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ABSTRACT

Green-light wavelength-selective organic solar cells (GLWS-0SCs) pioneer novel agrivoltaics in green-
houses via transforming solar energy in the green-light region to electricity while simultaneously
growing crops by utilizing the transmitted blue and red lights. However, the development of GLWS-0SCs
has been stymied due to the limited availability of donors and acceptors. Herein, we investigate the
combination of a cost-effective poly(3-hexylthiophene) (P3HT) donor with a fluorinated-
naphthobisthiadiazole-based non-fullerene acceptor (FNTz-FA) for GLWS-OSC application. FNTz-FA
shows an intense absorption band between 500 and 600 nm and a high level of chemical stability.
0OSCs based on P3HT and FNTz-FA with an inverted configuration are optimized to show high green-light
wavelength-selective absorption and power conversion efficiency in the green-light region. Furthermore,
large-scale device fabrication has been considered, leading to the development of 100 and 400 cm? scale
0SC modules. These modules showed sustained solar cell performance after 180 days. Photosynthetic
rate measurements indicate that transmissions by the P3HT:FNTz-FA film show a non-obstructing nature
and the advantage of green-light wavelength-selectivity in crop growth. Preliminary investigations on
the growth of tomatoes have shown the potential of P3HT:FNTz-FA-based OSCs for agrivoltaics. These
results demonstrate that GLWS-0SCs are a valid candidate to realize agrivoltaics in greenhouses for an

effective utilization of solar energy.
© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

which is referred to as a solar-sharing system, is gaining popularity
particularly for large-scale agricultural operations [3,4]. Green-

The energy sources for electricity in agriculture largely rely on
fossil fuels such as heavy oil. Therefore, solar cells are expected to
be a promising innovative technology that could reduce the
greenhouse gas emissions caused by the release of carbon dioxide
[1,2]. In this context, the use of silicon solar cells in agriculture,
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houses have been extensively utilized as a protected form of hor-
ticulture that realizes the effective operation of agricultural land by
controlling several cultivation environments such as intensity of
solar radiation, temperature, humidity, and CO, concentration, all
of which are crucial in maximizing the best qualities of crop
growth. Although electricity is indispensable for greenhouses to
maintain optimal crop-growing conditions, the installation of sili-
con solar cells on the roofs of greenhouses faces the critical problem
of low-transmittance properties that decrease crop yields.
Furthermore, the heavy weight and inflexibility of silicon solar cells
necessitates the use of mounting structures, which is also a
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drawback for greenhouse applications. Perovskite solar cells, which
are positioned as next-generation solar cells, are not suitable for
greenhouse applications due to the use of toxic lead components in
the active layer [5,6].

Organic solar cells (OSCs) have been extensively investigated in
recent years as a next-generation energy source due to their
distinct features such as light weight, flexibility, solution process-
ability, and cost effectiveness [7]. The active layer of OSCs is
composed of two types of organic semiconductors, hole-
transporting materials (donors) and electron-transporting mate-
rials (acceptors), the absorption properties of which could be finely
tuned by adjusting the optical band gaps (Egs). Photosynthetically
active pigments of chlorophyll a and b in the plants are well known
to have absorption bands in the blue and red wavelength regions
(Fig. 1a). The carotenoid pigments also show similar absorption
characteristics [8]. Thus, effective utilization of the optical window
of the green-light wavelength region via adjustment of the Egs of
donors (E¢(D)) and acceptors (Eg(A)) to the same levels has allowed
the development of a solar cell system that simultaneously harvests
solar energy to produce the electricity needed to maintain an
environment suitable for crop growth (Fig. 1b) [9]. It should be
mentioned that the concept of the wavelength-selective utilization
of solar light in our OSCs is different from that of conventional
agrivoltaics based on transmitted semitransparent OSCs [10—17]
because the most critical factor for agrivoltaics in greenhouse is
achieving sufficient crop yield.

