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luminescence solar concentrators coupled with
perovskite solar cells for highly efficient semi-
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A luminescent solar concentrator-based photovoltaic system (LSC-PVs) is highly transparent because it
harvests solar light via the LSC, a transparent panel containing only fluorophores, and is, therefore, prom-
ising as a PV window. However, for the practical use of LSC-PV, achieving high efficiency remains a chal-
lenge. Here, we demonstrate an LSC-PV, which is based on the combination of an upconversion (UC)-
assisted dual band harvesting LSC and perovskite solar cells (PSCs). We prepare a dual LSC panel consist-
ing of a downshift (DS) LSC that absorbs violet light and an LSC that upconverts the red light. We apply a
highly efficient mixed halide PSC with an efficiency of 17.22%. We control the thickness of the LSC panel
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PSC exhibit a high average-visible-transmittance of 82% and achieve a maximum efficiency of 7.53% at 1
sun (AM 1.5G) illumination. The dual LSC-PSC exhibits a constant efficiency even under oblique solar light

rsc.li/nanoscale illumination and a stable operation with an efficiency retention of 80%.
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Introduction

Luminescent solar concentrator (LSC)-based photovoltaic
systems (PVs) have been spotlighted as window-type building-
integrated photovoltaics (BIPV) or vehicle-integrated photovol-
taics (VIPV) due to their high transparency.' LSC-PVs consist
of an LSC panel harvesting light and a solar cell attached to
the edge of the LSC panel. Solar light is projected onto the LSC
panel, causing photoluminescence. This luminescent light is
guided to the solar cell.> LSC-PVs have advantages over stand-
alone solar cells. First, the LSC panel is highly transparent.>*
The LSC is prepared with a transparent substrate containing
fluorescent material. LSCs are fabricated at low cost. Expensive
solar cells only cover the edges of the panel. LSCs are easy to
fabricate in large areas. For large areas, solar cells need
additional grid electrodes for the module.>*

However, the efficiency of a typical LSC-PV is very low com-
pared to that of a stand-alone solar cell because the fluorescent
material contained in the LSC absorbs a narrow wavelength
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range of sunlight. Thus, many recent efforts have introduced
luminescent solar concentrator panels that absorb wide or
multiple wavelengths. One approach is based on the use of
bandgap-engineered quantum dots.> For example, Rosei and
coworkers applied CuInSe/CulnS core/shell QDs to a LSC and
controlled the shell thickness to achieve absorption in the
wavelength range of 550-1000 nm.® Zhou and coworkers uti-
lized a PbS/CdS QD-based LSC to realize an absorption in the
wavelength range of 300-620 nm with an optimized thickness
for the PbS; they also obtained a power conversion efficiency of
6.1% by coupling with a Si solar cell.” In another approach, for
organic dye-containing-based LSCs, a mixture of dyes with
various absorption spectra, as well as a stack of LSCs contain-
ing each dye, has been applied.”® For example, Desmet and co-
workers applied a stack of LSCs capable of absorption in a
wide visible light band ranging from 400-700 nm and achieved
a PCE of 4.2% by using a Si solar cell.” These results have
achieved improvements in power conversion efficiency (PCE),
but require expensive narrow bandgap solar cells to absorb PL
in the wide wavelength band. This rather exacerbates the
efficiency per cost,'”"" a practically important metric.

In this study, we demonstrate LSC-PVs based on dual panel
LSCs and perovskite solar cells (PSCs). The dual panel absorbs
two bands of violet and red light. In particular, we use a
photon upconversion (UC) LSC to convert red light into higher
energy blue light,">"? resulting in both dual panels exhibiting
blue light emission."® This single PL wavelength of visible

This journal is © The Royal Society of Chemistry 2020
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light makes it possible to apply commercially available wide
bandgap solar cells. Here, we apply PSCs. PSCs not only can be
fabricated with low-cost solution processes, but also have high
absorption coefficients at visible wavelengths.">>* The PSC
reported an absorption coefficient of about 10 times higher
than c-Si and up to 10% higher than that of Cu(In,Ga)Se,,
CdTe or GaAs in the visible light wavelength band."®"”***** In
addition, PSC have been reported to have about 60% lower
power generation cost than ¢-Si.>**® The synergy of UC-assisted
LSCs absorbing dual bands and high efficiency PSCs achieves
a PCE of 7.53%.

