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Experimentally analyzing the photovoltaic (PV) performance and the photon transport mechanism of
large-area luminescent solar concentrators (LSCs) (>200 cm?) has proven difficult because common solar
simulators and integrating spheres have limited measuring capacity. This report introduces an approach
of regional measurements to address these issues using common laboratory instruments. In this
approach, the LSC is configured to have different surface and edge regions. The surface regions are
sequentially illuminated by a low-cost solar simulator, and the edge regions sequentially measured by a
small-area solar cell or a general photoluminescence (PL) spectrometer. The methodology is validated
through the comparison with the conventional method and Monte Carlo ray-tracing simulation in the
study of the PV performance of a series of R305-based LSCs. Experimental results from the regional
measurements reveal important the photon transport mechanism of the LSCs. The results show that
severe photon transport loss exists within a surface distance (dsur) of 5 inches (12.7 cm), and photons
with the longest average transport distance (<Lpm>max) €xperience number of absorption events (Ngps)
for an average of 11.3 times. The approach of regional measurements can effectively measure the PV

performance and investigate the photon transport mechanism of large-area LSCs.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Luminescent solar concentrators (LSCs) have attracted a lot of
attention in the past decades because they are promising for
seamlessly integrating photovoltaic (PV) technologies into the built
environment [1—5]. A typical LSC consists of a planar optical
waveguide doped with luminophores and becomes a PV device
when configured with edge-attached solar cells as shown in Fig. 1.
During the operation, sunlight is absorbed by the luminophores
and converted to luminescent light, which transports to the solar
cell through successive total internal reflection (TIR). This design
significantly reduces the material use of solar cells and enables a
variety selection of device appearance [6—8], and therefore makes
the LSCs promising for building-integrated photovoltaics (BIPVs)
such as power windows [9—11] to generate onsite renewable en-
ergy [12—17]. Besides, the capability to work under different light
conditions allows the LSCs to access places where conventional

* Corresponding author.
E-mail address: yilinli@rice.edu (Y. Li).

https://doi.org/10.1016/j.renene.2020.06.121
0960-1481/© 2020 Elsevier Ltd. All rights reserved.

solar cells cannot [18], especially some outdoor places with large
shaded areas [19] and some indoor places with weak illumination
areas [20].

One of the major tasks in the current research of LSC is to
enhance the device PV performance, especially the power conver-
sion efficiency (PCE). To this end, researchers have developed
various types of luminophores and techniques. Organic dyes
[21-23], quantum dots [24—26], rare-earth complexes [27—29],
and perovskite nanocrystals [30—32] are four major types of
commonly used luminophores. Optical microlens [33—35], plas-
monic structures [36—38], wavelength-selective mirrors [39—41],
and distributed Bragg reflectors [42—44] are four major categories
of photon trapping techniques. Compared with the development of
luminophores and techniques for the LSCs, experimental ap-
proaches to analyzing LSCs, especially large-area LSCs (>200 cm?),
are very limited. Small-area LSCs (<200 cm?) are typically charac-
terized using common solar simulators [45—47] and integrating
spheres [48—50] in terms of their PV performance and photon
transport mechanism. Indeed, most high-efficiency LSCs are de-
vices with very small size (<50 cm?) and measured using solar
simulators that provide small illumination areas (<200 cm?). Slooff
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Fig. 1. Schematic images showing the concept, operational mechanism, and application of LSCs.