By applying the advantages of OSCs to this hypothesis, we
recently proposed green-light wavelength-selective (GLWS) OSCs
based on poly(3-hexylthiophene) (P3HT) as a donor and an
electron-accepting m-conjugated compound (SNTz-RD) as a non-
fullerene acceptor (NFA) (Fig. 1c) [9]. It should be emphasized
here that we selected P3HT as the donor due to the advantages of
green-light wavelength-selective absorption (Fig. 1a) and bulk
availability at a low cost [ 18—24]. Thus, overlapping the absorption
spectrum of NFA with that of P3HT is one of the prime criteria for
realizing GLWS-0SCs (Fig. 1b). In fact, the P3HT:SNTz-RD film
showed a green-light wavelength-selective factor (Sg) of 0.44 and a
moderate power conversion efficiency of 5.8% in the green-light
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region (PCE-GR) (see Material and methods section for details of
Sc) [9]. We also recently investigated the influence that the green-
light wavelength-variation of NFAs exerts on the photosynthetic
rate, and an NFA based on electron-accepting m-conjugated mole-
cules bearing cyclopentene-annelated thiophene with a spiro-
substituted 2,7-bis(2-ethylhexyl)fluorene unit improved the Sg to
0.52 and the PCE-GR to 7.8% when combined with P3HT [25].
However, further improvement in both the Sg and the PCE-GR
would be indispensable for the social implementation of GLWS-
0SCs.

As an NFA candidate that satisfies these criteria, we focused on a
fluorinated naphtho[1,2-c:5,6-c']|bis[1,2,5]thiadiazole (FNTz)-based
compound (FNTz-FA) (Fig. 1c) because this molecule exhibits a high
level of green-light wavelength-selective absorption and better
photovoltaic characteristics when combined with P3HT [26,27]. For
this application, we investigated the physicochemical properties,
OSC optimization for a module, the photosynthetic rate, and pre-
liminarily evaluated crop growth.

2. Materials and methods
2.1. Materials and property measurements

The synthesis of FNTz-FA and its complete characterization can
be found in previously published work [26,27]. P3HT was pur-
chased from Sigma Aldrich. UV—vis spectra were recorded on a
Shimadzu UV-3600 spectrophotometer. Low-energy inverse
photoemission spectroscopy (LEIPS) was performed using the
Ulvac-Phi, Inc. LEIPS system. The surface structures of the deposited
organic films were observed by atomic force microscopy (AFM)
(Shimadzu, SPM9600). ToF-SIMS spectra measurements were per-
formed with an M6 device (IONTOF, Miinster, Germany). To ensure
the sensitivity for sulfur, nitrogen, and fluorine atoms, we utilized
negative polarity conditions.

2.2. Determination of Sg

The S was determined using the following equation:
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Fig. 1. (a) Absorption spectra of chlorophylls a and b, (b) Schematic image of GLWS-0SCs, and (c) Chemical structures of P3HT and NFAs for GLWS-0SCs.
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where T is the transmittance of the blend film and Ng, Ngg, and N
are the normalization factors, i.e., the data numbers in the green-
light wavelength region (500—600 nm), the blue-and red- wave-
length regions (400—500 and 600—700 nm), and the total wave-
length region (400—700 nm), respectively. Based on this equation,
the S¢ value becomes zero when the transmittance spectrum be-
tween 400 and 700 nm is completely flat (no selectivity), whereas it
approaches 1 when the contribution of the transmittance in the
blue and red wavelength regions are increased. On the other hand,
the Sg value becomes —1 in the case of wavelength-selective
transmittance in the green wavelength region.

2.3. 0SC device fabrication and evaluation

0OSC devices with a structure of ITO/ZnO/P3HT:acceptor/MoQOs3/
Ag were prepared. ITO-coated glass substrates were sonicated in
acetone, water, and 2-propanol for 10 min, respectively. The
resulting ITO-coated glass substrates were then treated with O3 for
30 min. A ZnO solution of zinc acetate dihydrate (99.9%, 200 mg),
ethanolamine (99%, 55 pL), and 2-methoxyethanol (99.8%, 2 mL)
was spin-coated onto the substrate at 3500 rpm, which then were
baked at 200 °C for 30 min in an ambient atmosphere. The active
layer (P3HT:FNTz-FA= 1:1 wt(%), 12 mg/mL or 25 mg/mL in chlo-
robenzene) was then formed on the ITO/ZnO electrode by spin-
coating at 1000 rpm for 120 s. Thermal annealing was performed
at 140 °C for 10 min MoOj3 and Ag electrodes were evaporated on
the top of the active layer through a shadow mask to define the
active area of the devices (0.09 cm?) under a high vacuum of
10~ Pa to a thickness of 10, 100 nm as determined by a quartz
crystal monitor. After sealing the device from the air, the photo-
voltaic characteristics were measured in air under simulated AM
1.5G solar irradiation (100 mW/cm?) (SAN-EI ELECTRIC, XES-301S).
The J—V characteristics of the photovoltaic devices were measured
using a KEITHLEY 2400 source meter. The external quantum effi-
ciency (EQE) spectra were measured using a Soma Optics Ltd. S-
9240.