Results and discussion

The structure of the dual LSC-PSC, light absorption and con-
version in this dual LSCs and guiding of the converted light to
the PSC is described in Fig. 1a. DS and UC LSC panels were
prepared as solid-state films by impregnating fluorescent dye
molecules into a polyurethane (PU) film. PU is selected since it
exhibits low permeability of oxygen which potentially
quenches either DS or UC (~10"° em® S™)*” and facilitates
diffusion of dye molecules by its lower T, than room tempera-
ture (~210 K).>®*°

The solar light first enters the DS LSC panel as shown in
Fig. 1a. The perylene in the DS LSC absorbs violet light
(375-450 nm) and emits a downshifted blue light
(450-550 nm) (Fig. 1b). The Stokes shift process in the DS LSC
is described in Fig. 2a; the perylene dye is excited through the
n-n* transition ('S, — 'S;*) when absorbing violet light and
radiate longer-wavelength photons (blue light) after vibrational
relaxation.

The UC panel located beneath contains a chromophore pair
of meso-tetraphenyl-tetrabenzoporphine palladium complex
(PATPBP) and perylene. This bimolecular UC system can emit
shorter-wavelength photons (blue light) by converting the red
light at a peak of 635 nm (Fig. 1b). The anti-Stokes UC process
is shown in Fig. 2b. The triplet sensitizer, PATPBP, is excited
by absorbing red light and its long-lived triplet excited state
induces triplet-triplet energy transfer (TTET) to nearby pery-
lene molecules (a distance within the Perrin limit) to form
excited perylene in the triplet state (°S* — *E*).® As the popu-
lation of excited perylene increases, the interaction between
two perylene molecules leads to the formation of a singlet
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Fig. 1 (a) Schematic diagram for the operation of a dual panel LSC-PVs.
(b) The absorbance and PL emission spectra of the DS, UC, and dual DS/
UC panels, respectively.
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Fig. 2 The energy diagrams of (a) DS and (b) UC process. Normalized
integrated PL intensity as a function of concentrations of (c) perylene
(excitation wavelength = 430 nm) and (d) PATPBP (concentration of per-
ylene = 2.0 mM, excitation wavelength = 635 nm). Normalized photo-
current at different thicknesses of (e) DS LSC and (f) UC LSC.

excited perylene ('E*) through triplet-triplet annihilation;
radiative decay of the excited state leads to the emission of
blue light with higher photon energy ("E* — "E).

Note that in our dual LSC, only wavelengths other than the
violet light are incident on the UC LSC; if the violet light is
incident on the UC panel, the UC process become inactive by
the DS process of perylene itself for violet absorption (see also
Fig. S11). Indeed, many previous studies evaluated UC or UC
LSC-PV under illumination with a specific wavelength of light
that can activate only UC.*®?° Thus, the configuration for the
DS/UC dual panels not only has the advantage of harvesting
dual wavelengths but also makes effective use of UC. The
direct and delayed fluorescence emission from dual LSC
panels are incident onto the PSC. Specifically, the PL emission
is guided by total internal reflection to the edge of the LSC
and then intense photons are collected by the PSC attached, as
shown in Fig. 1a.

