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Abstract 

Luminescent solar concentrators (LSCs) are waveguides doped with luminescent centers that 

can spectrally and spatially concentrate sunlight. They can reduce the cost of photovoltaic 

energy production and are attractive prospects for photobioreactors and building-integrated 

applications. Reabsorption, caused by non-zero overlap between the absorption and emission 

spectra of the light-emitting centers, often limits LSC efficiency. Donor-acceptor energy-

transfer complexes are one method to mitigate reabsorption by shifting the emission away 

from the main absorption peak. Here we introduce versatile star-shaped donor-acceptor 

molecules based on a central BODIPY energy acceptor with oligofluorene donor side units. 

Varying the oligofluorene chain length alters the relative oscillator strengths of the donor and 

acceptor, changing the severity of reabsorption for a given donor density, but also changing 

the luminescence yield and emission spectrum. We performed comprehensive device 

measurements and Monte Carlo ray tracing simulations of LSCs containing three 

oligofluorene-BODIPY donor-acceptor systems with different oligofluorene chain lengths, 

and then extended the simulation to study hypothetical analogs with higher donor-acceptor 

ratios and different terminal acceptors. We found that the measured structures permit 

waveguide propagation lengths on a par with state-of-the-art nanocrystalline emitters, while 

the proposed structures are viable candidates for photobioreactor and energy production roles 

and should be synthesized. 
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Introduction 

Luminescent solar concentrators (LSCs) consist of a transparent waveguide doped with 

highly luminescent chromophores. Sunlight incident on the LSC is absorbed by the 

chromophores and emitted into waveguide modes, confining the light for transport to a useful 

output
1
. As the input aperture of an LSC is larger than the output aperture, LSCs can 

concentrate light spatially as well as spectrally (Figure 1 (a)). Photovoltaic (PV) cells can be 

attached to the output aperture, increasing the photon flux available to the cell compared to 

direct illumination by sunlight
2–4

. The narrow emission spectrum of the LSC can also be 

tuned to improve conversion efficiency
4
. The primary motivation for this LSC-PV 

combination has traditionally been the high cost of PV cells, with the LSCs intended as a 

cheap replacement for large areas of expensive cell. However, as the cost of PV modules has 

decreased, other applications are under consideration. The aesthetic and structural properties 

of LSCs are being viewed as increasingly important
1
. PV modules in general are heavy, non-

structural, and available in limited colors, while LSCs are light, can be formed into a range of 

shapes and as part of structures, and are colorful. This makes them a strong prospect for 

integration into energy-generating structures
2,4

. In addition, LSCs are being explored as a 

means to enhance photobioreactors
5
, as daylighting sources

6
 and as antennae for visible-light 

communications
7
. 

The power conversion efficiency (PCE) of an LSC is given by 

𝑃𝐶𝐸 ≈ 𝜂𝑎𝑏𝑠𝜂𝑠𝑡𝑜𝑘𝑒𝑠𝜂𝑒𝑚𝜂𝑝𝑟𝑜𝑝(𝐺), where 𝜂𝑎𝑏𝑠 is the absorbed fraction of the solar spectrum, 

𝜂𝑠𝑡𝑜𝑘𝑒𝑠 is the fraction of energy lost in down conversion, 𝜂𝑒𝑚 is the probability of remission 

into waveguide modes, and 𝜂𝑝𝑟𝑜𝑝 accounts for all the propagation-related losses. G, the 

geometric ratio, is the ratio of input to output aperture areas
8–10

. The need to guide light over 

long distances within a heavily-doped matrix means reabsorption typically dominates the 

losses embedded in 𝜂𝑝𝑟𝑜𝑝
4,11,12

, except in unusual cases of emitters with very large Stokes 

shifts where parasitic matrix losses take over
13

. 

