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Introduction

The increasing demand for low-power Internet of Things (loT) devices for indoor applications
is driving significant advances in the electronics and semiconductor industries, particularly in
the design and development of ultra-low-power I0T systems (Figure 1). This surge in demand
is also stimulating the growth of high-performance indoor photovoltaic (IPV) systems?. Solar
energy's inherent sustainability aligns with global environmental goals, offering substantial cost
savings and reducing the carbon footprint of 10T systems. Organic solar cells (OSCs) are
emerging as an up-and-coming solution for powering 10T devices due to their sustainability,
flexibility, and autonomy in various industrial and sectoral applications?2. Indoor IoT devices
serve multiple purposes, including home automation, industrial process control, retail analytics,
and intelligent building management. Given the predominance of indoor 10T deployments,
integrating OSCs with these devices to harness ambient light offers significant potential to
enhance environmental sustainability and minimize reliance on traditional power sources,
thereby eliminating the need for frequent battery replacement or external power supplies.
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Figure 1. Growth of 10T Devices and the Expanding Market for Photovoltaic Applications (BIPV, IPV,
and PV for Telecom and Remote Sensing)?.

Unlike conventional solar cells made from inorganic materials such as silicon, OSCs offer
several advantages for indoor applications. These include high tunability, excellent light
absorption, sustainability, flexibility, low-cost production, semi-transparency, and efficient light-
harvesting capabilities. Their flexible and lightweight nature facilitates integration into various
indoor environments without compromising aesthetics or functionality. The high tunability of
OSCs allows the molecular optical properties to be easily tuned to match the indoor light
emission spectrum. Furthermore, the lifetime of OSCs in indoor environments is considerably
extended compared to their outdoor counterparts due to reduced exposure to harsh
environmental conditions such as UV radiation, humidity, and temperature fluctuations.

Despite significant advancements in organic photovoltaic (OPV) performance under outdoor
conditions over the last decade, innovative approaches are still required to improve their power
conversion efficiency for indoor applications. Indoor organic photovoltaics (OPVs) face unique
challenges that hinder their performance, such as spectral mismatch between conventional
solar cell materials and indoor light sources, low-intensity lighting typical of indoor
environments (100-1000 lux), and increased sensitivity to low-light conditions. Furthermore,
achieving high open-circuit voltage (Voc) and maximizing short-circuit current density (Jsc)
under low-light conditions remain key obstacles. Recent developments have demonstrated
that OPVs can achieve impressive indoor power conversion efficiencies (PCEs) exceeding
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36% under 1000 lux light-emitting diode (LED) illumination by using non-fullerene acceptors
(NFAs) optimized for the visible light spectrum*. The efficiency of OPV devices is influenced
by various factors, including the selection of donor and acceptor materials, their optoelectronic
properties, the nanoscale morphology of the photoactive blends, the thickness of the
photoactive layer, the blend ratio, the use of additives, the choice of solvent, and the
processing conditions. Optimizing these parameters is crucial in improving OPV technologies'
performance and practicality for indoor environments. Our research will explore several
strategies to develop photoactive layer materials that specifically absorb in the blue region
(about 400-500 nm) of artificial light sources, such as white LEDs. Conventional OPV materials
are primarily optimized for outdoor sunlight and typically exhibit poor absorption in the blue
range. This limitation reduces the efficiency of charge generation under indoor lighting
conditions, where the blue light of LEDs is particularly prominent. To address this issue, our
work focuses on creating new photoactive materials that are more sensitive to blue
wavelengths, thereby improving charge carrier generation and overall device performance in
indoor environments.

The manuscript consists of five chapters that cover these challenges in-depth and present
innovative solutions to advance the field of IOPVs:

The first chapter provides a comprehensive bibliographical study of OSCs for indoor
applications. It presents an overview and analysis of the state-of-the-art OSCs for indoor
applications. It examines light sources for IPVs, the working principles of OPVs, essential
characteristic parameters, and different architectures. In addition, recent progress in
developing donor and NFA materials for indoor applications will be discussed.

In the second chapter, we delve into the comprehensive process of fabricating OPV devices
at the laboratory scale and characterizing their optoelectronic properties. This study was
conducted at XLIM, under the supervision of Bernard Ratier and Johann Bouclé, in
collaboration with the Laboratoire de Physique des Nanomatériaux et Energie (LPNE) in
Belgium, led by Philippe Leclére. The focus is on evaluating the performance of OPV devices
through a series of advanced characterization technigues that explore the morphological,
optical, and electrical properties of OSCs. Notably, a dedicated setup for indoor J-V
characterization is presented, emphasizing the importance of this analysis in evaluating device
performance under indoor lighting conditions.

The third chapter introduces and explores a new platform of electron acceptor compounds
based on heptazines as NFAs for indoor applications®’. Heptazines are indeed good
candidates as NFA for indoor organic photovoltaics due to their particular electronic properties
and their electronic gap, which can be modulated in the blue region of the light spectrum?. In
particular, they have a very high nitrogen/carbon atomic ratio, which gives them a highly
electro-deficient character. Their integration into OPV components can also allow the
development of more efficient devices for energy harvesting under indoor lighting, potentially
semi-transparent, and targeting high operating voltages (of the order of Volt) required for most
loT applications without having to make a series association of cells and therefore considerably
simplify the energy harvesting module. This project is thus part of a close collaboration with
Prof. Pierre Audebert at the Laboratory of Photo-physique et Photo-chimie Supramoléculaire
et Macromoléculaires (PPSM — Université Paris-Saclay, ENS Paris-Saclay, CNRS) and at
XLIM, who is the originator of an original synthesis method for heptazine derivatives of interest
for optoelectronics and photocatalysis®. Initially, several non-optimized derivatives were
considered for this application, and later, new derivatives with electronic gaps closer to the
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blue region were targeted: TDPH, 2,4-diF-heptazine, and 2,4-dimethyl-heptazine. We use
different donor material to process D/A blends with these heptazines, to measure their optical
and electrical properties, and to characterize their JV characteristics and external quantum
efficiency (EQE).

The fourth chapter investigates an active layer blend based on PF2, a fluorinated polymer
donor, and ITIC, a small-molecule NFA, with a focus on optimizing their performance for IPV
applications. PF2 demonstrates impressive light-harvesting capabilities with an absorption
spectrum ranging from 400 to 750 nm, well-matched to the emission spectra of indoor artificial
light sources (400-730 nm)1%1t, This chapter examines various aspects of the PF2:ITIC blend
for indoor photovoltaic energy conversion, including optimization of the blend ratios, solvent
selection, and active layer thickness. These parameters are systematically varied and studied
to achieve the best possible PV performance under indoor LED lighting conditions.

In the final chapter of this thesis, we shift focus to explore a different aspect of the OPV
technology, specifically their performance under outdoor conditions and the challenges posed
by UV-induced degradation??. We explore a novel approach which aims at improving the
stability of OSCs through the integration of S-tetrazine (NITZ) molecules with hemicellulose for
luminescent downshifting (or LDS) applications'®. One of the critical challenges for OSCs in
outdoor environments is their high sensitivity to ultraviolet (UV) light, which accelerates
degradation and reduces device lifetime. The LDS strategy, which involves absorbing UV light
and re-emitting it as visible light, is proposed as a potential solution to mitigate the negative
effects of UV exposure and improve the long-term stability and performance of OSCs.
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Chapter I. OPVs: The shift from outdoor to indoor applications