2.4. Module fabrication

The OSC modules on a 100 cm? scale were fabricated with an
inverted configuration of glass/ITO/AZO/PEI/P3HT:FNTz-FA
(1:1 wt(%), 36 mg/mL)/PEDOT:PSS/Au. The AZO and PEI layers
were formed by spin-coating at 2000 rpm for 60 s with drying at
105 °C for 5 and 15 min, respectively. The solution process of this
fabrication was performed under air-exposed conditions with spin-
coating at 1000 rpm for 120 s, followed by thermal annealing at
140 °C for 15 min. A PEDOT:PSS layer was formed by spin-coating at
2000 rpm for 180 s. The thickness of the Au electrodes was
approximately 50—100 nm. These OSC devices were sealed by gas-
barriered films with a water vapor transmission rate on the order of
103 g/m?/day and a total transmittance of 91%. The geometrical fill
factor of the module is 0.90.

The OSC modules on a 400 cm? scale were fabricated with an
inverted  configuration of  ITO/ZnO-NP/PEI/P3HT:FNTz-FA
(1:1 wt(%), 20 mg/mL)/PEDOT:PSS/Ag-paste on PEN substrates.
The ZnO-NP, PEI, and P3HT:FNTz-FA layers were formed by blade-
coating. A PEDOT:PSS layer was formed by bar-coating. The top
Ag electrodes were fabricated by screen printing to achieve a
thickness of approximately 10 um. The geometrical fill factor of the
module is 0.89.
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2.5. Photosynthesis evaluation

Photosynthetic rates were determined by gas exchange experi-
ments using an Li-6800 photosynthesis system and a SOLAX series
XC-100EF light source (SERIC Ltd., Japan). The light saturation point
and photosynthetic rate were evaluated at a controlled tempera-
ture of 25 °C and a CO; concentration of 400 ppm.

3. Results and discussion
3.1. Photophysics of FNTz-FA

The UV—vis absorption spectra of FNTz-FA along with our pre-
vious green-light wavelength-selective acceptor SNTz-RD in pris-
tine films are shown in Fig. 2. SNTz-RD showed two absorption
bands at around 400—450 and 500—600 nm, and determined that
the relatively large molar extinction coefficient of the former band
originated from the non-planar m-conjugated framework of SNTz-
RD [9,28]. On the other hand, with respect to the relatively planar
structure, the FNTz-FA film shows one intense absorption between
500 and 600 nm, which completely covers the green-light region in
the visible spectrum. It should be mentioned that the comple-
mentary absorption of FNTz-FA against chlorophylls a and b is
compatible for agrivoltaics applications (Fig. 2a). The molar
extinction coefficient (¢) of FNTz-FA (6.3 x 10* M/cm) is almost 1.5-
fold higher than that of SNTz-RD (4.2 x 10* M/cm), which dem-
onstrates the improved photo absorption characteristics of FNTz-FA
in solution. Based on the absorption onset in films, the optical en-
ergy gaps (AEqp;) of FNTz-FA was determined to be 2.08 eV, and this
value is similar to that of the P3HT film (1.91 eV). In fact, the
P3HT:FNTz-FA-blend film also shows complemental absorption
against chlorophylls a and b (Fig. 2a).

The electron affinity of FNTz-FA in film was investigated via low-
energy inverse photoemission spectroscopy (LEIPS) measurements
(Fig. 2b). Based on the onset of the LEIPS spectra, the electron af-
finity of FNTz-FA was determined to be 3.55 eV. We previously
determined the ionization potential of FNTz-FA to be 6.17 eV
[26,27]. These physicochemical results indicate the suitability of
FNTz-FA for use in applications to GLWS-0SCs (Fig. 2¢).