et al. reported a 25-cm? LSC with a PCE of 7.1% achieved through the
energy transfer between two luminophores and the use of high-
efficiency (>20%) gallium arsenide (GaAs) solar cells [45]. Simi-
larly, Goldschmidt et al. used a tandem device architecture that
utilizes different portions of light through different luminophores
and obtained a 4-cm? LSC with a PCE of 6.7% [46]. Desmet et al.
improved the PCE of a 25-cm? LSC with monocrystalline silicon
solar cells from 3.4% to 4.2% using a microcellular polyethylene
terephthalate (MCPET) back reflector [47]. Due to the size limitation
of integrating spheres (<15 cm in diameter), the study of the
photon transport mechanism is also limited to small-area LSCs.
Tummeltshammer et al. analyzed the photon transport loss of a
series of 36-cm? LSCs using different configurations or their com-
binations [48]. Furthermore, Klimov et al. performed experimental
studies on 4-cm? LSCs to validate a theoretical model, which in-
cludes a quality factor and calculates practical concentration limits
[49]. Frias et al. studied the optical quantum efficiency of a 1-cm?
LSC based on organic-inorganic hybrids modified with chlorophyll
[50]. Different from these studies on small-area LSCs, in which
common laboratory instruments are used, large-area LSCs
(>200 cm?) are typically tested in an outdoor environment. For
example, Debije and co-workers investigated large-area LSCs as
noise barriers in terms of PV, visual, and thermal performance
under sunlight in a series of reports [51—53]. These studies on
large-area LSCs have shown significant impacts on the practical
application of the LSCs. However, they cannot provide information
on the photon transport mechanism as common laboratory in-
struments have limited capacity in characterizing large-area LSCs.
The study of large-area LSCs generally requires customized and
high-cost large-area solar simulators and large-size integrating
spheres, which are not readily available in common laboratories.
Some theoretical efforts have also been paid to understand the
photon transport mechanism of the LSCs [54—59]. Batchelder et al.
modeled the LSCs and found that the luminophore self-absorption
is a dominant effect, especially for high-concentration, large-area
LSCs [54,55]. Barnham et al. proposed a thermodynamic model to
describe the spectroscopic redshift due to the luminophore self-
absorption in quantum dot-based LSCs [56]. Wang et al. reported
a theoretical study on cylindrical LSCs, which shows higher per-
formance than the conventional square planar LSCs [57]. Joudrier
et al. theoretically investigated the LSCs with photonic band stops
and validated the results through experiments [58]. Sychugov
provided explicit expressions for the LSCs and revealed the loss
mechanisms in the LSCs [59]. Though useful insights into the

photon transport mechanism are provided by these studies, some
key parameters that are derived from these theoretical studies
cannot be directly verified through experiments due to the limi-
tation of instrumentations. Therefore, there is a need to develop
new methodologies to study large-area LSCs and the photon
transport mechanism.

In this report, we propose an approach of regional measure-
ments to analyze large-area LSCs (>200 cm?) using common lab-
oratory instruments. The experimental details (section 2) include
materials and instruments (section 2.1) and the fabrication of the
LSCs (section 2.2). In the methodology (section 3), we show the
description of the methodology (section 3.1), which contains
experimental setup (section 3.1.1), quantification and simplification
(section 3.1.2), and surface and edge effects (section 3.1.3). Then we
show the validation of the methodology (section 3.2) through the
comparison between the conventional method (section 3.2.1) and
regional measurements (section 3.2.2) in the measurements of the
device PCEs (section 3.2.3). The difference in PCEs is explained
through the edge distribution of the short-circuit current (section
3.2.4). In the results and discussion (section 4), we study the PCEs of
large-area LSCs (section 4.1), especially the PCEs from the experi-
ment and simulation (section 4.1.1) and the difference in PCEs be-
tween the experiment and simulation (section 4.1.2). We also reveal
the photon transport mechanism (section 4.2), which includes the
relationship between the edge emission wavelength and surface
distance (section 4.2.1), and the relationship between the photon
transport distance and the number of absorption events (section
4.2.2). This new approach allows investigating the PV performance
and photon transport mechanism of large-area LSCs using a low-
cost solar simulator, a small-area solar cell, and a general photo-
luminescence (PL) spectrometer.

2. Experimental details
2.1. Materials and instruments

All chemicals were used as received without further purifica-
tion. The renowned BASF Lumogen F Red 305 (R305) was chosen as
luminophores in the LSCs [60—62], and it was purchased from TCI
America. The monomer methyl methacrylate (MMA) and the
radical initiator azobisisobutyronitrile (AIBN) were purchased from
Sigma-Aldrich. The polycrystalline-silicon (p-Si) solar cells were
purchased from eBay. The index-matching fluid was purchased
from Newport. The specifications of the materials used in this study
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Table 1
The specifications of the materials used in this study.