I.1. Historic of OPVs

Electrification with renewable energy can substantially reduce CO, emissions, which is an
urgent requirement for the sustainable development of humanity on earth. Renewable power
sources, increasingly cost-competitive compared to fossil fuels, also offer health and socio-
economic benefits. To meet climate goals, the share of renewable energy in global energy
consumption must increase from 19% in 2017 to 65% by 2050, with PV systems contributing
significantly. Solar energy, in particular, is a mature, scalable technology capable of meeting
the rising global electricity demand. OPVs present a promising technology in this transition,
with applications spanning both outdoor and indoor environments. OPVs utilize the properties
of semiconducting materials to convert light into electricity. The semiconducting nature of Tr-
conjugated organic materials was first demonstrated by H. Shirakawa, along with collaborators
Alan MacDiarmid and Alan Heeger, in 1977 through their studies on polyacetylene!4. They
were able to enhance the conductivity of polyacetylene to levels comparable to many metals
when doped with controlled amounts of halogens and arsenic pentafluoride (AsFs). Despite
polyacetylene itself being too unstable and difficult to work with for commercial applications,
this discovery paved the way for the development of a wide range of conducting polymers,
including those used in OPVs. This pioneering work led to Shirakawa, MacDiarmid, and
Heeger being awarded the Nobel Prize in Chemistry in 2000. In 1986, Tang et al. introduced
the first OPV device based on a planar architecture, achieving a PCE of around 1%?°. This low
efficiency was attributed to the limited donor-acceptor interfaces in the bilayer configuration,
which hindered the efficient dissociation of tightly bound excitons of organic semiconductors.
This limitation in OPVs persisted until 1995, when Yu et al. developed a bulk heterojunction
(BHJ) design using MEH-PPV as the donor and Cg as the acceptors. The BHJ design featured
a bi-continuous network of donor and acceptor materials, significantly enhancing the donor-
acceptor interface, exciton dissociation, and charge generation. Based on this approach, OPV
research has continuously evolved with the synthesis of new organic materials, electrode
interface layers, and advanced device configurations, driving the PCE from 2.8% to 19.2%
over the past two decades, as shown in Figure 217,
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Figure 2. OPVs have advanced steadily through three critical stages of photoactive material
development: morphology, new donors, and new acceptors?’.
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In the early stages of OPV research, significant progress was achieved by optimizing the
morphology of BHJ layers and developing fullerene acceptors (FAs) such as Cgo derivative
[6,6]-phenyl-C61 butyric acid methyl ester (PCBM or PCs:BM)!8. These BHJ layers typically
consisted of a blend of poly(3-hexylthiophene) (P3HT) and FAs. Although P3HT demonstrated
the commercial potential of polymer solar cells, it also presented several challenges, in
particular, its wide bandgap, which limited the absorption of the solar spectrum. To overcome
this problem, researchers have concentrated on the design and synthesis of low-bandgap
donor materials that better match solar radiation. These materials include conjugated
polymers, copolymers, and small molecules with enhanced light-absorbing properties to pair
effectively with FAs such as PCBM and its derivatives such as [6,6]-phenyl-C71 butyric acid
methyl ester (PC7:BM), bisPCBM, ICBA, and others. These new donors exhibited improved
charge-transporting properties due to a two-dimensional charge-transporting network. For
example, PCPDTBT, with an optical energy gap of approximately 1.46 eV, showed absorption
and photoconductive response spanning from 300 to 850 nm. When blended with PC7:BM,
this material achieved a PCE of 3.2%?°. With the optimization of BHJ morphology through the
incorporation of alkane dithiols as additives, the devices achieved a PCE of 5.5%2°. Following
this, materials such as PTB72%, PTB7-Th?222 (which has a lower highest occupied molecular
orbital (HOMO) than PTB7), PBDB-T?*, and PffBT4T-20D?% were developed. When blended
with PC71BM, these materials achieved PCE of 7.4%, 10.31%, 7.45%, and 10.4%, respectively.
These advancements, together with the enhanced electron-withdrawing and electron-
transporting properties of FAs, have led to the fabrication of devices with PCEs exceeding
11%726. Despite the considerable attention that FAs have received in the field of BHJ OSCs,
they have several inherent limitations: limited tunability of energy levels, weak absorption, and
high synthesis costs, especially for high-performance acceptors like PC71:BM. These limitations
have driven the exploration of NFAs to improve the performance of OSCs. In 2015, a
remarkable NFA, ITIC, was reported?’, opening the third stage of OSC developments. ITIC has
strong and broad absorption, the lowest unoccupied molecular orbital (LUMO) energy levels,
good electron transport ability, and excellent miscibility with polymer donors. This research
unlocked the potential of A-D-A type NFAs as alternatives to FAs in OSCs. Then, the
development of ITIC derivatives has significantly improved the PCE of OSCs, increasing from
6.8%727 to 14%728 within a few years. In addition to the A-D-A structured NFAs, another notable
NFA known as Y6 has been introduced?® by using a fused-ring benzothiadiazole core unit (see
Figure 2). Y6 features an A-D-A'-D-A structure, which enhances the intramolecular electron
push-pull effect within the molecule. This structural modification aims to optimize the electronic
properties of the NFA, making it more efficient at absorbing light and separating charges in
organic photovoltaic devices. OPVs made from Y6 in both conventional and inverted
architectures have exhibited a high efficiency of 15.7%2%°. In 2020, a new wide-bandgap
copolymer donor, D18, was developed, which showed electron-withdrawing solid capability
and good hole mobility. D18:Y6 solar cells demonstrate a PCE of 18.22%%. To further improve
the performance, ternary blends of three components are particularly interesting because they
enable complementary absorption and energy level alignment, leading to improved light-
harvesting efficiency and charge separation332. Nowadays, state-of-the-art OSCs have
achieved PCEs of 19.2% using a single-junction ternary donor-acceptor morphology by
incorporating D18 into the PM6:L8-BO blends®. As the efficiency of OPVs continues to
increase, reaching levels comparable to traditional silicon cells (with a state-of-the-art single
crystal PCE of 26.1%), OPVs are also mechanically flexible®*35 and lightweight, making them
highly advantageous for integration into curved, portable, or wearable electronic devices.
Additionally, the scalability of OPV is being enhanced by emerging printing technologies such
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as roll-to-roll (R2R) printing3¢%7, slot-die coating®®, and inkjet printing3®4°, which offer high
throughput and the potential for low-cost manufacturing, large-scale production (Figure 3).
Despite these advantages, outdoor deployment of OPV presents both opportunities and
challenges. While their lifetime in actual outdoor conditions has been significantly improved,
with operational stability now reaching several years under favorable conditions* and
accelerated stability testing having extrapolated OPV service lives of up to 30 years*?, further
enhancements in packaging and material stability are needed to extend OPV lifetime,
especially in harsher environments. By leveraging these unique advantages, OPVs offer a
promising approach to integrating renewable energy solutions into everyday life, supporting
the development of loT networks and other energy-saving technologies, from portable
electronics to building-integrated photovoltaics, particularly well-suited for indoor
environments.

a) Multi-color, b) OPV module,
Semi-transparent OPV, XLIM Dracula Technologies

Ve

¢) R2R OPV manufacturing,
infinityPV

A

Figure 3. Examples of OPV devices: a) multi-color transparent OPV made at XLIM in collaboration with
CEA and Disasolar. b)OPV module by Dracula Technologies*:. c) Roll-to-roll (R2R) OPV manufacturing
from infinityPV44. d) Photo of experimental OPV-covered polytunnel greenhouse®.

I.2. Indoor applications

In the rapidly expanding market of IoT smart devices, such as fire alarms, smart locks, RFID
tags, and loT sensors, IPV based on OPV technology is emerging as a promising and
environmentally friendly, self-sufficient power solution. Considering the challenges OPVs face
in outdoor conditions, such as degradation at 1 sun intensity and limited lifetime, their potential
for indoor applications is more attractive. Artificial light is typically 1,000 times less intense than
sunlight, which significantly reduces the degradation factor. Moreover, the tunability of OPVs
enables them to be optimized to match the emission spectra of artificial lighting such as LEDs.
At the same time, the growth of 10T devices often requires distributed power solutions in hard-
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to-reach places, creating a strong demand for durable, low-maintenance energy sources.
Conventional disposable batteries are not only impractical due to frequent replacement but
also pose environmental issues due to their non-rechargeable nature. OPVs offer a
sustainable alternative by proposing to convert wasted indoor energy into usable electricity,
either as a replacement for conventional batteries or by extending battery life when integrated
with rechargeable systems. This shift both reduces the environmental footprint and lowers the
operating costs of 10T networks, enhancing their business potential and overall usefulness.
Additionally, with the rise of smart wearable devices and the growing emphasis on health and
fithness among young people, OPV-powered devices can further benefit these emerging
industries.

A key function of a PV harvester is the ability to provide enough energy and power to operate
a specific 10T node, with requirements varying by application, electronics technology, wireless
communication protocol, and configuration of the energy harvesting system46-48, Typical power
consumption for personal and household devices, as well as mainstream wireless
communication protocols, ranges from pW to W. Indoor ambient light harvesters with small
area PV modules (cm?) typically operate at peak power consumption ranging from 10nW to
10mW, ideal for low-power electronic devices. Figure 447 highlights that current technological
advancements enable personal devices, household appliances, and multiple wireless
technologies to operate with average power consumption lower than that supplied by an IPV
module, enabling sustained loT nodes within buildings. However, devices like mice,
smartwatches, standard Bluetooth, and SigFox systems, which consume between 10-100 mW
on average, may require small outdoor solar panels for adequate power supply. Technologies
needing more than 100 mW, such as smartphones, Wi-Fi, and 5G small cells, would
necessitate larger solar panels for autonomous operation*”4°,

Power requirements for low-power electronics targeted by IPV harvesters
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Figure 4. Power requirements associated with typical home and personal devices and popular wireless
communication protocols.

The scientific interest in IPV has surged over the last two decades, as evidenced by the rapid
increase in scientific publications on this topic. Figure 5a provides a visual representation of
the main areas of focus in these publications over the last 15 years. The majority of the
research has concentrated on the development of IPV devices, including materials,
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architectures, and design of IPV. Meanwhile, studies have been conducted on the integration
of cells onto indoor devices, such as power management circuits, schemes, and elements:
indoor applications, indoor lighting conditions, and simulation studies on IPV and
characterization and setups. The IPVs market has experienced remarkable growth in the past
twenty years, fueled by advancements in the development, commercialization, and cost
reduction of low-power electronic devices used in the IoT. The IPV market was valued at USD
850 million in 2023 and is estimated to reach USD 1.5 billion by 2030%°, with further expansion
expected in subsequent years. By 2030, the market value of loT-connected devices is
forecasted to surpass USD 30 billion per year, with the wireless sensor segment alone
anticipated to achieve USD 8 billion (Figure 5b) °°,
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Figure 5. The influence of IPVs in both literature and markets. a) Number of publications on IPVs, with
an annual breakdown by focus area. b) Estimated market growth of IPV and WS (wireless sensor) in
billions of dollars and the number of loT-connected devices!.

I.3. Indoor light sources for PVs

IPV systems rely heavily on indoor lighting as their primary energy source, highlighting the
critical need to understand the spectral characteristics of different light sources to optimize IPV
device performance. Familiar indoor artificial light sources include compact fluorescent lamps
(CFLs), halogen lamps, and various types of white LEDs, such as cold and warm variants.
CFLs and white LEDs emit light predominantly in the visible spectrum, typically ranging from
approximately 400 nm to 750 nm, as shown in Figure 6a*. LEDs emit light in a broader and
more consistent spectrum than CFLs. In particular, CFLs have distinct peaks at 420 nm, 480
nm, 550 nm, 600 nm, and 630 nm. Cold white LEDs show peaks around 440 nm and 550 nm,
while warm white LEDs show peaks around 450 nm and 600 nm (Figure 6b). In contrast,
halogen lamps emit light over a broader range of wavelengths from around 300 nm to 900 nm,
characterized by a less defined emission profile. These light sources have different spectral
distributions, with luminous intensities typically ranging from 50 lux to 2000 lux. Most indoor
environments require illumination levels below 1000 lux, as shown in Figure 6c.

The standard AM 1.5 global solar spectrum, with an intensity of 100 mW/cmz, contrasts sharply
with typical indoor lighting levels, which are generally less than 1 mW/cm?, representing an
intensity 100 to 1000 times lower intensity than AM 1.5G. For outdoor conditions, the
International Electrotechnical Commission (IEC) has long-established protocols for measuring
photovoltaic current-voltage characteristics, illustrated by IEC 60904-1 since the 1980s. The
Standard Test Condition (STC) defines the electrical performance of PV cells and modules,
assuming 1000 W/mz (100 mW/cm?) solar irradiance, AM1.5 spectrum, and a cell temperature
of 25°C. Conversely, IPV technologies have recently received focused attention. The IEC
introduced the technical specification 'Nano-enabled photovoltaics - Device evaluation method
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for indoor light' (IEC TS 62607-7-2) in 2023°L. This specification requires measurements at
three different light levels (50 lux, 200 lux, and 1000 lux) to ensure the linearity characteristics
of IPV devices. It serves as a critical resource for establishing standardized guidelines and
defining optimal testing parameters for IPV systems, facilitating consistent measurements and
meaningful comparisons across various technologies and architectures of IPV devices under
standardized Indoor Standard Test Conditions (ISTC)*°. Further details on this topic are
discussed in Chapter 11.5.2.
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Figure 6. a) Normalized emission spectra of different light sources and standard AM 1.5.%¢ b)
Comparison of emission spectra for cold and warm LEDs. c) Under the same illuminance, different light
sources have different power inputs (Pin), depending on the specific light source, color rendering, and
the sensitivity of the human eye.>? d)Theoretical maximum PCE is calculated by limiting the Shockley-
Queisser using the ideal bandgap energy Eg under different light sources.