We control not only the concentration of the dye but also
the thickness of each LSC panel to maximize the photo-
luminescence emission from the dual-band LSC. First, we
maximize the PL emission from the DS LSC. The PL intensity
displays a maximum at a concentration of 2.0 mM and
decreases for a further increase in concentration, as shown in
Fig. 2c. At concentrations higher than 2.0 mM, we observe
recrystallization of the perylene dye (Fig. S21) after polymeriz-
ation; this not only increases the scattering loss but also
causes non-radiative dissipation, which leads to a significant
decrease in PL.>! Then, the thickness of the DS LSC panel is
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controlled to maximize the PL intensity; here, we measured
the photocurrent output from the PSC coupled to the LSC by
exposure of the LSC to simulated solar light (1 sun, AM 1.5G
illumination). The maximum photocurrent is obtained at a
thickness of 1 mm, as shown in Fig. 2d. The presence of this
optimum thickness is explained by the interplay between the
saturation of light absorption and the increase in reabsorption
of PL emission with increasing LSC film thickness.**** The
light absorption is decreased with respect to the thickness;
thus, in a sufficiently thick panel, the absorption is saturated,
whereas the loss due to reabsorption of PL emission induced
by the overlap of the PL spectrum with the absorption spec-
trum of perylene (see Fig. 1b) stiffly increases with increasing
thickness.?*3?

Second, we optimize the PL emission from the UC LSC.
Since the PATPBP molecule is more bulky than perylene and,
thus, has a lower diffusivity, the diffusion rate of PdTPBP
determines the TTET.** Therefore, we investigate the PL emis-
sion intensity by changing the concentration of PATPBP with
the concentration of perylene fixed at 2.0 mM.

The PL intensity increases up to a PATPBP concentration of
0.12 mM, but intensity saturation is observed at higher con-
centrations, as shown in Fig. 2e. As the concentration of
PATPBP increases, the intermolecular distance decreases and
TTET becomes more active; however, at too high concen-
trations, the efficiency of TTET may be deteriorated by the acti-
vation of back energy electron transfer (Fig. S31). We did not
observe the apparent aggregation of dye molecules under the
microscope.’*® We also measured the photocurrent output
for various UC LSC panel thicknesses, as shown in Fig. 2f;
here, the measurement of the photocurrent was performed
using a dual LSC under 1 sun, AM 1.5 illumination. Similar to
the DS LSC, the maximum photocurrent due to highest inte-
grated emission was observed at an optimal thickness of
1 mm.

Now, we measure the photovoltaic performance of the DS/
UC dual LSC-PSC. Both LSCs were prepared with the optimal
composition and thickness from Fig. 2e and f, with an area for
the LSC panels of 5 cm x 1 cm. We attached a PSC to one of
the short edges of the dual LSC films, as shown in Fig. 3a. We
prepared the PSC using the mixed halide perovskite
MAPbDI;_,Cl, as a light absorber, mesoporous TiO, as the elec-
tron-transporting layer and Spiro-MeOTAD as a hole-transport-
ing layer’” (see the PSC structure in Fig. S47). The active elec-
trode area for the PSC was 0.1 cm x 1.0 cm. The average power
conversion efficiency of the 10 PSCs was 16.2%, with a stan-
dard deviation of 0.99 (Fig. S5t). The J-V curve for the dual
LSC-PSC is shown in Fig. 3b. For comparison, we used a trans-
parent film as a blank panel that does not contain chromo-
phores and evaluated a single DS LSC and DS/DS LSCs. The
photovoltaic parameters for these LSC-PSCs including the
photocurrent density (Jsc), open-circuit voltage (Voc), and fill
factor (FF) are listed in Table 1. The PCE was calculated from
Jsc * Voc x FF/(100 mW ¢cm™2). According to common practice,
the calculation of Jsc and PCE was based on the active area of
the PSCs.%3°
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Fig. 3 (a) Photograph image of dual LSCs coupled with PSCs (b) J-V
curves for the PSCs coupled with blank, DS, and DS/DS and dual DS/UC
LSC measured under 1 sun illumination. (c) Photocurrent output of the
PSCs with blank, DS, and dual DS/UC LSC versus various wavelength
bands.

