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ABSTRACT 

Luminescent solar concentrators (LSCs) collect and concentrate the solar irradiation to 

generate electricity through the photovoltaic effect. LSCs have attracted attention due to 

their concentration factors, their ability to provide wavelength-to-bandgap matched 

photons, and because they can work well under both diffuse and direct illumination. This 

paper assesses luminescent solar concentrators, in which the inclusion of a tunable 

photoluminescence optical layer is analyzed. Three main goals are achieved. First of all, 

we achieved for the first time an optical window based on a randomly oriented six-dye 

system that exchanges energy sequentially between them (Förster Resonance Energy 

Transfer, FRET). This is interesting from a scientific point of view. Secondly, the present 

work achieved a broad absorption spectrum by combining six dyes, which is interesting 

from a practical point of view. Thirdly, although we can achieve a similar broad absorption 

with a reduced number of dyes, this strategy allows to tune both the absorption of the 

optical window and the emission with high selectivity (by removing dyes) in order to 

match the emission of the luminescent system to the bandgap of the PV technology used 

in the LSC, whose efficiency is increased by 26.9% with respect to the reference 

prototype.  
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1. Introduction 

 

Power energy technologies are changing worldwide. There has been a profound 

transformation from carbon sources toward a renewable market. In examining the 

different renewable alternatives, solar photovoltaic technology has a potential to shape 

clean, reliable, scalable features for the future. Indeed, photovoltaic is one of the easiest 

renewable technologies to hybridize with others like wind or thermal solar energy.[1-3]  

The main drivers to get this high penetration on the current electrical market are derived 

from the intense R&D programs that lead the research on new absorbing semiconductors 

to simultaneously reduce the price of the semiconductor and the installation cost. 

Complementary research relating to how managing the solar radiation for a better 

matching with the band gap of the solar cell is also under investigation. Solar spectrum 

offers a broad photon energy range, that goes from the UV to far infrared. One proposed 

solution is to develop tandem solar cells, but nowadays this technology is not cost-

competitive against silicon ones. [4] Moreover, the photovoltaic efficiency depends on the 

solar spectral energy distribution, as it changes during the day, through the season and 

with the location. [5] 

A promising alternative proposed in the early 1970’s was the Luminescent Solar 

Concentrator (LSC), with the incorporation of the luminescent optical window acting as 

light absorber. The basic design consists in a flat and transparent material (host) doped 

with fluorophores to absorb the incoming radiation and to emit photons with a high 

energy. [6-9] This active material is placed on top of a glass or a transparent substrate or 

between a glass sandwich structure to act as a waveguide; based on the total internal 

reflection, emitted photons are trapped and guided on top of the solar cells located on 

the edge of the glass.  

The main advantage [10] to develop an LSC device is to replace the solar cell required for 

a conventional photovoltaic module by a low-cost polymeric material acting as optical 

window, and thus, reducing Level Cost of Energy (LCOE) of photovoltaic generation. For 

this purpose, the LSC concentrates the incoming radiation, but opposite to the 

conventional Concentrator Photovoltaics (CPV) technologies, neither the tracker system 

nor the specific lens is required (again, another cost reduction input). Moreover, LSC is 

also able to operate under both direct and diffuse radiation [11], which open the market to 

new locations where conventional CPV cannot be installed due to the radiation existing: 

CPV needs direct radiation and mechanical trackers to follow the sun position, and both 
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requirements are suppressed in the LSC technology. LSC also offers advantages 

derived from their esthetic capabilities: transparency and tunable color, which makes it 

suitable for building integrated photovoltaic (BIPV) applications. [12-15] 

Therefore, ideally, dyes employed for LSCs design must fit the following four 

specifications: (a) broad absorption range at lower wavelengths of the LSC, narrower 

than the absorption wavelengths of the solar cell technology used; (b) emitted photons 

by the LSC have to be aligned energetically with the optimal band gap of the solar cell; 

(c) large Stokes shift to minimize the overlapping between absorption and emission 

spectrum and thus, to reduce the self-absorption in the dye; (d) high photoluminescence 

quantum yield of the terminal dye to minimize thermal losses.  