Due to significant differences in emission spectra and intensity between indoor and outdoor
conditions, the requirements for photoactive materials in IPV systems differ from those used
in outdoor solar cells. The theoretical maximum PCE of single-junction PV devices can be
calculated using the Shockley-Queisser method, as shown in Figure 6d%. This calculation
assumes that all photons above the material's band gap are absorbed and carriers are
thoroughly extracted. For indoor LED lighting, the ideal bandgap energy is approximately 1.9-
2.0 eV, resulting in a maximum theoretical PCE approaching 60%. This bandgap energy is
well matched to the spectral characteristics of typical indoor lighting, emphasizing the need for
photoactive materials with medium to large bandgaps and narrow visible absorption spectra
within the visible range to capture photons from artificial light sources effectively. In contrast,
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under standard AM 1.5 conditions (outdoor sunlight spectrum), the ideal bandgap narrows to
about 1.3 to 1.4 eV, resulting in a maximum theoretical PCE of about 33%. These differences
highlight that materials for indoor applications must have medium to large bandgaps and
narrow absorption spectra in the visible range to capture photons emitted by indoor lighting
effectively. In contrast, outdoor solar cells require smaller band gaps and broader absorption
spectra to capture a wider solar spectrum, even though this may lead to a reduction in the
open-circuit voltage (Voc).

In addition to material selection, differences between indoor and outdoor conditions can also
affect the electrical characteristics of PV devices, especially those related to the resistance
element of the equivalent circuit model. The series resistance (Rs) and shunt resistance (Rsn)
play a crucial role in determining performance. Indoor environments with lower light intensities
can tolerate slightly higher Rs values because the reduced current lessens the negative effects
of resistive losses. On the other hand, Rsn, which represents the leakage paths within the cell,
must be kept high for efficient operation in both environments, especially in low-light conditions
where the current is already small and its impact is more obvious. Therefore, optimizing these
resistances is critical to ensure the efficient operation of PVs in both indoor and outdoor
environments.

I.4. Technologies for IPV

There is a diverse range of PV technologies designed for implementing the PV effect in indoor
applications, which can be categorized into three generations based on technological evolution
and materials, as shown in Figure 7.

Solar cell for
indoor applications
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Figure 7. Three generations of solar cell technologies for indoor applications

Table 1. Maximum PCEs of different generation PV technologies under solar illumination (AM1.5G solar
spectrum) and typical indoor illumination conditions.>*

IPV Technologies 1-Sun Light Intensity Indoor PCEwmax Ref
Efficiency Sources (lux) (%)
(STC)
First generation
mono-Si 26.1 LED 890 9.65 55
poly-Si 23.3 LED 1000 4 56
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Second generation

a-Si 9.97 LED 1000 17.68 57

a-Si:H (with high-gap 6.66 w-LED 1000 29.9 58

triple-layers)

Alp,Gag gAs 13.6 LED 580 211 =2

GalnP c-LED 500 39.9 60
Third generation

DSSC 13 CFL 1000 35.6 61

Perovskite (FAPbIz with 24.73 LED 1000 41.71 £2

passivator APO at RT)

Perovskite (FAPbIz with 24.73 LED 1000 4551 62

passivator APO at 198K)

OPV 16.5 LED 1000 36.5 &

(2PACz/PM6:Y6:2PACZ2)

The first generation of solar cells is based on inorganic materials, primarily silicon, including
monocrystalline silicon (mono-Si) and polycrystalline silicon (poly-Si), which dominate the solar
market. In 2022, monocrystalline silicon accounted for 96% of PV shipments, a substantial
increase from 36% reported in 20155, These technologies were initially developed and
optimized for outdoor energy harvesting but have also been characterized under low
illumination conditions for indoor applications. Mono-Si stands out with a record solar efficiency
of 26.1% under standard conditions (1 sun) %5, owing to its broad absorption spectra. However,
its efficiency under ambient indoor lighting is around 9.65% at 890Ix®°, influenced by its narrow
bandgap of around 1.1 eV, susceptibility to Shockley-Read-Hall recombination at low light
intensities, and lower shunt resistance in tested devices®. In comparison, polycrystalline
silicon achieves a solar efficiency of 23.3% under 1-sun and about 4% under LED illumination
at 1000 lux conditions®8. Despite their efficiency achievements, the high manufacturing costs
associated with silicon-based PVs and their limitations under indoor lighting conditions remain
notable limitations for these technologies in IPV applications.

The second generation of indoor photovoltaic cells represents a shift from traditional silicon-
based technologies to embrace a range of thin-film alternatives, prominently including
amorphous silicon (a-Si). Alongside these advancements, significant research has focused on
exploring other inorganic materials such as cadmium telluride (CdTe), copper indium gallium
selenide (CIGS), and IlI-V group materials such as gallium arsenide (GaAs). These materials
offer distinct advantages over first-generation crystalline silicon cells, including flexibility,
lightweight construction, and improved performance. In particular, IlI-V semiconductors offer
high and adjustable bandgap energies that are well-matched to the spectral characteristics of
indoor lighting, making them promising candidates for indoor solar cells. Among IlI-V
semiconductors, GaAs-based solar cells have demonstrated remarkable efficiencies, with
Teran and colleagues achieving up to 21.1% conversion efficiency using Alo2GagsAs solar
cells under LED illumination at 580 Iux®., surpassing the performance of silicon PV
technologies. In addition to 11I-V materials, other inorganic semiconductors such as gallium
indium phosphide solar cells have also been investigated for indoor applications, with a band
gap of 1.89 eV showing a record efficiency of 39.9% under 500 Ix cold white LED light, as
illustrated in Table 1.

The challenges posed by the high manufacturing costs and low indoor performance of first-
and second-generation solar cells under indoor conditions have led to a shift in photovoltaics
towards the exploration of third-generation technologies. Among these, dye-sensitized solar
cells (DSSCs), perovskite solar cells (PSCs), quantum dot solar cells, and OPVs stand out as
compelling alternatives due to their cost-effectiveness, lightweight nature, and remarkable
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tunable absorption properties. Since 2019, the optimization and development of IPVs have
mainly focused on these emerging PV technologies, with OPVs leading the way over the other
types (Figure 8a).

DSSCs have achieved a peak efficiency of 13% under 1-sun at STC. Although their outdoor
performance is relatively modest compared to other emerging PV technologies, DSSCs
continue to be a focus of research due to their many advantages: the use of environmentally
friendly photoactive materials, a simple manufacturing process, and suitability for indoor light
environments. Significant improvements in DSSC performance for indoor conditions have
been achieved through material innovations, in particular, the development of new dyes and
co-sensitizers. Recently, DSSCs have exhibited an outstanding PCE of nearly 35.6% under
1000 lux FL light8?, with a high Voc of 0.9 V and an FF of about 83%, using a device engineering
strategy that suppressed charge recombination in a co-sensitized D35:XY1 with a bandgap of
1.8 eV. This was achieved by using Cu(ll)/Cu(l) electrolytes with a 2,9-dimethyl-1,10-
phenanthroline (DMP) ligand as an additive. A notable challenge, however, is the need to avoid
the use of certain materials, in particular platinum and ruthenium, as electrodes due to their
non-preference for commercialization.

PSC represents the latest scientific and technological development in the PV community.
PSCs offer compelling properties, including a high absorption coefficient, long carrier lifetime,
low recombination rate, high defect tolerance, and excellent PCE under STC. These
advantages stem from their distinctive crystal structure, which is characterized by a three-
dimensional arrangement of metal cations typically forming a metal halide octahedron
surrounded by anions. The general chemical formula for perovskite materials is ABX3, where
the A site can be occupied by single cations such as methylammonium (MA), formamidinium
(FA), cesium (Cs), or a combination of Cs-FA-MA triple cations. The B site is typically occupied
by lead (Pb), while the X site is filled by halide or mixed halide ions. Notably, PSCs exhibit
exceptional performance under indoor conditions due to their ability to tune the bandgap
through halide substitution. In 2019, Cheng and his group demonstrated the importance and
potential of mixed halide ions (I/Br/Cl triple-anion perovskite) in achieving not only a tuned
bandgap but also suppressed trap states under 1000lux fluorescent light. Using an indoor
bandgap of 1.8 eV and an ultra-low trap-state density, they achieved a record-high PCE of
36.2% and a remarkably high Voc of 1.028V%4. Other strategies, such as suppressing interfacial
carrier recombination and stabilizing the perovskite layer by passivating defects in the internal
PSCs, were also used to improve efficiency. In 2021, Chong and his group achieved an
outdoor efficiency of over 21% and an indoor efficiency (at FL 1000 lux) of over 40.2% by
incorporating tomato lycopene as a surface modification layer on the perovskite absorber. This
modification prevents moisture and oxygen erosion, thereby improving both intrinsic and
environmental stability®®. Recently, Wang et al. employed a coordinated passivation strategy,
using a multifunctional organic additive, 6-methoxynicotinamide hydrochloride (APO), to
enhance the carrier dynamics of perovskite films under dual extreme conditions of low
temperature and low light. This refined passivation effectively suppressed energy loss induced
by intrinsic defects within the perovskite under these challenging conditions. As a result, the
optimized solar cells achieved an impressive efficiency of 41.71% under low light at room
temperature and an even higher efficiency of 45.51% under combined low temperature and
low light conditions ¢2. The superior performance of perovskite solar cells under these extreme
conditions is promising for the application of IPVs in regions with harsh climates, such as polar
regions and outer space. While perovskite solar cells have shown great promise, they still face
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significant challenges, including issues of stability, toxicity (due to lead content), and scalability.
Researchers and engineers are actively working to overcome these challenges.
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Figure 8. a) Publication on IPV cell development divided by class of materials. b) EQE spectra for
various PV technologies.