Reabsorption can be diminished by increasing the Stokes shift of the emitting chromophore
14

, 

or through separating the absorbing and emitting chromophores and minimizing the 

concentration of the latter
15–17

. Increasing Stokes shift directly is typically pursued for 

inorganic emitters such as quantum dots, where varying composition and size, and the use of 

core-shell structures, allow the absorption and emission properties to be controlled
18,19

. For 

organic molecules where the Stokes shift may be considered intrinsic, the donor-acceptor 
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strategy is prevalent, and many LSCs using donor-acceptor systems based on Förster 

resonance energy transfer (FRET) have been reported
20–24

. FRET permits efficient 

radiationless energy transfer between donors and acceptors, but only if the coupled molecules 

are within ≈ 5 nm of each other
9,17–19

. This degree of proximity in molecules containing large 

π-systems often leads to aggregation and decreased photoluminescence quantum efficiencies 

(PLQEs)
20–24

, which hinder LSC performance. Combining the donor and acceptor species 

into one supramolecule can avoid this problem, albeit at the price of increased synthetic 

complexity
9,25

.  One of the best examples of a donor-acceptor supramolecular system is the 

bacterial phycobilisome (Figure 1(c)). Phycobilisomes are highly organized complexes of 

different protein chromophores and linker peptides arranged to produce rapid and directional 

energy migration to a central core emitter
34

. Indeed phycobilisomes have been used directly 

in novel LSCs
16

. 

Boron-dipyrromethene (BODIPY) conjugated systems are a popular class of organic dyes 

that show high fluorescence yields and absorptivity, good photostability, and solubility in 

common solvents
35–38

. BODIPY dyes have been used as biological labels
39–41

, laser dyes
42–44

, 

monomer units in low-bandgap polymers
45–47

, and in LSCs
15,48

.  Due to aggregation, 

achieving efficient emission from a BODIPY dye in the solid state is difficult, but this can be 

remedied by incorporating the BODIPY core into a larger molecular scaffold
49–52

. In this 

work, we investigate LSCs containing a donor-acceptor system based on a central BODIPY 

emitter with three covalently-bound oligofluorene donor side units arranged in a star 

configuration (OFBMs, Figure 1 (b))
33

. The oligofluorene side units absorb light and transfer 

energy via FRET to the BODIPY core, where it is emitted. We study the effect of a 

systematic increase in the number of fluorene units per molecule. 

The emission peak of the BODIPY core used in this work, at 610 nm (Figure 2 (a)), would 

not produce an effective LSC based on silicon PV cells. However, many proposed photo-

bioreactors for the cultivation of microalgae are too expensive for practical applications due 

to the high cost of providing artificial illumination
53

. Further, it has been shown that spectral 

tuning can be used to improve growth efficiency for certain strains of microalgae and 

plants
54,55

. Thus LSCs based on OFBMs represent potentially useful candidates for lighting 

systems used in bioreactors
56

. Optimizing LSC efficiency is still important in this application. 

Through a concerted device and raytracing study, we find that interplay between the different 

effects of extending the oligofluorene donor arms mean simple heuristics for optimizing LSC 

efficiency are inadequate. Extending the OFBM structure through simulated spectra, we find 
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that this family of donor-acceptor molecules holds promise for low-reabsorption LSC 

applications. 

Results 

1. Steady-state optical properties of OFBMs 

The OFBM molecules are named by the convention FnB, where n is the number of 9,9-

dihexylfluorene units per arm. Molecules with n = 2, 3 and 4 were used (Figure 1 (b)), 

corresponding to 6, 9 and 12 fluorene units per BODIPY core. The OFBMs have a molar 

absorptivity of ≈ 80,000 M
-1

cm
-1

 in the BODIPY region and ≈ 30,000 M
-1

cm
-1 

per fluorene 

unit in the donor absorption region (Figure 2).  

