
 

Journal Name  

ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name .,  2013, 00 , 1-3 | 1   

Please do not adjust margins 

Please do not adjust margins 

Received 00th January 20xx, 
Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Large Area Quantum Dot Luminescent Solar Concentrators for Use 
with Dye-Sensitised Solar Cells 
Lorcan J. Brennana, Finn Purcell-Miltona^, Barry McKennaa^ Trystan M. Watsonc, Yurii K. Gun’koa,b, 
and Rachel C. Evans*a,d 

Luminescent solar concentrators (LSCs) have the potential to significantly contribute to solar energy  harvesting  strategies  
in  the  built  environment. For the practical realisation of LSC technology, the ability to create large area devices, which 
contain considerable volumes of high quality luminescent species, is paramount. Here, we report the development of large 
area (90 cm2 top face), planar LSCs doped  with green-emitting CdSe@ZnS/ZnS core-shell quantum dots (QD) with a 
composition gradient shell. The champion LSC demonstrates an optical efficiency of 1.2 %, for a geometric factor of 7.9, 
under full spectrum illumination (AM1.5 G). It was observed that inhomogeneity in the edge emission is a feature of large 
area devices and that an appropriate measurement geometry should be used to account for this when determining the 
optical efficiency. The LSCs exhibit excellent optical stability under accelerated testing conditions and display reasonably low 
optical reabsorption losses. Proof-of-principle integration of the QD-LSC with a planar, thin strip DSSC is demonstrated to 
generate a enhanced photocurrent. These results not only highlight the promise of composition gradient shell QDs for the 
practical realisation of large area LSCs, but indicate that we should look  beyond conventional silicon cells and towards 
emerging photovoltaic (PV)  technologies for the design of hybrid LSC-PV systems for the urban environment. 

Introduction 

With the ever-increasing demand for society to move away 
from fossil fuel sources, our approach to sustainable energy 
generation must become tailored to the requirements of the 
modern, urban population. The next generation of energy-
harvesting devices cannot be solely confined to conventional 
solar or wind farms, but should be seamlessly integrated into 
modern architecture, in the development of zero- or low-energy 
consumption buildings of the future. Luminescent solar 
concentrators (LSCs) are poised to play an important role in this 
transition, with the potential to serve as transparent or semi-
transparent solar harvesting windows and daylighting systems 
for building integrated photovoltaic (BIPV) technology.1-8 An LSC 
typically consists of a transparent polymeric waveguide slab, 
which is doped with a highly luminescent species, capable of 
absorbing large portions of the solar spectrum. The 
luminophore absorbs incident sunlight, reemitting it at longer 
wavelengths. Reemitted photons are captured by the 

waveguide and transported to the edge of the waveguide via 
total internal reflection (Figure 1). The light arriving at the edge 
of the waveguide is thus highly concentrated, given that the 
large area, top surface of the waveguiding plate captures and 
concentrates light to the much smaller edge area. This 
concentrated light can then be used to generate electricity, 
through integration of the LSC with an appropriate PV cell. 
 Although the concept of the LSC was first proposed in the 
1970s,9, 10 recent advances in novel classes of fluorescent and 
phosphorescent materials with superior optical properties (high 
photoluminescence quantum yields, large Stokes’ shifts, broad 
absorption windows) have reinvigorated this area of research.1, 
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Figure 1. Schematic operation of a QD-doped LSC coupled to a solar cell. Incident 
photons (orange) falling on the top face of the LSC excite green-emitting CdSe@ZnS/ZnS 
QDs embedded within the polymer waveguide. Emitted light (green arrow) is guided 
towards the edges of the slab via total internal reflection. The concentrated light is used 
to illuminate an optically-matched integrated solar cell, resulting in the generation of 
photocurrent. 
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luminophores used in LSCs, such as perylene carboxdiimides,5, 

13-18 have increasingly been replaced with more exotic species, 
such as colloidal quantum dots (QDs) and nanocrystals,1, 2, 6, 12, 

19 metal complexes20-22 and aggregation-induced emitters.23, 24 
Quantum dots, in particular, are attractive for LSCs due to the 
possibility of engineering their photophysical properties 
through judicious choice of the material/architecture 
combination employed (e.g. by forming core/shell25, alloyed26 
or doped QD structures).27, 28 This structural versatility allows 
not only access to high resistance to photobleaching and 
judicious control of the Stokes shift and emission quantum 
yield, but also results in a tuneable band-gap energy, which can 
be tailored to absorb and emit light across the entire 
UV/visible/NIR region. This affords the unique opportunity to 
couple QD-LSCs to different types of solar cells, and also allows 
for a variety of device colours, making them an attractive option 
for aesthetically-pleasing architectural designs. Moreover, the 
QD surface can be readily modified, enabling easy integration of 
QDs into a range of polymeric matrices.29, 30 

Recent efforts on QD and nanocrystal LSCs have focussed on 
the use of band-gap and Stokes-shift engineering to minimise 
optical losses resulting from the reabsorption of emitted 
photons by neighbouring fluorophores. Lunt et al. reported that 
hexanuclear metal halide nanoclusters of the form M6(II)X12 (M 
= Mo, W, X = Cl, Br, I) encapsulated in poly(butyl methacrylate-
co-methacrylate)/poly(ethylmethacrylate) composites 
exhibited a massive Stokes shift of ~400 nm and could sensitise 
a coupled Si cell module.31 More recently, LSCs incorporating 
band-gap engineered Mn2+-doped ZnSe/ZnS core-shell 
quantum dots which exhibited zero reabsorption for device 
dimensions of 25 × 75 × 0.42 mm have been reported.32  

