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ABSTRACT 

Recently, indoor photovoltaics have attracted much interest for their ability to power small 

electronic devices and sensors, especially with the growth of the Internet of Things (IoT). Due to 

their absorption covering ambient emission spectra and tunable electronic structures, π-conjugated 

polymers and small molecules are well-suited for these applications. Among many benefits, 

including their ink processability, lightweight and flexibility; indoor organic photovoltaics 

(IOPVs) show power conversion efficiencies (PCE) over 26%. It represents a power output over 

30 μW cm-2 under office light (500 lux), which is sufficient to operate many electronic devices 

and sensors with a relatively small photovoltaic area. This focus review highlights the major 

advances in the material design for IOPVs and includes some industrial insights to reach the 

production scale criteria.  
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MAIN TEXT 

In the past few years, integrated electronics emerged into many fields, ranging from packaging 

industry to medical activities. Those electronic devices can collect data without human interaction 

by using sensors. This forms large networks of connected items, commonly called the Internet of 

Things (IoT). However, these small electronic devices require small amount of energy to operate. 

Yet, batteries have a restricted lifetime, which limits their range of applications. Photovoltaic (PV) 

cells are ideal candidates as sustainable power sources for those multiple devices. Although 

standard silicon PVs show interesting properties for large-scale energy harvesting applications, 

they compose many problems when it comes to small, lightweight and portable devices for the 

IoT. They also present a lack of efficiency under ambient (indoor) lighting, where many devices 

are used.1 In the last decades, organic photovoltaic (OPV) devices were deeply studied in parallel 

to their inorganic counterparts. Their lightweight, low cost and flexibility makes them ideal for 

portable devices.2 The active materials can be processed as ink and printed through large scale 

deposition methods, such as roll-to-roll coating. The active layer is usually composed of a blend 

of n-type (electron acceptor) and p-type (electron donor) semiconductors, forming a bulk 

heterojunction (BHJ)3-5. Due to the short diffusion length of excitons in organic semiconductors, 

this nanoscale morphology maximizes their dissociation, thus charge collection to the electrodes.6 

The bandgap (Eg) of both type semiconductors composing the active layer can easily be tuned to 
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match the emission spectrum of commonly used light-emitting diodes (LED) or fluorescent (FC) 

lights. Furthermore, it has been shown that OPV cells are more efficient under variable incident 

light angles, which is not the case for silicon photovoltaic cells.7, 8 This aspect is important for 

portable devices, where the incident light angle can fluctuate. Up to date, the most efficient indoor 

organic photovoltaic (IOPV) cells have power conversion efficiencies (PCEs) over 26% under FC 

or LED.9-12 It allows a power output over 30 μW cm-2 under 500 lux of indoor illumination, which 

is enough to power sensors and communication devices with a small photovoltaic area. In 

comparison, crystalline silicon (c-Si) can achieve PCEs of 20% under LED illumination.13  

Based on these benefits, conjugated materials are continuously adapted for indoor applications. 

A hype for indoor photovoltaic technologies for the IoT has been observed over the last 5 years, 

as the number of reports mentioning both technologies increases following a similar trend 

(Figure 1). The progress in the material design for IOPVs will be the topic of this focus review.  

 

Figure 1: Graph of the number of publications with mention of ‘‘Indoor Photovoltaics’’ and 

‘‘Internet of Things’’ over the last decades. Data were taken from Web of Science database on 

January 6th, 2020. 
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Material and device specifications for IOPVs 

Material design for IOPVs differs slightly from that developed for organic solar cells (OSCs). 

First, common light sources like FC and LED emit from 400 to 700 nm, equivalent to energies 

between 1.8 and 3.0 eV (Figure 2). Conjugated semiconductors must then have absorption 

covering this region. Furthermore, the light intensity from indoor radiance is about 100 to 1000 

times lower than the sunlight. Therefore, a lower current density (Jsc) is produced from these 

devices, due to a lower charge generation. This factor decreases the charge recombination rate and 

consequently, the fill factor (FF) of the device increases.14 The thickness of the active layer also 

has less impact on the FF. The thickness independence is crucial for the large-scale production of 

organic solar cells, where roll-to-roll printing is considered as the main deposition method.15-17 

