature of the excitation and emission processes for pure dye and for dye 

entrapped in silica-based NPs is analogous and that any optical interaction between dye molecules and the silica 

shell can be excluded. Interestingly, it was also found that the peaks in excitation and emission spectra of 

SiLRNPs exhibited a 15-30 nm blue shift (depending on the considered batch) when compared with free LR305, 

while their fluorescence intensity was remarkably higher. This hypsochromic shift could be attributed to the 

polarizability of the environment and/or to the restricted motion of molecules when LR305 is caged inside silica 

shell of the nanoparticles[37,38,65]. In particular, an eight-times more intense photoluminescence signal was 

recorded for SiLRNPs than for LR305 in the presence of the same amount of analysed material, in spite of the 

significantly lower net mass of luminophore (0.5-1 wt.% of LR305 dye molecules in 1 mg of SiLRNPs, as 

evidenced by extraction tests). These results clearly demonstrate that the nanostructured architecture of the 

obtained SiLRNPs significantly prevents dye aggregation and greatly limits dye fluorescence quenching, likely 

due to the fact that upon entrapment the luminophore is present as molecularly dispersed species in the hybrid 

silica-based NP core. 

The stability of SiLRNPs against photobleaching was also investigated, being this aspect of key importance 

when the target application (i.e., LSC devices) is considered. To examine the effect of encapsulation on LR305 

photostability, accelerated aging tests on all SiLRNP batches were carried out and compared with pure LR305. 

The samples, in solid powder form, were exposed in air to UV-A light for a maximum duration of 2 h and 

fluorescence spectra were taken every 30 minutes. As depicted in Figure 5, where the normalized evolution of 

the fluorescence emission peak intensity for both SiLRNPs (TEOS:PTES = 1:1) and LR305 is reported as a 
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function of UV exposure time, in the case of pure LR305 a rapid and sharp emission decay was observed (~53 

% loss after 2 h) associated with the direct photobleaching of the fluorophore[66], in agreement with previous 

literature reports on the same system[31,67]. Conversely, a significantly slower and less pronounced reduction 

in photoluminescent intensity was detected for SiLRNPs under the same illumination conditions. In agreement 

with previous studies on different luminescent molecules[46,53], these results provide a direct demonstration of 

the enhanced photostability of our new luminescent nanostructures, where the organic-inorganic hybrid silica-

based shell serves as protective layer for the entrapped LR305 luminophore thus effectively limiting its 

photodegradation, even in such highly aggressive exposure conditions. 

3.3. Optical characterization of LSCs incorporating SiLRNPs 

Considering the favourable chemical, physical and optical characteristics of SiLRNPs discussed above, their 

suitability as luminophores for LSC devices was investigated. A commercially-available organic-inorganic 

hybrid host matrix (PDMS) was selected as the transparent waveguide due to its excellent photostability and 

suitable chemical-physical and optical properties, which make it a convenient reference platform to evaluate the 

properties of the new nanostructured luminophores in LSCs[11,68–70]. LSC devices in thin-film configuration 

obtained by solvent-free dispersion of SiLRNPs in PDMS host matrix (SiLRNP-PDMS LSCs) were fabricated 

and their optical response was examined at increasing SiLRNP loading. For comparison, LSC systems based on 

pure LR305 dye (LR305-PDMS LSCs) were also prepared as reference, incorporating equivalent concentrations 

of luminophore species such that the optical density of LR305-PDMS LSCs was corresponding to that of 

SiLRNP-PDMS LSCs. The effect of luminophore concentration on the optical properties of PDMS-based LSCs 

was explored by means of both UV-vis absorption and fluorescence emission spectroscopy. 

As can be noticed comparing Figure 6(a) and Figure 6(c), the characteristic absorption features of LR305 

could be clearly distinguished in both PDMS-based LSC systems even if a non-negligible scattering-like 

background typical for silica NPs was noticed in SiLRNP-based systems (for a deeper account on the role of 

Rayleigh scattering on the optical performance of devices, diffuse reflectance and edge emission measurements 

are discussed in detail in the Supporting Information). 