Material (Source)

R305 (TCI America)
MMA (Sigma-Aldrich)

Specification

Purity: > 95.0%

Purity: 99%. Contains <30 ppm MEHQ
as an inhibitor

Purity: 98%

Efficiency: 15.5%

Refractive index: 1.52@589nm.
Viscosity: 100 cps.

AIBN (Sigma-Aldrich)
p-Si solar cells (eBay)
Index-matching fluid (Newport)

are given in Table 1.

The spectroscopic properties of R305 in poly (methyl methac-
rylate) (PMMA) and the photovoltaic properties of the solar cells
were reported in the literature [20]. The absorption wavelength
(Aabs,r305) and emission wavelength (Aem r305) of R305 were 574 nm
and 605 nm, respectively. The short-circuit current density (Jscceir),
open-circuit voltage (Vo cen), fill factor (FFe;) and power conversion
efficiency (PCE) of the solar cell were 330 A m~2, 0.62 V, 0.76 and
15.5%, respectively.

An OAI class AAA solar simulator was used to provide simulated
AM1.5G sunlight (1000 W m~2) with 200-cm? illumination. In the
approach of regional measurements, a low-cost solar simulator
with 10-cm? illumination was used. Photoluminescence (PL)
spectra were recorded on an ISS PC1 photon-counting spectroflu-
orometer. Monte Carlo ray-tracing simulation was performed ac-
cording to the models in literature [63—65].

2.2. Fabrication of the LSCs

The LSCs were fabricated according to the literature [23]. The
detailed procedures are shown in Fig. 2. A solution of 60 ppm R305
and 0.1 w/w% AIBN in MMA was pre-polymerized at 85 °C for
approximately 10 min. The glycerol-like viscous syrup was poured
into a glass mold, which had a void space of 14 x 14 x 0.25 in®
(35.56 x 35.56 x 0.635 cm?>). The mixture in the mold was placed in
a convection oven at 45 °C for 48 h for partial polymerization and at
100 °C for 2 h for full polymerization. The resulting raw LSCs were
cut and polished by power tools (miter saw and bench polisher)
into squares with sizes from 1 inch (2.54 cm) to 12 inches
(30.48 cm) and thickness of 0.25 inch (0.635 cm).

In the conventional method for studying small-area LSCs, solar
cells were attached to the LSC edge using optically clear epoxy
adhesives. The devices were placed in a convection oven for 2 h for
curing the adhesives. Solar cells were connected in parallel to
maximize the device performance according to the setup in liter-
ature [45]. In the approach of regional measurements, an LSC is
configured to have different surface and edge regions. The interface
between the LSC edge and the solar cell/photoluminescence (PL)
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spectrometer was filled with index-matching fluid. Surface and
edge regions that were not under measurements were coved with a
blackout tape.

3. Methodology
3.1. Description of the methodology

3.1.1. Experimental setup

The experimental setup in the regional measurements contains
four components, which are a mask, an LSC, a blackout tape, and a
solar cell as shown in Fig. 3a. The dimensions and configurations of
each component are given in Fig. 3b and described as follows:

(1) Mask. The mask is a square-shaped black sheet with a size
from 1 inch (2.54 cm) to 12 inches (30.48 cm). The hole in the
mask is a 1-inch (6.4516-cm?) square. Changing the position
of the hole in the mask makes the illumination be on
different LSC surface regions.

(2) LSC. The size of the LSC is from 1 inch (2.54 cm) to 12 inches
(30.48 cm), and the thickness is 0.25 inch (0.635 cm).

(3) Blackout tape. The length of the blackout tape is from 1 inch
(2.54 cm) to 12 inches (30.48 cm), and the width is 0.25 inch
(0.635 cm). The blackout tape covers the LSC edge except for
the region where the solar cell is attached.