This printing technique is less accurate in term of thicknesses than the usual spin coating method 

used in laboratory scale.18  Furthermore, the open-circuit voltage (VOC) is affected by the lower 

incident light intensity.19-23 It decreases as function of the logarithm of the device photocurrent, 

expressed as  

𝑉𝑉𝑂𝑂𝑂𝑂 ≈
𝑛𝑛𝑛𝑛𝑛𝑛
𝑒𝑒
𝑙𝑙𝑙𝑙 𝐼𝐼𝑝𝑝ℎ

𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
 (1) 

where n is the ideality factor, k the Boltzman constant, T the temperature, e the elementary 

charge, Idark the dark current and Iph the photocurrent. It can be deduced from equation 1 that higher 

VOC are obtained with materials leading to low dark current, i.e. high bandgap semiconductors.24-

26 Thus, the VOC reduction (ΔV) between indoor and outdoor illumination can be estimated as 

𝛥𝛥𝑉𝑉 ≈ 𝑛𝑛𝑛𝑛𝑛𝑛
𝑒𝑒
𝑙𝑙𝑙𝑙 𝐼𝐼𝑝𝑝ℎ,𝑠𝑠𝑠𝑠𝑠𝑠

𝐼𝐼𝑝𝑝ℎ,𝑖𝑖𝑠𝑠𝑑𝑑𝑖𝑖𝑖𝑖𝑑𝑑
. (2) 
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Further estimations of the light dependence on ΔV have been explained by So and coworkers,19 

by eliminating the impact of infrared light absence in common indoor lighting. More precisely, it 

is estimated that the energy loss is around 0.2 eV higher under ambient lighting,9, 27 where 

𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 =  𝐸𝐸𝑔𝑔 − 𝑒𝑒𝑉𝑉𝑂𝑂𝑂𝑂. (3)  

  

  

Figure 2: Spectral emission of common ambient light sources and the solar spectrum at AM 1.5G. 

(Data were plotted from Hou et al.9, 28 and the energy axis was calculated from the Planck-Einstein 

relation)  

Another issue related to ambient lighting of organic photovoltaic cells is the light-soaking of 

metal-oxide as electron transporting layer (ETL), commonly ZnO or TiOX. These ETL are utilized 

in inverted architectures, which are often prioritized due to their higher stability.29 However, such 
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devices have to be exposed to UV light in order to reduce the energy barrier between the work 

function of ITO and the conductive band of the ETL.30 Because of the lack of UV radiance from 

ambient light, it results in a major decrease of the FF. Some reports demonstrated a reduction of 

the light-soaking issue by doping the ZnO ETL with salts31, 32 or metals,33 which could be used for 

IOPVs. It was also shown recently that the addition of polyethyleneimine ethoxylated (PEIE) on 

top of the ZnO layer could increase the FF and solve this issue for IOPVs.34 

 

Donor materials for fullerene-based IOPVs 

Recently, Chung et al.10 demonstrated the first IOPV cell with efficiencies superior to 25% with a 

small molecule called BTR (Figure 3), previously developed by Jones and coworkers.35 When 

processed with the wide-bandgap PC71BM as electron acceptor, PCEs up to 26.2% were obtained 

under 200 lux and 28.1% under 1000 lux of FC illumination (Table 1). The relatively low energy 

level of the highest occupied molecular orbital (HOMO) of BTR enables a VOC of nearly 1V under 

one sun, thus a lower fraction of voltage is lost due to the lower light intensity. A VOC of 0.79V 

was measured under ambient conditions, which represents a ΔV of 0.21V. It was assumed that a 

post-treatment such as solvent vapor annealing could decrease the VOC of the devices. It is probably 

due to the increased crystallinity of BTR, leading to a higher HOMO energy level. Nonetheless, 

such treatment increases the JSC, FF and PCE. BTR is also known to be efficient when processed 

in non-halogenated solvents and printed by slot-die coating, which is necessary to the large-scale 

viability of this approach.36 Slot-die coated photovoltaic cells can be reproduced by roll-to-roll 

coating more easily.37  
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Figure 3: Molecular structure of donor materials mentioned for IOPVs. 
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Table 1: Fullerene-based IOPV results under different illumination 

Donor Fullerene 
acceptor 

Active 
layer 

thickness 

(nm) 

Light 
Source 

Light 
Intensity 

(lux) 