From the comparison of absorption spectra of LR305- and SiLRNPs-PDMS LSC devices, a greater affinity 

of the nanostructured luminophore vs. pristine LR305 to the host matrix was observed. This was conclusively 

proven by assessing the emission spectra of both PDMS-based LSC systems (Figure 6(b) and Figure 6(d)). In 

agreement with previous studies[71], beyond a very low LR305 threshold concentration (i.e., 0.1 wt.%), a 

remarkable decrease in the fluorescence intensity was observed in LR305-PDMS systems, despite the increase 

in absorbance. Moreover, a bathochromic shift of the emission peak was observed by increasing LR305 

concentration, accompanied by a noticeable spectral distortion of the emission profile. These trends are 

indicative of the presence of non-negligible dissipative processes, which cause a loss of part of the absorbed 

photons via non-radiative pathways, both through reabsorption of emitted photons due to the small Stokes shift 

of the dye and due to the formation of molecular aggregates through - stacking interactions[68,72]. 

Conversely, only a negligible bathochromic shift of the emission peak and no spectral distortion was observed 

for SiLRNPs within this concentration range in PDMS, indicating the reduced tendency of these nanostructured 

luminophores to form non-luminescent aggregates. 

Finally, as illustrated in Figure 7, when comparing the maximum emission intensities of LR305- and 

SiLRNP-PDMS LSCs as a function of LR305 equivalent concentration, the nanostructured systems were found 

to significantly outperform the reference counterpart. The superior fluorescence intensity of SiLRNP-PDMS 

LSCs with respect to LR305-PDMS LSCs further confirms the potential of such LR305-containing 

nanostructured fluorescent systems as efficient luminophores for LSC applications.  
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On the basis of the promising results reported so far, the optical performance of LR305- and SiLRNPs-PDMS 

LSC systems were evaluated and compared. One of the key parameters to characterize the performance of LSCs 

is the external photon efficiency ηext, defined as the ratio of the total output photon flux measured at the four 

edges of the LSC (Nph-out) with respect to the incident photon flux (Nph-in) (Equation S5 in Supporting 

Information). As regards LR305-PDMS LSCs, ηext was found to increase with concentration, reaching a 

maximum ηext = 0.93% at 0.1 wt.% (Figure 8(a)). At higher concentrations, ηext was found to decrease in line 

with the optical loss pathways occurring at high doping levels described above (numerical results and optical 

power output spectra are reported in Table S5 and Figure S19 in the Supporting Information). Conversely, a 

steady increase in ηext with concentration was detected in SiLRNP-PDMS LSC systems with a value of ηext = 

2.12% for LR305 equivalent concentration of 0.5 wt.%. Moreover, for each and every LR305 equivalent 

concentration, a higher ηext for SiLRNP-PDMS LSC devices was detected compared to that found in the 

corresponding LR305-PDMS LSC systems.  

To better assess the contribution of the luminophore to the photon transport process within the waveguide, 

the internal photon efficiency (ηint) was also calculated according to Equation S4 in Supporting Information). 

This figure of merit is related to the probability that a photon reaches the edge of the waveguide after being 

absorbed and emitted by the luminescent center; therefore, it gives an indication of how well the individual dyes 

and the lightguide process the absorbed light[73–75]. As can be seen from Figure 8(b), LR305-PDMS LSCs 

exhibit a maximum ηint = 14.03% for highly dilute systems (LR305 ∼ 0.001 wt.%), followed by a sharp decrease 

for progressively higher luminophore loadings. Instead, in SiLRNP-PDMS LSC devices, a maximum ηint = 

28.74% was found for SiLRNPs concentration of 0.1 wt.% (i.e., LR305 ∼ 0.001 wt.%), while in the 3−50 wt.% 

SiLRNPs concentration range (LR305 equivalent concentration of 0.03-0.25 wt.%) a steady ηint value was 

detected (∼13%). The higher ηint found in SiLRNP-PDMS LSCs in comparison with the corresponding LR305-

PDMS systems at the same LR305 equivalent concentration can be understood in terms of higher LQY of 

SiLRNP luminophore species and of reduced quenching losses (nonradiative relaxation pathways). These 

outcomes are comparable with that of colloidal fluorescent particles recently proposed in literature[76–82], 

further proving the practical viability of our nanostructured luminophore. 

In addition to their superior optical properties, another important benefit of dye encapsulation in silica shell 

is the significant improvement of long-term photostability of the luminophores when embedded in the final 

system (i.e., PDMS matrix). As shown in Section S.14 in the Supporting Information, SiLRNP-PDMS LSCs 

exhibited excellent photostability when subjected to long-term (> 250 h) accelerated aging tests as opposed to 

LR305-PDMS LSCs, further confirming the factual potential of SiLRNPs as luminophore species for 

photostable and high efficiency LSCs. 