(4) Solar cell. The length of the solar cell is 1 inch (2.54 cm), and
the width is 0.25 inch (0.635 cm). Changing the position of
the solar cell on the LSC edge allows measuring the photo-
current at different LSC edge regions.

3.1.2. Quantification and simplification

The experiment is quantified and simplified as shown in Fig. 3c.
The surface distance (dsyy), defined as the distance between the
illuminated surface region and the measured edge region, is
correlated to the photocurrent (Ic) (Fig. 3¢, left image). Geometric
symmetry is considered to reduce the experimental effort. For
instance, for a 5-inch (161.29-cm?) LSC, 6 instead of 25 surface re-
gions are illuminated in the experiment (Fig. 3¢, right image), and
for each illuminated surface region, 25 edge regions were
measured. Therefore, 150 sets of data (6 surface regions x 25 edge
regions) were collected for a 5-inch (161.29-cm?) LSC.

3.1.3. Surface and edge effects

The surface and edge effects are also considered in the experi-
ment as shown in Fig. 3d. The surface effect considers the interface
between the mask and the LSC surface as shown in Fig. 3e. The edge
effect considers the interface between the blackout tape/solar cell
and the LSC edge as shown in Fig. 3f. In the experiment, an air gap is
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Fig. 2. Schematic images of the fabrication of the LSCs, and the comparison between the conventional method and the approach of regional measurements in this study.
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Fig. 3. Schematic images of a) experimental setup, b) dimensions of each component, ¢) quantification and simplification, d) surface and edge effects, e) two surface configurations,
and f) two edge configurations. The stars indicate the configurations used in the experiment.

between the mask and the LSC surface (starred in Fig. 3e) to reduce
the photon surface escape, while no air gap is between the blackout
tape/solar cell and the LSC edge (starred in Fig. 3f) to improve the
photon edge escape. These configurations minimize the photon
transport loss during the total internal reflection (TIR) inside the
LSC and maximize the photon collection efficiency of the solar cell
attached to the LSC edge.

3.2. Validation of the methodology

3.2.1. Conventional method

The approach of regional measurements is validated through
the comparison with the conventional method in the study of the
PCEs of small-area LSCs (<200 cm?) with sizes from 1 inch
(2.54 cm) to 5 inches (12.7 cm). In the conventional method as
shown in Fig. 4a, there is no mask on the LSC surface, and the solar

a) b)

conventional method

cell covers the whole LSC edge without the air gap. The J-V char-
acteristics of the LSCs are shown in Fig. 4b and listed in Table 2. The
results indicate that increasing the LSC size does not alter open-
circuit voltage (Vo) and fill factor (FF) very much. The V. slightly
increases from 0.57 to 0.61, and the FF changes between 0.77 and
0.78. Increasing the LSC size decreases short-circuit current density
(Jsc) from 52 A m~2 to 44 A m~2 due to the increase of photon
transport loss during TIR inside the LSC, and the corresponding
device PCE decreases from 2.27% to 2.04%.

3.2.2. Regional measurements

In the approach of regional measurements where different
surface and edge regions are studied in the experimental setup as
shown in Fig. 4c, different surface and edge configurations are used,
and therefore it is important to consider the surface and edge ef-
fects. The configurations of the LSC surface and edge are shown in

)
-~ regional measurements l/\
. €
without mask < varied incident position .
* with air gap
£ without air gap
$
! l/’>~
e
5 1ol
o .
(1 inch = 2.54 cm) ) » J
without air gap %% 02 0 o6 | varied solar cell position Wlth air gap
Voltage, V (V) with air gap
e 3: f a0 2 h) s
1 2 o A4
25l : 3 —o—4/| edge distribution of I, g
: . = 36} ]
_ &QM_O__O without mask = O/M\
without air gap g 20r T ] 1 5 ol 1
without air gap Jisl conventional method s -y
& 5 18r T-inch|1
g 10f . £ 2-inch
3 £ ol 3inch|
05} 1 2 s 4-inch
h 1 ® |—O—5-inch
Wlt out air gap 00— ——3 4 5 | varied solar cell position T2 3 4 5
with air gap LSC size, (inch) Edge region