Jsc 

(μA cm-2) 

FF 

(%) 

Voc 

(V) 

Pout 

(μW 
cm-2 

PCE 

(%) 

Ref 

BTR PC71BM 220 FC 1000 133 75 0.79 78.2 28.1 [10] 

1DTP-ID PNP 150-190 LED 
(2900 K) 

200 24.6 68 0.67 11.2 19.3 [38] 

2DTP-ID PNP 150-190 LED 
(2900 K) 

200 22.8 63 0.72 10.3 17.8 [38] 

PPDT2FBT PC61BM - LED 
(2800 K) 

1000 94.6 69.8 0.62 41.3 13.8 [39] 

PPDT2FBT PC71BM 280 LED 1000 124.8 56.7 0.579 - 14.6 [40] 

PPDT2FBT PC71BM 390 LED 1000 117.1 65.2 0.587 44.8 16.0 [40] 

PPDT2FBT PC71BM 760 LED 1000 113.1 59.2 0.574 - 13.7 [40] 

PDTBTBz-
2Fanti 

PC71BM 250 LED 1000 112.4 70.4 0.817 66 23.1 [41] 

WF3 PC71BM - LED 500 58.3 64.2 0.57 - 12.4 [42] 

WF3S PC71BM - LED 500 60.4 65.7 0.61 - 14.1 [42] 

WF3F PC71BM - LED 500 63.6 67.4 0.69 - 17.1 [42] 

PM6 PC71BM ~100 LED 
(2700 K) 

1000 94.1 74.1 0.784 54.7 18.1 [43] 

PCDTBT PC71BM 70 FC 300 27.7 69.3 0.72 13.9 16.6 [19] 

PCDTBT: 
PDTSTPD 

PC71BM 85 FC  
(2700 K) 

300 33.3 63.5 0.73 15.4 20.8 [27] 

PTB7-Th PC71BM - LED 1000 141.1 44.5 0.57 - 12.79 [11] 

PBDB-T PC71BM - LED 1000 135.0 48.6 0.61 - 14.24 [11] 

PBDB-T: 
PTB7-Th 

PC71BM - LED 1000 158.0 53.6 0.63 - 19.0 [11] 
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Additionally, new donor small molecules, namely 1DTP-ID and 2DTP-ID (Figure 3), were 

specifically designed as indoor light harvesting materials.38 These materials are based on a 

dithieno[3,2-b:2’, 3’-d]pyridin-5(4H)-one (DTPO) core, which has weak electron donating 

properties.44, 45 The two semiconductors have an optical bandgap of 1.65 eV and 1.70 eV, 

respectively; which overlaps well with the warm LED (2900 K) emission spectrum. Indeed, the 

power conversion efficiencies reported for both materials under warm LED illumination 

approached 20% for 1DTP-ID and 18% for 2DTP-ID. The acceptor material chosen for the BHJ 

was a pyrrolidine-fused fullerene derivative, PNP,46 which presents similar electronic properties 

to PC61BM.  

Wide bandgap conjugated polymers are also excellent candidates as donor materials for IOPVs. 

Among the vast choice of semiconductors, PPDT2FBT47 and PDTBTBz-2Fanti
48 (Figure 3) show 

promising properties to reach the industrial scale, both for their simple synthesis and 

processability. As shown by Welch’s group,39 PPDT2FBT can be processed by slot-die coating in 

non-halogenated solvents, such as o-xylene. Still, it offers a PCE of 13.8% under 1000 lux of warm 

white LED, when mixed with PC61BM (Table 1). The thickness dependence of the active layer 

was also studied by Shim et al.40 Interestingly, devices made from PPDT2FBT and PC71BM 

showed PCEs over 13%, when illuminated by 1000 lux of LED, for active layer with thicknesses 

varying from 280 to 760 nm. As mentioned earlier, this factor is crucial for up scaling the 

production of organic photovoltaic cells. In comparison to PPDT2FBT, PDTBTBz-2Fanti 

demonstrates a higher PCE of 23.1% under similar conditions.41 It can be explained by a high VOC 

of 0.817V, due to the lower HOMO energy level of the polymer and its larger bandgap.  