Organic materials have gained considerable attention as an alternative to inorganic materials
for solar cells due to their versatile properties, including tunable optical properties, potential for
transparency, flexibility, lightweight, and low-cost manufacturing. These advantages,
combined with solution-processability, enable scalable production techniques such as inkjet
printing, slot-die coating, and roll-to-roll processing. In addition, the EQE spectra in Figure 8b
highlight the bandgaps of various photovoltaic technologies, including OPVs and c-Si. The
OPV gap is shown to be well-aligned with the indoor light spectrum, particularly in the 400 to
700 nm range, which is dominated by artificial light sources like LEDs and fluorescent lighting.
As a result, OSCs are increasingly recognized for their adaptability to a wide range of
applications, from portable power solutions to building-integrated photovoltaic (BIPV) systems.
To date, several companies, such as Dracula Technologies*® in France, Epishine®® in Sweden,
and Ribes Tech® in Italy, have already commercialized OPV devices that are actively used in
IoT applications. With their scalability well-established, OPVs are poised to play a significant
role in the future of sustainable energy solutions®®.

Unlike inorganic semiconductors, which have high dielectric constants facilitating the
immediate generation of free charge carriers upon light absorption, organic semiconductors
typically produce exciton-bound electron-hole pairs, with Coulombic attraction, around 0.5 eV,
due to their lower dielectric constants. This binding energy significantly exceeds the thermal
energy available at room temperature, so additional energy is required to dissociate these
excitonic pairs to generate charge carriers effectively. To overcome this problem, the active
layer of an OSC is engineered with electron donor materials coupled to electron acceptor
materials with suitable energy levels. At the donor-acceptor (D/A) interface, the energetic
mismatch of the molecular orbitals provides sufficient driving force to split these tightly bound
excitons. The development of novel OPV materials, innovative device structure engineering,
and advanced interfacial engineering have driven recent advancements in OPV technology.
Despite their limitations, OPVs have attracted considerable attention in the IPV field and have
shown significant improvements in performance over the years. In particular, Kim and his team
have reported a breakthrough PCE of up to 36.5% under 1000lux LED illumination using a
strategy that employs a 2-(9H-carbazol-9-yl) phosphonic acid (2PACz) as both the HTL layer
and the additive with a photoactive layer of PM6:Y6 (where PM6 is a donor polymer, and Y6
is a NFA, described in detail in Chapter 111.1)*. The use of 2PACz induces spontaneous vertical
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phase separation in the photoreactive layers, creating a vertical component distribution that
significantly improves the carrier vyield-mobility product. This enhancement effectively
suppresses trap-assisted recombination and reduces leakage current in IOPVs. In addition,
treating ITO with 2PACz, which contains phosphonic acid groups, results in a significant
increase in work function due to a vacuum-level shift. This shift ensures efficient energy-level
alignment, thereby improving charge selection at the hole-selective interface.

OPVs are being developed not only on glass but also on flexible substrates such as
polyethylene terephthalate (PET)%¢%° and polyethylene naphthalate (PEN). PET is particularly
favored due to its transparency, low cost, lightweight nature, excellent flexibility, and
compatibility with the large-scale roll-to-roll deposition process. To date, flexible IOPVs using
PET have achieved efficiencies of up to 29% under 1000 lux LED illumination. This
performance has been achieved by using an active layer composed of a commercial low
bandgap copolymer donor and a fullerene derivative acceptors®.

|.5. How does OPV work?

The working principle of OPVs is to convert light energy into electrical energy through a series
of key steps, as shown in Figure 9a. At the core of OPV operation are organic semiconductors,
such as polymers and small molecules, which are characterized by 1r-conjugated systems.
These systems consist of alternating single C-C bonds and double C=C bonds, enabling the
delocalization of 1 electrons along the polymer or small molecule chain via 1 (Pz) orbitals.
This delocalization promotes electrical conductivity, a key property for generating electric
current in OPV devices. The photoactive layer of an OPV usually consists of two main
components: donor material and acceptor material. Donor materials, such as conjugated
polymers and small molecules, possess electron-donating properties, whereas acceptor
materials, including FAs and NFAs, possess electron-accepting and electron-transporting
properties. Together, the donor material and the acceptor material form a blend that supports
the separation of photogenerated excitons (bound electron-hole pairs) into free charge carriers
that can be extracted to generate an electric current. This process involves four basic steps:
light absorption, exciton diffusion, exciton dissociation, and charge transport and collection.
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Figure 9. a) Photocurrent generation process (1) light absorption and excitation creation, (2) diffusion
of the excitation to the D/A interface, (3) exciton dissociation into free charge carriers (CT-state), (4)
charge extraction. b) An electronic state diagram shows the excitonic state, CT state, and CS state.

Light absorption and excitation creation

When an organic material absorbs photons from light, an electron is excited from the HOMO
to the LUMO, forming an exciton. Excitons are essentially electron-hole pairs bound by
Coulombic interaction. The exciton binding energy is generally quite strong in organic materials
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(in the order of 0.3-1 eV), resulting from a low dielectric permittivity, leading to short-lived
excitons that rapidly recombine.

Diffusion of the exciton to the D/A interface:

For the exciton to generate a photocurrent, it must diffuse to an interface between the donor
and the acceptor materials within its short lifetime. The exciton diffusion length (Lp) is typically
in the range from 10 to 20 nm, which represents the average distance an exciton can travel
within materials before geminate recombination occurs. If the exciton does not reach the D/A
interface within this diffusion length, it will recombine and lose its energy as heat. Therefore,
efficient OPV design requires careful control of morphology to ensure that the donor and
acceptor phases are finely intermixed so that excitons can efficiently reach the interface.

Exciton dissociation into free charge carriers

Once the exciton reaches the D/A interface, it dissociates into a free electron and a free hole
due to the energy offset between the LUMO of the donor and the LUMO of the acceptor
materials. This process creates a charge-transfer (CT) state (Figure 9b), where the electron
and hole are still bound due to Coulombic attraction but are located on neighboring molecules.
If the separation between electrons and holes exceeds the Coulomb trapping radius, the CT
state transforms into a charge-separated (CS) state, where electrons and holes are free
carriers and can migrate independently.

Charge transport and extraction

In the last step, the free electrons and holes travel through their respective transport layers:
the electron transport layer (ETL) and the hole transport layer (HTL). The electron migrates
toward the cathode, and the hole migrates toward the anode. These charge carriers are then
collected at their respective electrodes, generating an electrical current.

The mechanisms responsible for driving charge transport and collecting at electrodes involve
several key factors:

Work function difference between electrodes: The difference in work function between the
cathode and anode creates a built-in electric field throughout the device. This field helps
separate the excitons and drives the transport of electrons and holes toward their respective
electrodes. The cathode with a lower work function preferentially collects electrons, while the
anode with a higher work function attracts holes, thus facilitating efficient charge extraction.

Diffusion of charge carriers: In areas of high carrier concentration (usually near the
donor/acceptor interface), charge carriers diffuse to areas of lower concentration near the
electrode. This diffusion process is critical, especially when no external bias is applied,
because it keeps the current flowing even under open-circuit conditions but at a lower
efficiency.

Electric field-induced drift: When an external bias is applied (for example, under operating
conditions in the short circuit or forward bias region), an additional electric field is generated
across the device. This field enhances the drift of charge carriers toward their respective
electrodes, significantly improving the efficiency of charge extraction under operating
conditions.

These factors also explain the behavior seen in the current-voltage (J-V) curve, as shown in
Figure 10. The underlying mechanisms of IOPVs are similar to those of outdoor (AM 1.5G)
OPVs, and the key difference lies in the different light environments. IOPVs must be optimized
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to capture low-intensity light with a narrow emission spectrum, while outdoor OPVs are
designed to absorb the broader, more intense solar spectrum.
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Figure 10.Typical J-V curve of an OSC device in dark and under 200mW/cm? illumination 7°.

In the short-circuit region (zero applied voltage), charge extraction is mainly driven by the built-
in electric field and diffusion, resulting in high photocurrent. As the applied voltage increases
toward the open-circuit region, the internal electric field begins to hinder charge extraction,
thereby reducing the current output. In the power generation region (between open-circuit and
short-circuit conditions), diffusion and drift work together to extract maximum power, which is
reflected in the maximum power point (MPP) of the JV curve.

The behavior of solar cells can be represented by an ideal single-diode equivalent circuit
model, which simplifies the complex physical processes occurring inside the cell. As shown in
Figure 11, the equivalent circuit of an OSC consists of four main components: a photocurrent
source, a diode, Rs, and Rsy’L.

Leaking components (pinholes,
recombination, etc.) » Rgy

Contact resistance, photoactive layer
+ v - resistance, and ECE resistance — Rg

Rs Rs

y
B orl iy

J\

Contact resistance — R

———

HCE resistance — Ry Under illumination Under dark

Figure 11. a) Realistic OPV with parasitic resistance’. b) Equivalent circuit model of an OSC under
illumination and dark conditions.

The J-V characteristics of the OPV reveal that the total current is the sum of the dark current
and the photogenerated current. As shown in Figure 11b, the solar cell under illumination is
modeled by a photocurrent source in parallel with a diode, representing the behavior of the p-
n junction in the OPV. The photocurrent source, which is directly proportional to light intensity,
reflects the generation of current within the device as photons are absorbed by the active layer,
creating electron-hole pairs. In an ideal solar cell, these two components alone would be
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sufficient to model the device. However, actual solar cells are not ideal. Electrical losses, such
as recombination processes in the absorber layer or at the interfaces between different layers,
must also be taken into account. These losses are accounted for by including Rs and Rg.

With the equivalent circuit components defined, the resulting current-voltage (J-V)
characteristics can be modeled using the Shockley diode equation, as shown in Eq. 1:

|4 .
Isc = Io [exp (22) = 1] = L, (Equation 1)

where k is Boltzmann’s constant (1.380649 x 1022 J.K1), n is the diode ideality factor, T is the
absolute temperature, Isc is the photogenerated current of the solar cell, lpis the dark saturation
current of the diode, and Iy is the current generated by light.

J-V measurement is a fundamental technique used to evaluate the performance of solar cells.
In this method, a source meter is used to apply a controlled voltage bias across the device,
and the resulting current flow is measured. There are two primary J-V measurements: the dark
J-V curve and the light J-V curve, as shown in Figure 10. In dark conditions, the behavior
resembles that of a typical diode, where recombination losses dominate the current. Under
illumination, the photocurrent shifts the entire curve downward, generating a measurable Jsc,
Voc, fill factor (FF), power conversion efficiency (PCE), Rsh, Rs.

