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Among various potential applications of organic photovoltaics (OPVs), indoor power generation has great
potential because of several advantages over outdoor light harvesting under 1 sun conditions. Commonly
used indoor light sources have narrower emission spectra with lower intensity (by 3 orders of magnitude)
as compared to the solar spectrum. Highly tunable optical absorption, large absorption coefficients, and
small leakage currents under dim lighting conditions make OPVs promising candidates for indoor appli-
cations. For optimizing indoor photovoltaic materials and devices, several key issues (different from those
under 1 sun conditions), such as developing new indoor photovoltaic materials and devices with suitable
absorption spectra, large open-circuit voltages with low energy loss, minimized trap-mediated charge
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recombination and leakage currents, and device stability under indoor conditions, should be considered
carefully. In this review, the recent progress in optimization of indoor photovoltaic materials and devices,
and the key strategies to optimize the indoor photovoltaic characteristics will be summarized and
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1. Introduction

In the last few decades, significant advancements have been
achieved in organic photovoltaics (OPVs), which exhibit power
conversion efficiencies (PCEs) of up to ~17% for single junc-
tion cells via optimization of photovoltaic donor/acceptor
(D/A) materials (especially developing non-fullerene (NF)
acceptors), device architectures, and D/A  blend
morphologies.' ™ Semi-transparent and colorful building inte-
grated photovoltaics, flexible/portable power sources, and
indoor power generation for low-power consumption electronic
devices may suggest an affordable solution for real industrial
markets of OPVs.®

Nowadays, buildings with lights on for 24 h (hospitals,
stores, airports, offices, and factories) are common, and artifi-
cial lightings are prevalent energy sources to be harvested.
Ambient indoor lighting sources, such as white light-emitting
diodes (LEDs), fluorescent (FL) lamps, and halogen lamps, can
provide sufficient energy for operating most small scale and
low-power consumption indoor electronic devices.”® Currently,
batteries are the power source of choice for operating such
indoor electronic devices; however, battery-based power
systems require periodic replacement and maintenance. Thus,
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there is a strong demand for semi-permanent indoor energy-
harvesting systems that convert ambient energy to electricity,
which enables low-power indoor devices to be self-sustaining.

Generally, OPVs exhibit inferior photovoltaic performance
under solar illumination as compared to their inorganic
counterparts. However, several previous studies demonstrated
that OPVs can convert indoor lights into electricity more
efficiently than other inorganic technologies because of their
highly tunable optical absorption, large absorption coefficient,
and small leakage currents under dim lighting conditions.”™
Moreover, their light weight and mechanical flexibility make
them highly desirable as ideal power sources for indoor
Internet of Things (IoT) wireless sensor networks. Therefore,
OPVs have great potential for ambient energy harvesting,
which cannot be realized using robust silicon-based inorganic
photovoltaics.

The emission spectra of indoor lighting sources are much
narrower (often limited to the visible wavelength region) than
the standard solar spectrum (Fig. 1(a)—(f)). Furthermore, their
irradiance intensities are significantly lower by approximately
1000 times (typically 0.1-1 mW cm™>) as compared to that of
the outdoor 1 sun conditions (AM 1.5G, 100 mW cm™>), which
inevitably generate a significantly reduced photocurrent. Thus,
obtaining the largest possible photocurrent is important in
indoor photovoltaics.">™* In addition, the light emission
spectra and power densities are different for each indoor
light source. For optimization of indoor power generation,
a different strategy should be considered for the design of
indoor light harvesting materials and device architectures

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) AM 1.5G spectrum with the spectral response of various photovoltaic devices. Emission spectra of different indoor light sources:
(b) incandescent lamp, (c) halogen lamp, (d) FL lamp, (e) cool white LED, and (f) warm white LED. Reproduced from ref. 12 with permission from

Bentham Science.

from those of the current solar cells. Several previous reports
investigated different photovoltaic behaviors of OPVs under 1
sun and various indoor lighting conditions, and discussed the
ideal molecular and device structures to optimize the indoor
light harvesting.'>™**

In this contribution, we review the recent progress in the
developments of indoor organic semiconductors and device
architectures, comparison of photovoltaic performances under
outdoor and indoor conditions, underlying mechanisms of
power conversion and key strategies to optimize the photovol-
taic characteristics under indoor lighting conditions. Finally,
we will discuss the remaining challenges and future research
directions for practical applications of indoor OPVs.

2. Indoor photovoltaic materials

To maximize photocurrent generation, the band gap (E,) of
photoactive materials should be matched with light sources.
According to the theoretical calculations, the ideal band gap of
photoactive materials is 1.3-1.4 eV for solar irradiation and
1.9-2.0 eV for indoor lights. The increased band gap of indoor
photovoltaic materials also results in a high open-circuit
voltage (Voc), which is important for improving the efficiency
under indoor light harvesting. Freunek et al. provided systema-
tic investigations on the maximum theoretical performance of
photovoltaic devices under indoor conditions.">'® Theoretical
maximum PCEs under various light sources were calculated by
considering the Shockley-Queisser limit."” Fig. 2(a) shows the
achievable maximum efficiencies under various light sources.
The PCE limit that can be obtained from AM 1.5G is ~35% at
Ey = 1.4 eV. For the incandescent bulb and halogen lamp, the
maximum PCEs decreased to ~32%, respectively. Moreover,

This journal is © The Royal Society of Chemistry 2020

for the fluorescent tube, a phosphorus white LED, and an RGB
white LED with narrower spectra, the efficiency limits were cal-
culated to be 50, 57, and 64% respectively, at E, = 1.9-2.2 eV.
The sodium discharge lamp with monochromatic emission
can yield PCEs up to 72% at E, = 2.1 eV. This study highlights
the great potential of photovoltaic devices for use in indoor
power supply systems.