Moreover, Lee et al. designed a series of D – A copolymer based on BDT and quinoxaline 

subunit.42 The three polymers, WF3, WF3S and WF3F (Figure 3), are distinct by the variation of 
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the alkyl side chains and addition of fluorine substituents upon the BDT moiety. The photovoltaic 

properties of the three polymers blended with PC71BM were studied under indoor and 1 sun 

conditions. The fluorinated analog shows higher PCEs under both illumination conditions. It was 

explained that fluorine atoms are effective to reduce the trap-assisted recombination losses. 

Furthermore, fluorine substitution is well-known for stabilizing the HOMO energy level of 

conjugated polymers.49, 50 Thus, both effects increased the VOC of WF3F analog, leading to high 

PCEs of 17.1% under indoor conditions, compared to 12.4% and 14.1% for WF3 and WF3S, 

respectively. Those decent efficiencies are also explained by balanced hole and electron mobilities 

of the polymer:PC71BM blend, which increases the FF and JSC.51, 52  

Among the most popular p-type polymers for OPVs, PBDB-T and its derivatives still show the 

best PCEs, especially with NFAs under solar simulation.53-59 The fluorinated homolog, PBDB-T-

2F (PM6, Figure 3), showed a PCE up to 17 % in OSC.54, 60 Its optical bandgap of 1.80 eV is ideal 

for indoor light absorption and small voltage loss. Hou et al. showed interesting performance for 

1 cm2 IOPV devices, where VOC of 0.784V and PCE of 18.1% were obtained under 500 lux of 

2700K LED, for a PM6:PC71BM blend. Active areas of 1 cm2 show more representative 

photovoltaic characteristics of large-scale modules, since several energetic losses, such as 

electrical and geometrical losses increase with the size of the cell.61-64 Additionally, the film 

inhomogeneity and defects are more recurrent on enlarged areas, which can significantly decrease 

the efficiencies of the devices.  

Another well-suited donor polymer for IOPVs is PCDTBT (Figure 3), known for its high 

efficiencies in OSC. The deep HOMO energy level and high bandgap lead to a high VOC and good 

light absorption in the visible spectrum.65-68 This polymer also has good thermal and 

photochemical stabilities under outdoor conditions.69, 70 Due to its low HOMO energy level at -5.5 
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eV, it is relatively stable against oxidation and high temperatures, which is an important feature 

for IOPVs. Furthermore, it was an industrial prospect for large-scale photovoltaic modules.71 It 

was first studied for indoor applications with PC71BM as electron acceptor material, where PCEs 

over 16% were measured under 300 lux of  FC lighting.19 Additionally, the PCDTBT:PC71BM 

system has been reported for a 8 pixels large area module (100 cm2). Under the same illumination, 

this IOPV afforded a maximum PCE of 11.2%. This example shows the potential of IOPV on large 

scale modules. More recently, So and coworkers27 developped a ternary blend, using PCDTBT 

and PDTSTPD (Figure 3) as a co-donor material to reach PCEs over 20% under FC illumination. 

The high efficiencies could be attained due to the low HOMO energy level of the ternary material. 

VOC of 0.89V under 1 sun and 0.73V under FC or LED lighting can be achieved for this blend. 

Furthermore, the co-donor PDTSTPD enhances the FF, explained by an increase of hole mobility 

of the BHJ and more balanced charge mobilities with PC71BM.  

Additionally, the PTB7-Th:PC71BM  (Figure 3) blend is also well-known in the OPV research 

field, where PCE over 9% can be measured under 1 sun.72 Under indoor conditions, this blend 

achieves average PCE of 12.79%.11 However, by using PBDB-T blended with 10% wt% of PTB7-

Th and PC71BM, it can attain PCEs up to 18.99%. The second donor material (i.e PTB7-Th) mainly 

increases the JSC. Compared to the PBDB-T:PC71BM binary system, it improves the PCE by 33%, 

where PCE up to 14.24% were measured. This is explained by the complementary absorption of 

PTB7-Th which increases photon absorption. Further optimization of this BHJ with a second 

acceptor material will be discussed later in this review.  

 

Acceptor materials for IOPVs 
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Upon the major advances in organic photovoltaics in the past few years, the transition from 

fullerene to non-fullerene acceptors (NFAs) is clearly the most significant one. Among the 

improvements to the active layers, NFAs allow better photon absorption in the visible region and 

easier modulation of the molecular orbital and optical bandgap energies.73 Consequently, they are 

ideal candidates for IOPVs, when considering that high VOC of the device is essential. Thus, 

materials with high bandgaps and relatively high lowest unoccupied molecular orbital (LUMO) 

energy levels can be designed.  