3.2. Chemical stability of FNTz-FA

For application to agrivoltaics, organic semiconducting materials
of both donors and acceptors should have sufficient chemical sta-
bility. In this context, P3HT has shown a high level of chemical sta-
bility in OSC modules under the combination with fullerene
derivatives of PCq1BM (CAS Registry No. 160848-22-6), and the
chemical structure is shown in Fig. S1 in the Electronic Supple-
mentary Information [29,30]. On the other hand, the chemical sta-
bility of NFAs based on electron-accepting m-conjugated systems
continues to demonstrate room for improvement. For example,
representative NFAs such as ITIC (CAS Registry No. 1664293-06-4)
and Y6 (CAS Registry No. 2304444-49-1) contain electrophilic C—C
double bonds between the thiophene and the terminal unit, and
these double bonds are susceptible to Lewis bases, which decompose
the m-conjugated molecular skeleton [31—33]. Since the poly-
ethylenimine/polyethylenimine ethoxylated (PEI/PEIE) version
containing amine functional groups has been widely used as an air-
stable electron injection layer in the fabrication of OSCs [34,35], 2-
aminoethanol (AE) has been adopted as the reagent that should be
used to analyze the stability of the NFAs [33]. Therefore, the chemical
stability of FNTz-FA in films was investigated via exposure to AE
vapor for 30 min (Fig. 3a), after which it was compared with the
representative NFAs of ITIC and Y6. The chemical structures of ITIC
and Y6 are shown in Fig. S1. As shown in Fig. 3b, the original
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Fig. 2. UV—vis absorption spectra of (a) SNTz-RD (black), FNTz-FA (red), and P3HT:FNTz-FA (blue) in films. (b) LEIPS spectrum of the FNTz-FA film. (c) Energy level diagram of P3HT

and non-fullerene acceptors.. LEIPS: low-energy inverse photoemission spectroscopy.

absorption spectra of the ITIC and Y6 films completely disappeared
and reappeared as a broad and weak spectrum. These spectral
changes are derived from the low chemical stability at the C—C
double bonds as the amino groups in AE undergo nucleophilic re-
actions with the linker C—C double bonds [31,36]. On the other hand,
the FNTz-FA films retained the absorption spectrum after exposure
to the AE vapor (Fig. 3a). This stability is explained by the inertness of
the linking C—C bond between thiophene and terminal FA units.

To further investigate the stability of FNTz-FA under conditions
that approximate an actual usage environment, we fabricated the
P3HT:FNTz-FA films on transparent polyimide substrates, which
were sealed with gas-barriered films. Note that we selected gas-
barriered films with a water vapor transmission rate on the order
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of 1073 g/m?/day and a total transmittance of ~90%, which is a
typical level for OSC applications. After 0, 14, and 24 days, the
UV—vis absorption spectra of the P3HT:FNTz-FA films were
measured under exposure to sunlight. As shown in Fig. 3c, the
absorption spectra of the P3HT:FNTz-FA films were retained even
after 24 days. These results clearly indicate that the FNTz-FA pos-
sesses sufficient chemical stability for OSC applications.

3.3. Optimization of OSCs for module fabrication
We previously reported that the P3HT:FNTz-FA-based OSCs

with the conventional structure of indium tin oxide (ITO)/poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS)/

(b)

- after AE exposure

Absorbance / a.u.

300 400 500 600 700 800 900
Wavelength / nm

(d)

Absorbance / a.u.