Organic materials have high absorption coefficients and
adjustable absorption ranges, which allow more effective light
absorption and power conversion in indoor lighting environ-
ments. According to the best research-cell efficiencies chart
from the NREL (National Renewable Energy Laboratory),
crystal silicon solar cells (c-Si-SCs) exhibit higher PCEs (27.6%)
than their organic counterparts under 1 sun illumination
(17.4%);'® however, the situation changes under indoor con-
ditions. In 2015, Mori et al. investigated the photovoltaic
characteristics of polymer-based OPVs (PTB7-Th as a donor
and PC,;BM as an acceptor) under indoor LED lightings and
compared the results with those of ¢-Si-SCs.'® Under 1 sun
irradiation, the PCEs of the c-Si-SC and OPV were determined
to be 13.49% and 8.43%, respectively. In contrast, the OPV
exhibited a higher PCE (11.63%) than the c-Si-SC (9.65%)
under LED illumination at 890 Ix, because of a higher V¢
(0.62 and 0.43 V for OPV and c-Si-SC, respectively). The PCE of
the c¢-Si-SC decreased further to 6.92% at 186 Ix. The higher
Voc and well-matched absorption spectrum are the main
advantages of OPVs over c-Si-SCs under indoor power gene-
ration. This demonstrates the possibility of applying OPVs to
indoor light harvesting.

In 2016, Cutting et al. also reported that organic photovol-
taic cells can outperform inorganic Si cells under LED illumi-
nation.”® They compared the photovoltaic performances under
a white LED (20.5 mW cm™?) and solar irradiation of AM 1.5G.
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Fig. 2 (a) Energy gap and limiting Shockley—Queisser efficiency of an ideal PV converter with different light sources. Reproduced from ref. 15
and 16 with permission from IEEE Xplore. (b) Comparison of PCE values of silicon and OPV devices under AM 1.5G (blue) and LED (red) light sources.
(c) Percent increase in PCE under indoor LED light vs. AM 1.5G simulated solar spectrum. Reproduced from ref. 20 with permission from The Royal

Society of Chemistry.

Under AM 1.5G illumination, the amorphous (a-Si) and crystal
Si (c-Si) solar cells exhibited PCEs of 1.45 and 16.72%, respect-
ively. Under LED illumination, both the a-Si and c-Si devices
showed an improvement in PCEs by about 20%, thereby exhi-
biting PCEs of 2.18 and 20.19%, respectively. The OPVs were
fabricated with P3HT:PC4;BM and PCE10:PC,,BM blends, and
they showed much lower PCEs of 2.93 and 8.65%, respectively,
compared to c-Si-SCs under AM 1.5G. However, the OPVs
exhibited dramatic increases in their PCEs under LED illumi-
nation, and the resulting PCEs were 12.83 and 21.04%, respect-
ively (Fig. 2(b)). The P3HT-based devices exhibited the largest
PCE increase of 300% under LED light as compared to those
with AM 1.5G, which is closely related to the spectral match
between the light source and absorption of the photoactive
material (Fig. 2(c)). In addition, the device performance of the
¢-Si-SC was strongly dependent on the light intensity.

After successful demonstration of the potentials of indoor
OPVs, extensive studies have been performed to improve the
indoor photovoltaic properties of OPVs. In the case of indoor
OPVs, the V¢ decreases compared to 1 sun conditions
because the Vo shows a logarithmic dependence on the light
intensity. To match the absorption with indoor lightings
(through band gap tuning) and increase the Vo (through fron-
tier molecular orbital (FMO) energy level control), various full-
erene-, NF-, and multi-component-based indoor OPVs have
been investigated. Electron donor and acceptor structures,
which have been studied for indoor energy harvesting, are
shown in Fig. 3 and 4 and their indoor photovoltaic properties
are summarized in Tables 1-3.

2.1 Fullerene-based OPV devices

In 2016, Lee et al. compared the device performances of P3HT,
PCDTBT, and PTB7 as the donor materials by blending with
fullerene derivatives under dim lighting conditions.*!
PCDTBT:PC,;BM showed the best performance among them,
generating a Py, of 13.9 pW cm™> with a PCE of 16.6% with a
remarkably high Vi of 0.72 V under FL lamps (300 Ix). The
PTB7-based device exhibited the higher PCE than the
PCDTBT-based device under AM 1.5G; however, the PCE under

5794 | Nanoscale, 2020, 12, 5792-5804

FL lamps was lower than that of the PCDTBT-based device
because of its narrow band gap. Notably, the band gap of
PCDTBT is 1.9 eV, which matches well with the emitting spec-
trum of FL lights. Finally, a 14 x 14 ecm® OPV module with a
100 cm” active area successfully demonstrated a remarkable
performance with a PCE of 11.2% and a Py, of 938 pW under
300 Ix FL lamps (short-circuit current density (Jsc) of 314 pA,
Voc of 4.87 V, and fill factor (FF) of 61.2%).

Furthermore, in 2019, You et al compared the indoor
photovoltaic properties of four different donor polymers of
PDTBTBz-2F,,q, P3HT, PBDB-T, and PTB7 (which have
different band gap energy values) to emphasize the impor-
tance of the spectral match between PV materials and irradi-
ance lightings.”> Among these polymers, the absorption spec-
trum of PDTBTBz-2F,,; with a wide band gap of 2 eV was well
matched with the LED irradiance spectrum. This spectral
match resulted in a very high PCE of 23.1% for PDTBTBz-
2F.nti:PC7:BM under a LED (1000 1x). Chen et al. reported a
series of small molecular donors with finely tuned FMO
energy levels and their band gaps.>> Among the four mole-
cules, DTCPB showed the large bandgap of 2.04 eV and the
highest PCE of 6.55% with C;; under AM 1.5G irradiation.
Under FL lamps, the efficiency of the DTCPB based device
improved significantly up to 13-16% depending on the irradi-
ance intensity (200-1200 Ix) via efficient light harvesting of
visible wavelength lights. These results indicated that wide
band gap materials (E, = ~2 eV) are advantageous for achieving
high PCEs under indoor conditions.