Fig. 4. Experimental setup and results of small-area LSCs (<200 cm?) with sizes from 1 inch (2.54 cm) to 5 inches (12.7 cm) for the validation of the methodology. a) Experimental
setup of the conventional method. b) J-V characteristics of the LSCs. c¢) Experimental setup of the regional measurements. d) Surface and edge configuration 1 and 2. e) Surface and
edge configuration 3 and 4. f) PCEs of the LSCs from the regional measurements with different surface and edge configurations compared with those from the conventional method.
g) Experimental setup to measure the edge distribution of L. h) Measured edge distribution of I of the LSCs.



Y. Li et al. / Renewable Energy 160 (2020) 127—135 131

Table 2
Photovoltaic parameters of the small-area LSCs (<200 cm?) from the J-V character-
istics in Fig. 4b.

LSC size (front surface area) Jse (A-m~2) Voc (V) FF PCE (%)
1-inch (6.4516-cm?) 52 0.57 0.77 2.27
2-inch (25.8064-cm?) 48 0.59 0.78 2.19
3-inch (58.0644-cm?) 46 0.60 0.78 2.13
4-inch (103.2256-cm?) 45 0.60 0.77 2.08
5-inch (161.29-cm?) 44 0.61 0.77 2.04

Fig. 4d and described as follow:

(1) Configuration 1. The air gap exists between the mask and the
LSC surface, while it does not exist between the blackout
tape/solar cell and the LSC edge. This configuration improves
the photon transport inside the LSC and the photon delivery
to the LSC edge.

(2) Configuration 2. The air gap exists between the mask and the
LSC surface, and it also exists between the blackout tape/
solar cell and the LSC edge. This configuration improves the
photon transport inside the LSC but disturbing photon de-
livery to the LSC edge.

(3) Configuration 3. The air gap does not exist between the mask
and the LSC surface, and it also does not exist between the
blackout tape/solar cell and the LSC edge. This configuration
disturbs the photon transport inside the LSC but improving
the photon delivery to the LSC edge.

(4) Configuration 4. The air gap does not exist between the mask
and the LSC surface, while it exists between the blackout
tape/solar cell and the LSC edge. This configuration disturbs
the photon transport inside the LSC and the photon delivery
to the LSC edge.

3.2.3. Comparison of the PCEs

In the conventional method, the PCE of the LSC (nsc) is
extracted from the J-V characteristic. In the approach of regional
measurements, because only I of the LSC edge region is measured,
the PCE of the LSC is calculated using Eq. (1):

> Ise X Ve cett X FFcely
> Ain x Hi

where > I is the sum of the I, measured for all the LSC edge re-
gions; Voc el is the Vi of the solar cell (i.e., 0.62 V); FFy is the FF of
the solar cell (i.e., 0.76); Ajy, is the area of the hole in the mask (i.e.,
6.4516 cm?); and Hj; is the incident power density (i.e.,
1000 W m™2).

The PCEs of the LSCs from the regional measurements with
different surface and edge configurations are plotted associated
with those from the conventional method as shown in Fig. 4f. The
results clearly show that configuration 1 (Fig. 4d) delivers the re-
sults (orange line in Fig. 4f) very close to those from the conven-
tional method (red line in Fig. 4f), which validate the methodology
and suggest that regional measurements can effectively measure
the PCEs of the LSCs. The PCEs for very small (<2-inch) devices from
the approach of regional measurements (orange line in Fig. 4f) are
higher those from the conventional method (red line in Fig. 4f)
could be due to the difference in solar cell configurations and the
experimental errors between the two methodologies, which is a
minor issue because very small devices are not practical. For
configuration 2 (Figs. 4d), 3 (Fig. 4e), and 4 (Fig. 4e), significantly
decreased PCEs are obtained (green, violet, and blue lines in Fig. 4f).
This is because these configurations lead to photo transport loss

(1)

Nisc =

inside the LSC and/or insufficient photon delivery to the LSC edge.

