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ABSTRACT: Because the visible and the infrared (IR) regions take
up ~47% and ~51% of the energy in the solar spectrum (AM 1.5G
standard), respectively, utilizing the visible light for plant growth and
the IR light for power generation is potentially extremely exciting. IR-
absorbing organic semiconductors, with localized IR absorption and
visible-light transmittance, would be promising materials for this

purpose. Here, flexible transparent organic photovoltaics (TOPVs) Electricity

based on IR-absorbing organic materials were proposed, which can be ROWSY
a simple, low-cost, and promising way to utilize the IR light for

electricity generation, and the penetrated visible light will be utilized

for photosynthesis in plants. A power-conversion efficiency of ~10% =) Food

with an average visible transmittance of 34% was achieved for TOPV
devices. Meanwhile, the side-by-side comparison showed that plants
grown under the TOPVs filtered light, and those under normal
sunlight yielded very similar results. These outcomes demonstrated the results from TOPV devices beyond simple
photovoltaic applications.
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promising materials in semiconductor technology. One

of the crucial reasons for this is that their absorption area
of IR light is significant to optoelectronic devices.'”” In
particular, compared with the traditional materials possessing a
broad-band absorption area, the absorption of IR-absorbing
organic semiconductors could be localized in a narrow IR light
region by optimizing their chemical structure.*”"” In other
words, most visible light can be transmitted from these
materials.

The absorption spectrum for photosynthesis is usually
located within the region of 400—700 nm that is out of the
primary absorptlon area of IR-absorbing organic semi-
conductors.”® In a common greenhouse, a small degree of
transparency of sunlight is sufficient for a large degree of plant

Infrared (IR)-absorbing organic semiconductors are

W ACS Publications  © xxxx American Chemical Society

growth. For instance, just a 10% transparency of visible light is
enough for the growth of special organisms.'” Within the
energy distribution of the solar spectrum (the AM 1.5 G
standard), 47% of the energy is occupied by the visible region,
and the remaining 2% and 51% are, respectively, distributed in
the ultraviolet and the IR regions, which means that the IR
region has great potential with regard to power supplies.”’ In
the field of optoelectronics, the simple and low-cost organic
photovoltaics (OPVs) have demonstrated an alternative
solution in energy conversion.”' ">’ Hence, visible-light-trans-
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Figure 1. (a) Installation of flexible TOPVs on a greenhouse. (b) Chemical structure of IEICO-4F, F8IC, and FOIC. (c) Absorption spectra

of different donor/acceptor blend films.

parent IR-absorbing organic semiconductors used for trans-
parent OPV (TOPV) devices are promising in the distributed
installment of roofs or windows.”*

Here, flexible TOPV devices fabricated using different IR-
absorbing organic semiconductors (IEICO—4-F,8 F8IC,” and
FOIC)"? were presented in which the IR-region sunlight was
selectively absorbed for power generation and the visible
sunlight penetrated the TOPV followed by absorption of plants
for photosynthesis. Power-conversion efficiency (PCE) values
of 10.02%, 8.92%, and 9.26% were achieved for the flexible
TOPV devices based on different materials of IEICO-4F,
F8IC, and FOIC, respectively. Meanwhile, average visible
transmittance (AVT) values over 30% were acquired for these
flexible TOPVs. Furthermore, plants showed a comparable
growing tendency under the TOPV devices, which proved to
be a feasible application of TOPV beyond photovoltaic.

RESULTS AND DISCUSSION

The schematic showing that TOPVs selectively absorbed the
IR-region sunlight for power generation and that the
penetrated visible sunlight was absorbed by plants for
photosynthesis is shown in Figure la. The absorption region
of active layers should meet the requirements for photovoltaics
and photosynthesis simultaneously. IEICO-4F, F8IC, and
FOIC (Figure 1b) were utilized as acceptors mixed with a
polymer of PTB7-Th* (Figure S1) as a donor. The reason is
that their blending film exhibited an outstanding spectrum-
selective property of strong absorption in the IR area and
favorable transmittance in the photosynthetic region (Figure
1c). In addition, the blending film is conformable with flexible
substrates, which is more suitable for the complex application.