 

Figure 1: (a) Schematic representation of light trapping and total internal reflection in an 

LSC. The blue ray 1 represents the path of a solar photon absorbed by a dye molecule. The 

orange rays 2, 3 and 4 show three possible outcomes for a photon subsequently emitted. 2: 

The emitted photon enters an escape cone and is lost, which occurs if the angle of incidence 

upon the surface is less than the critical angle 𝜃𝑐 of the medium. 3: The photon is reabsorbed 
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by another identical dye molecule, re-priming the photon for loss through an escape cone or 

nonradiative decay. 4: The emitted photon propagates to an output aperture, where it can be 

usefully employed. Maximizing path 4 without sacrificing sunlight absorption is the key to 

designing efficient LSC devices. (b) The structures of the star-shaped oligofluorenes with 

BODIPY cores, FnB (n= 2-4). Arrows indicate energy transfer from the fluorene donors and 

emission from the BODIPY acceptor. (c) Structure of a phycobilisome with arrows showing 

transfer of excitons through the phycoerythrins (blue), phycocyanins (green) and 

allophycocyanis (red) to the thylakoid membrane (grey). 

Moving from F2B through to F4B increases the intensity of the 350 nm absorption peak, due 

to the increased number of fluorene units, while the BODIPY peak intensity is unchanged.  

The position of the absorbance peak associated with the fluorene units undergoes a 

bathochromic shift of 13 nm per fluorene unit added to an arm (Supplementary Figure 1). 

This is due to extension of π conjugation through the oligofluorene arms
33

.  

Two-dimensional excitation-emission fluorescence spectra of the OFBMs (Figure 2 (b)-(d)) 

were collected at low optical density to minimize the inner filter effect. The spectra show that 

fluorescence occurs solely from the BODIPY core, much like in a phycobilisome. This 

suggests a high donor-acceptor energy transfer efficiency, which is in agreement with 

previous reports
33,57

. The increase in emission intensity for excitation at 360 nm compared to 

540 nm correlates with the number of fluorene units. PLQEs were 0.70, 0.75 and 0.66 for 

F2B, F3B and F4B respectively, measured using a standard quinine disulfate reference
57

.  
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Figure 2: (a) Extinction and emission spectra of OFBMs in solution. (b)-(d) Two-dimensional 

emission/excitation spectra clearly showing that, under any excitation, emission occurs from 

the BODIPY core at 610 nm. 

2. LSC fabrication 

Three LSCs were fabricated using a polymer matrix of lauryl methacrylate (LMA):ethylene 

glycol dimethacrylate (EGDM) (4:1 by volume) doped with OFBM, prepared as described in 

the Methods section to give 10 cm × 10 cm × 0.3 cm waveguides. EGDM is a cross-linker 

that minimizes volume change during polymerisation, producing a rigid blend that is 

transparent in the visible
13,18,58–60

. The LSCs showed pronounced light emission from the 

narrow edges when excited with 365 nm and 532 nm illumination (Figure 3 (a) and 

Supplementary Figure 2).  No changes in the dye absorption spectra were seen upon 

incorporation into the polymer matrix.  Emission spectra showed a blue-shift relative to 

solution for all OFBMs (F2B ≈ 15 nm, F3B ≈ 10 nm,  F4B ≈ 20 nm) (Figure 3 (b)-(d)). We 

attribute this to a change in the microenvironment of the BODIPY center, which is known to 

shift the emission spectrum
61

. The concentration of OFBM in the LSCs was 0.0130 mM, 
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0.0176 mM and 0.0126 mM for F2B, F3B and F4B respectively, as determined by absorption 

measurements.  

 

Figure 3:  (a) LSC (F2B) photoexcited at 365 nm.  Measured absorption and normalized 

emission of the LSCs (b) F2B, (c) F3B and (d) F4B. 

3. LSC external quantum efficiency and flux gain 

While the application of LSCs using the OFBM molecules studied is not anticipated to be in 

PV power generation, PV cells were used as convenient photodetectors in most of our device 

characterisations. Here, each LSC was coupled to four 10 x 0.3 cm silicon PV cells.  No 

index matching between the LSC and PV cells was carried out. The current–voltage (I-V) 

characteristic of each LSC-PV system under AM 1.5G illumination was measured and used 

to calculate the external quantum efficiency (EQE), the ratio between the number of photons 

leaving the output aperture and the number of incident photons entering the input aperture. 