500 600 700
Wavelength / nm

400

Fig. 3. (a) Chemical structures of PEI/PEIE and AE, UV—vis absorption spectra of (b) FNTz-FA and (c) ITIC and Y6 films before (black line) and after exposure to AE for 30 min (dotted
line) (d) Time-dependent UV—vis absorption spectra of the P3HT:FNTz-FA film with a gas barrier following encapsulation.
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active layer/Ca/Al showed good photovoltaic characteristics with
the highest PCE of 3.12% [26]. The etching of the ITO substrate by
the acidic PEDOT:PSS [37,38] and the presence of an easily oxidized
low work-function metal electrode containing an upper layer of Ca/
Al is often believed to be the main reason for the instability of non-
encapsulated conventional OSCs under ambient conditions. The
poor environmental stability of the conventional structure of OSCs
motivated us to examine the use of an inverted architecture [39].
For the fabrication of large-scale OSCs, PEDOT:PSS is commonly
used for the hole-transport layer due to the advantage of the
applicability of solution processing based on hydrophilic solvents
such as H,O and EtOH [40—42]. When considering a scale-up of the
P3HT:FNTz-FA-based OSCs to module size, we started by opti-
mizing cell-sized devices (0.09 cm?) with an inverted configuration
of glass/ITO/ZnO/P3HT:FNTz-FA/PEDOT:PSS/Ag. Note that the
fabrication process after obtaining the active layer was carried out
under a nitrogen atmosphere without exposure to air. During
optimization of the process solvent, concentration, and the spin-
coating conditions, we found that the combination of a low con-
centration (12 mg/mL) and a low rotation speed of 500 rpm is
effective to obtain the best PCE values of 3.02% (Fig. 4a, run 1). The
current density (J)—voltage (V) characteristics of the OSCs are
shown in Fig. 4a. The typical OSC parameters of a short-circuit
current (Jsc), an open-circuit voltage (Voc), and a fill factor (FF)
are summarized in Table 1, and the detailed optimization repro-
ducibility data are summarized in Figs. S2, S3, S4, S5, S6 and in
Tables S1, S2, S3, S4, and S5. This PCE value is tantamount to that
obtained from conventional OSCs, and time-of-flight secondary ion
mass spectrometry (ToF-SIMS) measurements of this film showed
an almost uniform distribution of P3HT and FNTz-FA, irrespective of
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the depth direction of the thin film (Fig. S7) [43]. Thus, we
concluded that the P3HT:FNTz-FA film could be applicable to both
conventional and inverted structures. On the other hand, we
noticed that these fabrication conditions are ill-suited for the
preparation of uniform films in a large-scale module due to the low
concentration (6 mg/mL) of P3HT in the ink because the low vis-
cosity that originates from a low concentration created difficulties
in achieving homogenous coatings during large-area fabrications
via roll-to-roll processing [44]. Thus, we also determined other
optimization conditions such as higher-blend concentrations
(25 mg/mL) and rotation speeds (1000 rpm), which resulted in a
slight decrease in the PCEs of 2.17% (run 2).

To investigate the film morphologies of these blend films, AFM
measurements were performed (Fig. 4b). The AFM height images of
the P3HT:FNTz-FA-blend films under low concentration conditions
(12 mg/mL) (run 1) showed relatively smooth surface morphologies
with an average roughness (R;) of 1.43 nm, compared with that of
R, using high-concentration (25 mg/mL) films (1.58 nm) (run 2).
Since these AFM measurements indicate that the relatively smooth
morphologies are favorable for the P3HT:FNTz-FA-based OSCs, we
considered that the slightly increased R, value of the high-
concentration film could almost be the upper limit that would
deliver reasonable device efficiency.

Then, by utilizing the conditions of run 2, we fabricated the OSC
modules on a 100 cm? scale based on the P3HT:FNTz-FA films (Fig. 4d)
with an inverted configuration of glass/ITO/aluminum-doped ZnO
nanoparticles  (AZO):polyetheleneimine  (PEI)/P3HT:FNTz-FA/
PEDOT:PSS/Au. It should be mentioned that the solution process of
this fabrication was performed under air-exposed conditions. These
0OSC devices were sealed by gas-barriered films with a water vapor

0.00
5.00 x 5.00 um

Fig. 4. (a) J-V curves of cell-sized P3HT:FNTz-FA-based OSCs (b) AFM images of P3HT:FNTz-FA-based OSCs fabricated during condition runs 1 (left) and 2 (right) (c) J-V curves of
module-size 0SCs. (d) Photos of the 100 cm?-scale (left) and 400 cm?-scale (right) P3HT:FNTz-FA-based OSCs. modules.
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Table 1
OSC characteristics of the cell-sized P3HT:FNTz-FA-based films.
run Jsc/mAjcm?? Voc/V? FF? PCE/%" PCE-GR/% Se
1 7.16 (7.15 + 0.02) 0.86 (0.86 + 0.004) 0.49 (0.48 + 0.004) 3.02 (2.98 + 0.04) 11.7 0.59

2 6.38 (6.16 + 0.12) 0.85 (0.85 + 0.004)

0.40 (0.41 + 0.006)

2.17 (2.16 + 0.01)