Despite their potential, LSCs have two main limitations:	[16-19] (1) most commercial dyes 

offer a narrow Stokes shift, which means that absorption and emission peaks overlap in 

a certain energy range and thus, potential photons emitted in that energy range will be 

reabsorbed and not useful for the solar cell; (2) absorption spectral range for individual 

dyes is not as large as desired, so only a small amount of incoming photons can be 

converted into the desired energy range for the solar cell.  

To achieve a wider absorption spectrum in the optical window, and thus to increase the 

photon’s wavelength shift, alternative strategies have been suggested by several 

authors. Two approaches are emphasized: (1) to stack different dyes vertically as it 

works as a tandem solar cell [20,21] (Figure 1a): the benefit of this proposal is that each 

dye is able to transform a different interval of the solar spectrum and all reemitted 

photons are collected simultaneously in the solar cell active area; however, the 

disadvantage of this solution is that manufacturing cost impact is high (longer 

manufacturing time and specific solar cells spectrally matched to each dye are needed, 

which at the end, represents a drawback in terms of cost). Also, the effect of illuminating 

partially the solar cell with different photons distribution energy has not been fully 

understood; in the worst scenario, each dye will require a specific band gap solar cells; 

(2) to mix multiple types of dyes at the correct concentration to induce the Förster 

Resonance Energy Transfer (FRET) mechanism [22] (Figure 1b); the correct 

concentration is needed to ensure that the different dyes are close so as to facilitate the 

FRET development, without quenching the luminescence by an excess of dye 

molecules.   

Several mechanisms can result in energy transfer between fluorescent dye molecules. 

In 1948 Förster published his quantum-mechanical treatment of the transfer of electronic 

excitation energy between similar molecules, [23] which he considered as oscillating 
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dipoles with an energy transfer governed by their Coulomb interaction. In a host of 

multichromophore materials, FRET represents a non-radiative energy transfer 

mechanism which can be used to shift the spectrum. This process takes place when the 

emission spectrum of a fluorophore (called donor), overlaps with the absorption spectrum 

of another dye (called acceptor). A key concept is that FRET does not imply emission of 

light by the donor, so there are not intermediate photons in the dyes-chain that define 

FRET. Both molecules (donor and acceptor) are coupled by dipole-dipole interactions. 
[24] The three principal determinants of the FRET transfer efficiency are the separation, 

mutual orientation and spectral overlap of the donor-acceptor pair.  

 

 

  

 

 

 

 

 

 

 

 

 

 

Banal et al [25] introduced one modification in the basic concept of the optical window of 

LSCs. They used the excitation energy transfer (EET) strategy with a donor chromophore 

to enhance the efficiency of LSCs to achieve large Stokes shift to reduce reabsorption 

of the emitted photons.  

Swartz et al [26], studied the design of a solid LSC considering two dyes and a liquid LSC 

with three dyes in a FRET combination, with unsuccessful results due to the 

	

Figure 1. a) Schematic mechanism proposed for an optical window based on 
dye stack and specific spectral matched solar cells. b) FRET example using 3-
dyes, with the advantage of a wider absorption spectrum 
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concentration of the selected; despite the results these authors established a new 

approach to improve the LSC design.  Later, C. Tummeltshammer et al [22] fabricated 

one LSC considering the FRET concept and using a quantum dot acting as a donor, 

mixed with an organic dye as acceptor. They demonstrated that a fluorophore with a 

lower quantum yield and a small Stokes shift might be used in LSCs devices. This report 

shows how a single dye absorbs less than 1% of the incoming wavelength, while the 

FRET combination of quantum dots and organic dyes increases this absorption factor 

until 13.5%.  