Optical losses become prevalent as devices are scaled to the 
sizes needed for practical implementation in the built 
environment, where photon transport is necessary over 
macroscopic distances.19 However, to date, there have in fact 
been relatively few studies on the fabrication and 
characterisation of three-dimensional (3D) large-area QD-LSCs 
that more realistically reflect the challenges associated with 
scaling-up this technology. Meinardi et al. applied ‘Stokes-shift-
engineered’ core-shell CdSe/CdS nanocrystals in the 
development of large-area (10 cm × 1.5 cm × 0.2 cm) QD-LSCs, 
which exhibited an optical efficiency of ~10.2 % under A.M 1.5G 
illumination (100 mW cm-2), employing white diffusing 
reflectors along the long faces of the waveguide to amplify the 
output.2  The same group subsequently developed colourless 
LSCs (12 cm × 12 cm × 0.3 cm) employing heavy-metal free 
CuInSexS2–x QDs embedded in a poly(laurylmethacrylate) and 
ethylene glycol dimethacrylate co-polymer (pLMA-co-EGDM), 
with a reported optical power efficiency of 3.2 % in the absence 
of light diffusers or reflectors.1 More recently, Rosei et al. have 
also demonstrated that rectangular near-IR LSCs (5 cm × 1.5 cm 
× 0.3 cm) can be fabricated utilising PbS/CdS core/shell QDs in 
pLMA-co-EGDM, with a reported optical efficiency of 6.1%.33 
 Although Stokes-shift engineering has enabled reabsorption 
losses to be overcome to to some extent, significant challenges 
still remain for the practical realisation of QD-LSC devices. These 
include the development of synthetic methodologies to enable 

the incorporation of high QD dopant concentrations, the design 
of 3D large-area prototypes of sufficient optical quality and the 
introduction of standardised characterisation methods to 
ensure reproducible reporting of the optical efficiency. 
Moreover, LSCs and spectral conversion approaches in general 
have been relatively overlooked for implementation with third 
generation photovoltaic devices such as dye-sensitised solar 
cells (DSSCs)34-36 and perovskite solar cells.37 To address these 
limitations, here we report the fabrication of large-area LSCs by 
dispersion of green-emitting CdSe@ZnS/ZnS QDs with a 
composition gradient shell38 in a pLMA-co-EGDM matrix. 
CdSe@ZnS/ZnS QDs were selected as the luminophore due to 
their high photoluminescence quantum yields (ΦPL = 79-83 % in 
chloroform)38 and bright green fluorescence, which coincides 
with the maximum in the IPCE (incident-photon-to-current-
efficiency) spectrum of an N719-sensitised DSSC. The resultant 
LSCs (10 cm × 9 cm × 0.3 cm) are comparable in size to the 
largest area LSCs previously reported1, 2 and are able to 
concentrate solar radiation with reasonable optical efficiencies 
under full AM1.5G spectral illumination in the absence of 
diffusers/reflectors. The effect of the luminophore 
concentration on the optical efficiency is investigated, along 
with the relative contributions of reabsorption and scattering 
processes along the length of the device. The inhomogeneity in 
the optical power output along the edge of the LSC is explored 
and we show that extrapolation of the edge emission can lead 
to erroneous values of the optical efficiency for large area 
devices, indicating the need for caution in these measurements. 
Finally, we present proof-of-principle integration of a QD-LSC 
with a planar, thin strip DSSC to generate an enhanced 
photocurrent. 

Experimental Section 
Materials 

Cadmium acetate (anhydrous), zinc oxide, sulfur, selenium 
(99.99%), oleylamine (97 %), 1-octadecene, trioctylphosphine 
(97%), zinc acetate dihydrate, lauryl methacrylate, 2,2-
dimethoxy-1,2-diphenylethan-1-one, 1-butyl-3-methyl 
imidazolium iodide (0.6 mol L-1) iodine (0.03 mol L-1), 
guandinium thiocyanate (0.10 mol L-1) and 4-tert-butylpyridine 
were purchased from Sigma Aldrich. Ethylene glycol 
dimethacrylate was purchased from Santa Cruz Biotechnology. 
For fabrication of the DSSCs, TiO2 paste, Pt paste (platisol) the 
adhesive surlyn gasket and the N719 sensitising dye (cis-
di(thiocyanato)-N-Nʹ-bis(2,2ʹ-bipyridyl-4-carboxylicacid-4ʹ-
tetrabutylammonium carboxylate) ruthenium (II)) were 
purchased from Dyesol Ltd. All chemicals were used as received. 

Synthesis of CdSe@ZnS/ZnS Quantum Dots 

The synthesis of the CdSe@ZnS/ZnS QDs was performed using a 
scaled-up version of the procedure outlined by Lee et al.38 In a 
single step, 0.42 mmol (0.1119 g) of Cd(CH3CO2)2 and 10.23 
mmol (0.834 g) of ZnO were mixed with oleylamine (OA, 21 mL) 
in a 200 mL three-neck round-bottom flask. This mixture was 
degassed at 150 °C for 30 min and then placed under an argon 
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atmosphere. Following this, degassed 1-octadecene (ODE, 45 
mL) was injected, and the solution was heated to 310 °C. Upon 
reaching this temperature, (Se/S)-trioctylphosphine (TOP, 6.0 
mL) was swiftly injected and 10 min were allowed to elapse to 
initiate the growth of CdSe@ZnS QDs. The (Se/S)-TOP stock 
solution was prepared by dissolving Se (15 mmol, 1.185 g) and 
S (15 mmol, 0.4809 g) in TOP (15 mL).  

