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ARTICLE INFO ABSTRACT

In this report, we introduced subwavelength sanding treatment to boost the cost-effectiveness of luminescent
solar concentrators (LSCs). It was proven the hypothesis that sanding the device surface to roughness
(Rq = 22-105-nm) much smaller than the wavelength of sunlight (A = 280-4000 nm) would improve the device
performance due to much higher scattering gain than scattering loss. Experimental results showed that the
sanded devices exhibited power conversion efficiency (17.sc) and power concentration ratio (C) enhanced by at
least 44% and could have the doping concentration of the luminophores significantly reduced by 87.5%.
Measurement on the waveguide edge emission revealed that the performance enhancement was attributed to the
utilization of the long-wavelength (. > 800 nm) photons. Monte Carlo ray tracing simulation signified that the
subwavelength sanding treatment was also applicable to large-area devices with geometric gain (G) up to 120
(9.29 m?) and devices made of other luminophores. Cost-effectiveness analysis indicated a huge reduction by
45% in the price per watt (PPW) for large-area commercial-sized (80 in. by 40 in.) LSCs. This study suggested
that subwavelength sanding treatment was promising to bridge the gap between research and commercialization
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of the LSCs.

1. Introduction

Although the concept of luminescent solar concentrator (LSC) is
introduced in 1970s (Weber and Lambe, 1976; Goetzberger and
Greube, 1977), the research of LSC is now being paid much more at-
tention than ever before because LSCs are considered promising for
building-integrated photovoltaic (BIPV) technology (van Sark et al.,
2008; Debije and Verbunt, 2012), which is widely emphasized in the
distributed renewable energy deployment. The use of LSCs to transform
exterior building parts such as windows, facades and atriums into en-
ergy-harvesting devices enables the possibility to harvest solar energy
almost everywhere within our community (Kerrouche et al., 2014; Sark
et al.,, 2017) (Fig. 1a). The typical design of LSC consists of a slab-
shaped waveguide doped with luminophores and solar cells attached to
the edge of the waveguide. The typical operation of LSC is that short-
wavelength photons in the sunlight are absorbed by the luminophores
and converted into long-wavelength photons, which follow successive
total internal reflection (TIR) inside the waveguide and eventually
transport to the edge-attached solar cells (Fig. 1b) (Batchelder et al.,

1979; Batchelder et al., 1981; Li et al., 2019). Studies have shown that
LSCs can work efficiently under different light conditions (Debije and
Rajkumar, 2015; Li et al., 2019) and can be fabricated with different
colors or even transparency (Zhao and Lunt, 2013; Zhao et al., 2014;
Yang et al., 2018). The unique features of generating electricity while
being aesthetically pleasing have suggested huge potential of LSCs to be
applied in the built environment where it has proven difficult to deploy
conventional solar panels (Chau et al., 2010).

Numerous efforts have been taken to improve the performance of
LSCs over the past several years. There is no doubt that searching for
luminophores with ideal spectroscopic properties is one of the major
tasks. A large number of luminophores have been developed in the
categories of organic dyes (Sanguineti et al., 2013; Mouedden et al.,
2015; Li et al., 2016), quantum dots (Purcell-Milton and Gun'ko, 2012;
Zhou et al., 2018; Moraitis et al., 2018) and rare-earth complexes (Liu
et al., 2014; Freitas et al., 2015; Frias et al., 2019). Several improve-
ments have been made to the spectroscopic properties of luminophores,
including absorption and emission spectra, spectral overlap and pho-
toluminescence quantum yield (PLQY). Some luminophores are
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Fig. 2. Schematic representations of the fabrication of process of a sanded LSC.