Balaban et al [27] demonstrated the FRET mechanism applied to LSC optical windows but 

using only two dyes: DCM and LR305. They observed that the absorption spectrum of 

the mixed dye was increased against the LR305 situation. They also claim a secondary 

advantage: the capability of color tunability. However, they advised that, on one hand, 

results should be improved in terms of waveguide of the emitted light into the solar cells 

when dye concentration was too low; on the other hand, when they increased dye 

concentration, the reabsorption was higher than expected.  

In a similar line of research, Bailey et al [28] optimized the previous LSC design 

considering three-dyes connected in a FRET network. They found an increase of the 

absorption of the solar light compared with the single-dye case. These authors also 

pointed out that the challenge in making an efficient multiple-dye LSC were to find dyes 

that have suitable properties for better LSC performance, and again, their concentration 

in the host material was the critical parameter.  

Zhang et al [18] recently created a FRET-based optical window considering only two 

perylene dyes and with the novelty of designing the LSC prototype with three types of 

solar cells. They observed that the same optical windows reported significatively different 

performance upon the bandgap of the solar cell, so, in our opinion, FRET might be crucial 

to provide tunability properties to the LSC concept.  

Menendez et al [29,30] developed an absorber based on FRET system working as a 

polarized luminescent solar concentrator. However, to facilitate the non-radiative energy 

transfer between the dyes embedded in the host material, it was required to use liquid 

crystals as matrix, which represented an expensive design, not aligned with the 

photovoltaic market constraints. So, based on the existing literature, all these previous 

research works reported lower LSC efficiency, and FRET configuration selected was 

limited to a lower number of dyes (a maximum of three).   
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Present work demonstrates that it is possible to reach a FRET transfer efficiency using 

a randomly oriented six-dye system of interconnected dyes. We postulate that in this 

case it is possible for each dye to find another dye at the right orientation and distance 

in order to have a full energy transfer. This provides an easy way for the design of 

efficient down-shifting systems avoiding liquid crystals, molecular alignment, etc. We are, 

to the best of our knowledge, the first to show experimentally the linking of six dyes 

randomly oriented and connected in FRET configuration, using LSC front-face with CIGS 

solar cells technology.  

2. Materials and methods 

The LSCs fabricated in the present work are based in dye-doped PMMA thin films. 

Selected dyes are combined to achieve FRET, so the optical window is based on a single 

layer. For molecules in a dye to be highly absorptive, they must fulfill the following 

specifications: 

i. The dyes must be highly fluorescent. This is particularly important for multiple 

layer LSCs, where accurate dye tuning is required for an efficient cascading 

energy transfer. In a monolayer configuration, high quantum yield maximizes the 

Förster radii but is not strictly mandatory since FRET can out-compete non- 

radiative losses.   

ii. The final emissive dye of the stack should show a large spectral shift (Stokes 

shift) between absorption and emission to minimize self-absorption of the 

waveguided light.  

iii. Dyes should exhibit a broad absorption in the visible spectrum in order to 

minimize the number of dyes in the stack. 

We combined six dyes to cover the UV-VIS absorption spectrum from 325 nm to 650 

nm. The selected dyes were Lumogen Violet, Coumarin 6, DCM, PM567, PM597 and 

PM650, first of them supplied by the company BASF, and the rest obtained from the 

company Exciton. The dyes form a near field energy transfer cascade to the terminal 

PM650 dye, which emits in the 650nm approx. It is possible to sequentially remove (or 

to add) final dyes to modify the optical properties of the luminescent layer in order to 

match the photoluminescent wavelengths to the semiconductor bandgap used in the 

solar cell.  