Using the measured absorption spectrum, we also calculated the internal quantum efficiency 

(IQE), the ratio of edge-emitted photons to photons absorbed by the LSC.  EQEs and IQEs 

were simulated using the LSC raytrace program (see Methods section) with the experimental 
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parameters of concentration, absorbance and emission spectra, PLQY and device geometry as 

inputs.  Measured and simulated EQEs and IQEs are shown in Table 1.  

Using the simulation results, we calculated the flux gain, a detection-agnostic metric given by 

the ratio of photons leaving the output aperture to photons arriving over an equivalent area of 

the input aperture, for photons with energy exceeding a threshold value.  For the three 

OFMBs measured, we chose a threshold of 700 nm, amenable to photobioreactors or some 

thin-film PV cells
53,62

. The flux gain at 700 nm (denoted F700) is shown in Table 1.  

 

 

Table 1: Measured and simulated external and internal quantum efficiencies, and the 

calculated flux gain at 700 nm.  

Sample Measured 

EQE (%) 

Simulated 

EQE (%) 

Measured 

IQE (%) 

Simulated 

IQE (%) 

F700 

F2B 1.69±0.15  1.71±0.02 36.4±3.3  37.6±0.3 0.47±0.02 

F3B 2.44±0.33  2.73±0.03 38.2±5.2  42.8±0.2 0.76±0.04 

F4B 1.82±0.17  1.91±0.02 34.7 ±3.2   36.5±0.4 0.53±0.04 

 

The relatively narrow absorption bandwidth of the OFBMs means that much of the solar 

spectrum is not absorbed, thus it is unsurprising that the maximum measured EQE is only 

2.44%, for F3B. F2B and F4B have EQEs of 1.69% and 1.82%, respectively. However, IQE 

values, which are not sensitive to incomplete absorption, are relatively high.  F3B has an IQE 

of 38.4%, while F2B and F4B have IQEs of 36.4% and 34.7% respectively. There is good 

agreement between measurement and simulation results, which suggests raytracing can 

clarify the overlapping effects of changing PLQEs and emission spectrum blue-shifts among 

the three FnB materials. The calculated F700 values show a similar spread, peaking at 0.76 

for F3B. We note that a sub-unity flux gain is unsurprising for the small size of the devices 

produced (G=8.3), and we show later that positive flux gain is predicted at a slightly larger G. 
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These results demonstrate that to understand the effect of oligofluorene length on LSC 

performance it is necessary to consider not just the influence of increasing donor relative to 

acceptor oscillator strength as the arms are lengthened, but also the effects of spectral shifts 

and changes in PLQE.   

4. Spatially-dependent external quantum efficiency 

Spatially-dependent EQE was measured by scanning a 2 × 2 mm
 
square of AM 1.5G 

radiation across the surface of each LSC-PV device while measuring short-circuit 

photocurrent. 121 points were measured per device and then averaged over the four 

quadrants. EQE(x,y) was then calculated by dividing the total detected photocurrent, in units 

of e, by the incident photon flux.  Simulations were conducted by spatially constraining the 

excitation source in the raytracer to mimic the grid of measurement points, and calculating 

EQE for each grid point. Measured and simulated results are presented in Figures 4 (a) and 

(b), respectively, and a one-dimensional comparison is shown in Figure 4 (c). A more 

detailed comparison between the measurements and simulations is presented in 

Supplementary Figure 3. 