designed with wide absorption range, which covers the solar spectrum
up to the band gap of solar cell (Shcherbatyuk et al., 2010; Meinardi
et al., 2015; Zhou et al., 2016). Others exhibit red-shifted emission,
which matches the band gap of solar cell (Sanguineti et al., 2012; Chen
et al., 2017; Yang et al., 2019). The self-absorption issue is tackled by
luminophores with minimal spectral overlaps (Wang et al., 2011; Kate
et al., 2015; Meinardi et al., 2017), and the photon loss is addressed by
those with near-unity PLQYs (Knowles et al., 2015; Zhang et al., 2018;
Bergren et al., 2018). Besides developing luminophores, imparting light
management capability to LSCs is another focus. Various techniques
have been explored to maximize the photon collection and concentra-
tion efficiency of LSCs. For example, the front surface of the waveguide
is modified with optical microlens (Tseng et al., 2011; Damrongsak and
Locharoenrat, 2017; Kurmi et al., 2018) or plasmonic structures
(Chandra et al., 2012; Tummeltshammer et al., 2013; Fahad et al.,
2017) to increase the intensity of the incidence. Wavelength-selective
mirrors (Debije et al., 2010; Verbunt et al., 2012; Connell et al., 2018)
and distributed Bragg reflectors (Xu et al., 2016; Connell and Ferry,
2016; Iasilli et al., 2019) are implemented to improve the photon
trapping efficiency. There are also studies on the performance of large-
area LSCs in different indoor and outdoor conditions to push forward
the practical applications of the LSCs. Devices have been configured as
office windows (Vossen et al., 2016), greenhouse panels (Corrado et al.,
2016), and noise barriers (Kanellis et al., 2017; Debije et al., 2017;
Debije et al., 2017).

Current studies on LSCs focus mostly on performance enhancement
while there are handful reports on the improvement of cost-effective-
ness (Sutherland et al., 2018). However, it is indeed very crucial for

LSCs to demonstrate competitively high cost-effectiveness as a pre-
requisite for commercialization. In this report, we introduce a simple,
low-cost and universal approach to boosting the cost-effectiveness of
LSCs. Subwavelength sanding treatment was applied to the LSCs to
achieve surface roughness much smaller than the wavelength of solar
photons and thus to introduce photon scattering over the entire incident
spectrum. Though increasing the surface roughness disturbs the photon
transport and leads to photon loss during the successive TIR (i.e.,
scattering loss), it allows photons that are not absorbed by the lumi-
nophores to be utilized for power generation (i.e., scattering gain)
(Fig. 1c). Our results showed that proper subwavelength sanding
treatment led to much higher scattering gain than the scattering loss.
Thus, the sanded devices collected much more photons than the un-
sanded devices, and surprisingly they required much less luminophores,
implying significant cost reduction.

2. Experimental
2.1. Device fabrication

The fabrication of LSCs was according to the literature (Li et al.,
2016) (Fig. 2). The procedure shown herein used 60 ppm luminophores
and fabricated LSCs with an optical density (OD) of 4.0. For making
LSCs with a low OD, decreasing the concentration of luminophores
proportionally. In detail, luminophores (R305, TCI America) (Wilson
et al., 2010; Sala et al., 2019; Griffini et al., 2013) and 0.1 w/w% ra-
dical initiator (azobisisobutyronitrile, Sigma-Aldrich) were dissolved in
monomer (methyl methacrylate, MMA, Sigma-Aldrich) in an
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Erlenmeyer flask. The solution was stirred in a water bath at 85 °C until
the viscosity was close to glycerol. The heating was stopped, and the
flask was placed in an ice/water bath at 0 °C. After being cooled down,
the syrup was poured into a glass mold, which was placed in an in-
cubator at 45 °C for 48 h for solidification. The mold was transferred to
an oven and heated at 100 °C for 2 h. After being cooled down, the raw
luminophore-doped poly(methyl methacrylate) (PMMA) slab can be
easily separated from the mold. Subwavelength sanding treatment was
then applied to front surface of the raw waveguides. The luminophore-
doped waveguide was cut into square shape and the edges were po-
lished. The thickness of the waveguide was 0.25 in., and the size was
from 1 to 12 in., corresponding to the area from 6.45 cm? to 929 cm?.
Solar cells (polycrystalline silicon, p-Si, eBay) were then glued to the
four edges of the waveguide using UV-curing optical adhesive. They
were connected in parallel to maximize the device performance (Slooff
et al., 2008). The detailed photovoltaic performance of solar cells was
shown in our previous report (Li et al., 2019). Briefly, they exhibited
averaged power conversion efficiency (#..n) of 15.6% with short circuit
current density (J;.) of 330 A'm ™2, open circuit voltage (V,.) of 0.62 V
and fill factor (FF) of 0.76.