The decreased Vo under indoor artificial lightings (com-
pared to that under 1 sun) is a major limiting factor for device
efficiency under indoor light conditions. Increasing the Vo of
the OPV devices is a critical factor along with the spectral
match to increase Jsc for maximizing the device performance
under indoor conditions. The value of Vo is directly related to
the energy difference between the highest occupied molecular
orbital (HOMO) of the donor and the lowest unoccupied mole-
cular orbital (LUMO) of the acceptor. To obtain high Vo, the
HOMO of the donor must be deep enough. Singh et al
designed electron donor polymers based on benzodithiophene

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Acceptor structures for indoor organic photovoltaic devices.

with alkyl (WF3), alkylthio (WF3S), and fluoro (WF3F) substi-
tuted thiophenes by modulating their HOMO energy levels.>*
The optical band gaps of the polymers are similar in the range
of 1.73-1.78 eV; however, WF3F has the most down-shifted
HOMO level of —5.62 eV among the three polymers because of
electronegative fluorine substituents. Consequently, the WF3F:
PC,;,BM device exhibited the highest PCE of 9.44% (with a V¢
of 0.88 V) and 17.3% (with a V¢ of 0.69 V) under 1 sun and
LED (500 Ix) illumination, respectively. Yin et al. designed an
A-D-A type porphyrin-based donor material, P1, which shows
broad and strong absorption from the visible to near-infrared
region with a deep HOMO, thereby allowing a high V¢ of

This journal is © The Royal Society of Chemistry 2020

0.9 V under 1 sun conditions.?® The P1:PC,;BM and PCDTBT:
PC,1BM cells exhibited higher PCEs of 19.2 and 18.7% (with
Voc of 0.76 and 0.74 V) under LEDs as compared to those
under 1 sun illumination. Furthermore, when the thickness of
the film increased to 200 nm, the efficiency of the P1-based
device remained at 18.4%; however, the efficiency decreased
drastically to 13.2% for the PCDTBT-based devices. The origin
of thickness independent characteristics could be attributed to
the low electronic disorder of P1.

In addition, Yang et al. emphasized another strategy to
increase the Voc by using an acceptor with a high LUMO
level.?® Under 1 sun conditions, the P3HT:PC4,BM device

Nanoscale, 2020, 12, 5792-5804 | 5795
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Table 1 Photovoltaic properties of fullerene-based OPV devices

Donor : acceptor Light source Voc [V] Jsc [pA em™?) FF [%] PCE [%)] Pout [fPW em™?] Ref.
PTB7-Th/PC;,BM LED (186 Ix) 0.56 19.0 72.0 10.55 7.6 19
PTB7-Th/PC,,BM LED (890 Ix) 0.62 92.0 74.0 11.63 42.3 19
P3HT:PC,;BM FL (300 Ix) 0.41 20.6 56.6 5.80 4.8 21
PCDTBT:PC,,BM FL (300 Ix) 0.72 27.7 69.3 16.60 13.9 21
PTB7:PC,;BM FL (300 1x) 0.61 28.6 69.5 14.60 12.2 21
PDTBTBZ-2F, ,(:PC,,BM LED (1000 Ix) 0.82 112.4 70.4 23.10 66.0 22
P3HT:PC,;BM LED (1000 Ix) 0.50 73.7 71.9 9.40 22
PBDB-T:PC,,BM LED (1000 Ix) 0.67 90.2 71.3 15.30 22
PTB7:PC,;BM LED (1000 Ix) 0.57 87.6 69.3 12.30 22
DTCPB:C,, FL (200 Ix) 0.66 21.7 54.2 13.37 7.8 23
DTCPB:C5, FL (1000 1x) 0.73 99.2 62.8 15.67 45.6 23
WEF3:PC;;BM LED (500 Ix) 0.57 58.3 64.2 12.83 24
WF3S:PC,;BM LED (500 Ix) 0.61 60.4 65.7 14.32 24
WEF3F:PC,;BM LED (500 Ix) 0.69 63.6 67.4 17.34 24
P1:PC,,BM (100 nm) LED (300 Ix) 0.76 29.6 66.1 19.15 14.9 25
P1:PC,;,BM (200 nm) LED (300 Ix) 0.76 28.2 67.2 18.43 14.3 25
P3HT:PC¢;BM LED (500 Ix) 0.43 62.0 59.0 8.90 15.7 26
P3HT:PC4,BM FL (500 Ix) 0.43 62.0 59.0 9.59 15.8 26
P3HT:ICBA LED (500 Ix) 0.73 50.0 63.0 13.05 23.0 26
P3HT:ICBA FL (500 Ix) 0.73 50.0 62.0 13.76 22.6 26
PTB7:PNP LED (200 Ix) 0.57 19.0 67.0 9.50 7.3 27
BDT-2T-ID:PNP LED (200 Ix) 0.75 24.2 68.0 16.00 12.3 27
BDT-1T-ID:PNP LED (200 Ix) 0.84 19.2 59.0 12.40 9.5 27
1DTP-1D:PNP LED (200 Ix) 0.69 26.4 68.0 17.70 12.4 28
2DTP-1D:PNP LED (200 Ix) 0.71 22.4 61.0 13.80 9.6 28
BTR:PC,;BM FL (1000 1x) 0.79 133.1 75.2 28.10 78.2 29

Table 2 Photovoltaic properties of non-fullerene based OPV devices

Donor : acceptor Light source Voc [V] Jsc [pA em™?] FF [%)] PCE [%] Pout [HW cm™?] Ref.
PPDT2FBT:ITIC-M LED (300 Ix) 0.53 20.8 57.0 6.9 6.3 30
PPDT2FBT:ITIC-M LED (1000 Ix) 0.62 68.5 54.6 7.5 23.2 30
PPDT2FBT:ITIC-F LED (300 Ix) 0.29 34.8 31.3 3.5 3.2 30
PPDT2FBT:ITIC-F LED (1000 Ix) 0.45 85.5 37.6 4.7 14.5 30
PPDT2FBT:tPDI,N-EH LED (300 Ix) 0.79 20.9 49.9 9.0 8.2 30
PPDT2FBT:tPDI,N-EH LED (1000 Ix) 0.84 65.4 50.2 8.9 27.6 30
CD1:ITIC FL (1000 1x) 0.78 116 68.1 17.9 62.0 31
CD1:ITIC LED (1000 Ix) 0.77 107 67.5 15.4 56.0 31
CD1:PBN-10 FL (1000 1x) 1.14 120 66.2 26.2 91.0 31
CD1:PBN-10 LED (1000 Ix) 1.14 105 65.4 21.7 78.0 31
PBDB-TF:10-4C1 (1cm2) LED (200 Ix) 1.03 18.2 71.5 22.2 13.4 32
PBDB-TF:10-4Cl (1 sz) LED (1000 Ix) 1.10 90.6 79.1 26.1 78.8 32