Open-circuit voltage (Voc)

The Voc represents the maximum voltage that a solar cell can generate under open-circuit
conditions, where the current density is zero. It is related to the difference between the HOMO
of the donor material and the LUMO of the acceptor material in OSCs. Still, it is also governed
by charge recombination mechanisms in the device. A key factor in maximizing Voc is to limit
the density of states (DOS) in the gap between the acceptor LUMO and the donor HOMO
(Figure 12a)”3. The higher the DOS under the gap, the greater the compound losses, which
slows down the rise of Voc. The more states available within the gap, the greater the probability
that electrons and holes can recombine, thus reducing the voltage. In general, the Voc is
determined by the separation between the electron and hole quasi-Fermi levels, expressed as
in Eq. 2:

Voc = é. (Epn — Epp) (Equation 2)

where q is the elementary charge, Er, is the electron quasi-Fermi energy level, and Eg, is the
hole quasi-Fermi energy level. These energy levels are directly related to the DOS, which is
influenced by the intensity of the light illumination.

Minimizing the loss of Voc and increasing the Voc in dim light are necessary to achieve a high
PCE. However, when the illumination changes from 1-sun conditions to indoor lighting, the Voc
of devices will inevitably decrease due to the significantly reduced intensity of indoor light
sources. As shown in Figure 12b, the Eg,is shifted downward, and the Eg, is shifted upward
under indoor illumination. This explains why the reduction in illumination intensity leads to a
decrease in Voc.
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Figure 12. a) Diagram showing the Gaussian DOS for the acceptor HOMO and donor LUMO (line),
and the occupied (for LUMO) or unoccupied (for HOMO) states (shaded area) populated by thermalized
carriers. These states arise from the kinetic balance between photogeneration and recombination fluxes.
The recombination event (horizontal solid arrow) is indicated for a given value of the reorganization
energy A”3. b)The quasi-Fermi levels and density of states of donors and acceptors under strong and
low illumination™.

Voc can also be derived using the Shockley diode equation (Eg. 1) under illumination, where
the net current in the solar cell is set to zero. The following Eg. 3 then gives the relationship
between Voc and the photocurrent:

Voc = nTkT.ln (]]S—C +1) (Equation 3)
0
where Jsc is the short-circuit current density and Jo is the saturation current density. In the case
of short-circuit condition (where V = 0), the Jsc is equal to the Jpn under indoor lighting, the
incident light intensity is lower, resulting in a significant decrease in Jsc, thus limiting the Voc
and the overall PCE of the device.

Short-circuit current density (Jsc)

Jsc represents the maximum current that a solar cell can generate under short-circuit
conditions, where the voltage across the solar cell is zero and is directly proportional to the
concentration of photogenerated charge carriers in the photoactive material and their mobility.
When a solar cell is short-circuited, the external load resistance is reduced to zero, allowing
the generated carriers to flow through the circuit without encountering any resistance. As a
result, the current density reaches its maximum value, which is determined by the intensity of
incident light and the efficiency of the carrier generation and collection within the solar cell.
However, under indoor lighting conditions, the photogenerated carrier density is significantly
lower than that under 1-sun conditions.

Under illumination conditions, the circuit model can be expressed analytically by applying the
Shockley diode equation to derive the Eq. 4 for Jsc:

(V-JRs) V-JR .
Jsc =Jpn — Jo [exp (ans) —-1] - Tns (Equation 4)

where Jph is the light-induced current density.
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Fill factor (FF)

The FF is defined as the ratio of the maximum obtainable power (Pmax) to the product of Jsc
and Voc, as shown in Eq. 5:

P TmaxV
FF_ MAX __ MAX-VMAX

= = Equation 5
IJscVoc IJscVoc (Eq )

This factor is a measure of the quality of a solar cell and indicates the deviation of the J-V
curve from the ideal curve. It represents the ratio of the maximum power obtained to the
theoretical power, which can be visualized as the ratio of different rectangular areas within the
J-V curve. When the J-V curve more closely resembles a rectangular shape, it reflects a
favorable balance between the extraction and recombination of free charge. Under indoor
illumination, where light intensity is typically low, fewer photogenerated charges are produced,
leading to reduced recombination of non-geminate charge, particularly bimolecular
recombination, which can potentially result in a higher FF.7

Power conversion efficiency (PCE)

Based on the three PV parameters mentioned above, a mathematical formula has been used
to describe the efficiency of a solar cell as Eq. 6:

PCE = Pout — JscVocTF (Equation 6)
Pin Pin

The PCE of a solar cell quantifies its performance and is defined as the ratio of the maximum
electrical power output (Pou) to the incident light power (Pin). It reflects the balance between
the absorbed light energy and the electrical power generated by the cell. The maximum Poy is
derived from the cell's Jsc, Voc, and FF. Under outdoor conditions, Pin is normalized to the AM
1.5 spectrum with an irradiance of 100 mW.m=2 at 25°C according to the IEC 60904-3-Ed2. For
indoor measurements using light sources such as LEDs or fluorescent lamps (FL), the Pi, is
typically much lower than under sunlight, usually in the range of 0.1 to 3 mW.m2. According to
the Shockley-Queisser limit, the theoretical maximum efficiency for a solar cell under ideal
conditions is around 33% for 1-sun outdoor conditions. However, under indoor conditions,
where the light spectrum is narrower and intensity is lower, the theoretical maximum PCE can
be higher, close to 60%, due to the more optimal bandgap alignment and the reduced
thermalization losses. Therefore, improving the PCE of single-junction OPV cells for indoor
conditions requires optimizing the design of photoactive materials with an optimal bandgap to
maximize the use of incident light, as well as fine-tuning the morphology of the active layer to
minimize energy losses due to recombination and resistive losses within the device.

Series Resistance (Rs)

Rs represents the resistance encountered by the current as it flows through the conductive
materials, the contact resistance at the interface, and the internal resistance within the OPV
device. An increase in Rs results in a greater voltage drop across the Rs, reducing the voltage
available for external work. This reduction in voltage lowers the FF and, consequently, the
overall efficiency of the cell. Ideally, Rs should approach zero ohms per square centimeter
(Q-cm?). As shown in Figure 10, Rs can be estimated from the slope of the J-V curve near the
Voc. The J-V curve is almost linear in this region, and the slope of this linear region gives an
approximation of Rs.
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Under outdoor conditions (100 mW.cm=2, AM 1.5G), the effect of Rs becomes more pronounced
due to the higher light intensities, which increase the photocurrent and, thus, the voltage drop
across Rs. Conversely, in an indoor environment, where the photocurrent generated is lower,
the voltage drop across Rs is relatively reduced, potentially diminishing its impact compared to
outdoor conditions, as shown in Figure 13.
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Figure 13. Rs-dependent J-V characteristics under outdoor, indoor light conditions and in the dark”.

Shunt Resistance (Rsw)

Rsh, also known as Rp, characterizes the extent to which a device is prone to non-ideal current
leakage within the photoactive layer. Several factors, including the edges of the cell, the purity
and uniformity of the organic active layers, and the presence of defects, traps, pinholes, or
impurities, can affect Rsu. A high Rsy is critical to the performance of the OPV device as it
minimizes leakage current, thereby enhancing the Voc and overall device efficiency. Ideally,
Rsn should be infinitely high to eliminate any leakage current. Under indoor lighting, where
photocurrent is reduced due to lower light intensities, minimizing leakage current becomes
crucial to achieving high efficiency. In this context, increasing Rsu is even more critical than
decreasing Rs’®. Similarly, Rsy can be estimated from the slope of the J-V curve near the Jsc.
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Figure 14. Rsu-dependent J-V characteristics under outdoor, indoor light conditions and in the dark’2.

I.6. How to choose OPV materials for room lights

In our research, we will explore various strategies to develop photoactive layer materials
suitable for the emission spectrum of artificial light sources, particularly white LEDs. To achieve
high photovoltaic performance under indoor lighting conditions, organic photoactive materials
should have several interconnected properties according to the following scheme’”:

Ruoxue HE | Ph.D. Thesis | University of Limoges | 39
License CC BY-NC-ND 4.0



Match
absorption
spectrum

imit trap-
assisted Indoor

recombina 0SCs
tion

Minimize
thermaliza
tion loss

Matching the absorption spectrum to the indoor light response:

Organic photoactive materials should have an absorption spectrum that matches well with the
spectrum distribution of indoor light sources, which typically cover a wide range of wavelengths
within the visible spectrum (400 to 700 nm), such as LEDs or fluorescent lights. Therefore, the
organic materials should efficiently absorb light within this range to maximize photon capture
and conversion efficiency while minimizing the thermalization of photogenerated charges. In
addition, the materials should have a high absorption coefficient and be able to efficiently
absorb photons even at lower light intensities, which is typical of indoor environments.

Utilizing large-bandgap material systems:

As discussed earlier, the ideal bandgap energy for OPV materials under indoor LED
illumination is approximately 1.9-2.0 eV, as determined by the Shockley-Queisser limit
calculation. This bandgap allows for efficient absorption of visible light, which is the
predominant component of indoor lighting.

Minimizing thermalization losses through energy level engineering:

For optimal OPV cell performance, the LUMO level of the donor semiconductor is usually
higher than that of the acceptor semiconductor, with an energy shift of typically about 0.3 eV78.
This offset is generally believed to be sufficient to provide the driving force required for efficient
exciton dissociation, a concept that has been well recognized in fullerene-based OSCs.
However, with the rapid development of non-fullerene small molecule acceptors, many non-
fullerene OSCs have been demonstrated to achieve efficient exciton dissociation even at much
smaller energy level offsets”. These minimal offsets not only facilitate charge separation but
also reduce energy losses (ELoss), thereby improving photovoltaic performance by minimizing
thermalization losses®.

Limiting trap-assisted recombination:

Under low illumination conditions, as shown in Figure 12b, the reduction in photocurrent limits
the ability to fill all trap states within the band gap, thereby limiting the Voc. Trap-assisted
recombination becomes more pronounced at low photocurrent levels, providing pathways
through which charge carriers can recombine before extraction, resulting in additional Voc
losses. In other words, in lower-intensity indoor lighting, minimizing leakage current is critical
for high efficiency. Therefore, maximizing the Rsu is crucial as it suppresses leakage current
and mitigates the impact of trap-assisted recombination, helping to maintain Voc’®.
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|.7. OPV device architecture

As IOPVs have gained significant attention over the last decade, considerable efforts have
been made to improve the performance of OPV technologies under indoor lighting conditions.
In addition to advances in materials, innovations in device architecture and interfacial
engineering continue to push the boundaries of what can be achievable with OSCs. Each
configuration has its trade-offs, and it is essential to examine the architectural developments
in IOPV. A typical OSC consists of several key components, as shown in Figure 15: an active
layer, electrodes, an electron transport layer, a hole transport layer, and a substrate.
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HTL
Anode (ITO)
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Figure 15. Schematic of an OSC structure

The active layer consists of light-absorbing materials, typically electron donor (p-type) and
electron acceptor (n-type) materials. These materials convert light photons into free charges,
initiating the generation of electrons and holes.