Luminescent solutions were prepared from a mixture of the as-received powdered dyes, 

polymethyl methacrylate (PMMA) and chloroform, both from Sigma Aldrich. 300 mg of 

PMMA and 4 ml of chloroform were stirred during 48h to ensure a homogeneous 
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solution. Then the dyes were added to the PMMA solutions, acting PMMA as the host 

polymer of the dyes. Dye concentration was 1% w/w for every dye (with respect to the 

PMMA). Then, a solution containing the six dyes was deposited on glass by spin-coating 

(Laurell, WS-650Mz-8NPP). Finally, the solvent was evaporated by a hot-plate at 50ºC 

in a covered Petri dish to increase the vapour pressure of the solvent and to avoid dust 

particles deposition on the coated film. At the end of the process the thickness of the 

optical window is 150 µm approx.  

The prototypes consider CIGS thin film solar cells instead of conventional silicon solar 

cells. Typical thickness for luminescent coatings is in the range of 5-50 µm, while silicon 

solar cell thickness is around 300 µm and CIGS solar cells thickness is close to 5 µm. 

Then, the use of CIGS solar cells minimizes the emission of the light from the LSC into 

the lateral side of the solar cell (inactive area), which will induce a lower performance of 

the device. Thus, CIGS technology, against conventional silicon solar cells, ensures a 

better guide light coupling between the LSC and the front active area of the solar cell in 

a front-face LSC configuration. Moreover, handling and preparation of the CIGS solar 

cells is easier than silicon ones for this purpose, with a similar spectral response. [31] 

CIGS solar cells (210x100 mm2) from Global Solar were prepared to the required 

geometry of the Luminescent Solar Concentrator (100x100 mm2) by means of laser 

scribing. First, solar cells were cut in the desired dimensions (50x10 mm2) using an IR 

1064nm scanner. Second, edge isolation was performed with a picosecond laser source 

of 532 nm. To ensure a suitable performance of the solar cells, they were characterized 

with an electron microscope FESEM Hitachi S-3000N and a solar simulator ABET 3000 

AAA.  

Fabrication of LSC samples consists in placing CIGS solar cells (50x10 mm2) in a front-

face configuration on top of a glass in square geometry, connected in series. Inside this 

area, the organic dyes are deposited forming the optical window (Figure 2). [31] Using this 

configuration, solar cells benefit from two irradiation sources: a direct one from the sun, 

and a that photoemitted by chromopheres in the optical window. With the design 

proposed in this paper, both light sources are collaborative  

Finally, components were encapsulated with commercial EVA and a front glass (2mm 

thickness) using a laminator manufactured by the company P Energy (model L036LAB). 

Samples had 100x100 mm2 in order to ensure scalability and reproducibility of the 

results.  
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Total concentration factor (Cx) of the device is calculated as the product of the optical 

efficiency (hopt) and the geometrical concentration factor (G); Moreover, the geometrical 

concentration factor (G) is defined at the ratio of the optical window of the LSC surface 

(S1) and the solar cells surface (S2). Thus, this results in a geometrical concentration 

factor (G) of 2.5x:  

𝐶" = 𝐺 · 𝜂'() =
𝑆+
𝑆,
· 𝜂'()																																																																			(1) 

Each prototype was replicated 5 times, to provide consistent statistics results. 

Transmittance and reflectance measurements were carried out to characterize the 

optical response of the dyes used. Other experiments provided the internal quantum 

efficiency and the optical efficiency of the luminescent coating.  In addition, the 

characteristics I-V curve and the spectral response were measured to characterize the 

performance of the LSC prototype. To quantify the enhancement effect of the 

luminescent material, results were compared with a reference sample that did not have 

any dye incorporated in the optical window. 

 

 

 

 

 

 

 

 

 

 

Thus, the experimental setup to evaluate this LSC characteristic consisted in a white 

halogen lamp (Newport), with the corresponding optical filter to ensure AM1.5G 

spectrum, coupled to a monochromator (Oriel Cornestone 260). The sample was located 

inside an integrating sphere (Labsphere) with different ports: one for the incoming light, 

the second one located in the opposite side for the transmitted light, and a third port 

	

Figure 2. LSC fabricated with different combinations of dyes. From a) to c): C6, 
C6+DCM and LUV+C6+DCM+PM657+PM597+PM650. d) schematic design of the 
LSC using front face CIGS solar cells encapsulated in glass-glass. 

a) 

b) 

c) 

d) 
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located at 30º with respect to the normal incoming light, to measure the reflected light. 