3.2.4. Edge distribution of Is¢

The slight difference in the PCEs of the LSCs between the
approach of regional measurements (orange line in Fig. 4f) and the
conventional method (red line in Fig. 4f) is considered primarily
attributable to the unevenly distributed photocurrent (Isc) along the
LSC edge. To verify this idea, Iy along the LSC edge is measured
without the mask on the LSC surface as shown in Fig. 4g. The results
show that the degree of the distribution of I along the LSC edge
increases with the increase of the LSC size as shown in Fig. 4h. The
approach of regional measurements on the LSC edge makes it
possible to access the edge distribution of I, compared with the
conventional methods.

4. Results and discussion
4.1. PV performance of large-area LSCs

4.1.1. PCEs of large-area LSCs

After the description and validation of the methodology, the
next step is to apply the approach of regional measurements to
analyze large-area LSCs (>200 cm?). Here, LSCs with sizes from 6
inches (15.24 cm) to 12 inches (30.48 cm) are investigated. The PCEs
of the large-area LSCs cannot be obtained through the conventional
method because common solar simulators cannot provide illumi-
nation over 200 cm?. Instead, they are obtained from the Monte
Carlo ray-tracing simulation and then compared with those
measured from the regional measurements. The Monte Carlo ray-
tracing simulation calculates the photon transport path inside the
LSC as shown in Fig. 5a. The results show that the PCEs of the large-
area LSCs from the experiment (orange line) are consistent with
those from the simulation (red line) as shown in Fig. 5b, despite
slightly higher values. With the increase of the LSC size, the PCE
decreases due to the increase of the photon transport loss. For the
largest (12-inch or 929.0304-cm?) device, the PCE is approximately
1.83%.

4.1.2. Difference in PCEs

The difference in the PCEs between the experiment and the
simulation is less than 1%. The slight difference is due to several
reasons. One possible reason is that different parameter values are
used to calculate the PCE as shown in Fig. 5c. In the experiment,
constant Voccenn and FFe (dashed line) are used. while in the
simulation, variable V,. and FF (solid lines) that depend on the LSC
size are used. Another possible reason is that the photocurrent ()
is unevenly distributed along the LSC edge as shown in Fig. 5d, as
previously discussed in the study of the small-area LSCs
(<200 cm?). With the increase of the LSC size, the distribution of I
along the LSC edge becomes more and more uneven. For instance,
the difference between maximum and minimum of I for a 12-inch
(929.0304-cm?) LSC is over 15 mA. It is reasonable to consider that
for the LSC size beyond 12 inches, significant unevenly distributed
Isc along the LSC edge will be observed.

4.2. Photon transport mechanism

4.2.1. Relationship between the edge emission wavelength and
surface distance

Since the photocurrent is measured at varying LSC edge regions
under the illumination on varying LSC surface regions in the
regional measurements, the correlation between the surface dis-
tance (dsy) and the photocurrent (Isc) (as defined in Fig. 3¢) can be
utilized to investigate the photon transport mechanism. The
emission spectrum at a certain LSC edge region (Feqge(4)) can be
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calculated using Eq. (2):

Em() Isc

2
Em(})d) " g EQE @

Feqge(4) = J

where Em(A) is the emission spectrum at the I;.-corresponding LSC
edge region measured using a photoluminescence (PL) spectrom-
eter as shown in Fig. 6a; q is the elementary charge (1.6 x 10712 C);
and <EQE> is the average external quantum efficiency of the solar
cell between 500 nm and 700 nm (i.e., 0.86) as shown in Fig. 6b.