 

Figure 4: Molecular structures of (a) ITIC (X:H), ITIC-M (X: one methyl and one H on each end 

group), ITIC-4F (X: F), ITIC-4Cl (X: Cl), (b) IO-4Cl and (c) ITCC. (d) Molecular energy diagram 

of previous compounds measured by cyclic voltammetry. (*) LUMO level calculated from optical 

bandgap. (**) Energy level measured from ultraviolet photoelectron spectroscopy (UPS).  
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Table 2: Non-fullerene based IOPV results under different illumination 

Donor Non-
fullerene 
acceptor 

Light 
Source 

Light 
Intensity 

(lux) 

Jsc 

(μA cm-2) 

FF 

(%) 

Voc 

(V) 

PCE 

(%) 

Pout 

(μW 
cm-2 

Ref 

PM6 IO-4Cl FC   
(2700 K) 

1000 73.8 81.5 1.09 26.4 65.6 [9] 

PM6 IO-4Cl LED 
(2700 K) 

1000 90.6 79.1 1.10 26.1 78.8 [9] 

PM6 IT-4F LED 
(2700 K) 

1000 113 78.0 0.712 20.8 62.8 [43] 

PM6 ITCC 

 

LED 
(2700 K) 

1000 95.8 72.2 0.962 22.0 66.5 [43] 

PPDT2FBT ITIC-M LED 
(2800 K) 

1000 77.4 54.4 0.63 8.9 26.6 [39] 

PPDT2FBT ITIC-F LED 
(2800 K) 

1000 96.9 37.2 0.45 5.4 16.1 [39] 

PPDT2FBT TPDI2N-EH LED 
(2800 K) 

1000 66.8 51.0 0.84 9.6 28.7 [39] 

PBDB-T ITIC-
Th :PC71BM 

LED 1000 157 65.1 0.72 26.4 - [11] 

CD1 PBN-10 FC 1000 120 66.2 1.14 26.2 91 [12] 

 

Following that trend, a new NFA named IO-4Cl has been specifically developed by Hou et al. 

for IOPV applications.9 The material design is based on an A-D-A structure, since this strategy 

has shown to be promising for NFAs.74-80 The electron acceptor unit are placed as end groups of 

the molecular backbone to facilitate the intermolecular electron transfer. IO-4Cl uses the ITIC core 

(indacenodithieno-[3,2-b]thiophene) as the electron-donating fragment of molecule, which is 

known for its promising properties for solar cells.81 The rigid core is composed of two sp3 
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hybridized carbon atoms. Due to the steric hindrance of the aromatic side chains, it reduces self-

aggregation upon the donor moiety. The fused ring also restrains the rotational disorder, which 

decreases the reorganization energy. Accordingly, it reduces the energy (and voltage) loss in 

OPVs.81-86  In contrast to IT-4Cl,87 the electron-accepting unit are composed of two carbonyl units, 

one of which substitutes the more electron-withdrawing malononitrile group (Figure 4). This 

modification increases the LUMO energy level of the material, therefore the optical bandgap 

increases from 1.48 to 1.80 eV (Figure 4). When blended with PM6 as donor material, IO-4Cl-

based IOPVs attained PCEs over 26% under 1000 lux LED or FC. The stability measurements 

were also performed under continuous indoor illumination. The photovoltaic cells maintained most 

of their initial PCE after 1000 hours. Furthermore, large area cells of 4 cm2 were fabricated for this 

blend using blade-coating deposition. PCEs up to 23.9 % were measured under the same indoor 

illumination. The molecular design of IO-4Cl was based on density functional theory (DFT) and 

time-dependent (TD)-DFT calculations to predict the electrostatic potential and the absorption 

spectrum.  

Indacenodithienothiophene-based NFAs are commonly used for OPV applications.79, 80, 88 A 

wide variety of analogs were studied by Hou et al.9, 43 and Welch et al.39 under indoor radiance. 