Following this, growth of the ZnS shell was undertaken by 
injecting S (4.8 mmol, 0.1539 g) dissolved in ODE (7.2 mL) into 
the growth solution of CdSe@ZnS QDs at 310 °C, followed by a 
growth time of 12 min. Next, Zn acetate dehydrate (8.58 mmol, 
1.575 g) was dissolved in a mixture of OA (3 mL) and ODE (12 
mL) and injected into the reaction mixture at 310 °C, after which 
the temperature of reaction was lowered to 270 °C. Finally, S 
(28.95 mmol, 0.9483 g) dissolved in TOP (15 mL) was added 
drop-wise at a rate of ∼0.5 mL min-1 and the growth of the 
additional ZnS shell continued at 270 °C for a further 20 min.  

Purification of CdSe@ZnS/ZnS Quantum Dots 

The resulting CdSe@ZnS/ZnS QDs were precipitated by the 
addition of 1:5 MeOH:EtOH (100 mL) and separated through 
centrifugation (10 min, 4,000 rpm). Following this, the 
precipitate was dissolved in a minimum volume of hexane, and 
re-precipitated using a 10:1 EtOH:MeOH mixture. This step was 
repeated twice. The precipitated QDs were then re-dispersed in 
a minimum volume of hexane, after which acetone was added 
to the sample giving a 1:1 ratio of acetone to hexane.  The QDs 
were then separated from solution using high-speed 
centrifugation (15,000 rpm) for 10 min. This step was repeated 
twice more. Following this, the QDs were dispersed in hexane 
(30 ml) and separated from solution via centrifugation at 15,000 
rpm for 30 min. The QDs were then dissolved in hexane ready 
for use. 

Fabrication of Large Area QD-LSCs  

Un-doped LMA-co-EGDM co-polymer was prepared using the 
following protocol: lauryl methacrylate (LMA) (80 wt%) and 
ethylene glycol dimethacrylate (EGDM) (20 wt%) were added to 
a 3-neck round-bottom flask and stirred continuously at room 
temperature. The photoinitiator, 2,2-dimethoxy-1,2-
diphenylethan-1-one (IGACURE 651), was added to this solution 
at 1 wt%. This prepolymerised solution was ultrasonicated for 
approximately 30 min to ensure adequate dispersion of the 
components throughout the mixture. The mixture was then 
degassed under vacuum-assisted ultrasonication for 1 h to 
ensure removal of residual oxygen from the mixture.  

A homebuilt mould was developed to enable the fabrication 
of reproducible LSC plates (see Figure S1 in the Electronic 
Supplementary Information (ESI)†). The mould consisted of a 
cavity created between two optically transparent glass plates. 
The cavity between the glass plates was sealed using a strip of 
poly(vinylchloride) (PVC) wire (~4mm thick), which acted as an 
impenetrable gasket. The glass moulding plates were held in 
place using spring-loaded clamps. The pre-polymerised solution 
was injected into the cavity the glass plates. Following injection, 
excess PVC gasket was used to seal the cavity; this ensured that 
the external atmosphere did not enter the cavity during the 

photopolymerisation reaction. Photopolymerisation was 
initiated by illuminating the top surface of the polymerisation 
chamber with UV radiation (366 nm) for up to 90 min; the 
polymerisation chamber was frequently inverted to ensure 
uniform illumination of the polymerisation matrix through both 
faces. Upon completion of the reaction, the clamps were 
carefully removed from the glass plates, the PVC gasket was 
slowly opened and the top glass plate removed from the 
moulding chamber. This allowed a freestanding LMA-co-EGDM 
slab to be removed, which was subsequently cured with UV 
radiation (366 nm) for 30 min. 

For QD-doped LMA-co-EGDM LSCs the same curing 
procedure was employed. The QD-doped prepolymerised 
solutions were first prepared by adding the desired volume of 
QD stock solution in hexane to a vessel and removing the 
solvent by vacuum. Following this, a volume of LMA (typically 
40-50 mL) was added, and sonicated to aid dissolution. To this 
mixture, EGDM and IGACURE-651 were added to make a 50 mL 
solution, which was then degassed with vacuum-assisted 
ultrasonication, and backfilled with Argon before curing as 
described above. 

Characterisation of QD-LSCs and QD-LSC-DSSCs 

The optical power output (OPout) of the LSCs was evaluated 
using a Class AAA solar simulator (Oriel Sol3A) calibrated against 
a KG5-filtered reference diode (Oriel 91150-KG5) until an 
illumination of 1 sun (1000 ± 20 W m-2) with an output beam 
size of ca. 10.16 ´ 10.16 cm (103.2 cm2) was obtained. The 
optical power output at each edge of the LSC was measured by 
collecting the emitted light at the port of an integrating sphere 
(INS 125) coupled to an ILT 950 spectroradiometer. A variety of 
irradiation and collection geometries were evaluated (see 
Figure 4 and Results and Discussion for more details). The 
optical power is extracted from the data measured by the 
spectroradiometer using Spectrolight III software, which utilises 
a suitable calibration file (ILT1007131U1INS125) for optical 
power measurements.  