To demonstrate clear results, 13 representative Feqge(A) With dsyf
from its minimum (0.5 inch or 1.27 cm) to maximum (13.9 inches or
35.306 cm) are shown in Fig. 6¢. The results show that along with
increased dy,, the intensity of the emission of the edge region
decreases while the corresponding emission wavelength (Aep) in-
creases, suggestive of increasing photon transport loss. Since Isc can
be converted to Fegge(4) and further to obtain Aep, the relationship
between dg,;rand ey can be established. The result in Fig. 6d shows
aclear trend of A.;; along with increased dsyrf, in which Aem increases
quickly and then reaches a plateau. The plateau represents the
maximum of edge emission wavelength (A0¥), at which the
luminophore self-absorption no longer happens. According to the
analytical models in the literature [54—59], the relationship be-
tween Aem and dgys can be represented using Eq. (3):

(Aem.g305 — Aem) X O
o+ dsurf

Aem = /12",1‘11" +

(3)

where A3;2* is the maximum of edge emission wavelength as shown
in Fig. 6d; Aem r305 is the emission wavelength of R305 (i.e., 605 nm)
as shown in Fig. 6e; and ¢ is the luminophore self-absorption cross-
section per 1 cm path as shown in Fig. 6e [66].

The dashed line in Fig. 6d represents the fitting results. Ac-
cording to Table 3, the fitting parameter A5, is 643.9 + 0.3 nm,
which is consistent with that observed from the absorption and
emission spectra of R305. Beyond approximate 645 nm, there is
almost no spectral overlap and thus no luminophore self-
absorption. The other fitting parameter ¢ is 26.6% + 4.5%, which
well matches the calculated value of 26% from the spectral overlap
of R305 [20,67]. The results suggest that the regional measure-
ments can accurately provide parameters that are related to the
luminophore self-absorption.

4.2.2. Relationship between the photon transport distance and
number of absorption events

To further investigate the photon transport mechanism, Eq. (4)
is used to convert Fegge(A) to Ferm, which represents the number of
photons transporting to the LSC edge region relative to the number

of photons initially generated and trapped upon the illumination of
the LSC surface region:

JFedge(A)dA

Ain Ju — T()]oim(A)dA x B x cos b

Fem = (4)

where Aj, is the area of the hole in the mask (i.e., 6.4516 cm?) as
shown in Fig. 6a; T(1) is the transmission spectrum of the LSC as
shown in Fig. 6f; ¢(4) is the incident photon spectrum (Xenon lamp
with AM1.5G filter) as shown in Fig. 6g; <®@p> is the average pho-
toluminescence quantum yield of R305 (i.e.,, 0.85) as shown in
Fig. 6h [20,67]; and 6. is the critical angle for photon surface escape
(i.e., 42.2°) as shown in Fig. 6i [54—59].

The relationship between Fe; and the surface distance (dsyy) in
Fig. 6j shows that Fep, first exhibits a rapid decrease followed by a
very slow decay with the increase of dgy. It can be concluded from
Fig. 6d and j that a surface distance of 5 inches is possibly the limit
for photon transport loss inside the LSC. Within 5 inches, there is
severe photon transport loss due to the luminophore self-
absorption. Therefore, the emission wavelength of the edge re-
gion (Aem) significantly increases, while the corresponding fraction
of photons transporting to the edge region (Fep,) significantly de-
creases. Beyond 5 inches, both parameters reach a plateau, sug-
gestive of no more luminophore self-absorption. According to the
literature [54—59], the relationship between Fep, and dgyr can be
represented using an analytical model as shown Eq. (5):

1
Fem= (5)
N ;b?”‘" T % gy — sec2fe
where N;b?""””"x is the number of absorption (initial

absorption + self-absorption) events that occur at the maximum
average photon transport distance.