The low EQEs measured are again largely due to the high proportion of AM1.5G photons 

that are not absorbed by the OFBMs; our analysis therefore focuses on relative changes to the 

EQE with respect to excitation position, with the aim of clarifying the extent of reabsorption 

in these three devices. EQE(x,y) was found to decrease for all three devices as the excitation 

source was moved further from the edges, reflecting the greater likelihood of photon loss 

through reabsorption-driven nonradiative decay, outcoupling, and parasitic matrix processes 

as the average path length to reach the edge is increased. The simulation results agree 

reasonably well with the measurements, over-estimating the measured result by 5.2±1.5% at 

the outside corner positions.  This difference is ascribed to an imperfect fabricated waveguide 

and PV cell optical coupling which is not accounted for in the simulations. The simulated and 

measured EQEs from the middle of the device differ by 9.2±0.7%, relative to each other; the 

additional difference seen here between experiment and simulation is accounted for by 

parasitic matrix losses which increase with path length and are not included in the 

simulations. 

The relative drop in EQE for excitation in the middle of the LSC (x = y = 5 cm) compared to 

excitation directly adjacent to a corner is 32.1±3.4% for F2B, 24.2±2.0% for F3B and 

24.2±1.6% for F4B. Although the F3B LSC has a higher OFBM concentration than the 
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others, this is counteracted by the slightly greater PLQE and smaller emission spectrum blue-

shift of the molecule. The measured waveguide propagation losses are smaller than those 

reported for some simple nanocrystal devices, such as standard PbS (70% loss for a length of 

8 cm
63

), and are approaching those of recently-reported core/shell CuInSexS2-x/ZnS 

nanocrystals (30% loss at 12 cm
18

). Given the clear sensitivity of BODIPY core reabsorption 

loss to emission blue-shift and changes in PLQE, small improvements in both properties, 

which should be achievable by modifying the matrix material, will yield a very effective LSC 

emitter. 

The degree of reabsorption associated with increased propagation length is determined by the 

spectral overlap between the luminophore emission and its absorbance spectrum. The 

spectrum of the emission from the output aperture was recorded as the propagation length 

increased. Excitation was by a 532 nm laser beam. All three LSCs showed a red shift in 

emission and a decrease in intensity with increasing distance (Figure 4 (d)) and 

Supplementary Figure 4 (a) (c) and (e)). These shifts stabilized at long path lengths as bluer 

photons were selectively eliminated by reabsorption. We simulated these results 

(Supplementary Figure 4(b) (d) and (f)), mimicking the narrow detection aperture and 

excitation source in the raytrace. The simulation results reproduce the experimental data to a 

large degree, showing the same trends in red-shift and intensity with increasing propagation 

length.  
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Figure 4:  (a) Spatial maps of LSC EQE, reflecting the probability of incident sunlight 

generating emission from an LSC edge. Excitation was from a 2×2 mm square of AM 1.5G 

solar radiation. (b) Simulated results. Data represent counts collected from 10
6
 incident 

photons. (c) EQE moving along a diagonal line drawn from the corner of the device to the 

center, for the measured data (solid line) and simulated data (dashed line). (d) Spectral 

changes in LSC edge emission spectra with excitation distance for the F3B LSC device. The 

peak at 532 nm is an artefact from the excitation spot 

5. Spectrally-resolved external quantum efficiency 

Spectrally-resolved EQE of the three LSCs was measured by affixing a small high-efficiency 

silicon PV cell to one edge of the LSC, and scanning the wavelength of a small 

monochromatic excitation spot held stationary near the attached cell. It is worth noting that 

the magnitude of the EQE is determined by the position of both the excitation spot and the 

PV cell.  Simulations were conducted by constraining the excitation position and wavelength 

to match the experimental conditions. The measured and simulated EQEs are shown in Figure 
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5. The measurements are well-matched by the simulated results, when we allow for a non-

zero baseline due to excitation source scatter and imperfect LSC-PV cell coupling.  

The EQE in the ultraviolet increases as oligofluorene length increases, although the increase 

is not linear with fluorene count since the absorbed fraction scales logarithmically with 

optical density. The red-shifting of the oligofluorene feature accords with the measured 

absorption spectra. As expected, the EQE of the BODIPY feature is essentially constant 

across the three devices, with small differences ascribed to the PLQE and emission blue-shift 

differences of the three.  