Reabsorption losses were evaluated using a Class ABB solar 
simulator (Abet Technologies) equipped with an AM 1.5G filter 
and suitable for small area illumination (9.6 cm2) in conjunction 
with the integrating sphere and spectroradiometer set-up 
described above. The distance between the top face of the LSC 
and the illumination source was calibrated using a reference Si 
solar cell (ReRa Technologies) until an illumination of 1 sun (990 
± 30 W m-2) was obtained. A black mask was used to confine 
irradiation of the top surface to a single circular spot (diameter 
= 4 cm) which was systematically moved from the centre to the 
LSC to the edge to vary the optical path length. Relative 
reabsorption losses were determined from the integrated OPout 

spectrum measured at the centre of a single edge using a 4 cm 
port on the integrating sphere. The optical scattering properties 
of the pLMA-co-EGDM slab were analysed using a collimated 
beam (diameter = 4 cm) of light centred at 750 nm, which was 
generated by attaching a 750 nm band pass filter (THOR Labs) 
to the output terminal of the same solar simulator.  The optical 
pathlength was varied as described for the reabsorption loss 
measurement. 
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Figure 2 Physical and optical characterisation of CdSe@ZnS/ZnS QDs. (a) High resolution transmission electron microscope image (HRTEM) of CdSe@ZnS/ZnS QDs drop-cast from 
hexane onto a lacy carbon grid. The average particle size was determined to be 12.9 nm ± 1.7 nm (n = 400). (b) UV/Vis absorption and photoluminescence (PL) spectra (λex = 350 
nm) of CdSe@ZnS/ZnS QDs dissolved in hexane (red dashed/solid line) and embedded in a pLMA-co-EGDM film (blue dashed/solid line). The inset highlights the broad absorption 
profile of the QDs with the observation window extended to 300 nm. (c) PL decay curves of CdSe@ZnS/ZnS QDs in hexane (open red circles), the pLMA-co-EGDM matrix (open blue 
squares) and the instrument response function (IRF, black diamonds). Emission and excitation wavelengths were λem = 510 nm and λex = 458 nm, respectively. Solid lines show the 
corresponding fits and residuals to a bi-exponential decay function

Accelerated photodegradation studies were performed by 
illuminating a thin strip QD-LSC (35 mm × 20 mm) with UV 
radiation (366 nm, 5.01 Wm-2) at a fixed distance. The optical 
power of the UV source was determined using a photodiode 
(Newport, 818-UV-L detector) coupled to a Keithley 2401 source 
meter. Full details of the fabrication and characterisation 
methods used to prepare the thin strip DSSC and integrated QD-
LSC-DSSC device can be found in the ESI†.  

Results and Discussion  
Characterisation of CdSe@ZnS/ZnS polymer composites  

CdSe@ZnS/ZnS QDs with a composition gradient shell were 
synthesised using a modified hot-injection approach.38 High 
resolution transmission electron microscopy (HRTEM) 
measurements reveal a monodisperse distribution of spherical 
nanoparticles, which exhibit distinct lattice fringes, thus 
indicating a high degree of crystallinity (Figure 2a). The mean 
particle diameter was 12.9 nm ± 1.7 nm (n = 400) (Figure S3, 
ESI†), which is in good agreement with the literature.38 Energy 
dispersive X-ray (EDX) spectroscopy confirmed the chemical 
composition of the nanoparticles (Figure S4, ESI†).  

The UV/Vis absorption and photoluminescence (PL) spectra 
of CdSe@ZnS/ZnS QDs in hexane and embedded in a pLMA-co-
EGDM composite (~2.5 mm thick) are shown in Figure 2b. The 
UV/Vis absorption spectrum exhibits two distinct features: a 
small first excitonic band centred at 506 nm, assigned to 
absorption of the CdSe core, and a significantly more intense 
broad shoulder below 400 nm attributed to the onset of 

absorption for the ZnS shell.38 This shoulder extends through 
the UVA to the UVB region to ~300 nm (Figure 2b, inset), 
highlighting the broad absorption window of these QDs. The 
position of the CdSe first excitonic band is moderately red-
shifted (507 nm) when the QDs are embedded within the pLMA-
co-EGDM matrix. This red-shift is commonly observed when 
studying the optical absorption properties of nanostructured 
objects in the solid-state and is most commonly associated with 
optical scattering of the incident light.39, 40 The moderate 
overlap between the absorption of the first excitonic band 
(CdSe) and the emission spectrum suggests that reabsorption 
processes may be expected in the resultant LSC devices. 