The parameter N‘fbép’””"“ is explained in detail here. Fig. 6k
shows the photon transport path of a randomly simulated photon,
which transports from the LSC surface to the LSC edge, as an
example. As indicated as blue dots, this photon experiences ab-
sorption event for 3 times (i.e., Ngps = 3) and transport 1.143 inches
(i.e., Lpen = 1.143 inches) inside the LSC. For photons that exhibit the
same number of absorption events, <Lyy;> represents the average
photon transport distance. Through the simulation, the correlation
between <Lpt;> and Ngps at varying LSC size is established as shown
in Fig. 6l. It is surprising to see that the maximum <Lpm>
(<Lptn>max) is independent of Ngps as well as the LSC size, and the

Nabs at <Lptn>max (N;bﬁ"”””’”*) is between 11 and 13 (green area in
Fig. 61). This indicates that photons with the average longest
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Fig. 6. a) Experimental setup of the regional measurements using a photoluminescence (PL) spectrometer. b) The definition of <EQE>. ¢) Feqge(4) at 13 representative dg,s and the
definition of A d) Relationship between A, and d, fitted curve (dashed line) and the definition of )"E""‘fx . ) Absorption and emission spectra of R305, and the definitions of Aem r305
and o. f) The transmission spectrum of the LSC. g) The incident photon spectrum. h) The definition of <®¢>. i) The definition of . j) Relationship between Fer, and d, and fitted curve
(dashed line). k) Example of photon transport path showing the definitions of Ngps and Lpg,. 1) Relationship between <L,¢,> and Ngps at varying LSC size.

Table 3
The values of fitting parameters in Eq. (3) and Eq. (5) from the experiment using the
regional measurements compared with those from the calculation and simulation.

Aem VS. d Femm vs. d

A;nmax‘ nm 4 Nﬂ<b’5-pm>max 0 (°)
Exp. 6439 + 0.3 26.6% + 4.5% 113 £ 0.1 393 +69
Cal./Sim. 645 26% 11-132 42.2

transport distance experience absorption events between 11 and 13
times.
The dashed line in Fig. 6j represents the fitting results. Accord-

ing to Table 3, the fitting parameter N :bi"”’ Zm is 11.3 + 0.1, which is

consistent with that from the simulation (Na<bls"’“’>'"‘” = 11-13 in
Fig. 61). The other fitting parameter 6. is 39.3° + 6.9°, which well
matches the calculated value (6. = 42.2° [54—59]). The results
indicate that the regional measurements can reveal key parameters
about the photon transport inside the LSCs, which are difficult to

access through the conventional method.

5. Conclusions

In summary, we introduced a new methodology to realize the
analysis of large-area luminescent solar concentrators (LSCs) (up to
929.0304 cm?) using basic laboratory instruments including a low-
cost solar simulator, a small-area solar cell, and a general photo-
luminescence (PL) spectrometer. In this methodology, the LSC

surface was configured with a mask to have different surface re-
gions, and the LSC edge was configured with a blackout tape and a
solar cell/PL spectrometer to have different edge regions. Illumi-
nation was sequentially applied to the surface regions, and mea-
surements were sequentially performed at the edge regions. PV
performance, especially power conversion efficiencies (PCEs) of a
series of R305-based LSCs were studied through the regional
measurements. The results were compared with those from the
conventional method on small-area LSCs (<200 cm?) and those
from Monte Carlo ray-tracing simulation on large-area LSCs
(>200 cm?). Besides, the results from the regional measurements
deeply revealed the photon transport mechanism of the LSCs. The
experimental results were fitted with analytical models, which
suggested that a surface distance (ds,y) of 5 inches (12.7 cm) was
possibly the limit of the photon transport loss. Beyond 5 inches, the
major photon transport loss due to the luminophore self-
absorption became minimal. The results also established a corre-
lation between the average transport distance (<Lpy;>) and the
number of absorption events (Ngps) of the photons. Photons with
the longest <Lp> (<Lpen>max) Were typically associated with Ngps of
11.3 despite the LSC size. This report demonstrated that the
approach of regional measurements is effective in the study of the
PV performance and the photon transport mechanism of large-area
LSCs. This approach can be easily applied to any LSCs with rectangle
shapes, which are the most widely studied geometries in current
research. Future work includes modifying the experimental setup
so that LSCs with other shapes (e.g., polygon, cylinder) can be
analyzed.
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