As a result, it is possible to compare the impact of the molecular energy levels of the active 

materials on the photovoltaic properties. First, PM6:ITIC-4F89 and PM6:ITCC90 blends were 

tested  and compared under LED illumination. The two NFA structures differ by the presence of 

the more electron-donating thiophene moiety from the difluorinated benzene on the end groups. 

This substitution mainly increases the LUMO energy level, thus the bandgap. Interestingly, ITCC 

and PM6 show HOMO energy levels with nearly the same energy. It has been demonstrated that 

small HOMO offset leads to small hole driving force between the acceptor and donor materials, 
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but a reduced Eloss.91-93 Together with its higher bandgap, ITCC-based photovoltaic devices 

resulted in a high photovoltage of 0.962V and a PCE of 22.0% under 1000 lux of LED, for an 

active area of 1 cm2. It is also noted that the ΔV between solar and indoor simulation is only 

0.138V, compared to 0.160V for ITIC-4F-based devices. Nonetheless, PM6:ITIC-4F blend 

showed a higher JSC, but a lower PCE of 20.8% under same environment. The device stabilities 

were also measured after being continuously illuminated under strong or weak light intensities for 

160 hours. The devices kept 90 % of their initial PCE under weak illumination, but only 15% under 

strong illumination. Very recently, Son and coworkers94 developed ITIC-4F-based IOPV cells with 

PM6 and its chlorinated analog PBDB-TSCl (Figure 5). The chlorinated material led to PCE of 

21.53% under 500 lux FC illumination. It also exhibited higher thermal stability than PM6. After 

being heated at 100 °C for 34 hours, PBDB-TSCl only lost 5% of its initial PCE, compared to 25% 

for the fluorinated counterpart. This is explained by a more stabilized morphology under thermal 

stress. 

A similar comparison has been made between ITIC-4F and ITIC-M95 with PPDT2FBT as the 

donor polymer. In contrast to ITIC-4F, ITIC-M possesses electron-donating groups, which 

increase both the LUMO energy level and the bandgap. Thus, higher VOC were observed under 

1000 lux of warm LED for ITIC-M:PPDT2FBT devices, with 0.63V versus 0.45V for ITIC-

4F:PPDT2FBT blend. It represents a ΔV of 0.27V and 0.32V, respectively. Moreover, it is 

interesting to note that all devices were processed via non-halogenated solvents by slot-die coating.  

A new NFA based on perylene diimide (PDI) unit was also designed by the same group. PDI is 

a promising unit to design new NFAs, particularly because of its low cost, strong molar absorption 

in the visible range, tunable optoelectronic properties and good charge transport.96-100 TPDI2N-EH 

(Figure 5) showed a wide optical bandgap of 2.22 eV, leading to photoabsorption between 400 and 
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600 nm, complementary to PPDT2FBT. Furthermore, the LUMO energy level of -3.6 eV allows 

a high VOC, where ΔLUMO between donor and acceptor material is only 0.1 eV. Under indoor 

conditions previously mentioned, TPDI2N-EH:PPDT2FBT blend achieved a VOC of 0.84V, 

representing a small ΔV of 0.18V. Consequently, the PCE increased by more than 2 fold under 

ambient conditions, to reach a value of 9.6%. As a comparison, PCEs increased by around 30% 

for ITIC-M blend and dropped by 30% for ITIC-F blend. Note that higher efficiencies were 

measured under higher light intensities.  

 

Figure 5: Molecular structure of donor (CD1 and PBDB-TSCl) and acceptor (PBN-10 and 

TPDI2N-EH) materials mentioned for non-fullerene IOPVs. 

 

Furthermore, all-polymer photovoltaic cells have also shown interesting properties for IOPVs. Liu 

and coworkers12 developed an all-polymer blend from CD1101 (polymer donor) and PBN-10102 

CD1 PBN-10 

PBDB-TSCl TPDI2N-EH  
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(polymer acceptor, Figure 5). Both polymers show light absorption below 700 nm, which is ideal 

for indoor light harvesting applications. A maximum PCE of 26.2% was obtained under 1000 lux 

of FC lighting, with high VOC
 of 1.14V.   