The PL spectra for CdSe@ZnS/ZnS QDs are essentially 
identical in solution and the polymer matrix, exhibiting a narrow 
emission band centred at 513 nm and a full-width-half-
maximum (FWHM) of 21.35 nm and 22.55 nm, respectively. This 
indicates that the radical polymerisation process used to form 
the pLMA-co-EGDM matrix does not significantly affect the 
optical characteristics of the QDs. The photoluminescence 
quantum yield was determined to be ΦPL = 65 (± 3.4 %) for 
CdSe@ZnS/ZnS QDs dispersed in hexane (see Table S1, ESI†, for 
further information). The radiative decay pathway was further 
investigated by examining the PL decay dynamics. Almost 
identical emission decay curves were obtained for 
CdSe@ZnS/ZnS QDs in hexane and the pLMA-co-EGDM matrix 
(Figure 2c). The decay profiles were fitted with a biexponential 
decay function, yielding observed lifetimes of τ1 = 9.8 (±0.2) ns 
and τ2 = 14.9 (±0.1) ns in the polymer composite, and τ1 = 10.6 
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(±0.2) ns and τ2 =16.2 (±0.1) ns in solution. Previously, the 
deposition of CdSe@ZnS/ZnS QDs as a 40 nm-thick film was 
shown to result in a significant reduction in the observed 
lifetime (27.2 ns and 9.2 ns in solution and the film respectively), 
which was attributed to the introduction of additional non-
radiative processes such as energy transfer and/or the exposure 
to an inhomogeneous environment.38 The comparable decay 
dynamics observed here on going from solution to the solid-
state confirm the absence of additional non-radiative decay 
channels, indicating that the excitonic emission is neither 
affected by the dispersion of the CdSe@ZnS/ZnS QDs within the 
polymer composite nor by the action of the radical initiator used 
to form it. The PL decay curve for QDs in the pLMA-co-EGDM 
matrix was recorded for a sample that was stored in a non-
polymerised solution mixture for six weeks prior to 
polymerisation and characterisation, highlighting that the QDs 
are stable in the presence of the copolymer and the initiator for 
extended time periods. 
 

Fabrication and characterisation of large area QD-LSCs 

In order to evaluate the potential of CdSe@ZnS/ZnS core-shell 
QDs as luminophores for LSCs, six large area devices (~10 × 9 × 
0.3 cm) were fabricated, in which the QD loading was varied 
between 0-0.9 wt%. pLMA-co-EGDM (80:20 wt%) was chosen as 
the polymer waveguide as it allows for facile design of QD-
loaded polymer slabs, which retain high optical quality and 
minimise QD aggregation in the matrix,6, 30 a problem often 
observed with hosts such as PMMA.41-43 The as-produced 
CdSe@ZnS/ZnS LSCs exhibit high optical transparency under 
standard indoor illumination conditions (Figure 3a) and across 
the visible spectrum (88 %T at 550 nm, Figure 3b). This property 
is crucial for the application of such devices in BIPV and for the 
development of smart solar windows, which allow transmitted 

light to be used for indoor lighting or secondary solar harvesting 
applications.3, 4 Figure 3c shows the concentrated green 
emission from the CdSe@ZnS/ZnS QDs which can clearly be 
observed from the slab edges upon illumination at 365 nm. As 
the concentration of QDs incorporated within the slab is 
increased (0.15-0.90 wt%), the observed intensity of the green 
fluorescence also increases.  
The most commonly used figure-of-merit to describe the 
performance of an LSC is the optical conversion efficiency, ηopt, 
which is given by:  

 𝜂#$%&	()*+,()-.

  (1) 

where OPout is the total optical power output obtained over the 
sum of the four edges of the LSC and OPin is the incident optical 
power falling on the top surface of the slab. However, currently 
there is no standardised protocol for experimentally-
determining ηopt in the research community, which can make it 
challenging to benchmark the performance of devices between 
laboratories. Moreover, an experimental approach that works 
well for small scale prototypes may not be directly applicable to 
larger devices. In this study, we used an integrating sphere (IS) 
coupled to a spectroradiometer to measure the optical power 
output at each edge of the LSC (see Figure S6, ESI†), an 
approach which is used by a number of research groups.13, 14, 17 
A limitation of this method is that the collection area is 
restricted by the size of the entry port to the IS. Here, we have 
evaluated a variety of collection geometries in order to explore 
the homogeneity of the concentrated emission across the edge 
length and the consequences of this on the subsequently 
calculated ηopt value. All measurements were performed using a 
dark background, without the use of reflective foil or scattering 
background to reflect photons emitted outside of the escape 
cone back into the waveguide for recycling. 2, 33 
 In the first configuration, the entire top surface of the LSC 
was irradiated with calibrated solar simulated light (OPin = 9000 
mW over the 90 cm2 top surface) and the emission was collected 
from the centre of the edge using a 4 cm entry port on the IS 
(Figure 4a). The captured spectrum was integrated between 
250-1050 nm, and the value obtained was extrapolated to 
estimate OPout for the entire edge length (9 or 10 cm). In the 
second geometry, the emission was collected across the entire 
edge length at consecutive increments using the 2 cm entry port 
on the IS (Figure 4b); OPout was obtained from the sum of the 
integrated optical power obtained at each interval. In the final 
arrangement, the edge output was collected across the entire 
length, with 3 overlapping intervals using the 4 cm entry port 
(Figure 4c). These measurements were used to determine the 
mean integrated optical power for a 4 cm slice of the edge and 
this was extrapolated to obtain OPout for the full edge length (9 
or 10 cm). 
 Interestingly, differences in the measured edge output were 
identified depending on the size and position of the entry port 
to the IS across the edge length. As expected, the largest OPout 

was obtained in the first measurement geometry, where the 
emission obtained from the edge centre is extrapolated to the 
full length (Figure 4a). However, on closer examination using  