Table 1 Characterization of CS,, CS,/IPA, CS,/NMP solvents on glassy
carbon substrate

Jsc [mA em™?] Voc FF[%)] PCE [%]
Blank 0.41 0.92 73.9 0.28
DS 10.16 1.03 64.5 6.74
DS/DS 10.15 1.04 64.5 6.71
DS/UC 11.04 1.04 65.4 7.53

In the blank panel-PSC, the photocurrent density was
almost negligible (see Fig. S6). This indicates that the light
incident perpendicular to the LSC is neither guided nor
directly irradiated onto the PSC. Relatively high FF values are
usually obtained at low solar irradiation conditions of
2-20 mW cm~>.*° The dual LSC-PSC shows a maximum photo-
current density of 11.04 mA cm™> and a PCE of 7.53%
(Table 1). The photocurrent density and the PCE of the DS
LSC-PSC is 10.16 mA cm™> and 6.74%, respectively, as shown
in Table 1. Therefore, the DS/UC LSC-PSC exhibits around
10% higher photocurrent and 12% higher PCE compared to
the DS LSC-PSC. Note that even with the application of double
DS LSC panels (i.e. DS/DS), the photocurrent and PCE values
are hardly improved compared to the single DS LSC. This indi-
cates the limitation of PCE enhancement by the DS panel only,
and the synergistic improvement of PCE due to use of the UC-
assisted dual LSC. The efficiency for LSC-PV is also presented
as output power versus incident power amplified by G factor,
which is presented in the ESI note # 1. The efficiency of the
dual LSC-PSC by this evaluation was 1.79%.

Our PCE is compared with previous results using a similar
area of LSC. For example, commercial organic dye-based dual
LSCs, which have an area of 4 cm® and absorb light in the
wavelength range of 300-550 nm, coupled with the InGaP

This journal is © The Royal Society of Chemistry 2020
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multi-junction solar cells, lead to a PCE of 6.7%.*" An LSC
with an area of 6.25 cm? and absorption over the wavelength
range 350-700 nm coupled with a GaAs solar cell shows a PCE
of 6.8%.*> Thus, the PCE of our dual LSC-PSC is superior to
these results. Furthermore, we fabricated a large-area dual LSC
of 10 cm x 5.0 cm (Fig. S7) and compared its J-V performance
to those of the previously reported large-area LSCs; we used a
5.0 cm x 0.1 cm large area PSC. We have achieved a PCE of
9.631% (see Table S17t). In practical PV systems, the production
of electrical energy per cost is often considered.”® Here, we
compare the value of cost per PCE. The efficiency of the dual
LSC-PSC (shown in Table S17) is about 10% of the efficiency
of conventional stand-alone PSCs.** The LSC-PSC uses solar
cells with an area of 10% of the LSC panel area. In terms of
cost per efficiency, the LSC-PSC may be competitive compared
to conventional solar cells.

Fig. 3c shows the photocurrent response to the wavelength
band of visible light. In this measurement, the selective wave-
length band was exposed by passing 1 sun of simulated solar
light through an optical bandpass filter; this method provides
a response in a practical environment compared to typical inci-
dent photon-to-electron conversion efficiency (IPCE) measure-
ments using low-intensity spectral light.*>*> In a blank LSC
panel, there is almost no Jsc response observed at all wave-
lengths. The DS LSC and DS/UC dual LSC produced similar
photocurrent densities at 200-500 nm. However, the dual LSC
shows additional photocurrent generation at 600-700 nm; this
is attributed to light harvesting by the triplet-sensitized UC
LSC. The contribution of UC to the total photocurrent density
is approximately 11%, which is similar to the Jsc improvement
found for the dual LSC-PSC compared to the DS LSC-PSC. We
verify the validity of the Jsc values obtained from the DS and
UC LSCs, respectively. The Jsc value obtained by the LSC-PV
can be described by the following equation.

