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Self-absorption in luminophores is considered a major obstacle on the way towards efficient luminescent solar
concentrators (LSCs). It is commonly expected that upon increasing luminophore concentration in an LSC the
absorption of the luminophores increases as well and therefore self-absorption losses will have higher impact on
the performance of the device. In this work we construct a fully functioning liquid phase LSC where the
luminophore concentration can be altered without changing other conditions in the experimental set-up. We
step-wise enlarge the concentration of the luminophores Lumogen Red 305 and Lumogen Orange 240, while

monitoring the electrical output and self-absorption effects. Contrary to common belief, self-absorption does not
increasingly limit the performance of LSCs when the luminophore concentration increases.

1. Introduction

Luminescent solar concentrators (LSCs) are photovoltaic devices
whose goal is to reduce the necessary amount of active photovoltaic
elements per Watt of delivered power by means of concentration [1].
The LSC device is essentially a thin transparent plate, within which
luminescent species (luminophores) are dispersed (Fig. 1). Solar
radiation enters the LSC through the large top surface and is absorbed
by the luminophores. Subsequently the luminophores emit at a longer
wavelength and into a different direction. A large fraction of the
isotropically emitted light hits the inner surface of the transparent
plate in the regime of total internal reflection and is therefore trapped
inside the transparent plate. The trapped light is waveguided to the
edges of the plate, where solar cells are attached and conversion into
electricity takes place. Concentration arises from the projection of
light entering through the large top surface onto the small solar cell
surface, which makes it possible to harvest much more light per unit of
semiconductor material. Unlike conventional geometric concentra-
tors, this concentrator concept does not require bulky tracking devices
and allows greater freedom when it comes to form, which makes it
well suited for building integration of low-concentration photovoltaics
[2-5].

Similarly to geometric concentrators, LSCs are not only character-
ized by their power conversion efficiency 7, ;., which is the ratio of the
electric power output P, ¢ and the incident radiative power &,
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which is a number that is smaller than the power conversion efficiencies
of the solar cells involved. The actual concentration strength is given by
the optical concentration factor C and compares the radiative power
&, incident on the solar cell attached to the edge of the LSC to the
radiative power that is incident on the bare solar cell &:

C= Drsc
Dse (2

Mainly the following loss mechanisms cause the performance of
LCSs to be as yet rather low: non-radiative dissipation of the absorbed
radiative energy by the luminescent species, the escape losses, i.e. the
emission of light outside the waveguiding mode and the incomplete
absorption of the incident light by the luminescence species. In addition
to those there is also the issue of self-absorption. The emitted light can
be re-absorbed by the luminescent species itself, which recycles photons
including those that were already in waveguiding mode before self-
absorption occurred. In this way photons are exposed to some of the
loss mechanisms repeatedly and thus their effect is amplified.

A partial approach to solving the challenges has been offered by
BASF with their Lumogen series [6,7]. The high luminescence quantum
efficiency (95%), the ratio between the emitted and absorbed photons,
of these perylene derivatives is one of the reasons that record LSC
efficiencies were achieved with these dyes [8,9]. On the practical side
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Fig. 1. Schematic representation of the working principle of a luminescent solar
concentrator.

these dyes can be easily dispersed into PMMA [6] and passed long-term
outdoor tests [10,11]. In fact Lumogen Red 305 is considered as the
“working horse” of the LSC concept [12].

Organic dyes usually have narrow absorption bands when compared
to semiconductor nanocrystals, which is why these have been receiving
much attention in quantum dot LSCs [13,14]. In Lumogen Red 305 this
can be overcome by enlarging the concentration of the dye, which
increases absorption in the UV-region, as the law of Beer-Lambert
predicts. This causes a gain in photon flux into the system and may lead
in turn to a higher device output. However, the increase of overall
absorption by enlargement of dye concentration simultaneously leads
to an increase of self-absorption. These effects compete in reaching high
device performance. In this work the concentration of Lumogen Red
305 is changed such that highest performance is reached, while
monitoring the impact of self-absorption. Because of the competing
effects we expect an optimal concentration for which the performance
attains its maximum. We employ a liquid phase device, which allows the
luminophore concentration to be easily and reliably changed, while
keeping all other experimental parameters constant, such as coupling
between the solar cell and the LSC, the quality of the transparent
medium.