2 Device structure: Glass/ITO/ZnO/P3HT:FNTz-FA/PEDOT:PSS/Ag. The average values and standard deviation of six devices are shown in parentheses.

transmission rate on the order of 10~3 g/m?/day and a total trans-
mittance of 91%. The OSC device showed a moderate PCE value of
1.32% with aJsc 0f45.5 mA, a Voc0f4.50V,and a FF of 0.41 (Fig. 4c). We
obtained a similar V¢ value (0.90 V) in the module-size device
compared with that of a cell-sized device (0.85 V), which indicates
that continuous films were formed under the module-size condi-
tions. The scale-up and fabricating conditions influenced a decrease
in the PCEs compared with use of the cell-sized device. We decided
that the further optimization of fabrication conditions for module-
size OSCs improved the PCEs. To investigate the stability of the
fabricated OSC modules, we measured the J—V characteristics after
180 days of storage under ambient conditions. As shown in Fig. 4c,
almost all the OSC characteristics were retained for the modules with
a PCE value of 1.35% (Jsc: 47.7 mA, Voc: 4.50 V, and FF: 0.41). These
results indicate that the P3HT:FNTz-FA films are applicable to the
module-size OSCs for use in agricultural studies. For the crop evalu-
ation, we also prepared the P3HT:FNTz-FA-based OSCs on poly-
ethylene terephthalate substrates with an area of 400 cm? (Fig. 4d).

3.4. Green light utilization efficiencies

To determine the green-light utilization efficiencies of the
P3HT:FNTz-FA-based OSCs, we measured the EQE spectrum. As
shown in Fig. 5a, this device showed wavelength-selective responses
between 400 and 600 nm with an EQE maximum of 64% at 513 nm.
The estimated Jsc calculated from the EQE spectrum was 7.31 mA/
cm?. This value deviates within 2.1% from the observed value, indi-
cating the accuracy of the photovoltaic measurements. This EQE
spectrum showed a narrow distribution in the green-wavelength
range compared with that of the P3HT:SNTz-RD-based OSCs
(Fig. S8) [9]. To quantify the PCE-GR for OSCs, equation (1) was used.

i

In equation (1), EQE; and nPhoton; are the EQEs of the OSCs and
the photon flux of AM1.5G at wavelength ], respectively [9]. In

PCE - GR = { Voc x FF x Z(nl’hotonx x EQEy )

AeG
« 100 [%

(a)
80

60

EQE /%

0 T T T
500 600 700
Wavelength / nm

300 400 800

addition, Pg is the irradiated energy in the 500—600 nm wave-
length range of AM1.5G (Pg = 15.1 mW/cm?) [45]. As a result, the
PCE-GR of OSCs based on P3HT:FNTz-FA was 11.7%. We also
measured the transmittance spectrum of the P3HT:FNTz-FA-blend
film. As shown in Fig. 5b, the blend film exhibited a decreased and
narrow transmittance in the green-light wavelength region of
around 500-600 nm compared with those of the P3HT:SNTz-RD
film, but showed a relatively high transmittance in the blue-light
and red-light regions. As we expected, this transmittance comple-
ments the absorbance of chlorophyll a and chlorophyll b (Fig. S9).
The observed transmittance properties of the P3HT:FNTz-FA-blend
film is desirable for GLWS-0OSCs. A commonly used parameter
regarding transmittance in semi-transparent OSCs is the average
visible transmission (AVT) [46]. AVT is expressed as a percentage
and represents the proportion of visible light that is transmitted
through films. Higher AVT values indicate greater transparency or
clarity, which allows more light to pass through the film. The AVT of
the P3HT:FNTz-FA-blend films was calculated to reach values of
46% [47]. This AVT, however, is not a sufficient parameter for the
evaluation of green-light wavelength-selectivity because the total
visible regions of blue, green, and red-light wavelengths are taken
into consideration. Thus, to evaluate the potential of OSCs for
greenhouse applications, we recently proposed the S; as a quan-
titative parameter. For example, the representative active layer of a
high-performance P3HT-based OSC with O-IDTBR [20] and ZY-4Cl
[22] returned Sg values of 0.26 and 0.21, respectively (Fig. S10).
Based on this estimation, the S¢ value of the P3HT:FNTz-FA-based
active layer was calculated to be 0.59, which is higher than that
for our previously reported SNTz-RD (0.44). The combined results
of PCE-GR and S clearly demonstrate the superiority of the green-
light wavelength-selectivity of the P3HT:FNTz-FA-blend film over
that of the P3HT:SNTz-RD film.