The transmittance and resistance of flexible substrates is
important to the performance of TOPVs. The flexible TOPV
was fabricated on polyethylene terephthalate (PET) substrates
with silver (Ag) mesh as the electrode.*” To further improve
the conductivity of the substrate, a conductive polymer of
poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate)
(PEDOT:PSS, PH 1000) was spin-coated onto the Ag mesh,
and a composite flexible substrate with a sheet resistance of ~5
Q/sq was acquired. A total of three blending films were
deposited onto the composite substrate as active layers. The
structure of flexible TOPV is PET/Ag mesh/PH 1000/zinc
oxide (ZnO)/active layer/molybdenum oxide (MoOs;)/gold
(Au)/Ag, as shown in Figure 2a. After the sunlight illuminated
onto the PET side, the IR light was absorbed by the flexible
TOPVs, and the visible light penetrated out from the ultrathin
Ag film. In addition, the band energy diagram is displayed in
Figure 2b. ZnO and MoO; worked as electron and hole
transporting layers, respectively. Thin Au/Ag was used as the
back transparent electrode.

All of the flexible TOPVs showed attractive photovoltaic
properties, as shown in the current density—voltage (J—V)
curves in Figure 2¢, and the detailed data are summarized in
Table 1. When PTB7-Th/IEICO-4F was used as an active
layer, the flexible TOPV device yielded an average PCE of 9.66
+ 0.25% with an average short-circuit current density (Jsc) of
20.27 + 0.20 mA/cm?, an average open-circuit voltage (Vo)
of 0.707 + 0.009 V, and an average fill factor (FF) of 67.4 +
1.00%. If PTB7-Th/F8IC acted as an active layer, an average
Jsc of 18.97 + 0.38 mA/cm?, an average V¢ of 0.687 + 0.010
V, an FF of 66.7 + 0.59%, and an average PCE of 8.69 + 0.22%
were achieved. A Jc of 17.82 + 0.67 mA/cm?, a Vo of 0.756
+ 0.006 V, an FF of 65.2 & 0.36%, and an average PCE of 8.86
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Figure 2. (a) Flexible TOPV structure of PET/Ag mesh/PH 1000/Zn0O/active layer/MoO;/Au (1 nm) /Ag (15 nm). Ag mesh/PH 1000 was
used as the cathode, and a thin Au/Ag layer was used as the anode. (b) Band-energy diagram of materials used in the flexible TOPV. (c, d)
J—V curves, EQE, and IQE spectra of flexible TOPV based on different IR-absorbing organic semiconductors. IQE spectra were calculated

from EQE, reflection, and transmittance curves (Figure S4).

Table 1. Performances of TOPVs Based on Different IR-Absorbing Organic Semiconductors”

active layer Voe (V) Jsc (mA/cm?)
PTB7-Th:IEICO-4F 0.707 + 0.009 20.27 + 0.20
PTB7-Th:FOIC 0.756 + 0.006 17.82 + 0.67
PTB7-Th:F8IC 0.687 + 0.010 18.97 + 0.38

“Average values are calculated from five devices.

FF (%) PCE (%) best PCE (%) AVT (%)
674 + 1.00 9.66 + 0.25 10.03 342
652 + 0.36 8.86 + 0.32 9.26 31.0
66.7 + 0.59 8.69 + 0.22 8.92 343

+ 0.32% were acquired from a PTB7-Th/FOIC-based one.
According to Figure S2, showing the photovoltaic properties of
TOPYV under bending conditions, the PCE of devices under a
60° bending angle only had a decrease of 10% compared to the
PCE of the device without bending. Additionally, the external
quantum efficiency (EQE) and internal quantum efficiency
(IQE) spectra are shown in Figure 2d. The IQE value of the
PTB7-Th/IEICO-4F-based solar cell is over 90% at 560 nm
and the average IQE value is 81% in the range of 380—760 nm.
The PTB7-Th/F8IC and PTB7-Th/FOIC also achieved the
average IQE value over 70% in this region. This impressive
IQE value indicated a high utilization of incident photons in

the visible light region. According to the EQE spectra, the
photoresponse region was mainly within the IR region, which
was favorable for a higher transmittance in the visible area.
Hence, the flexible TOPV could achieve a high PCE under
visible-light-transparent conditions. Meanwhile, the calculated
values of Jgc from the EQE spectra (Figure S3) lined up well
with the Jgc values extracted from the J—V measurements. The
simple fabrication process and various types of low-cost IR
absorbing organic semiconductors present varied choices for
general application.