Light was modulated with a mechanical chopper (Stanford Research Systems Inc) and 

monitored with a silicon detector (Newport model 7610). Recorded signals were 

amplified with a Lock-In Amplifier (Stanford Research Systems SR830 dual phase). This 

procedure was proposed by Baldo et al from MIT [32] and provides similar results to those 

obtained according to the procedure described by Goldschmit et al [33] from Fraunhofer 

Institute.  

A fluorimeter (Edinburgh Instrument FLSP920) was used to measure the surface 

emission of the films. To analyze the opto-electronic performance (I-V curve) of the LSC 

prototypes, a solar simulator (Abet 3000 AAA) and a quantum efficiency system (PVE300 

Bentham) were used.  

 

3. Results and discussion  

3.1. Luminescent coating characterization 

There is extending literature on a variety of dyes explored for LSC design. [34,35] Dyes 

selected for this research work were from the coumarins and pyrromethene families, 

except the first one that was dye from the naphtalimide family. The whole system, with 

six dyes, results in higher luminescence than that of individual dyes. Another specific 

advantage for Coumarin dyes was that they exhibit large Stokes shifts by using 

intramolecular charge transfer and rarely, excited state intramolecular proton transfer 

mechanisms. This large Stokes shifts feature reduced reabsorption phenomena in the 

LSC optical window. An advantage of the Pyrromethene family is its high yields of 

fluorescence due to their planar structure. In terms of photostability, the less vulnerable 

dyes were those selected for this research work: PM567, PM597 and PM650. [36] In a 

FRET system, photoluminescence quantum yield mainly matters at the terminal dye. But 

we have tried to design a tunable molecular system. In this system dyes can be removed 

and then any dye could be the terminal dye. Having this in mind, we have tried to find 

dyes with large Stokes shift and high photoluminescence quantum yield, in case they 

should be the terminal dyes. An extra advantage of these dyes and polymer host material 

selection was that all of them were soluble in the same solvent. Dyes remained as 

monomers in the concentration required for FRET combination in the solid PMMA to 

prevent the quenching of excited states by the formation of aggregates.  
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The absorption peak measured for each individual dye is summarized in Table 1. It 

should be remarked that the absorption spectral range increases when single dyes were 

mixed to obtain the FRET system.  

Dye Family Absorption (lmax) Emission (lmax) 
LUV Naphtalimide 375 420 

C6 Coumarin 447 464 

DCM Coumarin 467 534 

PM567 Pyrromethene 520 567 

PM597 Pyrromethene 532 597 

PM650 Pyrromethene 590 650 

FRET  375-590 650 

Table 1. Characteristics of luminescent dyes used in this paper. The experimental 

absorption and emission peak wavelengths are indicated 

 

Figure 3 shows spectral properties of the dyes selected for this research work embedded 

in a PMMA host material: absorption and emission. For each individual dye, the 

absorption spectrum revealed a large primary peak and some small secondary peaks at 

shorter wavelength with non-significant intensity compared with the principal signal. They 

were compared with the absorption obtained for the set of dyes embedded together in 

the host material. To ensure the proper FRET energy transfer mechanism, the 

concentration of each dye was fixed at 1% w/w. The optical performance of the LSC was 

clearly improved with the FRET design, as the absorption spectrum was 4 times broader 

than the individual dye spectrum, as shown in figure 3.  
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Measurements of the fluorescence intensity of the acceptor in the presence of donor 

molecules with a fluorimeter were carried out to analyze the potential irradiance on the 

solar cells, and the right match of the photoemitted photons according to the photovoltaic 

spectral response. The fluorescence of the last dye was observed in the yellow-red 

corresponding to the first  ,approx.photoemission peak at 650 nm a visible range, with 