Because of the increase of the performance increasing effect
(absorption) and the performance decreasing effects (self-absorption)
with dye concentration an optimal concentration is expected at which
the performance attains its maximum. The goal of this work is to
critically evaluate the effects of luminophore concentration on the
performance of LSCs.

2. Materials and methods

The monitoring of LSC performance and effects of self- absorption at
various concentrations was carried out in two experiments: operation of
a fully functional liquid phase prototype (Section 2.2) and spectroscopy
at variable optical path lengths (Section 2.3). In both experiments the
luminophore concentration was changed in a controlled way, such that
data from both experiments was retrieved for the same range of
luminophore concentrations. The scope of the work was widened by
applying the procedure also to Lumogen Orange 240.

2.1. Luminophore solution

The commercially available BASF dyes Lumogen Red 305 (LR305)
and Lumogen Orange 240 (LO240) were used to prepare a first highly
concentrated stock-solution. The total mass of 120.8 mg LR305 was
diluted in 10 ml toluene, while 7.8 mg LO240 was diluted in 10 ml
acetone. Both solutions were used for the liquid phase prototype. The
LR305 solution was diluted 12 times to obtain a second stock-solution
for the spectroscopy at variable path lengths. The second solution was
used to record the optical properties in standard cuvettes that are
commonly used for absorption and luminescence spectroscopy (Section
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Fig. 2. Schematic representation of the liquid phase LSC system.

2.3). The internal volume of these is 12 times smaller than the internal
volume of the model LSC device, while the volume of the syringe used
to add the stock solution to the measured solution was the same.
Therefore the 12-fold dilution of the first stock solution for the second
stock solution ensured that the luminophore concentrations were varied
over the same range in both experiments. The absorption spectra of the
individual concentrations were recorded using a Perkin-Elmer Lambda
950 spectrometer.

2.2. Model LSC device

The LSC was made from a custom-built quartz cuvette (Hellma
Analytics) with the internal dimensions 100 mm X 35 mm X 10 mm.
This cuvette is screw capped but the injection and removal of fluid is
possible through the septum using a syringe (Fig. 2). Commercially
available polycrystalline solar cells (14.56% (for Lumogen Red 305)
and 15.13% (for Lumogen Orange 240) power conversion efficiency
[15]) were used. Contacts were soldered to the back- and front side of
the solar cell. For mechanical stability the cell was glued using a
3-5mm thick layer of non-acidic silicone glue (Bison - transparent
silicone sealant - Bi3311) on a glass substrate. The cell was covered
with black absorber paper, which contained a window, such that the
35 mm X 10 mm facet of the cuvette could be placed in firm contact
with the cell, while the remaining solar cell area was blocked from
receiving light (Fig. 3). The cell was characterized by recording the
current-voltage curves in the dark and under AML.5 illumination,
which yielded its efficiency. The efficiency measurements were carried
out using class AAA [16] dual beam WACOM solar simulator [17]. It
includes two light sources: a 1000-Watt Xenon lamp for the UV and
visible part of the solar spectrum (below 700 nm) and a 300-Watt
halogen lamp for the infrared part. The spectral mismatch is < 3% in
the short wavelength ranges of interest here [18]. The current-voltage
measurements were performed on a Keithley 238 High Current measure
unit to characterize the bare solar cell, the LSC with pure solvent and
the LSC with a luminophore solution at different concentrations. The
cuvette was glued onto the solar cell using the adhesive MY-146,
purchased from Mypolymers, which is refractive index matched to
quartz (1.461 at 589 nm) [19]. The polymer was cured for a few
seconds using a UV-lamp. Upon curing some air-bubbles appeared,
which reduced the quality of optical coupling. The prototype with

electric contacts —/

solar cell

Z .~ '
glass substrate ——~

Fig. 3. Solar cell preparation for the liquid phase LSC device.
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Fig. 4. A photograph of the model LSC being filled with Lumogen Red 305.