Table 3 Photovoltaic properties of multi-component based OPV devices

Donor : acceptor Light source Voc [V] Jsc [pA em™?) FF [%] PCE [%] Poue [HW ecm™?] Ref.
PCDTBT:PC,;BM FL (300 1x) 0.70 30.7 56.4 16.5 12.2 34
PCDTBT:PDTSTPD:PC,,BM FL (300 Ix) 0.72 32.8 61.7 19.8 14.6 34
PCDTBT:PC;,BM LED (300 Ix) 0.70 31.2 56.6 16.0 12.4 34
PCDTBT:PDTSTPD:PC,,BM LED (300 Ix) 0.72 31.4 62.1 18.1 14.1 34
PTB7:PC,;BM LED (500 Ix) 0.60 46.0 54.3 8.9 35
PTB7:PC; BM:EP-PDI LED (500 Ix) 0.65 57.0 68.5 15.4 35
PTB7-Th:PBDB-T:ITIC-Th:PC,,BM LED (1000 Ix) 0.68 102.3 57.5 14.3 36
PTB7-Th:PBDB-T:PC,;BM:ITIC-Th LED (500 Ix) 0.63 43.7 64.6 10.5 37
PTB7-Th:PBDB-T:PC,,BM:ITIC-Th LED (1000 Ix) 0.67 99.2 64.8 15.5 37
PTB7-Th:PBDB-T:PC,;BM:ITIC-Th FL (500 Ix) 0.64 49.5 65.5 10.9 37

exhibited a Voc of 0.61 V, a Jsc of 9.92 mA cm™>, and a FF of pared to PCe;BM (=3.90 eV). Consequently, the P3HT:ICBA
0.64, thereby resulting in a PCE of 3.86%. The P3HT:ICBA devices exhibited a PCE of 13.8% with significantly increased
device exhibited a PCE of 4.9% with a higher Vo (0.89 V) Vo (0.73 V) as compared to the P3HT:PCs;BM devices (PCE:
because of the high LUMO level (—3.74 eV) of ICBA as com- 9.59%, Voc: 0.43 V) under TL5 FL tube (500 1x) illumination.

5796 | Nanoscale, 2020, 12, 5792-5804 This journal is © The Royal Society of Chemistry 2020
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Although the P3HT:ICBA device exhibited a lower Jsc of 50 pA
em™?, it provided a better power output (Poy) of 22.57 uW
em™? because of its higher Voc as compared to the P3HT:
PCs;BM devices (Table 1).

Arai et al. reported two types of small-molecule donors
(BDT-2T-ID and BDT-1T-ID) with an E, of 1.7-1.8 eV and deep-
lying HOMOs at —5.13 and -5.23 eV.”” BDT-2T-ID- and
BDT-1T-ID-based devices exhibited lower PCEs of 6.1% and
3.9%, respectively, as compared to the PTB7-based devices
(6.7% PCE) under 1 sun illumination. However, their Vocs are
higher (1 V) than that of the PTB7-based device, which is
attributed to their deeper HOMO levels. Under LED illumina-
tion, the BDT-2T-ID- and BDT-1T-ID-based devices showed a
remarkable increase in PCEs up to 16.2% and 12.9% with Vs
of 0.75 and 0.84 eV, respectively, thereby generating high P,
values of 12.4 and 9.9 pW cm™?, respectively. These small
molecule-based devices presented three times greater
efficiency than PTB7-based devices as they possessed the deep-
lying HOMO energy levels, resulting in a larger Voc under LED
illumination. The same group further synthesized new small-
molecule donors with the same strategy of obtaining a low
lying HOMO level, incorporating an electron-withdrawing
fused lactam group with 1,3-indandione.”® Band gaps of
1DTP-ID and 2DTP-ID small molecules were determined to be
1.65 and 1.70 eV, and the HOMO levels were —5.25 and —5.35
eV, respectively. Under LED (200 lx) illumination, the 1DTP-ID-
and 2DTP-ID-based devices gave high P, values of 12.4 and
9.6 pW cm > with high PCEs of 17.7% and 13.8% (Vocs of 0.69
and 0.71 V), respectively. Lee et al. reported a BTR:PC,;BM
device with a considerably high PCE of 28.1% with a
maximum power density of 78.2 pW ¢cm™> under an FL lamp
(1000 1x),>® and they also simulated the charging time of
rechargeable batteries using OPVs under indoor lights. For a
button-sized battery, less than one day (or a few days) was
required to charge the battery fully. This simulation suggests a
high potential of OPVs for indoor power-supply applications,
even though the charging time seems quite long.

2.2 Non-fullerene-based OPV devices

Compared to fullerene-based OPVs, NF-based OPVs have many
advantages to further improve the indoor light harvesting.
Fullerene derivatives have poor absorption in the visible wave-
lengths, which causes loss in photocurrent generation. They
also have limited tunability of the electronic structures, ie.,
FMO energy levels, which makes it difficult to modulate the
Voc. In contrast, NF acceptors can be tailored to have strong
light absorption in the visible regions and adjustable FMO
levels to maximize the Voc. NF acceptors have great potential;
thus, many research groups have investigated their indoor
photovoltaic properties. The comparison of photovoltaic per-
formances of previously reported NF-based OPVs under indoor
light illumination is summarized in Table 2.

In 2019, Dayneko et al. designed an N-annulated perylene-
diimide (PDI) molecule (tPDI,N-EH) as an electron acceptor,
and emphasized the importance of spectrally well-matched
absorption of NF acceptors with indoor light sources to