Figure 3a is an optical photograph of a demo (6 cm X 6 cm)
with a structure of PET/Ag mesh/PH 1000/ZnO/active layer/
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Figure 3. (a) Optical photograph of a demo (PET/Ag mesh/PH 1000/ZnO/active layer/MoO;/Au/Ag) with a size of 6 cm X 6 cm. (b)
Transmittance curves of flexible TOPV in the visible region. (c) Growing statuses of the mungs in different conditions. (d) Optical
photographs of the length change of mungs after 13 days (the original length was 3 cm).

(a) Voc loss= 0.6 V, FF= 70%
80 PCE (%)
12.0
11.0
704 10.0
S 2.0
w 8.0
w 60 7.0
¥ 6.0
50 T T T T T
11 12 13 14 15 16 1.7
Bandgap (eV)

(b) Voc loss= 0.45 V, FF= 80%

90 PCE (%)
M 17.0
\_/ 15.9

80—¥/ 148

s ¥/ 13.8
g o~ e
g B 1 us

60 . . : T T

11 12 13 14 15 16 17
Bandgap (eV)

Figure 4. (a) Simulation PCE with an assumed average EQE value (IR region), FF, and Vi loss of 70%, 0.7, and 0.6 V, respectively. (b)
Simulation PCE with an assumed average EQE value (IR region), FF, and V loss of 80%, 0.8, and 0.45 V, respectively.

MoO3/Au/Ag that is same as the small area TOPV under
bending conditions. The back scenery could be clearly
observed. The AVT values were 34.2%, 34.3%, and 31.4%
for PTB7-Th/IEICO-4F, PTB7-Th/E8IC, and PTB7-Th/
FOIC-based TOPVs, respectively, calculated from the
following equation:

[T()P(A)S(2)d(2)
VT =
[P(2)S(2)d(2)

where T is the transmission (Figure 3b), 4 is the wavelength, P
was the photonic response (Figure SS5a), and S was the solar
photon flux (Figure SSb, AM 1.5G).”

Mung beans (or “mungs”) were chosen as the plant with
which to observe the growing conditions. A PTB7-Th/IEICO-
4F-based flexible TOPV was chosen as the photovoltaic power
source, in which the penetrated visible light will be utilized for
the photosynthesis of plants. Referential samples were mungs
under normal sunlight or dark conditions. Figure 3¢ displayed
the growing conditions of the mungs. Although the growing
speed of the mungs under the TOPVs was slightly slower than
when in normal sunlight, the final lengths demonstrated that
their statuses were comparatively similar under the TOPVs or

normal sunlight after 13 days. However, the samples under
dark conditions were poor because of a lack of sunlight. As
shown in Figure 3d, mungs under the TOPVs grew favorably
compared with ones under normal sunlight after 13 days.
However, the mungs without light wilted.

A summary of PCE and AVT of the best published results is
demonstrated in Figure S6. This work is one of the highest
performance devices. Meanwhile, the donors (PBDB-T and
PDTP-DFBT) with different absorption spectra are chosen as
active layers in TOPVs. As shown in Figure S7a, these
materials have different film absorption spectra because of their
different band gaps. To balance photovoltaics and photosyn-
thesis, the TOPVs need a high PCE and low absorption in the
visible region. The PBDB-T has much more absorption in
visible light, which is not favorable for photosynthesis, and the
devices based on PBDB-T have lower absorption than the
PTB7-Th-based ones, as shown in Figure S7b. The PDTP-
DFBT has a desired absorption region; however, the PCE is
much lower. This is due to the unmatched energy level
between PDTP-DFBT and IEICO-4F.