2.2. Instrumentation

A homemade wind tunnel was used to perform the subwavelength
sanding treatment. Its specifications and the experimental setup were
given in the Appendix A. Supplementary material. The specifications of
the sands used in the experiment were size of 0.5 mm and weight of
30 g. Surface height images of the waveguides were obtained using a
Bruker ICON Atomic Force Microscope (AFM) with non-contact mode.
Reflection and transmission spectra of the waveguides were collected
using a Varian Cary 5000 UV-Vis-NIR spectrophotometer. Haze spectra
of the waveguides were collected using a BYK Gardner Haze spectro-
photometer. For waveguides with size greater than 3 in., small pieces
were cut from the waveguides to fit the sample chamber of the spec-
trophotometer. An OAI class AAA solar simulator was used to provide
simulated AM1.5G sunlight. Power conversion efficiency (y.sc) and
power concentration ratio (C) of the LSCs were calculated from the J-V
curves measured by a Keithley 2401 sourcemeter. The emission spectra
at the edge of the waveguides were recorded on a Horiba FL3-21
fluorescence spectrophotometer.

3. Results and discussion
3.1. Surface roughness and visual performance

Before attaching the solar cells to the waveguides, we first looked at
the relationship between the sanding duration of the subwavelength
sanding treatment and the surface roughness of the waveguides. During
the subwavelength sanding treatment, sands continuously hit the front
surface of the waveguides, making the surface rough (Fig. 3a). The root-
mean-square (RMS) surface roughness (R,) of the unsanded waveguide
was 15-nm, while it changed to 22-nm, 33-nm, 46-nm, 63-nm, 82-nm
and 105-nm for the sanding duration of 160 s, 110's, 80 s, 60 s, 40 s,
and 30 s, respectively, which indicated that a shorter sanding duration
leaded to a rough surface (Fig. 3b). The R; was with + 10% standard
deviation after 5 runs, suggesting that the process was reproducible. We
also examined the surface profile of the waveguides before and after
subwavelength sanding treatment (Fig. 3c). The surface height image of
the unsanded waveguide showed that the surface contained a great
number of nano-sized islands. With the increase of R,, the nano-sized
islands gradually became micro-sized islands, and at large R,, some
islands connected to each other to form large islands.

We next evaluated the visual performance of the LSCs by examining
the waveguides. Bare waveguides without luminophores were used to
measure the reflectance (R) and haze (H) of the front surface, and the
luminophore-doped waveguides (OD 4.0, 60 ppm) were used to
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measure the transmittance (T) and H of the bottom surface. To obtain R,
T and H of the waveguides, the corresponding spectra measured using
spectrophotometers were averaged over AM1.5G solar photon spec-
trum:

700 nm

400 nm X(/l)¢vun (A)dﬂ.

700 nm

400 nm ¢sun (A)dl

X®R, T or H)=

®

where X()) is the photon spectra of the waveguides for R, T or H, and
¢sun(A) is the AM1.5G solar photon spectrum.

The measurements on the front surface of the bare waveguides in-
dicated that R decreased while H increased with the increase of Ry,
which was within expectation because a rougher surface had more
diffusive reflection than specular reflection (Fig. 4a). The unsanded
bare waveguides (R; = 15-nm) exhibited R of 5.95% and H of 1.26%,
suggestive of minimal scattering on the front surface. For sanded wa-
veguides, H was higher than R when R, was greater than 33-nm, sig-
nifying strong scattering. At R, of 105-nm, R was only 0.03%, and H
was significantly higher than R by over 18%, which showed that the
appearance of bare waveguides was highly hazy. Similar results were
also obtained in the measurements on the bottom surface of the lumi-
nophore-doped waveguides (OD = 4.0, 60 ppm), in which T decreased
while H increased and reached to a plateau with the increase of R
(Fig. 4b). The unsanded waveguides (R; = 15-nm) exhibited T of
24.20% and H of 12.94%. Because minimal scattering was associated
with the unsanded waveguides, the high T was from the photons that
were not absorbed by the luminophores, and the high H was due to the
emitted photons of the luminophores that escaped from the wave-
guides. For sanded waveguides, H was higher than T when R, was
greater than 33-nm, indicating that the waveguides turned from
transparent to hazy primarily due to the scattering of the emitted
photons of the luminophores. The overall results suggested that the
visual performance of the LSCs was affected by the subwavelength
sanding treatment. At higher R,, the appearance of the devices was
hazier and less transparent. However, this would not limit the appli-
cation of the LSCs in BIPV technology. Actually, this would broaden the
application the LSCs. For example, devices with reduced reflection,
reduced transparency and increased haze could be applied to some
indoor places where privacy was required.