 

Figure 5: Spectrally-resolved external quantum efficiency of the fabricated LSC-PV system 

(squares) and simulated data (lines).  Error bars represent the deviation in multiple EQE 

measurements. 

6. Study of optimized devices using raytracing 

As the simulation results accord with our experiments, we turn to simulations to predict the 

performance of optimized LSCs based on the three OFBMs studied. First, we repeated the 

EQE simulations presented in Table 1, maintaining the device geometry and PV cell 

characteristics, but stepping through dye concentration to find the optimum performance. The 
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results are shown in Figure 6 (a). A maximum EQE of 5.6% was found for F3B, roughly 

doubling the measured value, at a concentration of 0.25 mM. F2B and F4B both reached 

maximum EQEs of about 4.2% at similar concentrations. We note that the additional fluorene 

chromophores on F4B do not outweigh the penalties of increased emission blue-shift and 

decreased PLQE, and the EQE is on par with that of F2B for the device geometry studied.  

Calculated F700 results are shown in Figure 6 (b). Much like the EQE results, F3B is the 

superior material, with flux gain approaching 1.0, while F2B and F4B show similar trends 

with concentration, peaking at 0.6. In our final simulation of these devices, we show that 

appreciable flux gains are possible: conducting a two-dimensional parameter sweep of 

geometric ratio and concentration (Figure 6 (c)-(e)), we find that the simulated flux gain of 

F3B exceeds 1.0 for a G of 9.9 (G of 14.7 for F2B and F4B), and plateaus at F = 7.1 at a G of 

128 (F = 4.9 at a G of 138 for F2B and F4B). These flux gains are comparable to LSCs based 

on CdSe/CdS, Cd0.999Cu0.001Se and Mn
2+

-doped ZnSe/Zn core-shell quantum dots
13,62

. Large 

improvements to flux gain are anticipated if the absorption gap between the fluorene donor 

and the BODIPY core can be filled, which we approach in the next section. 

 

Figure 6: Results of Monte-Carlo ray trancing simulations of the three OFMBs studied. (a) 

EQEs using the same geometry and PV cell detectors utilized in actual measurements, as a 

function of dye concentration. Insert shows the low concentration region. Colored circles 
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represent our measurements of the fabricated LSCs. (b) Flux gain at 700nm as a function of 

concentration, for the same LSCs. Flux gain at 700 nm with changing concentration and 

geometric ratio for (c) F2B, (d) F3B and (e) F4B.  

7. Simulations of extended dye structures 

The potential applications of the LSCs studied above are inherently limited by solar flux in 

the UV region, low absorption coefficients in the visible region of the spectrum and an 

emission which is too high in energy. It is known that chromophores made from BODIPY 

cores and extended chromophore π-systems are highly versatile
64–66

 and can be conveniently 

tailored to span the entire visible spectrum
67–69

. We present hypothetical structures that 

overcome these shortcomings by generating plausible absorption and emission spectra and 

testing their behavior in simulated LSCs.  The BODIPY-fluorene systems presented in this 

study are synthesized without linker sections between the separate chromophores, allowing 

efficient energy transfer into the BODIPY core. We thus expect that this donor-acceptor 

scheme can be extended to larger structures with improved spectral coverage without 

significantly impairing energy transfer to the central emitter.  Three hypothetical structures 

were studied: an OFBM containing 8 fluorenes per arm (F8B) (Figure 7 (a)); an OFBM with 

a new chromophore of intermediate energy inserted between the fluorene and the BODIPY 

(F8GB) (Figure 7 (c)); and two F8GB molecules connecting to a central deep-red emitter 

molecule (2(F8GB)D) (Figure 7 (e)). The hypothesized extinction and fluorescence spectra of 

these structures are shown in Figure 7(b),(d) and (f).  The PLQE of the hypothetical 

molecules was set to 0.8, and all emission was assumed to occur from the core. Additional 

details on the likely reaction schemes that yield these structures are given in Supplementary 

Figure 5. We simulated EQE for each LSC using the same device geometry as the measured 

systems, and then simulated flux gain as a function of dye concentration and geometric ratio. 
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Figure 7. Molecular structures, steady-state optical spectra and results of Monte-Carlo ray 

trancing simulations of the hypothetical OFBMs. (a), (c) and (e) Molecular structure of F8B, 

F8GB and 2(F8GB)D, respectively. (d), (d) (f), Extinction and fluorescence spectra of the 
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respective materials. (g) EQE simulations for 10 x 10cm devices, (h) flux gain simulations for 

the same LSC geometry.     