To further testify the potential of the IR-absorbing organic
semiconductor based TOPV, a simulation of photovoltaic
performance was conducted with a visible transmittance of
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30%."*" Because the band gap of the IR-absorbing materials
could be tuned, correspondingly, the absorption region of the
TOPV could be tuned. Thus, we first depicted a PCE
simulation based on current results. With an average EQE of
80% in the IR region (Figure S8a), the PCE of the TOPV was
close to 12% with an assumed FF of 0.70 and Voc loss of 0.6 V
(Figure 4a). Furthermore, a higher PCE of near 17% was
obtained as shown in the simulated graph of Figure 4b, in
which the assumed values of FF, Voc loss, and average EQE in
the IR region (Figure S8b) were 0.8, 0.45 V, and 90%,
respectively.

CONCLUSIONS

In summary, we presented the concept of “tailoring” sunlight
for photovoltaic by TOPVs that were fabricated by IR-
absorbing organic materials without influencing the trans-
mittance of the visible light to plants growth. Owing to the
outstanding absorption property within the IR region and
transmittance in the visible area, the flexible TOPV not only
achieved favorable electricity power generation but also
ensured enough transmitted sunlight for the growth of plants.
Our work demonstrated the great potential of TOPVs beyond
simple photovoltaic applications.

EXPERIMENTAL SECTION

Materials. Flexible PET/Ag mesh/PEDOT:PSS substrate,40 Zn0O
nanoparticle solution,”* FOIC,'® and F8IC® were prepared according
to their respective previous publications. PTB7-Th and IEICO-4F
were purchased from Cal-OS and Solarmer, respectively. 1-
Chloronaphthalene (CN) was purchased from TCL. 1,8-Diiodooctane
(D10), chloroform (CF), chlorobenzene (CB), MoO;, and Ag and
were purchased from Sigma-Aldrich. Au was purchased from ESPIL

TOPV Fabrication. A 50 ym PET substrate was covered by a 100
pum hardening treatment PET to prevent distortion and keep surface
cleaning of the PET substrate during device fabrication. A patterned
nickel mold with a diagonal length of 90 ym, a width of 3 ym, and a
height of 2 ym was prepared through electroforming. Afterward, a 7
pum ultraviolet resin is coated onto PET substrate by a nanoimprinting
machine, followed by the patterning by the nickel mold under
ultraviolet irradiation. The patterned groove was filled with silver ink,
and the excess silver ink was removed by scraping. The substrate was
sintered at 80 °C for 10 min. PEDOT:PSS (PH 1000) was spin-
coated on the surface of PET/Ag mesh substrate at 2000 rpm for 1
min and then annealed at 100 °C for 15 min. ZnO nanoparticle
solution (10 mg/mL) was spin-coated onto the prepared PET/Ag
mesh/PEDOT:PSS substrate followed by annealing at 125 °C for 15
min. PTB7-Th/IEICO-4F was dissolved in CB solution (10 mg
PTB7-Th and 15 mg IEICO-4F dissolved in 1 mL of CB with 30 uL
CN) with stirring overnight at 60 °C, and PTB7-Th/F8IC (or FOIC)
was dissolved in CF solution (6 mg PTB7-Th and 9 mg F8IC or
FOIC dissolved in 1 mL of CF with 10 uL DIO) with stirring 30 min
at 60 °C. Then, these solutions were spin-coated onto the ZnO layer.
After that, 10 nm MoOj3, 1 nm Au, and 15 nm Ag were, respectively,
evaporated onto the active layer under high-vacuum conditions (10~
Pa). The active area of the solar cell was 0.1 cm?

Characterization. The transmittance and reflection of the TOPV
and absorption of the active layers were measured by a 4100 Hitachi
spectrofluorophotometer. The sheet resistance of the substrate (PET/
Ag mesh/PH 1000) was conducted by a four-probe method. J—V
performances of the solar cells were characterized under a simulated
AM 1.5G spectrum (100 mW/cm?) generated by an Oriel 9600 solar
simulator. EQE curves were recorded by an Enlitech integrated
system with a lock-in amplifier system. The length variations of mungs
under different light condition were measured daily (six samples for
different condition).
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