Figure 3. Optical properties of CdSe@ZnS/ZnS-LSCs. (a)  Optical image of a QD-loaded 
LSC under standard indoor lighting conditions. (b) Optical transmission of an undoped 
pLMA-co-EGDM slab (~2.5 mm thick) and CdSe@ZnS/ZnS-LSC (0.9 wt%, ~2.5 mm thick). 
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Figure 4. Top view of the different experimental geometries (not to scale) used to collect edge emission from QD-LSCs and the corresponding optical power spectra 
(OPout) obtained with each configuration. The entire top surface of the LSC is irradiated with AM1.5G solar simulated light. In (a) the edge emission is collected at the 
centre of the LSC using a 4 cm port to the integrating sphere (IS). The integrated OPout (250-1050 nm) value is extrapolated to estimate a value for the full edge length 
(9 or 10 cm). (b) OPout spectra are collected across the full edge length by moving the IS at 2 cm intervals. The integrated OPout (250-1050 nm) at each interval is summed 
to give the total edge OPout. (c) OPout spectra are collected across the full edge length using three overlapping intervals (4 cm). The mean integrated OPout (250-1050 nm) 
is determined and extrapolated to estimate a value for the full edge length (9 or 10 cm). The data presented are for the 0.7 wt% QD-LSC.  

the arrangement shown in Figure 4b, it becomes apparent that 
the emission is in fact not homogeneous across the edge length, 
with the maximum intensity measured at the edge centre (Edge 
3), which drops off as the entry port is moved towards the edge 
extremity. This clearly indicates that the extrapolation method 
used in the first arrangement overestimates the edge output, 
and this becomes more significant as the size of the LSC is 
increased. However, fluctuations in the measured power output 
were also observed using geometry 2. Notably, for the same 
edge region, the sum of the emission measured consecutively 
using the 2 cm port twice led to a significantly lower output than 
a single measurement using the 4 cm port at the same edge 
location. This is understandable, since accurate alignment of the 
port to perform sequential measurements proved difficult. This 
factor, coupled with increased number of measurements 
required using the smaller port, inherently leads to a greater 
systematic error in the data obtained using this approach. 

The geometry illustrated in Figure 4c overcomes these 
limitations, taking into account the non-homogeneity of the 
emission across the edge, while eliminating the systematic 
errors introduced by using the smaller port. The calculated ηopt 

values obtained for all CdSe@ZnS/ZnS LSCs as a function of 
luminophore concentration using this approach are presented 
in Table 1 (see Table S2, ESI† for individual measurement data). 
At low QD concentrations (<0.55 wt%), ηopt is comparable within 
experimental error. However, as the QD loading is increased 
further, ηopt also increases reaching a maximum value of 1.22% 
for a loading of 0.9 wt%. This value is well within the theoretical 
upper limit for the optical efficiency of this system, which is  

Table 1. Optical efficiencies (ηopt) obtained for CdSe@ZnS/ZnS LSCs under 1 sun 
illumination. OPout is the sum of the optical power measured for each edge as 
described in the text. 

QD concentration 
(wt%) 

OPout 

(mW)a 

ηopt 

(%)b 

0 46.0 0.51 
0.04 47.9 0.53 
0.15 48.4 0.54 
0.30 50.8 0.56 
0.55 56.9 0.63 
0.70 106.3 1.18 
0.90 109.8 1.22 

a Sum of OPout measured for each edge using the arrangement shown in Figure 
4c. b  Determined from Eq. 1 using OPin = 9000 mW (90 cm2 ´ 100 mW/cm2). 

around 6% (see ESI†).44 The increase in ηopt with QD 
concentration suggests that the threshold for ηopt is not yet 
achieved at the dopant concentrations studied and that any 
decrease in the optical efficiency due to reabsorption is 
determined primarily the intrinsic spectral overlap integral of 
the luminophore rather than the nearest neighbour distance. 
We note that higher dopant concentrations lead to incomplete 
polymerisation of the pLMA-co-EGDM matrix, even with 
extended curing time. 

The variety of different device architectures used in 
previous studies of QD-LSCs makes direct comparison of the 
performance difficult. However, for planar and thin film LSCs, 
the influence of the dimensions of the LSC on the optical  
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Figure 5. Determination of reabsorption and scattering losses in the champion CdSe@ZnS/ZnS-LSC (0.9 wt%).  (a) Optical power output (OPout) at the centre of a single edge (4.0 × 
0.3 cm) as a function of distance, d, from the illumination site under irradiation with solar simulated light (1 sun). The black arrow highlights the red shift (525 –530 nm) and decrease 
in optical power observed with increasing d due to the reabsorption of emitted photons. (b) Optical power output under the same measurement conditions using guided 750 nm 
light. The black arrow highlights the decrease in optical power but absence of red-shift with increasing d using this irradiation source. (c) Intensity normalised decay of the integrated 
optical power output as a function of d under 1 sun illumination (orange squares) and using 750 nm guided light (black circles). The calculated integrated optical power output 
corrected for scattering losses (blue triangles) is also shown. The dashed lines represent an exponential fit to the data. (d) Spectral profile of the 750 nm source used for the guided 
light experiments 

efficiency can be accounted for by the geometric gain factor, G, 
is given by:6, 45  

 
𝐺 =

𝐴2345678
𝐴89:8

 
(2) 

where Asurface and Aedge are the area of the top surface and total 
area of the summed edges of the LSC, respectively. It is well-
documented in the literature that ηopt decreases with increasing 
G values;32 hence it is important for G values to be expressed 
with conformity in the literature. 
 