Lumogen Red 305 was coupled to the 14.56%-efficient poly-crystalline
silicon solar cell while the prototype with Lumogen Orange 240 used
the 15.13%-efficient solar cell. The optical coupling of the latter device
was better due to a lower amount of amount of air-bubbles in the
interface polymer layer.

The stock solution of luminophores was injected into the device
through the septum using a Hamilton 25l syringe (Fig. 4) and
subsequently the current-voltage characteristic of the device was mea-
sured. The luminophore concentration was increased in multiple con-
trolled steps. After the injection of the luminophores the LSC was turned
around multiple times to homogenize the solution. The quartz cuvette
was wrapped into a multi- cellular polyethylene terephthalate-reflector
(MCPET, Furukawa Electric [20]) such that all sides but the one facing
the solar cell and the one facing the light source were covered. The LSC
was placed on the measurement table of the solar simulator such that the
gas bubble remained in the bottleneck and thus reflection from the air/
luminophore solution interface did not contribute much to the light
absorbed by the solar cell. The current-voltage characteristics were
recorded while the LSC was illuminated for less than 5s. For every
measurement at least three measurements were taken. Since the
illumination of the solar simulator is not perfectly homogeneous
(< 2%, class AAA) and the quality of electrical contacts varied between
measurements with a bias towards lower device output, the best value of
all measurements for one concentration is presented here.

2.3. Spectroscopy at variable optical path lengths

To investigate the effect of self-absorption, emission spectra were
measured in solution using an excitation source whose position and
therefore the coordinate x (the distance from the aperture of optical
fiber) of incidence on the luminescent material could be adjusted
(Fig. 5). This way the distance between the entry spot of light and the
detector can be varied in steps of 10 um, such that the emitted light by
luminescence travels along paths of different lengths through the
luminescent solution. With increasing optical path, self-absorption
effects become more and more prominent. In case of a strongly self-
absorbing solution the luminescence signal weakens strongly as the
distance x is increased, while a weakly self-absorbing sample would
also weaken the luminescence signal albeit after a much longer distance
x. The luminescent sample solutions were placed into a screw capped

Quartz cell with
luminophore solution

Monochromator and CCD

[

Optical fibre

Fig. 5. Setup for spectroscopy at variable optical path lengths.
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quartz cell with the internal volume of 10 mm X 10 mm X 35 mm. The
bottom of the cell was brought in firm contact with an optical fiber,
which was directed perpendicular to the direction of the excitation light
and perpendicular to the x-axis along which the excitation light beam is
moved. A range of optical paths between 5mm and 30 mm was
covered. The luminescence spectrum was recorded after each 0.5 mm
step.

The measured spectra were integrated over wavelength to obtain
the output intensity, which was normalized with respect to intensity at
the shortest optical path (5 mm). These normalized intensity profiles
were plotted against the corresponding x-coordinate.

For characterization the emission spectra were obtained from the
intensity profile measurements of the intensity at the shortest optical
path. A more detailed description is given in [14]. This procedure was
repeated for luminophore solutions with the same dye concentrations as
used for the model LSC device. The luminophore addition was carried
out with a Hamilton 25 pl syringe through the septum in the screw cap
of the cuvette.

3. Results and discussion

The efficiency of the LSC with increasing dye concentration is
plotted in Fig. 6. The efficiency increases until saturation is reached.
The saturation sets in at 57 ppm, which corresponds to the absorption
spectra in Fig. 7. This saturation is expected from the Lambert-Beer law:

A=1-107" 3

which states that the fraction of absorbed light A increases and
saturates as the dye concentration c at a constant absorption coefficient
e and a constant optical path x. In the actual LSC of 1 cm thickness, the
optical path is at least twice as long because the light is reflected back
from the reflector at the backside and it will have to pass the LSC at
least one more time. Therefore the absorption properties of the LSC are
described more accurately by the spectra for the optical path of 2 cm in
Fig. 7 than for the conventional 1 cm. In this figure it is visible that at
57 ppm over a large spectral range more than 99% of light is absorbed.