Finally, a ternary blend based on a 1D:2A BHJ has been developed, using PBDB-T as the p-type 

semiconductor and ITIC-Th103 and PC71BM as acceptors.11 It was shown that the NFA enhanced 

molecular packing and morphology of the active layer, which limits charge recombination. The 

optimized devices obtained PCEs of 26.4%, with VOC of 0.72V, under 1000 lux LED. Furthermore, 

the NFA greatly increased the morphological stability of the BHJ under thermal stress. This is 

explained by the low diffusion of ITIC-Th within the active layer, which therefore maintain the 

initial morphology. After exposed at 60 °C for 100h, the IOPV devices kept 89.7% of their initial 

PCE. This aspect is essential as IOPVs move toward production scale. 

 

Design perspectives of indoor organic photovoltaics 

Clearly, results discussed in this focus review showed the great potential of π-conjugated 

materials for indoor photovoltaics. However, only few examples reported novel organic materials 

specifically designed for IOPVs. Recent developments in the material design of NFAs led to 

impressive results in OSC.104 However, most materials used in solar cells must be revised to better 

fit with the emission spectrum of ambient illumination, mostly by increasing their optical bandgap. 

Different strategies have already shown to increase the bandgap of NFAs, such as increasing the 

electronic density of the electron acceptor moieties9, 95, 105, 106 or by twisting the main-chain in the 

molecular backbone.107, 108 Indeed, because the LUMO is mainly located on the end groups, the 

energy level can be tuned in function of its electronic densities.75 For example, ITCC shows higher 

LUMO energy level than ITIC (and slightly higher HOMO energy level), owing to the fused 
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thiophene (Figure 4). Also, the backbone planarity impacts the electron delocalization upon the 

molecular structure, which also decreases the bond length alternation (BLA). Both factors reduce 

the bandgap energy, which is unfavorable for IOPV. Furthermore, most reports mentioned in this 

focus review showed the importance of the VOC upon the PCE under ambient illumination. 

Fullerene-based devices often demonstrate a reduced VOC compared to NFA-based IOPVs, 

explained by higher VOC losses and a better alignment of NFA energy levels with the donor 

material. It is crucial to target this factor to further increase the efficiencies of IOPV cells. 

Regarding the device design, one has to look at the energy levels of the semiconductors and their 

bandgaps to maximize the JSC and VOC. As mentioned earlier, optical bandgaps over 1.7 eV are 

required to harvest indoor light. Complementary absorptions of donor and acceptor molecules are 

also necessary to increase the photocurrent. Thus, the addition of a ternary material well-matched 

for indoor illumination could increase the light absorption and JSC of the IOPV cell.109 

Furthermore, the VOC can be tuned in a multicomponent system by selectively choosing a third 

component causing an energy cascade alignment.110, 111 For instance, ternary blend composed of 

both fullerene and non-fullerene acceptors (e.g. PBDB-T: ITIC-Th/PC71BM blend)11 could 

increase both JSC, due the complementary optical gaps of the semiconductors, and VOC, with the 

better matched electronic levels of NFAs. For the molecular design approach, one promising 

strategy is based on a decrease of the electron-withdrawing properties of the acceptor fragment in 

the A-D-A structure,112 as shown for IO-4Cl. This strategy could be utilized for a wide variety of 

low bandgap NFAs. It would increase the LUMO energy levels and bandgap; hence higher VOCs 

would be attainable. For example, the IO-4Cl end group (5,6-dichloro-1H-indene-1,3(2H)-dione) 

could be used for many NFA cores, like that of the Y6 family.104 An increase of the bandgap would 

be expected. Also, a low HOMO energy level for the p-type semiconductors is required to 
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maximized the VOC. One strategy could be the halogenation of these donor materials, which would 

stabilize both HOMO and LUMO energy levels, while improving the charge transport properties. 

49, 113 114 

More importantly, one has to look at industrial requirements for large-scale processing of IOPVs. 

One of the main aspects sought is the processability of the materials by roll-to-roll coating. Thick-

film devices should be prioritized when processed by spin-coating deposition. As shown earlier, 

IOPV fullerene-based devices may have active layers over 200 nm when exposed to ambient 

illumination, which is then easier to reproduce by large scale printing methods. This was also 

reported for IO-4Cl based device,9 where an active layer of 179 nm could afford PCE of 23.9% 

under 1000 lux LED. The thickness independence on the photovoltaic performance may be 

explained by the series/shunt resistance ratio (RS/RP), which is related to the charge mobilities and 

crystallinity of the BHJ.115, 116 Low or unbalanced charge mobilities lead to space charge 

accumulation, thus higher recombination for thicker BHJ-based devices.40, 117-119 However, under 

low light intensity, this effect decreases. Other scale-up factors were investigated in many studies. 