 

Simulated peak EQEs increased through the F8B, F8GB and 2(F8GB)D LSCs, and broadly 

followed the same trend with dye concentration (Figure 7 (g)). If these hypothetical 

molecules were used in our experimental set up they would produce peak EQEs of 7.2%, 

8.0% and 13.4% respectively, which is a considerable gain over the molecules studied. This 

is due to the improved absorption of incident sunlight by the extended dye structures. Flux 

gains under specific thresholds for the 10 cm side-length devices (Figure 7 (h)) exceeded 

unity for all three materials, peaking at 1.30 and 1.43 for F8B and F8GB respectively at 

700 nm, with concentration optimized. Considering that 2(F8GB)D has a redder emission 

than the other OFBMs studied,  flux gains were calculated at 900 nm and 1100nm thresholds.  

Peak flux gains were found to be 1.45 and 1.13 respectively. 

 

Two-dimensional flux gain simulations (Supplementary Figure 6) showed that F8B and 

F8GB reach F700 values of ≈ 10 and 16 at G = 160, while 2(F8GB)D has peak F900 and 

F1100 values of ≈ 15 and 12 respectively. While simulated flux gain continues to increase as 

we simulate yet-larger LSCs, in reality absorption in the matrix (an effect not included in the 

model) may start to dominate. For comparison, at G=160 recently synthesized CuInS2/CdS 

core-shell quantum dots,  which are reportedly the best-performing nanocrystalline emitters 

to date
62

, show a projected flux gain of ~21 at the crystalline silicon band gap, while those of 

Cd0.999Cu0.001Se and CdSe/CdS core-shell dots are projected to be ~7 and ~5, respectively
62

, 

These findings demonstrate that the potential of OFBMs and their analogues to achieve 

effective light concentration in LSCs is on a par with contemporary nanocrystalline materials. 

This warrants the synthesis and characterization of these larger donor-acceptor structures. 

With the addition of redder-emitting chromophores, OFBMs may even function effectively 

with silicon PV cells, assuming a moderately high PLQE can be maintained. 

 

Conclusions 

Oligofluorene-BODIPY donor-acceptor molecules represent attractive candidates for 

luminescent solar concentrators due to their synthetic versatility, high absorption coefficients, 

high PLQEs and efficient energy transfer to the BODIPY core. LSCs containing three 
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different OFBMs were fabricated and characterized using a variety of optical measurements. 

A Monte-Carlo raytracing simulation was used to successfully replicate these results. We 

subsequently used this simulation to study optimized LSCs based on the three starting 

compounds, along with three hypothetical OFBM structures which extended the donor-

acceptor functionality in a plausible fashion. We found that in optimized conditions, the 

proposed OFBM molecules perform on-par with leading  nanocrystalline emitters, warranting 

further investigation into the synthesis of these extended antennae complexes and their 

incorporation into LSCs. 

Methods 

Synthesis of oligofluorenes molecules: The oligofluorene molecules used in this study were 

synthesized with a modified Suzuki coupling using K3PO4
33

. Synthetic yields were between 

29-58%. All molecules showed good thermal stability with decomposition temperatures 

above 400
o
C.  

Steady-state spectral measurements: Absorption spectra were measured using a HP 8453 

spectrophotometer. Dye samples were dispersed in toluene at a concentration of ca. 1 mg ml
-1

 

and a 1 mm path length was used. Film absorption spectra were measured using off-cuts from 

the produced LSCs. LSCs containing no active molecules were used as the blank. 