This journal is © The Royal Society of Chemistry 2020
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achieve high efficiency.?® PDI is often used as a building block
of electron acceptors because of its strong light absorption in
the visible region and excellent electron-accepting/transporting
abilities. A PPDT2FBT:tPDI,N-EH blend film had appropriate
absorption from 400 to 700 nm. PPDT2FBT:tPDI,N-EH devices
exhibited a low PCE of 6.48% despite their high Vo over 1 V
under 1 sun illumination; however, better device performance
was achieved with a PCE of 9.0% under LED (300 Ix) illumina-
tion. In addition, the PPDT2FBT:tPDI,N-EH-based devices had
minor PCE drops with the decrease in the light intensity of the
LED from 10000 to 300 Ix, while maintaining a high V¢ of
0.79 V at 300 Ix. In the same year, Ding et al. designed a
medium band gap polymer acceptor (PBN-10) containing a B
« N group to increase the Voc.*' The large band gaps of the
polymer donor (CD1, 1.93 eV) and acceptor (PBN-10, 1.95 €V)
were incorporated, which provided a well-matched absorption
with the emission spectra of indoor light sources. The HOMO
and LUMO levels were —5.28 and —2.91 eV for CD1 and —5.81
and —3.42 eV for PBN-10, respectively. The large energy offset
between the acceptor’'s LUMO and donor's HOMO was
expected to increase the value of Voc. The all polymer-based
device exhibited a PCE of 7.9% under 1 sun illumination and a
significantly enhanced PCE of 27.4% with an excellent V¢ of
1.14 V under an FL lamp at 1000 Ix. This is the first successful
demonstration of high-performance all-polymer OPV cells
under indoor light sources, and the V¢ of 1.14 V is the highest
value among those reported so far under indoor light sources.
Most organic solar cells have an energy 1oss (Ejoss = Eg —
qVoc, where ¢ is elementary charge) around (or higher than)
0.6 V under AM 1.5G conditions. In addition, an additional
energy loss of 0.2 V could be involved when the light intensity
is significantly lowered. Considering such energy losses, it is
expected that a Vo of 1.0 V can be obtained using ~1.8 eV of
E, materials, and it is suitable for indoor light sources.
However, the Vo is mostly below 0.8 V in most reported
indoor OPV devices, which is a major limiting factor for device
efficiency under indoor light conditions. Recently Cui et al.
successfully demonstrated highly efficient OPVs under indoor
light illumination with low energy loss (<0.6 eV), by a combi-
nation of a new small molecular acceptor 10-4Cl (E; = 1.8 eV,
LUMO = -3.83 eV) and PBDB-TF as a donor which show
optimal absorption for indoor light sources covering the
visible light in the range of 400 to 700 nm.**** The devices
exhibited a PCE of 9.80% with an exceptionally high V¢ of
1.24 V under AM 1.5G illumination. Under LED lights
(200-1000 1x), a high Voc was maintained over 1 V, thereby
resulting in high PCEs over 20%. At 1000 Ix, a 1 cm” cell
showed a PCE of 26.1% with a Vy¢ of 1.10 V, and an even
large-area cell (4 cm®) exhibited excellent device performance
with a PCE of 23.9% and a V¢ of 1.07 V, showing remarkably
low radiative and nonradiative voltage losses. They have also
emphasized the high thickness tolerance of indoor OPV
devices that makes them suitable for large area devices via roll-
to-roll printing. In addition, the device maintains its initial
PCE for 1000 h under continuous LED illumination, thereby
demonstrating great stability under indoor light conditions.
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2.3 Multi-component OPV devices

In D/A binary devices, the limited absorption mainly limits the
Jsc. To overcome this limitation, ternary devices have been
introduced for optimizing indoor power generation. The third
component should increase the Jsc value with complementary
light absorption, and additionally improve the FF by the
modulation of the bulk heterojunction (BHJ) blend mor-
phology. The photovoltaic characteristics of multi-component
OPVs under indoor light illumination are summarized in
Table 3. Yin et al. introduced a ternary compound to improve
the performance of the PCDTBT:PC,,BM device.** The HOMO
energy of PCDTBT is —5.50 eV, which results in a high V¢ in
the binary BHJ device with PC,;BM. However, the PCE was as
low as 5.3% under 1 sun conditions because of its low hole
mobility of 107 e¢m?® V' s7'. They chose a donor polymer
PDTSTPD as a ternary component, which has a similar mole-
cular structure to PCDTBT and possesses a low-lying HOMO
level (—5.60 eV) and high hole mobility. Under a 2700 K FL
lamp (300 lx), the PCDTBT:PC,;BM device achieved a PCE of
16.5% and a Poy, of 12.2 pW cm ™2, with a Jsc of 30.7 pA ecm ™2,
a FF of 56.4%, and a Vp¢ of 0.70 V. The ternary PCDTBT:
PDTSTPD:PC,,BM device showed an improved PCE of 19.8%
and a Py, of 14.6 pW cm ™2, with a Jgc of 32.8 pA cm ™2, a FF of
61.7%, and a V¢ of 0.72 'V, respectively. The PCE improvement
of the ternary device was mainly attributed to the increase in
the Jsc and FF from enhanced optical absorption and charge
transport. Similarly, Singh et al. designed a perylene-based
small molecule acceptor, N,N-bis(1-ethylpropyl)perylene-
3,4,9,10-tetracarboxylic diimide (EP-PDI), as a third component
for a binary blend of PTB7 and PC,;BM.*> Compared to the
PTB7:PC,;BM binary blend, the ternary blend with EP-PDI
showed strong light absorption from 400 to 600 nm, which is
spectrally well-matched with those of LED lamps. Addition of
EP-PDI to the PTB7:PC;;BM binary blend played a critical role
in the modulation of the blend film morphology, thereby
leading to more efficient charge transport in a vertical direc-
tion. Consequently, the optimal PTB7:PC,;BM:EP-PDI-based
device showed a significantly improved PCE of 15.68% with a
Voc of 0.65 V, a Jsc of 57 pA em 2, and a FF of 68.5% under
indoor LED light conditions (500 Ix), as compared to the
binary PTB7:PC,,BM devices (PCE = 9.11%).