 

3.4. PDMS-based LSCs/PV Assembly 

Finally, to assess the performance of the LSC-PV assembly, photocurrent measurements were accomplished 

by using mc-Si PV cells mounted to two opposite edges of the concentrator plate, as described in the 

Experimental section. The overall (four edges) ηdev of LR305- and SiLRNPs-PDMS LSCs for the various 

luminophore concentrations (wt.%) was evaluated both in the presence of an absorbing black background 

(ηdev,dark background) and using a white scatterer (ηdev,white scatterer) in contact with the rear side of the LSC. The 

efficiency values are reported in Table 1 (plots are shown in Figure S22 in the Supporting Information).  

In line with the previous results, the PV performance of LR305-PDMS LSC devices was found to be 

optimized for a LR305 concentration of 0.1 wt.%. In the presence of a black absorbing background, a maximum 

ISC of 3.61 mA and a maximum output power of 0.86 mW were achieved, leading to a maximum ηdev,dark background 

of 0.24%. The lower overall device efficiencies of LR305-PDMS LSCs with respect to previously published 
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LR305-based thin-film LSCs tested in analogous conditions (namely, in the presence of a black absorbing 

background and of a black mask in front of the LSC system, without employing any reflective element at the 

free edges of the waveguide)[15,83] could be attributed to the poor luminophore solubility of LR305 in PDMS 

host matrix. As documented in previous studies[68,71,72], dye aggregation issues are responsible for generating 

significant luminescence quenching, which may limit thin-film device performance at higher dye 

concentrations, resulting in LR305-PDMS LSCs being optimized for lower optical densities. It is also interesting 

to note that a significant impact of the experimental configuration on the performance of PDMS-based LSC 

devices was observed. In accordance with previous studies[75,84–86], the overall device efficiency in the 

presence of a white scatterer at the rear side of an LSC resulted in a ~ 35 % improvement. Indeed, back scattering 

and reflection of otherwise lost unabsorbed light contribute significantly to enhance LSC performance. On the 

contrary, in the same experimental conditions, notably higher efficiency values were detected for SiLRNP-

PDMS LSC systems relative to LR305-PDMS LSC with comparable equivalent LR305 concentration. Indeed, 

SiLRNPs-PDMS LSC containing 10 wt.% of SiLRNPs (equivalent LR305 concentration = 0.1 wt.%) displayed 

a maximum ISC of 4.96 mA, a maximum output power of 1.43 mW, and ηdev,dark background of 0.49%. Moreover, 

increasing SiLRNPs concentration, a further enhancement in device performance was observed, a ηdev,dark 

background as high as 1.07% was achieved at SiLRNPs loading equal to 50 wt.%, which account for a 460% 

enhancement compared with the pure LR305 based LSC devices with the same luminophore equivalent 

concentration. The present results, that are in line with most recent literature[77,82,87], could be ascribed to the 

reduced tendency of these nanostructured luminophores to aggregation and to the improved LQY. 

 

4. Conclusions 

In conclusion, novel nanostructured luminescent species based on hybrid core-shell fluorescent NPs featured 

by enhanced LQY and photostability were synthetized, characterized and used as highly emissive fluorophores 

in thin-film LSC devices. Such systems were obtained for the first time by entrapping LR305 in silica-based 

shells by means of the sol-gel process using a combination of hydrophilic (TEOS) and hydrophobic (PTES) 

silica precursors. By tuning the relative proportions of TEOS and PTES during the synthetic process, fine control 

over the characteristic dimensions of the obtained NPs and the amount of non-covalently entrapped organic dye 

molecule could be achieved. As opposed to non-encapsulated LR305, the obtained fluorescent silica-based NPs 

were found to be highly emissive (LQY = 95%) even in the solid state, as a result of an effective suppression of 

dye aggregation and fluorescence quenching phenomena. In addition, they demonstrated excellent photostability 

under harsh UV light exposure thanks to the protective action of the encapsulating hybrid silica-based shell, 

which can effectively limit photobleaching of the luminescent core. In the light of their notable photophysical 

properties, SiLRNPs were demonstrated as highly promising luminophore candidates in thin-film LSC devices 

with superior optical response with respect to systems based on non-encapsulated LR305.  

