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Luminescent solar concentrators (LSCs) were fabricated by dispersing CaAlSiN, : Eu®* particles in a PMMA waveguide. A series
of LSCs (dimension 5.0cm x 5.0cm x 0.5cm) with different CaAlSiN, :Eu®* particle concentration were obtained and their
performance was evaluated. The maximum optical concentration ratio is 1.23 with a power conversion efficiency of 1.44% for the LSC
containing 0.5 wt% CaAlISiN; : Eu*" particles concentration. This strategy of dispersing rare earth particles in PMMA waveguide
represents an alternative approach to producing highly durable LSCs.

1. Introduction

Luminescent solar concentrators (LSCs) were introduced in
the 1970s as an approach to lowering the costs of solar power
[1]. Such LSCs have received great interest recently because
of their potential for achieving high optical concentration
ratios without tracking the sun [2-5]. Waveguide-based LSCs
can absorb short wavelength sunlight and then reemit it at
longer wavelengths. A large fraction of the emitted light is
trapped in the waveguide through total internal reflection and
concentrated toward small solar cells attached to the edges
of the waveguide. To date, numerous types of luminescent
materials have been developed and tested for use in LSCs,
including organic dyes [6, 7], quantum dots [8, 9], and rare
earth materials [10-13]. However, both organic dyes and
quantum dots suffer from self-absorption caused by overlap
between their absorption and emission bands. This limits
the optical concentration ratios of such LSCs to approx-
imately one. Compared with organic dyes and quantum
dots, rare earth materials feature large Stokes shifts between
their absorption and emission bands and have considerable
promise for applications in LSC. Among such rare earth
materials, CaAlSiN;:Eu®" emits wavelength in the range
of 600-700 nm, which can be efficiently absorbed by solar
cells. This material combines the excellent chemical stability
of nitridosilicates with the unique luminescent features of

Eu®' ions including (1) a broad absorption bandwidth to
utilize the solar spectrum eficiently, (2) large Stokes shift to
minimize overlap of the absorption and emission spectral
that lead to self-absorption losses, and (3) high fluorescent
quantum vyield [14, 15]. These features are particularly desir-
able for producing efficient and durable LSCs. Poly(methyl
methacrylate) (PMMA) is a typical waveguide material with
high transparency (92% for visible light) and a high refractive
index (n = 1.49) that can also be easily processed [16].
In this work, LSCs were fabricated, consisting of a PMMA
waveguide dispersed with CaAlSiN, : Eu** particles using
a modified procedure that was previously used to form a
CdSe/ZnS quantum dot-PMMA composite [17]. The per-
formance of the LSCs was investigated experimentally and
compared with corresponding LSCs based on organic dyes
and quantum dots.

2. Experiment

2.1. Fabrication of LSCs. LSCs were prepared with fixed
dimensions of 5.0cm x 5.0cm x 0.5cm and varying con-
centration of CaAlSiN; : Eu®" particles. These particles were
purchased from a commercial supplier (Grirem Advanced
Materials, China) with a quantum efficiency of 83% and
an absorption efficiency of 92%. The particle size ranges
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FIGURE 1: Excitation and emission of the CaAlSiN, : Eu®" particles
with a Stokes shift of 112 nm.

from 5 to 30 um with an average diameter of 11 ym. The
excitation and emission spectra of the particles are shown
in Figure 1. To fabricate the LSC, the CaAlSiN;: Eu** par-
ticles were first dispersed in a methyl methacrylate (MMA)
monomer solution by ultrasonic stirring. During the stirring,
azobisisobutyronitrile (AIBN) was added to the solution at
an AIBN/MMA weight ratio of 0.1wt%. The mixture was
heated to 90°C using a thermostatic water bath for 30 min to
complete prepolymerization and then cooled to room tem-
perature. The solution was poured into molds (0.5 cm thick)
and then placed in an oven at 50°C for longer than 20 hours
for postpolymerization. The oven temperature was increased
to 100°C for 1 hour to complete polymerization. Finally, the
as-prepared 0.5 cm thick PMMA plates were cut into LSCs
with areas of 5cm x 5cm by laser cutting. By controlling
the CaAlSiN; : Eu”" particles concentration, a series of LSCs
were fabricated at 0.10 wt%, 0.25wt%, 0.50 wt%, 1.00 wt%,
and 2.00 wt%. Figure 2 shows photographs of a LSC con-
taining CaAlSiN;: Eu** particle concentration of 0.5 wt%.
An optical microscope image (Figure 2(a)) of the LSC shows
that the particles (an individual particle is indicated by a red
circle) are randomly dispersed in the PMMA matrix without
agglomeration. Figures 2(b) and 2(c) show photographs of
the LSC illuminated by ambient and ultraviolet (UV) light,
respectively. Excitation by UV light results in strong red
emission.

2.2. Performance Evaluation of LSCs. To evaluate the per-
formance of LSCs with different CaAlSiN;:Eu®" particle
concentration, a sample holder was fabricated, shown in
Figure 3(a). The sample holder contains three adjustable
support brackets mounted with normal silver mirrors (>95%
reflectance) and a back mirror (dimension 5cm x 5cm).
During measurement, a laser cut monocrystalline silicon (c-
Si) solar cell (5cm x 0.5cm) was attached to the output
edge of the LSC before being placed in the sample holder
(see Figure 3(b)). By illuminating the LSC using a solar
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simulator (Newports Oriel 91192) under AM 1.5 condi-
tions (100 mW/cm?) as shown schematically in Figure 4(a),
the current-voltage (I-V') curve of the attached solar cell was
measured via a source meter (Keithley 2400). Figure 4(b)
shows the I-V curves of the solar cell attached to LSCs with
CaAlSiN; : Eu** particle concentration of 0.10, 0.25, 0.50,
1.00, and 2.00 wt%. For comparison, the I-V curve of the solar
cell illuminated directly by the solar simulator is also given
in Figure 4(b) (dashed black line) indicating a conversion
efficiency of 11.70%, a short circuit current of 84.83 mA, and
an open circuit voltage of 0.55 V. According to the I-V curves
of the solar cell, electrical power output of the solar cell
as a function of the voltage was obtained (Figure5) and
the maximum electrical power output (P, ) was found out,
which reflects the light output at the edge of the LSC. The
relationship between P, , and the CaAlSiN;:Eu®" particle
concentration of the LSCs is plotted in Figure5 inset. As
CaAlSiN; : Eu** particle concentration increases, P, reaches
a maximum of 36.04 mW at 0.5 wt%, before declining.