Among them, the different deposition processes, the increased module area and the ink deposition 

in non-toxic solvents are still issues to be solved for large-scale production of OPVs and IOPVs.120  

Different strategies have been utilized to modulate the solubility of conjugated polymers and 

small molecules, mainly by modifying the alkyl side chains. For example, the addition of longer 

side chains or polar side groups on various organic semiconductors has already shown to increase 

their solubility in non-toxic solvents.55, 58, 121, 122 High-boiling point solvents and co-solvents are 

also to be avoided, due to the long drying time at large scale. The processing has to be made under 

ambient conditions, which includes humidity and oxygen.123 Thus, the active materials must be 
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stable under variable environments. Indeed, glovebox-tested materials are not necessarily 

reproducible at the production scale. 

Another very important parameter is the stability of the devices. One of the most important 

market for IOPVs is the replacement of small batteries powering sensors, so that the maintenance 

of many wireless devices can be reduced. IOPV devices must be stable for at least 80% of their 

initial efficiencies for over than 10 years to replace the battery market for the IoT. Furthermore, 

the PCE of the device should be above 20% under radiance of 500 lux for the targeted applications, 

resulting in power output around 30 μW cm-2. As previously shown, several IOPV cells already 

show good stability under indoor illuminations. These promising properties might be explained in 

part by the absence of UV light and lower radiance in indoor illuminations, which may reduce the 

“burn-in” effect.124 It was also shown that C60 fullerene can be photo-dimerized, which is 

unfavorable for the BHJ morphology and efficiencies. Lower light intensity could reduce this 

undesired reaction. Also, for PBDB-T:PC71BM blend, it was shown that using a ternary non-

fullerene component improves the morphological stability of the BHJ. This approach could be 

used on various polymer:fullerene-based systems. Finally, the transition from spin-coating to 

larger deposition methods is greatly encouraged as the technology moves forward to large-scale 

printing. Several devices were made using blade coating or slot-die coating, which are more 

relevant for industrial processes.  

Another issue that needs to be resolved for the development of IOPVs, is the standardization of 

indoor measurements, i.e. the emission spectrum and intensity of the light source. Numerous 

reports only mentioned results under 1000 lux, which often leads to higher PCEs than with lower 

radiances, for reasons explained in this focus review. However, radiance of 1000 lux is present 

mainly in commercial buildings (e.g. supermarkets, warehouses). It is not representative for many 
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devices connected to the IoT. A lower light intensity of 200 to 500 lux would be suggested, as it 

would better illustrate the photovoltaic properties for the intended applications. As for the light 

source, a proposal of different spectrum has already been made following photovoltaic 

simulations.125 However, by looking at practical applications, LEDs show a longer lifespan and 

are more energy and cost effective than FC. This light source should be considered as standard for 

indoor illumination.  

In summary, a lot of organic semiconductors have been developed over the last two decades for 

organic electronics. The insights gained over the years should then allow the design of new 

materials with the required characteristics for ambient light harvesting applications. Among the 

next target for IOPV studies, the stability of the devices should be highlighted since this factor is 

crucial. Ultimately, the main objective is to develop efficient and stable IOPV devices, processed 

in non-toxic solvents by large-scale deposition methods. As the demand for power sources for the 

IoT increases, IOPV materials could reach the production-scale quickly if they meet these criteria. 

We are confident that breakthroughs in the domain will soon lead to devices with PCE approaching 

30% under ambient conditions.  
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QUOTES 

“Up to date, the most efficient indoor organic photovoltaic (IOPV) cells have power conversion 

efficiencies (PCEs) over 26% under FC or LED. It allows a power output over 30 μW cm-2 under 

500 lux of indoor illumination, which is enough to power sensors and communication devices with 

a small photovoltaic area.” 

 

“[…] common light sources like FC and LED emit from 400 to 700 nm, equivalent to energies 

between 1.8 and 3.0 eV. Conjugated semiconductors must then have absorption covering this 

region.” 

 “IOPV devices must be stable for at least 80% of their initial efficiencies for over than 10 years 

to replace the battery market for the IoT.” 

 