) of the dye. 1s® 0excited single state (s 

Energy transfer between fluorescent dye molecules in the optical window might have 

occurred through different mechanisms: non-radiative energy transfer (FRET) to the 

smallest band gap dye, or the emission of a photon by a donor chromophore and its 

reabsorption by the acceptor. Furthermore, figure 3c illustrates the absorption and 

emission spectrum of the FRET system, when the sample was excited using a 

monochromatic light associated to the corresponding excitation energy of the first dye 

employed (Lumogen UV). When the LSC is based on a single dye, and the selected dye 

is Lumogen UV,the emission is located at 420 nm (Figure 3a and 3b). For the rest of 

dyes, the emission is null. However, when the sample is based on the previous 

combination of dyes, the emission is located at 650 nm, using the same excitation 

wavelength (Figure 3c), and unlike the single-dye samples, the absorption spectra was 

Figure 3. a) Absorption spectrum of individual dyes and combined proposal to enhance optical 
window performance by FRET configuration (black line). b) Normalized photoemission exhibit by 
each dye used and FRET response (black line). c) Comparison of the absorption and 
photoemission spectra of sequential incorporation of terminal dye to FRET network in the LSC 
optical window (FRET photoluminescence measurements resulting from excitation at 380 nm). 
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wider. This result proved that FRET energy transfer mechanism had been achieved for 

the six dyes. To our best knowledge, this achievement shows for the first time a FRET 

mechanism combining six dyes with isotropic orientation, with the advantage that the 

selected dyes had a random orientation in the host material: no additional sophisticate 

technique, such as the employment of liquid crystal matrix, [30] is needed during the 

manufacturing to induce any preferential orientation.   

Once the FRET mechanism was proved, we analyzed the impact of this optical window 

on the LSC device. For that, the optical quantum efficiency (OQE) was characterized, 

defined as the fraction between the number of photons that reach the LSC’s edge and 

the photons absorbed by a dye in the front surface. For that purpose, the sample was 

located inside an integrating sphere, and excited with white light coupled to a 

monochromator. This characterization provides information about the density of photons 

emitted by the device, and which is the spectral range of the excitation spectrum useful 

for the LSC (Figure 4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

It was observed that close to an average of 20% of the incident photons were absorbed. 

The most relevant result observed was that the optical quantum efficiency ranged from 

	Figure 4. Optical Quantum Efficiency (OQE) measurements of the different optical window 
designs proposed. The samples shown are four different combinations of dyes: C6 as single 
dye, and three alternative acting as FRET systems. The recorded signals demonstrate how 
the design might be tunable according the solar cell spectral response required. Red dots 
shown the OQE of the reference sample (Lumogen LR305), with lower OQE than our FRET 
based proposal in terms of absorption width spectra and photons density emitted. 
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350 nm to 600 nm, which represents a broader spectrum when compared to any other 

combination of dyes or single dyes used. Figure 4 also shows the characterization of an 

optical window based on Lumogen Red LR305, one of the most extended dyes to 

manufacture LSC devices. It was observed that this FRET system improved its optical 

performance, either in terms of density, and absorption spectral range.  

Results obtained are also compared with previous published results (Table 2). The most 

optimum performance in terms of OQE was obtained with the sample with six-dyes 

combined as a FRET mechanism. This sample was able to extend its absorption 

spectrum to wider values than the rest of samples without any detrimental effect on the 

photon intensity. Thus, we demonstrate that the FRET concept offers a wider absorption 

spectrum than conventional designs that use a single dye, or dyes combined in pilled 

stacks, with the additional advantage that a multiple-dye chain is tunable to ensure the 

emission in a specific and desirable range of the spectrum. 