Electrode layers, known as the anodes and cathodes, collect the electrical current generated
by the OSC. They are located at the top and bottom of the OSC and have different functions.
In a direct OSC, the anode electrode is often a transparent conductive oxide such as indium
tin oxide (ITO) due to its high conductivity and transmittance. The cathode is usually made
from metals such as silver and aluminum.

The Electron Transport Layer (ETL) is located between the active layer and the cathode
electrode. Its primary function is to facilitate the movement of electrons toward the cathode
while blocking holes, leading to selective contacts, which drastically enhance the overall
performance of the device. ETL materials, which can be either organic or inorganic, allow
efficient electron transport and prevent recombination, thereby increasing cell efficiency. For
optimal performance, the ETL should ideally have an appropriate energy level that matches
both the electrode and the active layer, as well as high visible transparency and high electron
mobility. In indoor conditions, various ETLs have been studied for their effectiveness, including
PENB8L, TiOx8l, Zn0O2282 Sn0,83, and PDINOB®*. These materials have been selected for their
ability to improve charge extraction and transport, contributing to the overall higher efficiency
of IOPV devices.

The hole transport layer (HTL) is located between the active layer and the anode electrode
and facilitates the movement of photogenerated holes toward the anode while blocking
electrons. HTL materials can be organic polymers, small molecules, or inorganic substances
such as MoOs?*. A widely used organic polymer for HTL in OSCs is poly(3,4-ethylene
dioxythiophene): polystyrene sulfonate (PEDOT:PSS)® due to its water solubility at low
temperatures. With its high hole mobility and work function, PEDOT:PSS helps prevent
interfacial hole-electron recombination, further enhancing cell efficiency. Recent
advancements in OPVs have achieved impressive PCE using 2-(9 H-carbazol-9-yl)
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phosphonic acid (2PACz)* as the HTL and as an additive in a PM6:Y6 blend. The incorporation
of 2PACz, with its phosphonic acid groups, onto ITO substrates induces a sufficiently large
work function shift through a vacuum-level shift, thereby facilitating effective energy-level
alignment and enhancing charge selection at the hole-selective interface. The device,
fabricated with an ITO/2PACz/PM6:Y6:2PACz/PDINO/Ag architecture, exhibited efficiencies
of around 36.5% under 1000 Ix LED illumination. In addition, these devices retained 95% of
their initial efficiency after 1000 hours of operation in ambient air.

The substrate, usually made of transparent materials such as glass or plastic, allows light to
pass through to reach the active layer.

Various structures and strategies have been developed to enhance the photovoltaic
conversion efficiency of organic cells. Some of these are included in Table 2:

Table 2. Summary of maximum PCEs of different architecture OPV technologies under solar illumination
(AM1.5G solar spectrum) and typical indoor illumination conditions.

OPV Active layer Light Voc Jsc FF PCEwax  ref

sources V) (Indoor: pA.cm  (gf) (%)

Sun: mA.cm?)

Bilayer PM6:IDIC LED 1000 lux  0.835 103 66.3 19.6 °
Sun 0.954 12.9 60.6 7.8 e
BHJ PM6:Y6:2PACz LED 1000 lux  0.720 146.6 77.0 36.5 4

Sun 0.842 27.4 71.2 16.5
Ternary PM6:IT-4F:ITIC- LED 500Ilux  0.75 74.73 77.1 30.1 8
Th Sun 0.89 20.13 64.3 115 8

I.7.1. Bilayer

Bilayer OPVs have also been studied for their potential in indoor energy harvesting
applications. In a bilayer OPV, the active layer consists of two distinct layers: a layer of electron
donor material and a layer of electron acceptor material. These layers are deposited separately
as separate layers on top of each other. The interface between the donor and acceptor layers
facilitates the separation of excitons into free charges, which can then be collected at the
respective electrodes to generate an electrical current. This charge separation is crucial to the
efficient operation of the solar cell. In essence, the bilayer OPV structure allows for a more
controlled arrangement of the donor and acceptor materials, potentially leading to better
charge transport and reduced recombination losses by minimizing trapped charge carriers in
isolated domains or non-ideal interfaces where there is direct contact between the donor and
the ETL or the acceptor and the HTL. A schematic diagram of the bilayer is shown in Figure 16
below.

Acceptor Donor

Donor

Acceptor

\ HTL ETL
Anode (ITO) Cathode (ITO)

Glass Glass

Figure 16. Structure of a bilayer organic solar cell in the traditional n-i-p (a) and inverted p-i-n (b) polarity.
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In 2022, Park, S. Y. and his team demonstrated that under 1 Sun, PM6:IDIC BHJ devices
exhibit better OPV performance compared to bilayer devices. However, this trend is reversed
under indoor lighting conditions, with PM6:IDIC bilayer devices showing a higher Puax of 62.6
UW cm=2 compared to 54.6 uyW cm2 for BHJ OPVs under 1000 lux LED. The significant drop
in Puax for BHJ devices under indoor light is primarily due to a significant decrease in Voc. In
contrast, the bilayer devices show a much smaller Voc drop and a considerable increase in
FF, resulting in a higher Puyax under indoor light. These improvements are attributed to the high
Rsn provided by the ideal interfacial contacts between the photoactive layer and the charge
transport layers (i.e., pure donor layer contacting HTL and pure acceptor layer contacting ETL),
as illustrated in Figure 1775. The consistently high Rsy regardless of light intensity,
demonstrates the suitability of bilayer OPVs for various indoor lighting conditions. As
mentioned before, in low-light conditions, a high Rsy is more important than a low Rs because
leakage current has a more significant impact on the performance at low light intensity.

(a)

ETL

1 Sun

(b)

Acceptor 1

Figure 17. A schematic shows charge transport and recombination in BHJ (left) and bilayer (right)
devices under a) 1-sun and b) LED indoor light. Dark blue is the donor layer, and light blue is the acceptor
layer. Red highlights indicate undesirable contacts in BHJ devices.”®

1.7.2. BHJ

Currently, BHJ photoactive layers are the most intensively studied and highest-performing
OPV systems since 19956, In BHJ structures, electron donor and acceptor materials are
blended to form a bicontinuous network of interpenetrating nanoscale phases. This
bicontinuous three-dimensional network increases the interface area between the donor and
acceptor. It should also match the dimensionality of the exciton diffusion length Lp, thereby
increasing the probability of exciton dissociation at the interface and facilitating efficient charge
separation and transport. In terms of the relative arrangement of donor and acceptor materials
within the active layer, both conventional and inverted BHJ solar cells have been developed.
Optimization of the device architecture has also been shown to have a significant effect on the
performance of OPVs. To date, the maximum PCE achieved for BHJ solar cells under indoor
conditions is around 36.5%* by using 2PACz as both the HTL layer and the additive with the
organic mixture of PM6:Y6.

Traditional BHJ solar cell, or direct architecture (Figure 18a): In a traditional BHJ solar cell, the
transparent conductive electrode (usually ITO) acts as the anode and is positioned at the
bottom. The HTL and active layer follow. Finally, the ETL and the top cathode electrode, such
as calcium, are placed at the top of the stack. However, this conventional BHJ architecture
suffers from limited device stability due to the air-sensitive nature of the low-work function metal
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cathode. Oxygen can penetrate through pinholes and grain boundaries, leading to its
degradation.

Inverted BHJ solar cell (Figure 18b): In an inverted BHJ solar cell, the order of the layers is
reversed compared to a conventional cell. The transparent conductive electrode, which acts
as the cathode, is placed at the bottom, followed by the ETL, the active layer, the HTL, and
finally, the anode electrode at the top. This configuration offers advantages such as improved
stability and better compatibility with flexible substrates. This efficient device structure has
been the subject of numerous publications over the last few decades.

—-

— -
a) b)

Active layer Active layer

HTL ‘ ETL
Anode (ITO) Cathode (ITO)

Glass Glass

Figure 18. Structure of a BHJ organic solar cell in the traditional (a) and inverted (b) polarity.

The success of BHJ-based OPVs is largely the result of continuous innovations in materials
science. Currently, the photoactive materials of OPVs can be roughly divided into four
categories: polymer donors, small molecule donors, fullerene acceptors, and non-fullerene
acceptors.

1.7.2.1. Polymer donor

In recent years, mid-bandgap polymer donors and fullerene-based acceptors have been
reported to achieve PCEs of 4.6-23.1% for IOPVs under indoor lighting conditions 718793, Figure
19 shows the chemical structures of some polymer donor materials commonly used in IOPVSs,
and Table 3 shows the PV performance of polymer donors with fullerene-based OPVs for
indoor applications. Among these, poly(3-hexylthiophene) (P3HT) has emerged as one of the
most important donor materials in the development of OPVs®-%, Characterized by its simple
molecular structure, P3HT is not only easy and cost-effective to synthesize but also exhibits
high absorption in the 400-650 nm range, which is well-matched to the spectral irradiance of
indoor LED lighting. In 2011, Steim et al. reported the first IOPV based on P3HT:PCBM,
achieving a PCE of 7% under low-light conditions®’.
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Figure 19. The chemical structure of IOPV polymer donor materials.

Table 3. The PV performance of polymer donors with fullerene-based OPVs for indoor applications.