3.5. Crop evaluations

Determining the optimal amount of sunlight irradiation
required for the photosynthetic process has been a crucial issue for
growing crops using agrivoltaics [48,49]. However, the influence of

= P3HT:SNTz-RD
— P3HT:FNTz-FA

Transmittance / %

20 ] . T g T ¥ T ) |
300 400 500 600 70O
Wavelength / nm

800

Fig. 5. (a) EQE spectrum of P3HT:FNTz-FA-based OSCs; and, (b) the transmitted spectra of the blend film.
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GLWS-0SCs on the photosynthetic process and crop production
remains unclear [9]. To reveal the potential of FNTz-FA as NFAs for
GLWS-0SCs, we first evaluated the P3HT:FNTz-FA film. Using gas
exchange experiments, the photosynthetic rate of strawberry
leaves was evaluated under simulated solar irradiation through the
P3HT:FNTz-FA films. For this measurement, we fixed the temper-
ature, humidity, and CO; concentration in the chamber to be 25 °C,
50%, and 400 ppm, respectively. A photographic image of this
experiment is shown in Fig. 6a, and the photosynthetic rate against
photosynthetic photon flux density (PPFD) between 0 and
2000 mmol/m?[s is shown in Fig. 6b. Photosynthetic rates are the
average of three measurements taken under each condition.
Interestingly, the photosynthetic rates under the transmission of
the P3HT:FNTz-FA film almost overlapped that of the control con-
ditions (i.e., using a transparent polyvinyl chloride film). Since both
the PPFD at the saturation point of the photosynthetic rate and at
the highest photosynthetic rate are almost the same, the influence
of the P3HT:FNTz-FA films on the photosynthesis of strawberries is
limited.

To examine the contribution of both electricity and crop growth
for GLWS-0SCs, we also measured the maximum output power
against light intensity for the P3HT:FNTz-FA-based OSCs. As shown
in Fig. 6¢, the maximum output power increased almost linearly
with an increase in the intensity of the solar simulator. The satu-
ration point of the photosynthetic rate in Fig. 6b is around
500 mmol/m?/s, which corresponds to an irradiance of around
250 W/m?. Therefore, we inferred that the balanced contribution of
electricity and strawberry growth could be accomplished under an
irradiance of more than 250 W/m?.