To further optimize the light absorption for indoor light
harvesting, quaternary BHJ (Q-BHJ) systems were also demon-
strated by incorporating two donors and two acceptors. Nam
et al. successfully demonstrated a Q-BHJ device with a wide
absorption range and improved the charge generation and
morphological stability.>*®* Under AM 1.5G illumination,
PBDB-T:PC,;BM exhibited a PCE of 7.38% and PTB7-Th:
ITIC-Th exhibited a PCE of 7.50%. The PTB7-Th:PBDB-T:
ITIC-Th:PC,;BM quaternary device exhibited a significantly
improved PCE of 9.46%, with a V¢ of 0.81 V, a Jsc of 19.4 mA
em ™2, and a FF of 60.3%, respectively. The Q-BHJ device also
showed improved device stability. For testing the thermal
stability, the encapsulated devices were thermally heated at
60 °C under dark ambient conditions. The Q-BHJ device main-
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tained 87.7% of its initial PCE after 1020 min, while the PCE
of PTB7-Th:ITIC-Th decreased up to 54.5% of its initial value.
Under 1000 Ix LED illumination, an optimal PCE of 14.29%
was obtained for the Q-BHJ devices, thereby showing great
potential for achieving high efficiency with increased device
lifetime. Furthermore, they successfully demonstrated semi-
transparent Q-OPVs with a PCE of 15.46% under LED (1000 1x)
while retaining high transparency.®”

3. Device engineering for indoor
OPVs

The generated photocurrent density (Jpn) in OPVs is pro-
portional to light intensity. In general, indoor lighting systems
(such as LEDs, FL lamps, etc.) provide intensities in the range
of 200-1000 Ix, while bright daylight provides a light intensity
of approximately 120 000 Ix. Therefore, the generated J,,, under
indoor lights is in the range of ~pA cm™>, implying that high
shunt resistance (Ry,) is a prerequisite to achieve efficient
indoor photovoltaics with minimized leakage currents. In
addition, the series resistance (Rs) effect is not significant
under such indoor lighting systems with a negligible R.-
induced voltage drop.*® Steim et al. systematically investigated
the Ry and Ry, effects on the device properties under various
light intensities by numerical simulation and electrical model-
ling.** The current density-voltage (J-V) characteristics were
significantly affected by varying Ry, under low light intensities;
low-Rg;, devices exhibited poor J-V characteristics affected by
significant leakage currents. On the other hand, R, rarely
affected the device performance under low light intensities,
while J-V curves were greatly influenced by Rg under 1 sun con-
ditions. In summary, both high Ry, and low R, are essential
conditions to obtain high PCEs under 1 sun, whereas high Ry,
is the most important factor determining the device properties
under low light intensity regardless of Rs. These were proved
by experimental results, wherein the P3HT:PCs;BM BH]J
devices exhibited ~7% PCE under a 1000 Ix FL lamp with a
high Ry, of 85 kQ cm? (~2.7% PCE under AM 1.5G). From the
simulation of the relationship between Vo and light intensity,
high Ry}, devices exhibited a low V¢ drop with decreasing light
intensity, and an Ry, of ~100 kQ cm? of was required to obtain
full Vo of P3HT:PCsBM devices under low light intensities.
Furthermore, the Ry effect is not significant under low light
intensity; thus, low-conductivity electrodes can be also used as
electrodes. In this section, the highly efficient OPV devices
under low light intensity will be discussed by increasing the
Rgp.

3.1 Active layer thickness

The absorption coefficient of organic semiconductors is much
higher than those of their inorganic counterparts; thus, a
roughly ~100 nm thick active layer is sufficient to entirely
absorb the incident solar light.* The thicker active layer of
300-1000 nm often hinders efficient power conversion in
OPVs, due to lower carrier mobilities and shorter exciton

This journal is © The Royal Society of Chemistry 2020
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diffusion lengths of organic semiconductors compared to
those of their inorganic counterparts. Therefore, most high
PCE results reported previously were
100-200 nm thick active layers.*'** Small et al. reported that
space-charge accumulation is one of the main reasons for
lowered PCEs in PDTG-TPD:PC-,,BM OPVs with >200 nm thick-
ness.”” The light intensity dependent J,, curves showed that
the space-charge limited (SCL) J,, characteristics (in 409 nm
thick devices) were suppressed when the intensity was reduced
from 100 to 11.4 mW cm™?, with a 24% enhancement of the
FF. This is attributed to the reduced space-charge build-up in
the active layer with reduced charge carrier concentration with
decreasing light intensities. This result implies that the thick
active layer may increase the Ry, without significant build-up
of space charges under low light intensity or indoor light
illumination.

The thick active layer is more suitable for indoor photovol-
taic applications. Vincent et al. suggested optimal design of
OPVs for efficient indoor light harvesting.*® P3HT:ICBA was
selected because of its high spectral overlap with a LED light
source. The optimum device structure, especially the optimum

achieved with

thickness of the active layer, was different depending on the
light intensities; a PCE of 4.2% was obtained with a 130 nm
thick active layer under AM 1.5G illumination and a PCE of
5.4% was obtained with a 230 nm thick active layer under 1000
Ix LED light illumination. With the increase in the thickness

This journal is © The Royal Society of Chemistry 2020

rk J-V curves.) Reproduced from ref. 47 with permission from Elsevier.

of the active layer from 80 to 400 nm, the leakage currents
decreased significantly by three orders of magnitude in a
shunt regime from dark -V curves. Shin and coworkers also
reported efficient indoor OPV devices using an ultra-thick
photoactive layer’” based on a PPDT2FBT:PC,,BM BHJ blend
which showed outstanding device performance with over 9%
PCEs even with a 300 nm thick active layer under 1 sun
illumination.*®*° The PPDT2FBT:PC,,BM-based OPVs exhibi-
ted a 16% PCE with a 390 nm thick active layer under 1000 Ix
LED illumination. Even the devices with an 870 nm thick
active layer exhibited excellent indoor device performance with
a PCE of 12.5%, while only a 3.4% PCE was obtained under 1
sun illumination (Fig. 5). According to the Shockley equation,
Jsc is inversely proportional to 1 + Ry/Rgp,.>° Under 1 sun illumi-
nation, Ry/Ry, increases substantially with the increase in the
thickness of the active layer; thus, the Jsc (13 mA cm™ at
870 nm) decreased by 30% compared to the maximum Jg¢
(18.6 mA cm™> at 390 nm). In contrast, under 1000 Ix LED illu-
mination, Ry/Rs, was much lower (<0.007) compared to that
under 1 sun, and the Jgc values were thickness tolerant
(110-120 pA em~?) from 280 to 870 nm thickness.