Active Layer Light Intensity  Voc Jsc FF PCEwmax Pout ref
(D:A) Sources (lux) V) (LA.cm?) (%) (%) (LW.cm)
Polymer donor with FA

P3HT:PCBM \ FL 300 0.41 20.6 56.6 5.8 4.8 88
P3HT:PCBM LED 500 0.43 62 0.59 8.90 15.67 e
P3HT:ICBA LED 500 0.73 50 63 13.05 22.97 89
P3HT:ICBA ‘ LED 1000 0.662 66.7 60.09 4.6 12.88 20
(130nm)

Ruoxue HE | Ph.D. Thesis | University of Limoges | 45

License CC BY-NC-ND 4.0



P3HT:ICBA LED 1000 0.661 75.0 61.91 5.4 15.12 %
(230nm)

P3HT:ICBA LED 1000 0.736 81.2 70.12 15 41.9 oL
(210nm)

P3HT:PC71BM LED 1000 0.498 73.7 71.9 9.4 26.32 92
PCDTBT:PCBM LED 1000 0.79 84 62 14.7 41.16 E
PCDTBT:bis- LED 1000 0.90 77.7 55 13.8 38.64 9%
PCBM

PCDTBT:PC7:BM FL 300 0.72 27.7 69.3 16.6 13.9 88
PTB7:PNP LED 200 0.57 19.0 67 9.5 7.3 %8
PTB7:PC71BM FL 300 0.61 28.6 69.5 14.6 12.2 88
PTB7:PC71BM LED 1000 0.569 87.6 69.3 12.3 34.44 92
PTB7-Th:PC7:BM LED 500 0.59 66 58 13.20 23.23 89
WEF3:PC71BM LED 500 0.57 51.46 58.86 10.33 17.56 n
WE3S:PC71BM LED 500 0.62 52.73 59.47 11.79 20.04 i
WF3F:PC7:BM LED 500 0.69 55.42 62.23 14.36 24.41 n
OD:PC7:BM LED 1000 0.57 125.8 68.33 18.04 50.51 &y
PDTBTBz- LED 1000 0.817 112.4 70.4 23.1 64.68 92
2Fanti:PC71BM

PBDB-T:PC71BM w-LED 1000 0.69 106.4 73.07 17.54 52.97 e

With advancements in donor materials for outdoor conditions, significant improvements have
also been realized in indoor environments. In 2016, Lee et al. demonstrated IOPVs using
PCDTBT and PTB7 donor polymers blended with fullerene-based acceptor materials and
compared their performance under low-light illumination using a fluorescent lamp88. Devices
based on PCDTBT:PC7:BM generated a high Voc of 0.72 V and achieved a PCE of 16.6%
under 300 lux FL illumination. This high performance of PCDTBT-based devices under indoor
conditions aligns well with theoretical models for indoor OPVs. According to Shockley-
Queisser analysis, the ideal band gap for efficient harvesting of energy from fluorescent or
LEDs is about 1.9 eV. PCDTBT has a band gap of exactly 1.9 eV, making it ideal for indoor
light harvesting. On the other hand, PTB7 has a slightly smaller bandgap of 1.8 eV and can
absorb more photons from the solar spectrum, but it is not as ideal for harvesting indoor light
sources compared to PCDTBT. Therefore, PTB7:PC7:BM devices exhibit higher efficiency
under standard 1-sun illumination; a lower Voc of 0.61 V under low-light conditions limits their
PCE to 14.6%. The PTB7-Th:PC7:BM blend is a well-established system in the field of OPV
research, capable of achieving PCEs of 13.20% under 500 lux LED illumination®®.

As previously discussed, for indoor conditions, wide bandgaps and appropriate molecular
energy levels are required for a higher Voc, which helps to improve OPV efficiency. The
bandgap of photovoltaic materials in OPV is related to the energy difference between the
HOMO of the acceptor and the LUMO of the donor. Therefore, achieving a deeper HOMO level
for the donor is also a viable solution to improve performance. Singh et al. investigated the
effect of substituents on the HOMO level and absorption of the donor, thereby affecting device
performance. They designed three donor polymers based on benzodithiophene (BDT) with
different substituents:alkyl (WF3), alkylthio (WF3S), and fluorine (WF3F). Fluorination has
been shown to effectively tune the optoelectronic properties of a polymer by reducing the
HOMO level. The fluorine (F) substituent, as in WF3F, can minimize bimolecular
recombination, reduce Rs, increase Rsu, suppress trap-assisted recombination, achieve higher
Voc and promote better morphological properties in the polymer blend. As a result, WF3F has
a deeper HOMO of -5.62eV compared to -5.44eV for WF3 and -5.45eV for WF3S. Under LED
illumination at 500Ix, the WF3F:PC71BM device showed a higher PCE of 17.34% with a Voc
of 0.69V compared to a PCE of 12.83% (Voc: 0.57V) for WF3:PC71BM and a PCE of 14.32%
(Voc: 0.57V) for WF3S:PC71BM™.
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Recent advancements in the development of novel donor polymers have further improved the
PCE of I0OPVs. In 2019, You et al. conducted a comparative study on the photovoltaic
performance of four different polymer donors: P3HT, PTB7, PDTBTBz-2F.ni, and PBDB-T,
blended with PC7:BM under low-light conditions. The active layers formed from these polymers
exhibited different absorption spectra and distinct spectral matches with the emission spectrum
of LED light, resulting in different power absorption efficiencies. Among these materials, the
wide bandgap polymer PDTBTBz-2F.ni showed superior spectral matching with LED light,
leading to a remarkable PCE of 23.1% under 1000 lux LED illumination. This exceptional
efficiency is attributed to the optimal spectral matching to indoor lighting conditions, which
enhances the power absorption ratio. The high Voc of 0.81 V is due to the lower HOMO energy
level and larger bandgap of the polymer. Also, the BHJ film of PDTBTBz-2F.w and PC7:BM
exhibited a crystalline nanofibrillar morphology with excellent face-on 1-1 stacking, facilitating
efficient charge transport and minimal carrier recombination loss under dim indoor lighting
conditions®?. Similarly, the wide bandgap polymer PBDB-T, when blended with PC71BM,
achieved a PCE of 17.75% under 1000 lux warm LED illumination?®.

I.7.2.2. Small molecule (SM) donor

Novel SM donor materials (Figure 20), which have attracted attention due to their tunable
electronic properties, well-defined molecular structures, and relatively simple purification
processes compared to polymers, have been successfully hybridized with FAs in IOPVs
despite some challenges during their synthesis. Table 4 provides a summary of the PV
performance of these SM donor materials when combined with FAs in IOPV devices. These
IOPVs achieved PCEs ranging from 8.4% to 28.1% under indoor lighting®-1%. In 2018, Lee et
al. achieved an impressive PCE of 28.1% under 1000 lux FL illumination using the SM donor
benzodithiophene-terthiophene-rhodamine (BTR) blend with PC71:BM as the active material®®.
This SM donor was selected due to its uniqgue morphology, resulting from the particular
arrangement of the alkyl chain and its correspondingly high optical energy band gap of 1.80
eV, which is suitable for indoor light harvesting. Their study also showed that the solvent vapor
annealing (SVA) treatment affects the device performance, strongly correlating with the
morphology of the active layer. In 2019, Arai et al. compared the SM donors BDT-2T-ID and
BDT-1T-ID with the polymer donor PTB7 in OSCs using the FA PNP under 200 Ix LED
illumination. They demonstrated that the solution-processed small molecule BDT-2T-ID PNP
OPVs achieved a high PCE exceeding 16% under white LED illumination. The Voc of the BDT-
2T-ID (0.75V) and BDT-1T-ID (0.85V) based devices was higher than that of the PTB7 (0.58V)
based devices due to their deep HOMO values of -5.13 and -5.23 eV, respectively. Besides,
these SM devices exhibited higher Pou of 12.4 and 9.9 yW cm2?, with PCEs of 16.2% and
12.9%, respectively, compared to PTB7-based devices, which had a P of 7.6 yW cm2 and
a PCE of 9.9%°. Following the same strategy to achieve low HOMO levels of donors, this
group further synthesized two new SM donors using one or two dithieno[3,2b:2',3'-d]pyridin-
5(4H)-one (DTP) as the functional molecular core bearing electron-withdrawing fused lactam
subunits linked to 1,3-indandione (ID) units, namely 1DTP-ID and 2DTP-ID, with HOMO levels
of -5.35 eV and -5.25 eV, respectively'%. Both 1DTP-ID and 2DTP-ID-based devices showed
superior PV performance under warm white LED light, resulting in improved PCEs of 19.3%
and 17.8%, respectively.

In 2020, Wang et al. synthesized four new SM donors with donor-acceptor-acceptor (D-A-A')-
configurations: CPNT, DCPNT, CPNBT, and DCPNBT. In these molecules, naphtho[1,2-c: 5,6-
c'lbis([1,2,5]thiadiazole) (NT) or naphtho[2,3-c][1,2,5]thiadiazole (NBT) served as the electron-
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deficient core (A), bridging the electron-donating triarylamine donor group (D) and the electron-
withdrawing cyano or dicyanovinylene acceptor group (A"). These materials include vacuum
deposited OPVs based on CPNT:C70 and DCPNT:C70, which showed the best PCE of 5.9%
and 8.3% under AM 1.5G and 12.8% and 12.6%, respectively, under 500 lux TLD-840 FL
lamp?0L. In 2021, Su et al. reported two thieno[3,2-b]thiophene (TT)-based donor-1r-acceptor-
type SM donors, namely DTDCPTT and DTDCPTT-2CN, designed for use in IOPVs. These
molecules exhibited intramolecular state charge transfer absorption in the visible light region,
high thermal stability, and suitable energy level alignment with Cv. In particular, DTDCPTT
exhibited more compact crystal packing and uniform distances between adjacent antiparallel
dimer pairs, providing advantages for exciton dissociation and carrier transport compared to
DTDCPTT-2CN. Vacuum-deposited binary cells using DTDCPTT and DTDCPTT-2CN in
conjunction with FA Cyo achieved power conversion efficiencies (PCE) of 7.81% and 6.00%,
respectively, under simulated AM 1.5 G illumination. Impressively, these cells achieved
outstanding PCE values of up to 16.89% and 12.35% respectively under 500 lux TLD-840 FL
illumination®2. More recently, Gao et al. focused their efforts on the design and synthesis of
new A-11-D-11-A porphyrin-based SM donors for IOSCs, namely, C19-PdP, C19-PtP, and C19-
H2P. The metalloporphyrins C19-PdP and C19-PtP, featuring the insertion of noble metals (Pd
and Pt) into the porphyrin core, exhibited lower HOMO levels compared to the free base
porphyrin C19-H2P. This insertion of noble metals resulted in well-ordered surface
morphology, higher charge carrier mobilities, and suppressed charge recombination dynamics.
As a consequence, OSC devices based on C19-PdP:PC71BM and C19-PtP:PC71BM
exhibited improved PCE of 16.54 and 16.74%, respectively, under 300 lux LED illumination®.
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Figure 20. The chemical structure of small-molecule donor for IOPV
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Table 4. The PV performance of small donors with fullerene-based OPVs for indoor applications.