The absorbed fraction of the incident AM1.5 spectrum a can be
computed as a function of concentration of the luminophore c as
follows:

@) = —— [ Fy DA D
"AM1.5

WithKy s = [ Fug s()d2 @

with F,,;, 5(1) being the incident AM1.5 spectrum, A(c, ) the absorption
spectrum of the dye at the concentration c. This absorbed fraction is
plotted against the concentration in Fig. 8. The plot with triangles in the
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Fig. 6. Figures of merit: device efficiency and concentration factor as a function of
increasing dye concentration of BASF Lumogen Red 305.
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Fig. 7. Absorption Spectra of Lumogen Red 305 at different concentration after an optical
path of 2 cm.
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Fig. 8. Absorbed fraction of incident light from a AM1.5 light source as the concentration
of LR305 increases.

Table 1
Fitting parameters for the graphs in Figs. 6 and 8 for the dependence of the figures of
merit on the concentration c described by A(1 — 1075 + C for Lumogen Red 305.

Parameter Efficiency Concentration factor Absorption fraction
A 1.41 0.96 0.50

B 0.033 0.033 0.024

C 0.71 0.48 0.02

same figure represents the self-absorption cross-section, which is
discussed in Section 3.1 below. The trends for the figures of merit
(Fig. 6) and absorbed fraction are fitted to the Lambert-Beer law (Eq.
(3), see also Table 1). The qualitative similarity indicates that increased
absorption of incident light is a dominating effect upon increase of the
dye concentration. We observed similar behavior with Lumogen Orange
240 (Fig. 9 and Table 2). However, using this dye the saturation of the
device efficiency sets in at higher luminophore concentrations than the
saturation of the light absorption. This is possibly caused by the
different spectral position of the weaker near-UV absorption bands in
the respective spectra: Lumogen Orange 240 has its weaker absorption
band at 370 nm (see Fig. 10), where the AM1.5G intensity is very small,
while Lumogen Red 305 has its weaker band at 450 nm, where the
AM1.5G intensity is approximately three times higher. The increase of
dye concentration contributes to the increase of the weaker absorption
band in both solutions even after the primary absorption band is
saturated. For Lumogen Orange 240 this increase contributes much

136
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Fig. 9. Figures of merit: device efficiency, concentration factor and the fraction of
absorbed light as a function of increasing dye concentration of BASF Lumogen Orange
240.

Table 2
Fitting parameters for the graphs in Fig. 9 for the dependence of the figures of merit on
the concentration ¢ described by A(1 — 1075¢) + C for Lumogen Orange 240.

Parameter Efficiency Concentration factor Absorption fraction
A 0.61 0.40 0.29
B 0.038 0.038 0.068
C 0.99 0.66 0.00
AM1.5
— 1.0 ppm
1.0 — 2.0ppm ]
— 4.0 ppm
— 9.0 ppm
08 — 15.0 ppm
< 34.0 ppm
.0 — 116.0 ppm
- . 4
S 0.6
—
?
o 04 1
<
0.2 ]

0.0 : :
350 400 450 500 550 600 650
wavelength [nm]

Fig. 10. Absorption spectra of Lumogen Orange 240 at different concentration after an
optical path of 2 cm plotted over the AM1.5G incident spectrum.

fewer photons to the LSC than what is due to absorption by the main
band. Thus saturation of the absorbed fraction sets in essentially with
the saturation of primary absorption peaks. For the same reason
increasing the concentration of Lumogen Red 305 still contributes to
the increase of its absorption at 450 nm (see Fig. 7) even though the
main peaks at 550-600 nm are already saturated. Thus increasing
concentration still leads an increasing absorption fraction integrated
over the spectral range of the whole AM1.5 spectrum.