3.2 Interfacial engineering

Along with the thickness of the active layer, the charge trans-
port layer also affects device performance significantly, since it
is directly related to the Ry and Ry, in the devices. In 2016,
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Lechéne et al. reported device optimization (PCDTBT:PC,;BM
BH]J) for indoor photovoltaic applications by varying the thick-
ness of an electron transporting ethoxylated polyethylenimine
(PEIE) layer in a conventional device configuration.>" The PEIE
thickness rarely affected the device performance under 1 sun
illumination, while the performance was affected significantly
under indoor light conditions. Thick PEIE devices exhibited a
high Ry, of 500 kQ cm? (calculated from a dark J-V curve), and
a PCE of 7.6% under simulated indoor light (310 pW cm™?)
while thin PEIE devices did not operate well (PCE of 0.7%) due
to significant leakage currents. Goo and coworkers also
reported device optimization by varying the PEIE thickness in
an inverted device configuration.>® They used P3HT:ICBA as
an active layer which is spectrally matched with common
indoor lights. Under 1 sun, the devices with a 5.6 nm thick
PEIE layer showed the highest PCE of 4.7%. Under 500 Ix LED
light, the optimum devices needed a thicker (8.5 nm) PEIE
layer, resulting in the highest PCE of 13.4%. The PEIE layer
thickness greatly influenced the dark j-V curves and Rg,; a
thicker PEIE layer provided lower leakage currents with high
R (Flg 6).

Furthermore, a bilayer of ZnO nanoparticles (ZnO NPs) and
PEIE (ZnO NPs/PEIE) was investigated as an electron transport
layer (ETL) for indoor OPVs, by comparing a single ETL of ZnO
NPs or PEIE. Shin et al compared the properties of the
inverted P3HT:ICBA-based devices with three electron trans-
port layers of ZnO NPs, PEIE, and ZnO NPs/PEIE under 1 sun
and 1000 Ix LED illumination.>® The single layer of ZnO NPs
was not suitable (PCE: 5.6%) for indoor photovoltaic appli-
cations because of the Schottky barrier induced by an energy

5800 | Nanoscale, 2020, 12, 5792-5804

level mismatch between ZnO NPs and ICBA. An unsuitable
work function (WF) of ZnO NPs originated from the absence of
ultraviolet light in the LED lamp. However, the WF of electro-
des was successfully reduced due to the formation of a dipole
moment by deposition of the PEIE layer. In addition, the ZnO
NPs/PEIE layer effectively reduced leakage currents compared
to the single layer of ZnO NPs or PEIE. As a result, the device
with ZnO NPs/PEIE exhibited excellent device performance
with a PCE of 14.1% under 1000 Ix LED illumination.

3.3 Various device architectures

In contrast to outdoor OPVs under 1 sun, low-conductivity
electrodes can be used as electrodes in indoor OPV systems;
sheet resistances of electrodes show little influence on the
device performance under low light intensity when the Ry, of
devices is large enough. The ZnO layer (which is generally
used as an ETL) without transparent electrodes (such as ITO)
can work well as a cathode of indoor OPVs (Fig. 7).>*
Surprisingly, the P3HT:ICBA BH]J devices with a ZnO (200 nm)-
electrode exhibited a 9.5% PCE under an LED lamp (500 Ix),
while the devices did not work under 1 sun illumination (PCE:
0.4%). The thickness of the ZnO layer also significantly
affected the device performances; a thickness of at least
200 nm was necessary to avoid leakage currents under indoor
LED illumination. The 50 and 100 nm thick ZnO-electrode
devices showed poor device performances with PCEs of 1.9
and 2.6%, respectively, because of significant leakage currents.

Oxide/metal/oxide (OMO) electrodes are widely used as
transparent conducting electrodes (TCEs).>> >’ Using the ZnO/
Ag/ZnO (ZAZ) electrode as the cathode in inverted OPVs,

This journal is © The Royal Society of Chemistry 2020
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efficient indoor photovoltaic devices were successfully demon-
strated.”® Under 1 sun illumination, the device performances
were similar (~4% PCEs) for both devices with ITO and ZAZ
electrodes for P3HT:ICBA-based OPVs. On the other hand,
under 500 Ix LED lamps, the ZAZ devices showed the best PCE
of 12.1% which was higher than those of ITO devices (10.4%
PCE). A significant micro-cavity effect enabled Jsc improve-
ment with enhanced light absorption.

Incorporating metal nanoparticles (such as Ag, Au, Cu, etc.)
in OPV devices can enhance the photocurrent effectively by a
surface plasmon resonance (SPR) effect.’®®' It was success-
fully proved that this strategy also works well under indoor
lights.®® By incorporating Au nanoparticles decorated with gra-
phene oxides with poly(ethylene glycol) side chains
(Au@PEG-GO) in both PEDOT:PSS and photoactive layers
(PBDTTT-EFT:PC,;BM), the PCEs greatly improved from 13.4
to 16.2% with enhanced Jy; values from 119 to 143 pA cm™
under FL (1000 Ix), compared to that of the device without
Au@PEG-GO. A similar enhancement was also observed under
a white LED (1000 Ix) with a PCE enhancement from 12.3 to
15.6% with enhanced Jg from 117 to 156 pA cm™>.

3.4 Large-area devices and stability

For further development of indoor OPVs, the device area
should be scaled up. Efficient large-area indoor OPVs based on
the PBDB-TF:10-4Cl BHJ were successfully demonstrated with
high PCEs of 26.1 and 23.9% (under a 2800 K LED lamp, 1000
Ix) with a device area of 1 cm” (spin-coated) and 4 cm® (blade-
coated), respectively, as discussed in section 2.2.>* The devices
also showed excellent stability under continuous indoor light
illumination, maintaining their original PCEs after 1000 h

This journal is © The Royal Society of Chemistry 2020

(Fig. 8(a) and (b)). The device stability is expected to be better
under indoor light, compared to that under 1 sun illumina-
tion. In addition, Cui et al. reported efficient large-area (1 cm?)
OPVs with excellent stability under continuous illumination of
indoor light.®® Using PBDB-TF:ITCC BHJs, over 20% PCEs were
obtained under 200, 500 and 1000 Ix LED (2700 K) illumina-
tion, while the same devices showed a 10.3% PCE under AM
1.5G illumination. Notably, the devices showed good stability
under 500 Ix (2700 K) LED illumination, while maintaining
over 90% of their initial PCEs after 500 h (Fig. 8(c)). (Testing
conditions: the devices were encapsulated and measured in air
at an ambient temperature of 25-30 °C with a relative humidity
of 40-60%.) However, the devices were photodegraded under
strong illumination of the white LED, wherein the intensity is
similar to that under AM 1.5G conditions. This strong illumi-
nation can increase the temperature of the device to ~45 °C,
leading to significant device degradation by approximately an
order of magnitude of their original PCEs after 160 h.