This work provides the first demonstration of silica-based encapsulation of LR305 and of the application of 

silica-based core-shell luminescent species for LSCs, thus opening the path to the development of a new class 

of highly efficient and stable nanostructured luminophores for the PV field. 
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Figure 1. Top: schematic diagram of the synthetic procedure to prepare SiLRNPs. Bottom: molecular representation of the two-step process 

to obtain SiLRNPs, with initial formation of a layer of PTES around LR305 molecules and then formation of the silica shell upon 

condensation of PTES and TEOS. 
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Figure 2. Time-resolved fluorescence decays of LR305 and SiLRNPs in solid state. Excitation 408nm, emission at 656nm. 
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Figure 3. TEM micrographs of SiLRNPs prepared with TEOS:PTES volume ratio (a) 0.25:1 (b) 0.5:1 (c) 1:1 (d) 1:0.5 (e) 1:0.25. (f) Table 

reporting the values of average NP size for all formulations, as inferred from TEM and SEM analysis. 
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Figure 4. (a) Emission spectra of 1 mg of solid powdered SiLRNPs with TEOS:PTES = 1:0.25, TEOS:PTES = 1:0.5, TEOS:PTES = 1:1, 

TEOS:PTES = 0.5:1, TEOS:PTES = 0.25:1. (b) Excitation and emission spectra of 1 mg of LR305 and SiLRNPs-1:1 in solid powder form. 

 

 

Figure 5. Normalized fluorescence intensity vs. UV exposure time of pure LR305 and SiLRNPs. In the inset: experimental setup for 

accelerated aging measurements, carried out with fluorescence spectroscopy during exposure to UV radiation. 
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Figure 6. (a) Absorption and (b) front-face fluorescence spectra of LR305-PDMS LSC devices in thin-film configuration with increasing 

LR305 concentration (wt.%). (c) Absorption and (d) front-face fluorescence spectra of SiLRNPs-PDMS LSC devices in thin-film 

configuration with increasing SiLRNP concentration (wt.%). EqLR305 stands for “equivalent LR305 concentration” calculated based on the 
fact that ~ 1 wt% of LR305 is entrapped in SiLRNPs with TEOS:PTES = 0.25:1 v/v. 
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Figure 7. Maximum fluorescence intensity vs. LR305 equivalent concentration (and SiLRNPs concentration) of LR305-PDMS and 

SiLRNP-PDMS LSC devices in thin-film configuration. 

 

 

 

Figure 8. (a) External photon efficiency (ηext) and (b) internal photon efficiency (ηint) of LR305- and SiLRNPs- PDMS LSCs as a function 

of luminophore content (wt.%). The values and errors reported for ηext and ηint are the mean and standard deviation of three repeat 

measurements, respectively.  

 

 

Table 1. ηdev,dark background and ηdev,white scatterer calculated for PDMS-based LSCs at increasing luminophore concentration. Values in brackets 

indicate the amount (wt.%) of LR305 in LR305-PDMS LSCs or SiLRNPs in SiLRNPs-PDMS LSCs. 
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PDMS-based LSC device 
LR305 equivalent 
concentration (wt.%) 

ηdev,dark background (%) ηdev,white scatterer (%) 

    

LR305-PDMS LSC (0.001 wt.) 0.001 0.021 ± 0.013 0.029 ± 0.008 
LR305-PDMS LSC (0.01 wt.%) 0.01 0.060 ± 0.005 0.094 ± 0.019 
LR305-PDMS LSC (0.03 wt.%) 0.03 0.097 ± 0.003 0.141 ± 0.002 
LR305-PDMS LSC (0.05 wt.%) 0.05 0.132 ± 0.007 0.181 ± 0.008 
LR305-PDMS LSC (0.1 wt.%) 0.1 0.237 ± 0.009   0.321 ± 0.011 
LR305-PDMS LSC (0.25 wt.%) 0.25 0.199 ± 0.005 0.307 ± 0.014 
LR305-PDMS LSC (0.5 wt.%) 0.5 0.183 ± 0.016 0.289 ± 0.009 
    
    
SiLRNPs-PDMS LSC (0.1 wt.%) 0.001 0.041 ± 0.010 0.064 ± 0.004 
SiLRNPs-PDMS LSC (1 wt.%) 0.01 0.123 ± 0.005 0.181 ± 0.014 
SiLRNPs-PDMS LSC (3 wt.%) 0.03 0.196 ± 0.009 0.284 ± 0.015 
SiLRNPs-PDMS LSC (5 wt.%) 0.05 0.290 ± 0.003 0.321 ± 0.012 
SiLRNPs-PDMS LSC (10 wt.%) 0.1 0.489 ± 0.004 0.546 ± 0.012 
SiLRNPs-PDMS LSC (25 wt.%) 0.25 0.774 ± 0.013 0.995 ± 0.017 
SiLRNPs-PDMS LSC (50 wt.%) 0.5 1.073 ± 0.010 1.287 ± 0.011 
    

 