 

Ref – Year Luminescent material LSC size Absorption 
range hopt 

[37] - 2019 Tandem dye - FRET & QDs 50x25 mm2 400 – 500 nm 11.97% 

[38] - 2018 Tandem dye - QDs 20x20 mm2 500 – 700 nm 6.4 % 

[39] - 2017 CuInS2 / ZnS QDs 100x100 mm2 400 – 800 nm 8.1% 

[34] - 2013 Lumogen Red 305 dye 50x50 mm2 500 – 600 nm 7.2% 

Table 2. Optical efficiency obtained in previous related works.   

The main objective of the optical window design is to enhance the LSC efficiency. To 

achieve this goal, three requirements need to be met: a) the solar irradiation must be 

concentrated; b) the dye emission must match that of the solar cell semiconductor 

bandgap; c) the width of the absorption spectrum must be maximal, according to the 

solar irradiation profile.  

Our results show that the 6-dye prototype ansorbs in the range of 350 to 650 nm, and 

the maximum photoluminescence peak is located at 650 nm approx..,  which is the 

optimal value to match the CIGS solar cell bandgap (1.3 eV in the solar cells used in 

these experiments), but also compatible with conventional and mature silicon 

technology. In addition, this wavelength range between 350 and 650 nm coincides 

exactly with the available range of the solar spectrum with the higher amount of photons.  

An additional advantage of this proposal consists on its tuneability: if the cell bandgap 

were different, as would happen with the CdTe and perovskites technologies, it would be 
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enough to remove the terminal dye to optimize the system, while keeping the efficiency 

of the solar concentrator. 

Once the optical quantum efficiency had been determined, the optical efficiency (hopt) 

could be calculated. Optical efficiency is a key parameter that measures the ratio 

between the output photons arising from the solar cell at the edge of the LSC and the 

incoming photons from the external irradiation source. [20]  

𝜂'() =
𝑂𝑄𝐸 𝜆 · 𝐺56	+.89 𝜆 𝑑𝜆

𝐺56	+.89 𝜆 𝑑𝜆
																																																			(2) 

Thus, the optical quantum efficiency (OQE) is independent on the irradiation spectrum, 

while the optical efficiency considers which is the spectrum distribution of the light (GAM 

1.5G) and how those photons are absorbed at the luminescent material. Results obtained 

(Table 3) show a) the benefit of luminescent coatings, b) the proposed FRET design 

exhibited the highest optical efficiency, and c) the optical efficiency obtained for this 

FRET set of dyes was higher than that previously reported for other design approaches 

(Table 2). Moreover, FRET offered the advantage of easy tuneability to ensure the 

optimum matching between the solar cell bandgap and the optical window of the LSC.  

C6 C6+DCM+PM567 C6+DCM+PM567+ 
PM597+PM650 

LUV+C6+DCM+ 
PM567+PM597+PM650 

3.3 % 6.7 % 9.1 % 16.2 % 

Table 3. Optical efficiency calculated for 4 types of optical windows 

 

3.2. Luminescent Solar Concentrator characterization 

In the previous section, the first hypothesis of this research work was validated: the FRET 

system, connecting six nonaligned dyes, showed a better performance in terms of 

absorption and emission when compared with previously reported similar optical 

windows. In this section, the coupling of this new optical window with the solar cell to 

build the LSC device is characterized and analyzed. 

First, we attempted to demonstrate that the FRET dye-emitted photons at the right 

wavelengh, according to the solar cell technology used: thin-film CIGS solar cells. This 

is evidenced in Figure 4: the photoemission peak was centered at 650 nm, where CIGS 

technology had its maximum spectral response. Furthermore, the spectral response of 

the LSC prototype using six dyes as optical window, was compared with a reference 

sample, consisting in a CIGS solar cell without any luminescent material (Figure 5). The 
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spectral response improved in the spectral range where the luminescent dyes act: the 

flux of photons that were absorbed by the solar cell is enhanced, which had positive 

consequences for the LSC performance. Employing the combination of six dyes in FRET 

configuration, there was a rise in the spectral response at wavelengths shorter than 650 

nm, which corresponded to the contribution of the dyes and the photoemission spectrum 

of the terminal dye (PM650).   