The indoor photovoltaic modules, which are composed of
series-connected unit cells, have great potential because of the
minor effect of series resistances under low light intensity. As
we discussed in section 2.1, PCDTBT:PC,;BM based modules
(with a total active area of 100 cm?) were successfully demon-
strated with a PCE of 11.2% and a P,,,, of 938 pW under the
FL lamp (300 1x).>! Arai et al. reported BDT-2T-ID:PNP-based
OPV modules with a total active layer of 9.5 cm” (series-con-
nected six single cells with 1.6 cm?® area) and an outstanding
maximum power output of 111 yW (PCE ~ 15%) was obtained
with a high Vo of 4.2-4.3 V under a 200 Ix LED lamp.*” With
the same acceptor (PNP) and a different small molecule donor
(1DTP-ID), an OPV module (total active layer area: 9.6 cm> on
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(b) Stability results of photovoltaic parameters versus time. Reproduced from ref. 32 with permission from Springer Nature. (c) Device stability of

PBDB-TF blends with PC5;BM, ITCC and IT-4F under weak and strong i

llumination. Reproduced from ref. 63 with permission from WILEY-VCH.

Indoor OPV modules. (d) Photograph of OPV modules. (e and f) J-V characteristics of TPD-3F:IT-4F-based OPV modules under AM 1.5G and FL
lamp (1000 lx) illumination, respectively. Reproduced from ref. 64 with permission from Elsevier.

Table 4 Photovoltaic properties of large-area cells and modules

Device area [cm®] Jsc Pout
Donor : acceptor (cells or modules) Light source Voc [V] [MA cm™?] FF [%] PCE [%] [kW ecm™?] Ref.
PBDB-TF:10-4Cl 4 (cells) LED (200 Ix) 1.02 18.3 74.3 23.0 13.9 32
PBDB-TF:10-4Cl 4 (cells) LED (1000 Ix) 1.07 89.5 75.3 23.9 72.1 32
PBDB-TF:PC,BM 1 (cells) LED (1000 Ix) 0.78 94.1 74.1 18.1 54.7 63
PBDB-TF:IT-4F 1 (cells) LED (1000 Ix) 0.71 113 78.0 20.8 62.8 63
PBDB-TF:ITCC 1 (cells) LED (1000 Ix) 0.96 95.8 72.2 22.0 66.5 63
PCDTBT:PC,,;BM 100 (modules) FL (300 Ix) 4.87 314 pA¢ 61.2 11.2 938 pW* 21
BDT-2T-1D:PNP 9.5 (modules) LED (200 Ix) 4.20 39.9 pA“? 66.0 ~15° 111 pW* 27
1DTP-ID:PNP 9.6 (modules) LED (200 Ix) 4.05 35.1 pA® ~66.0° ~17° 95.4 pW* 28
TPD-3F:IT-4F 20.4 (modules) FL (1000 1x) 3.21 361 70.6 21.8 40.2 64

“Note that these values are total short-circuit currents and output powers without considering the device area. ” Only approximate PCEs are
shown in these cases. © An exact value of the FF was not stated in this reference. This is an estimated value based on the other photovoltaic para-

meters in the paper.

flexible PET substrates) also showed a high PCE of ~17% with
a power output of 95.4 pW under 200 Ix (2900 K) LED illumina-
tion.?® Furthermore, over 20% module efficiency under a 1000
Ix FL lamp was successfully demonstrated by Liao and co-
workers.** TPD-3F:IT-4F showed a PCE of 13.8% in single cells
(Jsc of 20.5 mA em™>, Voc of 0.91 V and FF of 0.74) under 1
sun. Based on this BH]J system, they achieved module efficien-
cies of 10.1% under 1 sun and 21.8% under a 1000 Ix FL lamp
in a total active area of 20.4 cm? (detailed photovoltaic para-
meters are shown in Fig. 8(e) and (f)). The overall photovoltaic
parameters of the large-area cells and modules are summar-
ized in Table 4. These are good examples of indoor OPVs with
outstanding PCEs and device stability.

5802 | Nanoscale, 2020, 12, 5792-5804

4. Summary and outlook

In summary, ambient indoor lightings can provide sufficient
energy for operating various small scale and low-power con-
sumption indoor electronic devices. Indoor OPVs still have
room for further improvement with enhanced PCEs, as the
theoretical maximum efficiency at E, = 1.90-2.20 eV was calcu-
lated to be ~50% under FL lamps and LEDs. The band gap of
photoactive materials should be fine-modulated to be well
matched with specific indoor light sources, and high-Voc D: A
combinations should be explored to reduce energy loss under
indoor lights. From a device perspective, a high Ry, is essential
for highly performing indoor OPVs. Increasing the thickness

This journal is © The Royal Society of Chemistry 2020
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of the active layer or the charge transport layer (such as PEIE)
has been reported to be an effective strategy to increase Ry
with minimized leakage currents. The molecular structure of
high Ry, photoactive materials is not clear at the present stage.
Further studies on the structure-property relationship are
necessary to reveal the controlling factors to enhance the Rgp,.
In addition, because the Ry effect is not significant in indoor
OPVs, low-conductivity charge transport layers also work well
as ‘electrodes’, suggesting a broad window for indoor transpar-
ent electrodes. Although efficient indoor OPV modules have
been successfully demonstrated, showing better stability under
indoor lights compared to 1 sun illumination,**®* systematic
investigations to further improve the device stability are
necessary for real applications of OPVs as semi-permanent
indoor power-supply systems. Further studies on indoor OPVs
should be also focused on practical applications (such as
large-area, flexible, and semi-transparent devices including
modules) to find real industrial markets. Another important
issue is finding ways to standardize the photovoltaic character-
ization methods under indoor conditions. Currently light
sources, irradiance intensity, and measurement conditions are
all different among different research groups, making it
difficult to compare or evaluate the experimental results.
Similarly, with photovoltaic characterization under AM 1.5G,
standard procedures are necessary to measure accurately the
indoor photovoltaic characteristics for different indoor light
sources.
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