IPCE(4)

100 da (1)

A
= | ——= X Prsc(4) X
.]sc J1240 LSC( )
where P4 is the irradiance of the PL harvested in the LSC,
and IPCE is the quantum efficiency of the PV cells. Here, the
Py gc is calculated as follows

Prsc = JP(A) X Naps (1) X QY(4) x Gfactor x n,,di  (2)

where P is the irradiance for the corresponding wavelength
with solar illumination of 1 sun, n,,s is the absorption
efficiency of the LSC dye, QY is the conversion efficiency for
the PL, the G factor is the light concentration factor defined as
the ratio of the panel area and the area of the edge face, and
Nwg is the waveguiding efficiency of the LSC panel."”

For the DS LSC, we considered the 7,5 to be unity for solar
light in the wavelength range 350-450 nm and considered the
fluorescence QY to be 96%.%° The value of the G factor was
determined to be around 4.2 by using solar cells attached only
to one side of the panel. 7, was reported to be approximately
75%."® We applied the IPCE of the PSCs by roughly 85% over
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400-700 nm (Fig. S81).>” Using these values for the DS LSC,
the Jsc value calculated was to be 14-15 mA cm 2.

In the case of the UC LSC, the absorption in the wavelength
range of 600-650 nm was considered, with a QY of 6.2%
applied.”” At our 1 sun irradiation, the QY value can be slightly
lower than this value; in Fig. S9,t the threshold intensity of
strong annihilation regime for TTA-UC is observed at about
100 mW cm > In previous results, the TTA-UC showed
threshold intensity in the range of 0.9-2 mW cm™>.*° Then,
the Jsc value was calculated to be approximately 1.63 mA cm™>.
Therefore, the measured Jg; values 10.16 mA cm ™2 for DS and
0.89 mA cm™? for UC are 55% and 65% of these ideal values,
respectively, and are, therefore, valid.

We evaluate the transparency of the DS/UC LSCs. A digital
camera image of the dual LSC is shown in Fig. 4a, which
shows high transparency without haze. Fig. 4b shows the
transmittance at visible light wavelengths. The average visible
transmittance (AVT) at 400-700 nm was approximately 82%.
The perceived transparency considering the sensitivity of the
eye is also presented in the ESI note #2.

Semi-transparent PVs have also been implemented in con-
ventional solar cells. Perovskite or polymer solar cells exhibited
AVT ranges of 17.3-26.1% and 24.4-55.6%, respectively.*®™>*

These solar cells exhibited a trade-off in decreasing PCE
with increasing AVT; perovskite and polymer solar cells
showed PCE ranges of 12.6-5.6% and 9.36-4.12%, respectively.
Compared with these results, our dual LSC-PSCs show a dis-
tinct advantage, showing significantly higher AVT and increas-
ing PCE with increasing LSC panel area.

The efficiency output of LSC-PV at oblique incidence of sun-
light is crucial in practical environments. In Fig. 4c, the
efficiency of the dual LSC-PSC is recorded by changing the
incident angle of the solar light from 0° to 60° degrees. As the
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Fig. 4 (a) Photograph image of dual LSCs and (b) the transmission
spectrum of dual LSCs. (c) Normalized photocurrent density of LSC—
PSCs at 1 sun illumination with various incident angles. (d) Normalized
PCE values under intermittent illumination (100 mW cm™). This
measurement was obtained by several minutes of exposure to simulated
solar light at each time. The error bars are the standard deviation calcu-
lated over ten repetitive measurements.
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angle increases, light irradiation per unit area decreases, with
the PCE decreasing accordingly. Fig. 4c also compares plots
for the cosine loss and shows that the two curves are almost
identical. Thus, considering that the reflectivity of randomly
polarized light is almost constant until the Brewster angle, the
LSC-PSC maintains the PCE corresponding to the incident
irradiance at the oblique angle. Fig. 4d shows the long-term
stability of the dual LSC-PSC. PCE stability of the dual LSC-
PSC for long-term stability. In the measurement of intermit-
tent illumination, the dual LSC-PSC exhibited stable PCE up
to 300 hours.