 

 

 

 

 

 

 Reference Sample LSC 
Isc (mA) 0.101 0.114 
Voc (V) 2.348 2.394 
FF (%) 60.86 66.94 
G (W/cm2) 0.1 0.1 
PV Efficiency (%) 1.44 1.82 

 

Current Enhancement 13.17 % 
PV Efficiency Enhancement 26.92 % 

Table 4. Optoelectronics characterization of the LSC device 

Second, we observed that the luminescent coating was responsible for the increase in 

the density of incoming photons to the solar cells, with respect to the control sample. As 

a consequence, the photocurrent increased (>13%), while the open-circuit voltage (Voc) 

remained approximately invariant. Therefore, the improvement of the efficiency of the 

photovoltaic device with the luminescent layer (LSC) was as high as a 26.9% (Figure 5). 

Thus, the incorporation of dye coatings improved the device efficiency.  

To compare the proposed FRET dye system against conventional dyes, another 

prototype was manufactured (reference sample) with the same geometry specifications 

using a well-known chromophore: Lumogen LR305 [34,35,36] but with different absorption 

spectrum. The enhancement factor (Γ=>?) was calculated for both prototypes: 

	
Figure 5. a) I-V characteristics of the LSC prototype with six dyes in FRET configuration. b) Spectral 
response of the LSC. In both cases the LSC performance measured is compared against one control 
sample.  
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HH

GEF
HH·IEF

HH 																																															 3   

where superscript “pp” represents maximum voltage and current at power point, and 

subscript “LSC” and “PV” are the terms associated to the contribution due to the photons 

emitted by the organic dye and solar spectrum, respectively. Results are summarized on 

Table 4. As can be observed in Table 5, the FRET system proposed on this work offered 

a higher performance when compared with previously reported designs based on 

conventional dye Lumogen Red 305.  

Dye 𝚪𝑳𝑺𝑪 Absorption range Emission (lmax) 
Lumogen Red 25% 500-600 nm 650 [18] 

This work 78% 350-600 nm 650 

Table 5. Absorption performance of the optical window for FRET and more extended 

used dye (Lumogen Red) 

 

4. Conclusions  

The multiple-dyes selected and used for this experimental research work demonstrate 

the original idea suggested for Swartz et al. [26], who studied the design of a solid LSC 

considering two dyes in a FRET combination, with unsuccessful results due to the 

concentration of the selection. Here we have demonstrated that this original idea is 

feasible and, what is more challenging, we have proved for first time that it can be 

extended to six dyes in a randomly oriented configuration, with the advantage of the 

tuneability, and which improves significantly the LSC optical efficiency: 16.2%. 

Our optimum configuration to design LSC based on FRET energy transfer between dyes 

consisted in the sequential multiple-dyes: LUV + C6 + DCM + PM567 + PM597 + PM650. 

This set of dyes was able to absorb the solar irradiation in a wide spectral interval and 

reemit photons in the 650  to 800 nm wavelength range.  

The key parameters of this design are to ensure:  

a) Broad absorption range.  

b) Reduction of reabsorption losses.  

c) Narrow photoemission peak centered at the maximum spectral response of the 

solar cell. 

d) Color tunability upon dyes to provide aesthetic features to the device, which might 

be interesting for building integrated photovoltaic market.  
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To further improve the performance of our design, an advanced design of LSC might be 

analyzed by considering geometry and optical coatings (photonic crystals and plasmonic 

effects) on the front/back faces to minimize cone scape photons distribution. Future 

research should consider the potential degradation mechanism of the proposed dyes 

and their impact in the performance of the device. Accelerated-degradation and outdoor 

tests will test the optical coupling between all dyes used, and to demonstrate the 

industrial feasibility of this design.  
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