Photoluminescence measurements of solutions (1 mg ml
-1

 in toluene in a 1 mm cuvette) and 

films (thin off-cuts of the fabricated LSCs) including two-dimensional scans were measured 

on an Edinburgh Instruments FLS90 fluorimeter. The two-dimensional scans were 

normalized to the excitation intensity at each excitation wavelength 

LSC fabrication: LSCs were formed by dissolving the chosen OFBM at ≈0.015 mM in an 

4:1 solution of lauryl methacrylate (LMA) and ethylene glycol dimethacrylate (EGDM). The 

4-methoxyphenol inhibitor, supplied with the monomers, was removed by passing the 

monomer solution over basic aluminum oxide. 2,2-Dimethoxy-2-phenyl acetophenone (1 

wt.%) was added as an initiator and stirred until completely dissolved. The solution was 

placed in a mold made by two sheets of glass clamped together with a 0.3 cm thickness o-ring 

in-between. The o-ring in the mold sets the thickness of the LSCs to 0.3 cm. Polymerization 

occurred by exposure to 365 nm radiation for 5 hours. LSCs were cut and polished into 10 x 

10 x 0.3 cm slabs.   
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LSC measurements: The LSCs were coupled to four 10 x 0.3 cm silicon PV cells 

(Sunpower, Slimfast C60E M 135, cut to size and connected in series, 0.55 % PCE) and 

current–voltage characteristics, and thus efficiency, were measured under AM 1.5G 

conditions using an Abet Sun 2000 solar simulator, at an intensity equivalent to 100 mW cm
2
 

after correcting for spectral mismatch, using a Keithley 2635 source measure unit. Current–

voltage characteristics using a transparent LSC matrix without chromophores was also 

recorded to account for direct illumination of the PV cells by scattering of the excitation 

source; this contribution was subtracted.   

LSC spatially-resolved EQE: For the spatial EQE measurements the LSC was illuminated 

by a 2×2 mm square of AM 1.5G solar radiation and overall current of the photodiodes was 

recorded at each (x,y) coordinate. 

LSC edge emission: Spectral emission as a function of depth measurements was performed 

using a 523 nm laser pointer as the excitation source and edge emission was measured using a 

Labsphere CDS-610 spectrometer. 

LSC spectrally-resolved EQE: A 100-W tungsten halogen lamp (400–1,500 nm) dispersed 

through a monochromator (Oriel Cornerstone 260) and a set of silicon diodes (ThorLabs 

SM05PD1A) was used for EQE measurements. A Keithley 2635 source measurement unit 

was used to measure the short-circuit current as a function of wavelength. The incident light 

was focused to a spot size of ca. 1 mm
2
 using a set of lenses to illuminate the photodiode or 

LSC. For the LSC measurements the silicon photodiode (quantum efficiency 89.5% at the 

emission wavelength) was placed on the edge of the LSCs. The excitation position was in the 

center of the LSC, 5 mm from the edge. 

Simulations: The LSC raytrace model was constructed in Matlab and has been previously 

reported.
70

 LSC geometry was modelled as a square planar slab with a depth of 0.3 cm. The 

side length and dye concentration could be varied. In the simulation, unpolarized light, either 

drawn from the AM1.5G spectrum or at a specific wavelength, arrived on the upper face of 

the LSC at normal incidence. The absorption of sunlight and reabsorption of 

photoluminescence was determined probabilistically using the Beer–Lambert law. 

Wavelengths of incident and emitted photons were selected using the interpolation of a 

random unit scalar onto the relevant cumulative distribution function. Fresnel reflections and 

total internal reflection were simulated assuming a waveguide refractive index, nr = 1.5, and 

air cladding (nr = 1.0). The simulated LSCs had a uniform dye distribution throughout the 
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matrix, corresponding with the calculated concentration of the fabricated LSC devices. Each 

LSC was simulated with 10
6
 incident photons; current was counted by logging photons 

traversing output apertures (the slab edges).  
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