The overall performance of an LSC, taking into account the 
optical efficiency and the LSC geometry, can thus be quantified 
by the concentration factor, F:45 

𝐹 = 𝜂#$%𝐺	 (3) 

 
For the CdSe@ZnS/ZnS LSCs fabricated in this work, a value of G 
= 7.9 is obtained, with a max. ηopt = 1.2%. This corresponds to a 
concentration factor of F= 0.10. For comparison, the recent 
work by Zhou et al. reported an ηopt of 6.1% for a PbS/CdS-
doped QD LSC, where G = 2.14 if the contribution from all 4 
edges of the slab is considered, and F = 0.15.33 Similarly, using 
the same approach for the CdSe/CdS LSC reported by Meinardi 
et al., a G value of 1.22 is obtained and ηopt = 10.2 %, with F = 
0.12.2 Large area, planar LSCs have also been fabricated by 
Meinardi et al. utilising CuInSexS2-x QDs, with a reported 
efficiency of 3.2% when G = 10, leading to F = 32.1 

Optical loss mechanisms  
The moderate overlap between the absorption and 

emission spectra of the CdSe@ZnS/ZnS QDs (Figure 2b) 

suggests that reabsorption processes may contribute to a 
decrease in the optical efficiency of the LSCs. However, 
additional loss mechanisms including light scattering by the 
embedded QDs and imperfections present in the host matrix 
may also affect the device performance.5 The influence of 
reabsorption and scattering losses to the champion 
CdSe@ZnS/ZnS-LSC output is shown in Figure 5. Reabsorption 
losses were determined from the OPout at the centre of a single 
edge for the LSC as a function of the optical pathlength from the 
irradiation spot, d, under 1 sun illumination. As d increases, the 
PL output gradually decreases and a slight red-shift in the 
emission maximum (from 525 nm to 530 nm) is observed up to 
d = 30 mm (Figure 5a). At greater distances the position of the 
emission maximum remains relatively unchanged, suggesting 
that optical losses due to self-absorption are saturated for 
optical distances > 30 mm.  

 To isolate scattering losses from reabsorption, the optical 
edge output of the LSCs was also monitored as a function of d, 
using monochromatic light centred at 750 nm. Since 
CdSe@ZnS/ZnS QDs do not absorb at this wavelength (Figure 
2b), any losses in the optical output can be attributed to 
scattering from either polymer matrix defects and/or the QDs. 
A similar decrease in the OPout was detected with increasing 
optical pathlength (Figure 5b). However, the red-shift in the  
emission maximum was no longer observed, confirming that 
reabsorption effects are negligible in this wavelength region.  
Under both illumination conditions (1 sun or 750 nm), the 
optical power decays exponentially with increasing distance 
from the illumination point, decreasing to ~10-15 % of the initial 
power output for d > 50 mm. The contribution of reabsorption 
to the optical efficiency can therefore be isolated by subtracting 
for scattering losses at a given d, as shown in Figure 5c. Using 
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Figure 6 Accelerated photodegradation of a CdSe@ZnS/ZnS-LSC (35 mm × 20 mm) under 
high intensity UV radiation (366 nm, 5.01 Wm-2).   (a) Optical power output as a function 
of irradiation time (normalised to OPout at 0 h irradiation). (b) UV/Vis absorption spectra 
obtained after 0 h (blue line) and 10 h (orange line) UV illumination.  

this approach reabsorption losses are estimated to be ~40% at 
optical distances up to 65 mm from the irradiation centre. 

Photostability 

The photostability of the CdSe@ZnS/ZnS-LSC was evaluated by 
examining changes in the optical properties after prolonged  
periods of exposure to high intensity UV radiation (366 nm, 5.01 
Wm-2). Accelerated photodegradation of the LSC was 
monitored by measuring the optical power output (under 1 sun 
illumination) and UV/Vis absorption spectrum as a function 
irradiation time. As shown in Figure 6a, the OPout decreases by 
only 20% after extended irradiation periods (14 h). This result 
highlights the advantage of utilising QDs in LSC applications, 
when compared to traditional organic luminophores, which are 
known to degrade rapidly when exposed to high intensity UV 
radiation.14 The UV/Vis absorption spectrum of the LSC (Figure 
6b) confirms that no other photoactive species is generated 
during the irradiation process. No significant change in the 
excitonic peak position or intensity was observed after 10 hours 
of exposure, confirming the stability of the QDs to high intensity 
UV exposure. Similar trends have been made by Zhou et al,33 who 
reported high levels of photostability for QD-based LSCs.  

Integration with third generation photovoltaic technologies 

In order for an LSC to operate effectively as an energy-
harvesting device, the LSC needs to be coupled with an 
appropriate solar cell. Ideally, the chosen solar cell will operate 
with a high external quantum efficiency in the wavelength range 
of the emission frequency of the LSC and hence, light emitted 
from the edges of the LSC can be captured efficiently, producing 
the maximum photocurrent. The literature to date is dominated 
with examples of LSCs coupled to Si solar cells; 13, 14, 43 however, 
few attempts have been made at coupling LSCs to other classes 
of PV cells. This is most likely due to the limited exploration of 
LSCs containing luminophores whose emission properties are 
compatible with the spectral response of emerging PV 
technologies such as DSSCs and perovskite solar cells and also 
the challenge of fabricating prototypes of such devices in the 
required format. For example, Peng et al. have reported on the 
integration of fibre DSSCs (FDSC) with commercially-available 
LSCs, demonstrating an increase in efficiency for the FDSCs 
coupled to both red- and green-emitting LSCs.34, 35 Further 
attempts have been made at increasing the short-circuit current 
density of DSSCs with the use of luminescent down-shifting 
(LDS).46-49 The application of LDS layers has also been  