3.1. Self-absorption

The contribution from the increasing photon flux that the system
upon increasing luminophore concentration experiences, seems to
compensate for the increasing self-absorption losses leading to a quasi
concentration-independent overall device efficiency after the saturation
is reached. This does not mean, however, that the self-absorption effects
are weakened. On the contrary, self-absorption cross-section in- creases
from 9.5% at 4 ppm to 43.3% at 115 ppm and to 50.0% at 336 ppm
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Fig. 11. Top: Normalized intensity profiles for Lumogen Red 305, Bottom: Effects
observed in spectroscopy at variable optical paths at high concentration: The light
emitted by the luminophores at longer optical paths is entirely emitted from an area
whose light reaches the aperture of the optical fiber (from within the field of detection),
while the light emitted at short optical paths is almost entirely outside the field of
detection. Even though the luminescent light is attenuated more strongly at longer optical
paths, at high concentration the detector in this set-up will receive a higher signal.

(Fig. 8). The self-absorption cross-section denotes the probability that
the luminescence is absorbed by the luminophore itself after 2 cm of
optical path length and is defined as:

1 o0
6(c) = - /0 FryosMA(c, )dA
LR305

WithK a5 = " Frraos(A)di )
where A(c, 1) is the absorption spectrum of the solution at the used
concentration ¢ after an optical path length of 2 cm and Fjzy5(1) the
emission spectrum of a sufficiently diluted solution of Lumogen Red
305, so that re-absorption can be neglected [14]. Direct evidence for
self-absorption loss was collected by measuring the emission spectra at
variable optical paths lengths and integrating the spectra to yield the
total emission intensities. The results are shown in Fig. 11 (top). It can
be clearly seen that the measured luminescence intensity decreases with
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Fig. 12. Changes in emission spectra with increasing optical path for Lumogen Red 305 at
a concentration of 96 ppm.

increasing optical path length.

This decrease in intensity is, however, not directly proportional to
the increase of concentration as at higher dye concentrations most of
the absorption and therefore luminescence takes place very close to the
surface of the cuvette (i.e. the excitation light is absorbed within
negligibly short optical paths after entering the cuvette, as expected
from the exponential nature of the law of Lambert-Beer). Light from this
region of maximum luminescence does not reach the detector at short
optical paths as it is outside the conic detection field of the optical fiber.
For longer optical paths the region of maximum intensity enters the
detection field and the Fig. 11 (bottom). Thus it may occur happen that
a higher signal is detected at sufficiently high concentrations and at
long optical paths with high attenuation due to self-absorption com-
pared to the signal for less attenuated luminescence at shorter optical
paths. Such conditions have been reached for dye concentrations above
120 ppm. The recorded intensity spectra of the LSC edge emission
reveal that the intensity decrease is mostly due to a de- crease in the
blue part of the spectrum (Fig. 12). This decrease in the blue and a
slight increase in the red are well detectable even at concentrations as
high as 96 ppm, which is further evidence for the presence of self-
absorption [14].

The experimental results suggest that the increase of dye concentra-
tion, even if it increases self-absorption losses, does not inhibit the
device performance of LSCs, because the increase of absorbed radiation
flux is large enough to compensate the self-absorption losses. This
compensation can be described using the equation proposed by Olson
et al. [21] in combination with the one proposed by Goetzberger and
Greubel [1]:

Prsc (Nsa)

= 1 -7
ubx( nml) ( 6)

in
where @, ¢ is the radiation power flux of the LSC-edge emission, @,, the
incident radiation power flux, 7, the absorption efficiency of the
luminophore solution, 5, the internal optical efficiency (the ratio of
power of the LSC-edge emission and the absorbed incident power), and
(Nyy) is the average number of self-absorption events per incident
photon, which increases with . Both 5, and (N;,) increase with
increasing dye concentration. The exponential nature of the photon
recycling process due to self-absorption (described by the term
1 - 17im)<N5A> dominates the device efficiency upon increase of concen-
tration. That means that when 75, is constant, the performance of the
LSC drops. In case of Lumogen Red 305 within the range of dye
concentration measured the absorption efficiency increases with con-
centration faster than (1 — nim)WSA} decreases. This may be different for
other luminophores with lower luminescence quantum efficiency and
thus a resulting lower 5, . Similarly, larger self-absorption cross-section
could contribute to a higher (N,).
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Since the increased dye concentration did not reduce the device
efficiency nor the optical concentration factor in spite of increased self-
absorption, it is expected that the addition of near-UV absorbing dyes or
other regions not yet covered by Lumogen Red 305 will increase the
device efficiency also despite increasing self-absorption. That has been
demonstrated by van Sark et al. by adding Fluorescence Yellow (CRS
040) to Lumogen Red 305 and increasing the efficiency from 2.4% to
2.7% [10]. At much higher dye concentrations the absorption in the
near-UV comes close to 100% and thus the compensation of self-
absorption losses stops. This is consistent with the findings of Kerrouche
et al. who observed a drop in the radiative power of the edge emission
of LSCs at dye concentrations above 1500 ppm [22].