We next investigated the influence of GLWS-0SCs on the
photosynthetic rate. Note that the average transmittance of the
P3HT:FNTz-FA-based OSCs is much lower than that of the
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P3HT:FNTz-FA film because the relatively thicker film of the active
layer and the presence of metal electrodes and gas barrier film in
the OSCs eventually reduced the average transmittance of the solar
light to 22%. A photographic image of this experiment is shown in
Fig. 6d. We decided to utilize tomato leaves for this evaluation
because tomatoes are a representative crop for greenhouse growth
as they require a higher level of solar irradiation intensity
compared with that of strawberries [50]. The photosynthetic rate of
tomato leaves was evaluated under simulated solar irradiation
through the P3HT:FNTz-FA-based OSCs and compared with control
conditions. By focusing on the results of the control experiment, the
saturation point of the photosynthetic rate for tomato leaves in
Fig. 6e is around 900 mmol/m?/s, which corresponds to an irradi-
ance of 450 W/m?. As mentioned above, the saturation point of
strawberry leaves based on Fig. 6b is an irradiance of 250 W/m?2.
These results are in good agreement with the reported growing
environments showing that tomatoes need higher light intensity to
grow compared with that of strawberries [50]. As shown in Fig. 6e,
the direct irradiation of simulated sunlight showed an apparent
high photosynthetic rate compared with the transmission of the
P3HT:FNTz-FA-based OSCs, which is thought to be due to the large
influence of the difference in transmittance. To investigate the in-
fluence of the green-light wavelength-selectivity on tomato
growth, we also measured the photosynthetic rate under 25%
transmitted light through a natural density filter. The transmittance
spectra are summarized in Fig. S11. As shown in Fig. Ge, the
P3HT:FNTz-FA-based OSCs exhibited an almost comparable
photosynthetic rate against the controlled 25% transmitted light
conditions. These results indicate that the green-light wavelength-
selective absorption has no detrimental effect on photosynthesis.
However, the optimization of irradiation intensity must be
considered for the cultivation of tomatoes.
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Fig. 6. (a) Photo of photosynthetic experiments with P3HT:FNTz-FA films. (b) Photosynthetic rate of strawberries under the P3HT:FNTz-FA films against PPFD. (c) Maximum output
power of OSCs vs. PPFD and irradiance. (d) Photo of photosynthetic experiments with P3HT:FNTz-FA-based OSCs. (e) Photosynthetic rate of tomatoes under the P3HT:FNTz-FA-
based OSCs. (f) Photos of tomato growth under control (left) and with P3HT:FNTz-FA-based OSCs (right). OSCs: organic solar cells; PPFD: photosynthetic photon flux density.
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Finally, we preliminarily investigated the influence of the
P3HT:FNTz-FA-based OSCs on crop growth under the irradiation of
white LED light conditions. We selected tomatoes for this evalua-
tion as a typical greenhouse crop. The growing conditions were set
with a temperature range of 15—25 °C, humidity between 20% and
40%, a daily irradiation time of 12 h, and a cultivation period of 20
weeks. Two tomato plants were grown under white LED light
conditions for up to 16 weeks using 8-week seedlings, and then one
tomato was grown by transmitted light of P3HT:FNTz-FA-based
0OSCs for 20 weeks. A photograph of this measurement is shown
in Fig. 6f. The photographs of weekly growth records are summa-
rized in Figs. S12 and S13. After 20 weeks, the harvest quantities
and the weight per tomato under the transmission of P3HT:FNTz-
FA-based OSCs were determined to be 105 and 4.4 g, respectively,
and this growing result is comparable with the control conditions
(82, and 2.7 g) shown in Fig. S14. Although future detailed in-
vestigations will inevitably focus on many factors such as repro-
ducibility, irradiation power dependence, irradiation light source,
dependence on the growth stage of the seedlings, and variations in
tomatoes to reveal the influence of wavelength-selective absorp-
tion on crop growth, this result implies that the P3HT:FNTz-FA-
blend film has the potential for application to GLWS-0OSCs.

4. Conclusions

In summary, we investigated GLWS-0SCs composed of P3HT as
the donor and FNTz-FA as the acceptor and found that the combi-
nation can effectively harvest solar energy in the green-light region
for electricity and transmit in the blue-light and red-light regions
for crop growth. The well-matched AEyp: of FNTz-FA (2.08 eV)
makes it compatible to blend with cost-effective and bulk-available
P3HT (AEop: = 1.91 eV) as the donor. The chemical structure of
FNTz-FA showed superior chemical stability compared with that of
the representative NFAs of ITIC and Y6. To consider the fabrication
of module-sized devices, OSCs based on P3HT and FNTz-FA with an
inverted configuration were optimal. Furthermore, 100 and
400 cm?-scale OSC modules were successfully fabricated, which
showed a reasonable PCE with sufficient device stability. The AVT
value of the P3HT:FNTz-FA-blend films was calculated to be as high
as 46%. The quantitative parameters of S and PCE-GR for GLWS-
0OSCs were determined to be 0.59 and 11.7%, respectively, and
these values are higher than those of our previously reported
GLWS-0SCs. Photosynthetic rate measurements revealed that the
P3HT:FNTz-FA-blend film poses no interference in the growth of
strawberries, and the green-light wavelength-selective absorbance
shows no negative influence on the photosynthetic rate for to-
matoes under the same transmitted irradiation power. The pre-
liminary investigations of tomatoes grown under indoor conditions
implied the potential of the P3HT:FNTz-FA-based OSCs for agri-
voltaics. These combined results clearly demonstrate the potential
of the GLWS-0SCs for agrivoltaics in greenhouses. Further studies
in terms of both OSCs and agriculture are inevitable to achieve the
social implementation of GLWS-0SCs. Therefore, development of
NFAs with improved S¢ and PCE-GR values as well as investigation
into the influence of green-light wavelength-selective absorption
on crop growth under solar irradiation in greenhouses are ongoing
by our group.
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