3.2. Size-dependent performance

We next attached solar cells to the waveguides and investigated the
effect of R, on the performance of the LSCs. The performance of the
LSCs is described by two parameters (Li et al., 2016). The energy
conversion capability of the device is represented by power conversion
efficiency (nrsc), which is the electric power produced by the device
relative to the incident power, Higher #.sc indicates more photons are
converted to electric energy by the LSCs. The light concentration cap-
ability of the device is represented by power concentration ratio (C),
which is the electric power produced by the solar cells attaching to the
waveguide relative to the detached condition. LSCs with C greater than
1 suggest enhanced power output of the solar cells. In the study of the
size-dependent performance, the size of the LSCs is described by geo-
metric gain (G), which is the area of the front surface where photons are
collected relative to the area of the edge where solar cells are attached.
In this experiment, G was varied from 1 (6.45 cm?) to 12 (929 cm?) and
the optical density (OD) of the waveguides, which is defined as the
maximum absorption of the luminophore-doped waveguide, was kept
consistent at 4.0 (60 ppm).

The relationship between ;;5¢c and G at different R, was investigated
first (Fig. 5a). A decreasing trend was observed for 5;sc with the in-
crease of G despite R, indicating non-perfect photon transport inside
the waveguide. This was because the transporting distance of the
photons increased with the increase of G, which inevitably resulted in
photon loss during successive TIR due to self-absorption of the
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(OD = 4, 60 ppm).

luminophores as well as absorption and scattering of the waveguide.
Moreover, n;sc decreased rapidly with the increase of G when R, in-
creased. For example, ;sc decreased by 19% (from 2.29% to 1.86%) at
Ry, = 15-nm, while it decreased by 54% (from 5.31% to 2.44%) at
Ry = 105-nm. This was within the expectation because increasing R,
directly caused the increase of scattering of the waveguide, which in-
terrupted the successive TIR. However, in this study, increasing R, did
not lead to #sc lower than its original value. For example, at G = 6
(232 cm?), the sanded devices exhibited higher 5,5, which ranged from
the lowest value of 2.22% at R; = 22-nm to the highest value of 3.29%
at R, 82-nm, than the unsanded device, which exhibited
nsc = 2.01% at R; = 15-nm. The overall observed relationship be-
tween 7;5c and G at different R, implied the balance between scattering

gain and scattering loss. Optimal R, was required to reach the max-
imum 7,5 at a given G. For example, the optimized R, was 105-nm, 82-
nm and 63-nm for G = 1 (6.45 cm®), 6 (232 cm?) and 12 (929 cm?),
respectively, which corresponded to the maximum #.sc of 5.31%,
3.29% and 2.68%, respectively. The relationship between C and G was
exactly opposite to that between on #5;sc and G, which showed that C
increased with the increase of G at different R, (Fig. 5b). Similarly,
optimal R, was required to reach the maximum C at a given G. For
example, at G = 12 (929 cm?), the optimal R, was 63-nm, suggesting a
sanded device (C = 2.06) output 44% more electrical power than the
unsanded device (C = 1.43). For devices at a given G, the enhancement
of n;sc and C with increased R, suggested the improvement of the cost-
effectiveness of the LSCs after subwavelength sanding treatment.
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3.3. Concentration-dependent performance

Our next study focused on the concentration-dependent perfor-
mance of the LSCs at different R. In this experiment, devices with G of
6 (232 cm?) and OD from 0.5 (7.5 ppm) to 4.0 (60 ppm) were in-
vestigated. The range of OD corresponded to the photon absorption at
the absorption maximum of the luminophores from 68% to 99.99%. It
was shown that after subwavelength sanding treatment, the devices
exhibited enhancement in 7;sc by over 50% from below 2.1% to above
3.2% (Fig. 6a) and enhancement in C by over 50% from below 0.8 to
above 1.2 (Fig. 6b). Moreover, the characteristic of performance en-
hancement was almost insensitive to OD. This suggested that the in-
sufficient photon absorption due to the low doping concentration of the
luminophores was compensated by the scattering gain from the sub-
wavelength sanding treatment in the contribution to device perfor-
mance. At R, = 82-nm, the devices with OD of 0.5 (7.5 ppm) exhibited
comparable performance (7;sc = 3.23% and C = 1.24) to those with
OD of 4.0 (60 ppm) (7.sc = 3.31% and C = 1.27). In the former case,
the use of the luminophores was significantly reduced by 87.5%,
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suggestive of a large cost reduction in the device fabrication, which led
to significant improvement in cost-effectiveness of the LSCs.