3.2. Efficiency-optimized prototype

The data show that the device performance reaches saturation for
dye concentrations above 60 ppm. Further increases in dye concentra-
tion result in minimal performance increase. We expect that at even
higher dye concentrations the device efficiency will increase to a value
only slightly larger than that measured so far. Thus to obtain a higher
device efficiency we chose the best performing solar cell (7, =15.13%)
from our purchased batch to rebuild the liquid LSC and filled it with a
Lumogen Red 305 solution with a concentration of 153 ppm. LR305 is
preferred over LO240 as the performance of LO240 in our LSC
experiments was already lower than that of Lumogen Red 305.
Moreover the solubility of LO240 in acetone is smaller than the
solubility of LR305 in toluene. For this rebuilt LSC a larger amount of
index matching polymer was used to optically couple the solar cell to
the quartz wall of the cuvette, yet again upon curing some air-bubbles
appeared, though less than in the first LSC. Bubbles were pressed away
along with the excess glue when the cuvette was pressed against the
solar cell with the glue.

This way we are operating very close to the saturation efficiency.
The measured device efficiency was 2.31% at an optical concentration
factor of 1.53, with open-circuit voltage V,.=0.65V, short circuit
current density J;,,=0.53 mA/cm? and fill factor FF=0.67. This is
among the best-achieved efficiencies for LSCs with Lumogen Red and
silicon cells. A comparison of LSCs reported in literature is given in
Table 3 [4,23-26]. Although the LSC we fabricated does not set a new
record in any single parameter it shows high values in all parameters.
Judging from Table 3, clearly larger devices result in smaller device
efficiencies, as in larger LSCs the optical path lengths are on average
larger leading to larger self-absorption losses. In contrast to the case of
increasing luminophore concentration, when the length and width of
the LSC are increased the relative fraction of the light absorbed does not
increase. Although in this way the aperture of the LSC becomes larger
and more radiation is impinging on the LSC, this effect is cancelled out,
as the incoming radiation calculated with respect to the aperture area in
the device efficiency 7. is:

Table 3
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_ Iy LSC

Nsc = T TA

@
where L is the power density of the light source (assumed constant over
the area) and A,,, is the aperture area of the LSC. Thus the enlarged
aperture area decreases the device efficiency by the same factor by
which it increases the absorbed light. Although we have shown this for
relatively small dimension LSCs we expect that larger LSCs will be only
slightly affected. This is corroborated by similar results obtained for
long (> 1 m) LSC fibers [27], but also by outdoor test results for large
area LSCs [28,29].

For an LSC in practice a high efficiency is not the only critical
criterion. It is also important, that the concentrator delivers more power
than the bare solar cell, otherwise it does not fulfill its purpose of
concentration (i.e. C < 1). This electrical concentration factor C* is
defined as the ratio of the electrical power delivered by the solar cell
attached to the LSC-plate P;sc and radiative power incident on the
entire LSC aperture &,,. The latter can be calculated from the power
density of the light source (assumed constant over the aperture area) L
and the illuminated aperture area A,,,. Thus the net effect of an increase
of the dimensions of the LSC is an increase in optical path and thus an
increase in parasitic absorption and self-absorption. The (optical)
concentration factor C increases with LSC dimensions, because the
geometrical concentration factor G does. The former is defined as the
ratio of radiative power delivered to the solar cell attached to the LSC
plate &, and &, while illuminated under the same conditions:

top

C= Prsc

Psc (8)

The geometrical concentration factor is given by the ratio of the

collecting aperture surface 4,,, and the solar cell surface Agc. If multiple

solar cells are applied, then the total solar cell area is used, which is
ngcage for nge solar cells of identical size ag:

A A
G=_1°__""
Age (C))
The two concentration factors can be combined using the optical
efficiency of the LSCx :
opt
C=Gnp

opt

ngcdsc

(10)

The radiative power delivered to the solar cell is converted into
electrical power P, This occurs at efficiency ., which is higher than
the conventional solar cell efficiency 7. under AM1.5 illumination, as
the luminescent light of the LSC is emitted in a wavelength region of
higher spectral response of the solar cell. The relationship between the
electrical concentration factor C* and the (optical) concentration factor
C given by

. Liscne .
C>,<: LSC”I_gc — C”Is_c > C

Lychge Nsc (1mn

Highest reported LSC-efficiencies for Lumogen Red 305 and silicon cells according to [4]. The work of Hyldahl et al. [25] used only one solar cell attached to the LSC but projected their
results for an LSC with four cells. The work of Gallagher et al. [24] has not been included, because the high efficiency of 3.3% reported there has been calculated with respect to the solar
cell area and not to the area of the LSC surface exposed to illumination as in the listed works. The work of Corrado et al. [26] has been performed with a solar cell facing the illumination
source and therefore could harvest the light not absorbed by the luminophores. #PV is the number of solar cells attached to the LSC in the experiment, G is the geometrical concentration
factor, 75 is the power conversion efficiency of the bare solar cell, 7 ¢ is the power conversion efficiency of the LSC with the attached solar cell and C* is the electrical concentration

factor of the device. The listed quantities are explained in the text.

Group LSC size [cm] #PV G ngc [%] Nse [%] c* C*/G [%]
Van Sark et al. [10] 5X5x%0.4 1 12.5 18.6 2.4 1.61 12.9
Desmet et al. [23] 5%x5x0.5 2 5 15.6 18 0.91 18.3
Desmet et al. [23] 10x10x0.5 2 10 15.6 18 1.20 12.0
Hyldahl et al. [25] 6.2x6.2x0.3 4 5.2 18.3 2.6 0.74 14.2
Corrado et al. [26] 31.8x31.8x0.476 12 3.4 19.8 6.8 1.2 35.6
Corrado et al. [26] 45.7 X 45.7 X 0.476 6 22.5 18.4 1.5 1.8 8

This work 3.5x10x 1 1 10 15.13 2.3 1.53 15.3
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In practice the concentration ratio of electrical power C* is more
relevant than the one of radiative power C. If compared using the
criterion that the electrical concentration factor must be larger than one
for a device to call it an effective concentrator, our device delivers the
second best efficiency among LSCs with sideways oriented solar cells,
surpassed only by the one of van Sark et al. [10], although it should be
noted that C* has not been calculated for many systems in older works.
This is partially because the solar cell used in present work had a
relatively poor efficiency of 15.13%. In the device we produced, the
luminophores were dispersed in liquid toluene, which scatters light
somewhat less than solid PMMA, which has been deployed in most
other works as a matrix for the dye molecules. This reduced scattering
allows us to achieve high efficiencies despite not using wavelength
selective reflection layers as done by Goldschmidt et al. [9], van Sark
et al. [10] and Desmet et al. [23].

4. Summary and conclusion

In this work we have demonstrated that despite present and
increasing self-absorption in an LSC upon increasing Lumogen Red
305 dye concentration, the LSC device efficiency and the electrical
concentration factor increase because of increasing absorption of
incident light. An optimal dye concentration with respect to efficiency
has not been found, however when considering material cost, especially
the cost of dyes, a dye concentration at the saturation when device
performance occurs will be most cost-effective. The investigation of
optimum dye concentration with respect to costs is an interesting
follow-up study.

We have fabricated an LSC with liquid dye solution with dye
concentration as high as 153 ppm to present a working LSC device
with one of the highest device efficiencies of all present concentrators
using Lumogen Red 305.

The findings motivate a systematic follow-up study to investigate if
the addition of a luminophore with high luminescence quantum
efficiency and absorption in a different spectral region than the
absorption of Lumogen Red 305 will result in significant increase of
device efficiency.
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