Conclusions

We demonstrated high-efficiency LSC-PVs by a couple of LSCs
absorbing dual bands and PSCs. In the dual LSC with UC LSC,
each panel exhibits emission of the same wavelength; this
enables the application of a PSC having a relatively narrow
absorption band relative to silicon or thin film solar cells, but
having a high absorption coefficient in visible light. We
achieve a PCE of 7.53% and an AVT of 82%. Large-area dual
LSCs with a 10 cm X 5.0 cm area achieved PCE values of up to
9.631%. The dual LSC-PSC showed constant efficiency against
oblique sunlight and stable operation even for long-term
storage. Our approach will lead to advancement in the practi-
cal use of LSC-PVs.

Experimental
Preparation of LSC panel

For the DS LSC, we prepared 12 mM perylene (Sigma-Aldrich)
chloroform solution and dissolved it in polyurethane liquid
prepolymers (Clear Flex 50 Inc.). The resulting mixtures were
mixed through vortexing for 15 min and then evaporated
chloroform for 1 h using rotary evaporation under room temp-
erature conditions. The resulting viscous polyurethane solu-
tion was cast in a certain amount on a glass to control the
thickness of the panel. After 15 minutes, another glass is
covered on the cast glass to make the panel, followed by cross-
linking through overnight at room temperature in the dark
with a relative humidity below 20%. Similarly, the UC LSC
panel was prepared by following same procesure as above
except stock solutions containing meso-tetraphenyl-tetrabenzo-
porphine palladium complex (PATPBP, Chemodex) and pery-
lene chloroform solution.

Preparation of PSCs

The MAPbI;_,Cl, perovskite layer was prepared by spin-coating
a dimethylformamide solution of PbI, (0.85 M) and PbCl,
(0.15 M), and then, an isopropyl alcohol solution of MAI
(40 mg); the coating condition was 3000 rpm for 45 s. The
mixed halide perovskites were heated at 100 °C for 10 minutes.
The HTM layer was deposited by coating the chlorobenzene
(CB) containing Spiro-MeOTAD (7 mM); specifically,
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doping was achieved by adding 45pL of LiTFSI/acetonitrile
solution (170 mg mL™"), tBP (10 pL), and 75 pL of Co(m)
complex FK102/acetonitrile (75 mM) into this solution. A Au
electrode with a typical thickness of 80 nm was deposited by
using a thermal evaporator (Solar-Elevator, Daedong
Hightechnologies); the operating condition was under vacuum
(1 x 10° mbar). All the preparation for the perovskite solar cell
was carried out in a controlled environment with a relative
humidity under 20%.

Characterization

The optical properties were characterized by measuring the
absorption and photoluminescence via UV-Vis spectrometry
(SHIMADZU,  UV-2550) and  spectrofluorophotometry
(SHIMADZU, RF-6000), respectively. The performance of the
LSCs was measured by PSCs attached to the one edge of the
final devices using adhesive (Norland Optical NOA 63), while
the other three edges were covered with black paint. The j-V
curves were measured using a source meter (Keithley
Instruments) under 1 sun illumination. Solar light was pro-
duced by a 150 W Xe lamp (300 W, Oriel) and AM 1.5G filters.
The intensity of the solar light was adjusted by using a Si refer-
ence cell (BS-520, Bunko-Keiki) to simulate a power density of
100 mW cm™>. Photocurrent measurements at specific wave-
length bands were made by passing AM 1.5G solar light
through a shortpass (Thorlabs Inc.) or bandpass (Thorlabs
Inc.) optical filter. For all of the measurements, the LSC was
illuminated perpendicular to its surface by a AM 1.5G solar
light simulator. The EQE was measured using a monochroma-
tor (Cornerstone™ 130, 1/8 m, Newport) with a 300 W Xe light
source (Oriel); EQE = [J (mA em™?) x 1240 (V x nm)])/[Pmono
(mW cm™2) x A (nm)], where J is the photocurrent density and
Prono is the intensity at the wavelength A.
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