3.4. Spectroscopic analysis on the edge emission

The performance improvement of the LSCs after subwavelength
sanding treatment was considered attributable to an increased number
of photons concentrated at the edge of the waveguide. To confirm this
idea, we analyzed the edge emission of the waveguide with G of 6
(232 cm?) and OD of 4.0 (60 ppm) at different R,. To compare the
results measured under different R, the relative emission spectrum was
used, which was defined as the normalized measured emission spec-
trum at the edge of the waveguide (1P (1)), followed by the multi-
plication with the short-circuit current of the edge-attached solar cells
Urso):
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emission exhibited a major peak at 638 nm, ascribing to the emission of
the luminophores, and negligible discrete peaks at long wavelength
(A > 800 nm), ascribing to the scattering by the waveguide (Fig. 7a).
After subwavelength sanding treatment of the device, the peak intensity
at 638 nm decreased gradually with the increase of R;, meanwhile the
discrete peaks at A > 800 nm emerged and the peak intensity in-
creased rapidly. This observation indicated the balance between scat-
tering gain and scattering loss. Since the scattering gain was much
higher than the scattering loss, the overall effect resulted in the per-
formance enhancement of the device. Moreover, the integrated in-
tensity presented the balance between scattering gain and scattering
loss from another point of view (Fig. 7b). Before A = 800 nm, the
scattering loss was the major portion, while after A = 800 nm, it was
suppressed by the scattering gain. The results of the integrated intensity
at 1000 nm, which was near the band gap of the solar cells (i.e., Si,
E, = 1.12 eV), were consistent with those obtained from the size-de-
pendent and concentration-dependent experiments.

3.5. Projected performance

The experimental results indicated that subwavelength sanding
treatment was an effective approach to improving the performance of
the LSCs with G up to 12 (929 cm?). To explore whether this approach
was also applicable to large-area devices, we performed Monte Carlo
ray tracing simulation (Sahin et al., 2011; Leow et al., 2013; Shu et al.,
2018) and obtained the projected #.sc and C for devices with OD of 4.0
(60 ppm) and G up to 120 (9.29 m?) (Fig. 8). The simulated values of
nisc and C confirmed the experimental values when G was from 1
(6.45 cm?) to 12 (929 cm?), which suggested that it was reasonable to
use the simulation to project the device performance at large areas. The
trends of n;sc and C with the increase of G up to 120 (9.29 m?) at
different R, were consistent with previously observed trends when G
was from 1 (6.45 ¢cm?) to 12 (929 cm?). The projected results showed
that R; = 63-nm was the optimal value for maximizing performance in
large-area devices with G > 12 (929 cm?). For example, at the largest
area where G = 120 (9.29 m?), the maximum 7;5c was 1.47% and the
maximum C was 9.58%, which were 11% higher than the values of n.s¢
and C at R; = 15-nm. The projected performance signified that sub-
wavelength sanding treatment was applicable to large-area LSCs.

Besides the performance of large-area devices, we also simulated the
performance of the devices (G = 6, 232 cm? and OD = 4.0, 60 ppm)
made of other luminophores to verify that if the subwavelength sanding
treatment was also effective. In the simulation, we used hypothetical

luminophores, which had the same absorption and emission spectral
shapes and Stokes shift as R305 (Li et al., 2019). The emission wave-
length (A.,) was made blue-shifted to 400 nm, 450 nm, 500 nm,
550 nm and 600 nm, and red-shifted to 650 nm and 700 nm, covering
the visible region from 400 nm to 700 nm. As expected, enhancement in
nLsc and C were observed for the sanded devices (Fig. 9). Particularly,
the devices made of luminophores with A, at short wavelength ex-
hibited more significantly enhanced performance than those made of
luminophores with A, at long wavelength. For example, for lumino-
phores with A, of 400 nm, the device exhibited near 6-fold enhance-
ment in 7ysc and C from 5z sc = 0.57% and C = 0.22 at R, of 15-nm to
fsc = 3.37% and C = 1.30 at R; = 82-nm. The results showed that the
subwavelength sanding treatment was a universal approach to the LSCs
made of other luminophores.