3. Results and Discussion

Power conversion efficiency (#pcg) relates to the electrical
power output from the solar cell attached to LSC in relation
to the incident light power on the top surface of the LSC.
The concentration ratio (C) is defined as the ratio between
incoming and outgoing optical radiance. #jpcp and C are given

by

Pout
Hlpce = P, >
(1)
C — G Pout
Pano

where G is the geometric gain which means the ratio of LSC
illuminated surface area to the area of the edge where the
solar cell is attached, P, is the incident light power on the
top surface of the LSC, P, is the electrical power output
measured from the solar cell attached to the LSC, and #,
is the bare cell conversion efficiency. In our case, G = 10,
Ho = 11.70%, P, = 2.5W (100 mW/cm?x (5 x 5cm?)), and
P, varies with the CaAlSiN, : Eu** particle concentration
dispersed in LSCs with a maximum value of 36.04 mW at
a particle concentration of 0.5wt% (see Section 2.2). The
highest power conversion efficiency calculated from (1) is
fipce = 1.44%, with an optical concentration ratio of C =
1.23. This indicates the electrical power output of the solar
cell attached to LSC increases to 123% of that of the bare
cell. The concentration of the CaAlSiN; : Eu** influences the
performance of LSCs. For the particle concentration of less
than 0.5wt%, the efficiency of the LSCs increases with the
increasing particle concentration because more solar photons
are absorbed by the LSCs. For the particle concentration
of greater than 0.5wt%, the efficiency decreases with the
increasing particle concentration, because the increasing
particle concentration results in greater self-absorption and
scattering loss. So, the LSC with a particle concentration of
0.5 wt% exhibits the best performance.
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FIGURE 2: (a) Optical microscope image of an LSC with a CaAlSiN,: Eu** particle concentration of 0.5wt%. Photographs of an LSC
illuminated by (b) ambient light and (c) UV light.
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FIGURE 3: (a) Photo of sample holder. (b) The sample holder with a LSC mounted. The output edge of the LSC is fitted with a solar cell.
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FIGURE 4: (a) Scheme of the measurement setup. (b) I-V curves of the solar cell attached to LSCs with different CaAlSiNj : Eu®" particle
concentration. The dashed black line shows the I-V curve of the bare cell illuminated directly by the solar simulator. The inset shows
photographs of LSCs with increasing particle concentration from left to right.
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FIGURE 5: Electrical power output of the solar cell attached to LSCs.
The dashed black line shows electrical power output of the bare cell.
The maximum electrical power P, is plotted against the particle
concentration as shown in the inset.

The C and #p¢g of an LSC depend strongly on the LSC
dimensions and the number and type of solar cells attached.
For a 5cm x 5 cm sized LSCs based on commercial quantum
dots (for the same case of a single mc-Si solar cell attached to
the LSC), typically reported #pcp values are generally below
0.5% and the highest C values are below one [9, 18]. Our
best result of 1pop = 1.44% represents a 3-fold increase over
the reported values (#pc; = 0.5%). Although this result is
less than the highest reported values for similar LSC systems
based on organic dyes (1pcy = 2.9%, with C = 1.7) [6],
CaAlSiN; : Eu** particles have greater chemical stability than
organic dyes, which may lead to a more durable LSC. In
addition, the theoretical limit of the concentration ratio for
an LSC is related to the Stokes shift, by C,,, = (&2 /el ) x
expl(e,ns — €em)/kgT], where ey and e, are the absorbed
and emitted photon energies, respectively [19]. The larger
Stokes shift reduces the self-absorption loss and allows for a
higher concentration ratio. In this work, the excitation and
emission band of the CaAlSiN; : Eu** particles feature a larger
Stokes shift (112 nm, see Figure 1) than the typical for organic
dyes (=25 nm for Red305 dye [7]). This contributes to lower
loss through self-absorption in the waveguide structure of
LSCs. So, theoretically, LSCs using CaAlSiN; : Eu*" particles
should have better performance than those based on organic
dyes. However, unlike organic dyes, these inorganic particles
are not fully miscible with the MMA monomer during the
fabrication and have size greater than the wavelength of
visible light. This may lead to partial scattering of light out
of the waveguide structure, lowering the performance of
the LSCs. To improve the LSC performance, scattering loss
could be reduced by using nanosized particles or matching
the refractive index of the waveguide matrix to that of the
CaAlSiN; : Eu** particles [12].
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4, Conclusion

Using CaAlSiN; : Eu** particles, we demonstrated a strategy
for dispersing rare earth particles in a PMMA waveguide
for use in LSCs. The highest optical concentration ratio we
measured is C = 1.23, with a #pp of 1.44% for a 5cm x
5cm-LSC with a CaAlSiN; : Eu®" particle concentration of
0.5wt%. Although the experiments were carried out using
CaAlSiN; : Eu** particles, this strategy may be extended to
other rare earth particle systems. This work demonstrates
that dispersing rare earth particles in PMMA waveguides is
a promising approach to generating high performance LSCs.
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