Figure 7 Characterisation of an integrated CdSe@ZnS/ZnS-LSC-DSSC device. (a) 
Edge emission for the champion LSC device (green) and an undoped pLMA-co-
EGDM slab (black) and the IPCE spectrum of an N719 DSSC. All measurements 
performed under 1 sun illumination with an edge area of  0.4 × 0.3 cm2 for the 
LSCs. (b) Photograph of the integrated CdSe@ZnS/ZnS-LSC-DSSC device. (c) 
Current-voltage characteristics of the DSSC obtained following illumination of 
either the champion LSC (green) or a control device (undoped pLMA-co-EGDM 
slab, black). 

investigated for emerging PV technologies, such as perovskite 
solar cells, whereby unabsorbed UV light is down-shifted to 
optical frequencies that can be harnessed by the absorber.37  
 In an effort to address this gap, we have integrated a 
CdSe@ZnS/ZnS LSC with a thin strip DSSC to demonstrate proof-
of-conept viability of this approach. The champion LSC (ηopt  = 
1.2%) exhibits an emission maximum centred at 520 nm in the 
single edge optical power output spectrum (Figure 7a). This 
coincides well with the IPCE spectrum recorded for an N719-
sensitised DSSC (1 cm × 1 cm), where N179 is the commonly 
used sensitiser dye di-tetrabutylammonium cis-
bis(isothiocyanato)bis(2,2’-bipyridyl-4,4’ 
dicarboxylato)ruthenium(II)).50, 51 The optical power obtained 
from an undoped LSC (i.e. a blank pLMA-co-EGDM slab of the 
same dimensions) is also shown for comparison and confirms 
that the waveguide host makes zero contribution to the optical 
output of the slab in the visible region.  

To quantify the ability of the CdSe@ZnS/ZnS LSCs to 
effectively sensitise an N719-DSSC, a thin strip DSSC (active area 
= 9 × 0.2 cm) was fabricated and coupled to the edge of the 
champion LSC (Figure 7b). The LSC was illuminated by a 
calibrated solar simulator (AM 1.5G) and the current-voltage (J-
V) performance of the attached DSSC was measured. Notably, 
the short-circuit current density obtained for the 
CdSe@ZnS/ZnS LSC-DSSC device, JSC = 0.42 mA cm-2, was greater 
than the corresponding photocurrent recorded for the undoped 
pLMA-co-EGDM slab (JSC = 0.032 mA cm-2) (Figure 6c). Given the 
large dimension of our thin-strip DSSC, it was difficult to obtain 
an accurate value for the overall efficiency of the bare device, 
since only partial illumination of the front face of the DSSC was 
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possible with our experimental configuration. However, the 
power conversion efficiency (PCE) of the DSSC upon 
sensitisation by the edge emission of the coupled LSC can be 
estimated from: 

 
𝑃𝐶𝐸 =

𝐼@A𝑉CA𝐹𝐹
𝑂𝑃EF

 
(4) 

where ISC is the short-circuit current (0.76 mA), VOC is the open-
circuit voltage (0.56 V) and FF is the fill factor (0.55). Here, OPin 

is taken to be the optical power of the corresponding LSC edge 
emission (8.64 mW), which gives a PCE of 2.71% for the DSSC.  

Conclusions  
In summary, we have successfully fabricated large-area LSCs 
utilising green-emitting CdSe@ZnS/ZnS QDs with a composition 
gradient shell as the luminophore. Judicious selection of pLMA-
co-EGDM as the waveguide slab facilitated the incorporation of 
the CdSe@ZnS/ZnS QDs to high dopant concentrations (up to 
0.9 wt%), without affecting the intrinsic photophysical 
properties of the QDs. The semitransparent CdSe@ZnS/ZnS-
LSCs display high optical quality and demonstrated a maximum 
operating efficiency of 1.2 % for a geometric factor of G = 7.9 
under AM 1.5G illumination (250 nm-1050 nm). We note that 
additional light scattering or reflective layers are not employed 
to achieve this result. It was observed that the edge emission 
exhibits considerable inhomogeneity across the edge length, 
which can lead to significant overestimation of the optical 
power output if it is not accounted for. Several measurement 
geometries have been evaluated to compensate for this and we 
propose that a suitable approach for large area devices is to 
determine the mean edge emission from multiple overlapping 
intervals over the entire edge length. This approach minimises 
systematic errors, whilst accounting for the inhomogeneity in 
the edge emission.  

Evaluation of the contribution of optical losses to the 
efficiency has shown that reabsorption losses reach ~40% at 
optical distances > 60 mm. The champion LSC was integrated 
with a DSSC and was shown to boost the short-circuit 
photocurrent, when compared to an undoped polymer slab. To 
the best of our knowledge, this is the first reported example of 
a QD-LSC coupled to a planar DSSC. Given that emerging PV 
technologies such as DSSCs, organic and perovskite solar cells 
have been heralded as low-cost, lightweight alternatives to 
established inorganic semiconductor PV cells for the urban 
environment, this work highlights the significant opportunity 
for the rational design of hybrid LSC/PV systems where third 
generation solar cells are a viable prospect.  
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