3.6. Cost-effectiveness analysis

Our final study focused on the analysis of the cost-effectiveness of
the LSCs without and with subwavelength sanding treatment. Here, the
analysis was performed on hypothetical devices with the size of 80 in.
by 40 in., equivalent to the typical size of a solar panel. Device 1 and 2
are unsanded devices (R, = 15-nm) with OD of 0.5 (7.5 ppm) and 4.0
(60 ppm), respectively, while device 3 and 4 were device 1 and 2 with
subwavelength sanding treatment (R, = 63-nm), respectively. The
Monte Carlo ray tracing method in the previous section was employed
to estimate the 7;sc. The total cost of an LSC was estimated from the
market price of the components, which primarily included the cost of
optical waveguide (density: 1180 kg'm ~3; unit price: 3 $-kg ~*; subtotal
cost: $46.4) (Unit price of optical waveguide, 2019), luminophores
(absorption coefficient: 16 ppm-OD~'; unit price: 50 $-g~'; subtotal
cost: 12.4 $:0D™Y) (Unit price of luminophores, 2019) and solar cells
(unit price: 50 $:m~ 2 subtotal cost: $1.9) (Unit price of solar cells,
2019). The total cost of an LSC with OD of 4.0 (60 ppm) was $97.9
while the one with OD of 0.5 (7.5 ppm) was $54.5. With the #.5c and
the cost of the LSCs known, price per watt (PPW) was calculated to
describe the cost-effectiveness of the LSCs. The results showed that
device 1, 2, 3 and 4 exhibited #;sc of 1.61%, 1.92%, 1.92% and 1.96%,
respectively (Fig. 10a). The corresponding PPW was 1.64 $W 1, 2.47
$W™1, 1.37 $W ! and 2.42 $W !, respectively (Fig. 10b). For the
unsanded devices, increasing the OD from 0.5 (7.5 ppm, device 1) to 4.0
(60 ppm, device 2) increased the 5;sc by 19%, but this significantly
increased the PPW by 51% due to the significant increase of the amount
of the luminophores. For the sanded devices (device 3 and 4), they
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Fig. 8. Experimental (exp.) and projected (proj.) (a) #;sc and (b) C of the LSCs (OD = 4) with G up to 120 (9.29 m?) at different R,

exhibited comparable ;5 but device 3 possessed a much lower PPW
than device 4. The comparison between device 2 and device 4 sug-
gested that the subwavelength sanding treatment may not be that ef-
fective to devices with a high OD. This was because scattering loss and
scattering gain were balanced and did not lead to any performance
improvement for the hypothetical device with a high OD. Nevertheless,
high OD was not necessary for devices with subwavelength sanding
treatment. The cost-effectiveness analysis conclusively signified that the
subwavelength sanding treatment significantly reduced the PPW by
45% (from 2.47 $W~1t01.37 $W™ 1) through the comparison between
device 2 and 3, which possessed same 7;sc of 1.92%.

4. Conclusions

In summary, we applied subwavelength sanding treatment to the
LSCs and found that R; much less than the wavelength of the solar
photons significantly improved the performance and reduced the cost of
LSCs. First, the subwavelength sanding treatment made the device
hazy, which broadened the application of LSCs in BIPV technology.

a)4 T T T T
2
(5]
a
t3 i a
>
o
=
2
o
E
@ 2 i
c
=) —0— 15-nm
[ —O—22-nm
°>’ —O— 33-nm
S 46-nm
o1 63-nm -
° —O— 82-nm
g —o— 105-nm
o (G =86, 232 cm?)
(OD = 4, 60 ppm)
0

T T T
500 600 700
Emission wavelength, 1, (nm)

T
400

Second, size-dependent study showed a minimal enhancement by 44%
in y.sc and C for devices with G up to 12 (929 cm?) at Ry = 63-nm.
Concentration-dependent study suggested that low-concentration
sanded devices (OD = 0.5, 7.5 ppm and R; = 82-nm) exhibited com-
parable performance to high-concentration unsanded devices
(OD = 4.0, 60 ppm and R; = 15-nm), which implied a huge cost re-
duction of the LSCs because the use of the luminophores was sig-
nificantly reduced by 87.5%. Third, edge emission of the waveguide
was analyzed to reveal the positive effect of the subwavelength sanding
treatment, which was the utilization of long-wavelength (A > 800 nm)
photons. Monte Carlo ray tracing simulation signified that the sub-
wavelength sanding treatment was also effective to large-area LSCs
with G up to 120 (9.29 m?) and devices made of other luminophores.
Cost-effectiveness analysis indicated that the subwavelength sanding
treatment led to significantly reduction in the PPW of the commercial-
sized LSCs by 45%. It was attainable to have devices with high #;s¢ of
up to 1.92% and low PPW of down to 1.37 $W ~!. The subwavelength
sanding treatment in this study was simple, low-cost and universal, and
could be readily applied to any LSCs. This study would facilitate the
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commercialization of the LSCs.
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