Active Layer Light Intensity Voc Jsc FF PCEmax Pout ref
(D:A) Sources (lux) V) (LA.cm?) (%) (%) (LW.cm™)

Small Molecule Donor with FA

BTR:PC71BM FL 1000 0.791 133.1 75.2 28.1 78.2 99
BDT-2T-ID:PNP LED 200 0.75 24.2 68 16.0 12.3 2
BDT-1T-ID:PNP LED 200 0.84 19.2 59 124 9.5 98
1DTP-ID:PNP LED 200 0.67 24.6 68 19.3 11.2 g
2DTP- LED 200 0.72 22.8 63 17.8 10.3 100
IDCPNT:PNP

CPNT:C70 FL 500 0.667 53.5 51.9 12.8 18.57 ol
CPNBT:C70 FL 500 0.533 39.5 58.1 8.4 12.18 101
DCPNT:C70 FL 500 0.680 46.6 57.4 12.6 18.13 o
DTDCPTT:C70 FL 1000 0.68 103 67.73 16.35 47.25 102
DTDCPTT- FL 1000 0.75 99.2 52.20 13.44 39 e
2CN:C70

C19- LED 300 0.72 30.68 66.1 16.36 13.74 103
PdP:PC71BM

C19-PtP:PC71BM LED 300 0.78 29.07 64.7 16.47 13.83 Ao

1.7.2.3. Fullerene acceptors

As mentioned in the donor section, FAs play an essential role in OPVs by accepting electrons
from donors, thereby facilitating the separation of excitons into free charges. FAs are based
on carbon cage structures, with well-known examples such as PCBM, PC7:BM, ICBA, and
PNP. Among these, PCBM stands out as one of the most critical fullerene acceptor materials
in the history of OPVs due to its good solubility, favorable electron acceptor properties, and
compatibility with P3HT materials. The first IOPV was made of P3HT:PCBM with a PCE of 7%
under low light conditions in 2011 °7. In 2017, Yang et al. compared the IPV properties of PCBM
and ICBA with P3HT donors. The P3HT:ICBA device exhibited a higher Voc (0.73V) than the
Voc (0.43V) of P3HT:PCBM, achieving a high PCE of 13.05% and a high P of 22.97 yW cm-
2 under LED illumination at 500 lux. In addition, the P3HT:PCBM device showed a PCE of
8.90% with a Poy of 15.67 yW cm™2. They found that using an acceptor with a higher LUMO
energy level (-3.74 eV for ICBA compared to -3.90 eV for PCBM) significantly increased the
Voc, thereby greatly improving device performance in low light conditions®. In 2023, this
concept was further refined by Hou et al. using bis-PCBM and PCBM as acceptors. These
PCDTBT:bis-PCBM devices achieved a high Voc of up to 0.9 V under 1000 Ix indoor light,
compared to 0.79 V for devices using PCBM. This improvement was attributed to the high
LUMO level of bis-PCBM (-3.83 eV). However, the bis-PCBM devices exhibited a lower PCE
of 13.8% compared to 14.7% for the PCBM devices. The lower efficiency was due to the
disorder and amorphous properties of the bis-PCBM devices, which led to diminished Jsc and
FFo3,

PC71BM has better absorption properties than PCBM in the visible region, allowing for
increased photon harvesting and potentially higher photocurrent for devices using PC7:BM
instead of PCBM. As discussed in the small molecule donors section, SM donors have tunable
electronic properties, well-defined structures, and relatively simple purification, making them
excellent candidates for blending with FAs in IOPVs. Whether polymeric or SM donors are
used, the incorporation of FAs as acceptors in the active layer of OSCs provides flexibility in
optimizing the optoelectronic properties of the devices under various light conditions.

Ruoxue HE | Ph.D. Thesis | University of Limoges | 49
License CC BY-NC-ND 4.0



-3.82 3.74

-3.90 -3.91

-4.20

Energy levels (eV)
PCBM
PC70BM
bis-PCBM
ICBA

C70

o
o
©

-5.90 -5.87

C70

Figure 21. a) The chemical structure of FA materials for IOPV. b) The energy band gap of FA for IOPV.
I.7.2.4. Non-fullerene acceptors

In the field of OPVs, the development of NFAs represents a significant advancement. Unlike
traditional FAs, NFAs provide numerous advantages, including better light absorption in the
visible range, tunable bandgaps suitable for different artificial light sources by introducing
suitable side chains that also provide appropriate solubility and tune the packing structures in
the solid state, superior electron mobilities, and customizable frontier orbital energy levels.
These properties are invaluable in increasing Voc and minimizing energy losses, especially
under the low-intensity lighting conditions typical of indoor environments. As a result, the
unique properties of NFAs make them up-and-coming candidates for improving the
performance of IOPVs. In this subsection, we will explore the recent studies on various NFA-
based OPVs for indoor applications, the performance of which is summarized in Table 5.

Since its first synthesis in 2016, NFA ITIC?* (Figure 22), with its A-D-A structure, has presented
excellent photoelectric properties characterized by broad and strong absorption in the range
of 500 to 750 nm. This absorption spectrum matches well with the emission spectrum of LEDs
and FLs, making ITIC an up-and-coming candidate for indoor applications. In 2019, Ding and
his research group constructed an OPV device based on CD1:ITIC. The device showcased a
Voc of 0.78 V, a Jsc of 116 YA cm?, an FF of 68.1%, and a Py of 62 uW cm2, resulting in a
PCE of 17.9% under FL illumination at 1000 lux%4. Afterward, other NFAs from the ITIC family
were developed and used for IPV. Modifications to the ITIC molecule, such as changes to the
halogen elements, end groups, and side chains, have allowed the energy levels to be adjusted,
the light absorption range to be extended, and the morphology of the active layer to be
improved. Examples include 10-4Cl, IT-4F, and IT-M, which were blended with the donor
polymer PM6 and characterized under LED conditions. These solar cells achieved impressive
PCEs of up to 26.1% for 10-4CI74, 15.03% for IT-4F'%, and 22.8% for IT-4M%, In 2022, Saeed
et al. introduced a novel derivative of ITIC, m-ITIC-O-EH, with modified alkoxy chains. This
modification effectively tuned the energy levels (Figure 23a) and reduced charge
recombination losses between electrodes, contributing to exceptional IPV performance.
Devices based on PBDB-T:m-ITIC-O-EH achieved a PCE of 21.6% under LED at 1000 lux.
Moreover, a comparative study was conducted on the photovoltaic performance of devices
based on FAs and NFAs under both 1-sun and indoor lighting conditions. The PBDB-T:m-ITIC-
O-EH-based device presented superior indoor performance compared to its PBDB-T:PC70BM
counterpart, generating three times higher Puax and demonstrating improved stability, retaining
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80% of its initial PCE value after 12 hours of continuous illumination by a halogen lamp (1000
lux)07,

One of the most promising NFAs for indoor applications is IDIC, which has an A-D-A structure
and an ideal bandgap of around 1.6 eV, enabling it to achieve very high EQEs in the 500-700
nm range. The main differences between the ITIC and IDIC families lie in their molecular
structures. IDIC typically contains thiophene-containing five-ring fused units as the donor unit.
In contrast, ITIC consists of an asymmetric seven-ring fused electron donor unit containing
thienothiophene as the core. In 2022, Radford et al. investigated the addition of heteroatom-
based rotational blocking groups to IDIC, resulting in IDIC-Br and IDIC-S derivatives. They
compared the PV performance of these NFAs mixed with PTQ10 devices. Their results showed
that the bromine rotational blocking group could enhance the performance of OSCs under both
standard AM1.5G and 1200 Ix LED light conditions, resulting in high PCEs of 10.8% and 23%,
respectively. IDIC and IDIC-S produced similar PCEs under 1-sun illumination (9.9% and 9.2%
respectively). However, IDIC-S delivered lower Pqy: than IDIC-based cells under indoor lighting
conditions (PCE of IDIC-based: 20%, PCE of IDIC-S-based: 17%).1%8

Bai et al. designed and synthesized a high-performance NFA named FCC-CI, optimized for
IOPVs with a desirable optical band gap of 1.71 eV. The strategic design of FCC-CI involved
combining a weak electron-donating core with a moderate electron-withdrawing end group,
resulting in a wide energy band gap, high absorption coefficient, and enhanced crystallinity.
OPVs using the D18:FCC-CI blend achieved an EQE of up to 85%, and an impressive PCE of
29.4% under 1000 lux LED illumination (2600 K). As well as, PM6:FCC-CI devices
demonstrated high efficiencies of 26.5% under 1000 lux indoor illumination, even with active
layer thicknesses up to 300 nm, which is a feature particularly beneficial for large-scale roll-to-
roll printing processes'®. In 2022, Luo et al. reported a series of large-bandgap NFAs based
on a derivative of FCC-CI, achieved by modifying the alkyl side chains with alkylphenyl chains,
either partially or entirely. These derivatives, named FCC-CI-C8, FCC-CI-4Ph, and FCC-CI-
6Ph, were designed to fine-tune the absorption spectra and energy levels of the NFAs, thereby
reducing energy loss. The bulky alkylphenyl side chains also positively influenced the blend
film morphology, leading to smaller domain sizes and purer phase separation, which facilitated
exciton dissociation and suppressed charge recombination. Among the derivatives, FCC-CI-
4Ph, with partial alkyl and alkylphenyl substitutions, demonstrated the best performance. This
derivative successfully blueshifted the absorption of the NFAs while minimizing the adverse
morphological effects of the bulky alkylphenyl chains. The well-matched absorption spectrum
and improved blend film morphology of the D18:FCC-CI4Ph enabled a high PCE of over 29%
under 3000 K LED at 1000 lux and approximately 27% under 6500 K LED at 1000 lux.
Additionally, the stability test showed that the device retained more than 90% of the original
PCE after more than 1000 hours of continuous illumination at 500 lux*©.

In addition to the A-D-A structured NFASs, such as the ITIC and IDIC families, another notable
NFA, Y6, has been introduced. Y6 features an A-D-A'-D-A structure, which enhances the
intramolecular electron push-pull effect within the molecule. This structural modification
optimizes the electronic properties of the NFA, making it more efficient at absorbing light and
facilitating charge separation in OPV devices. Y6 represents a significant advancement in the
field of NFA under 1-sun conditions, offering new opportunities to improve the performance
and efficiency of OSCs. Several derivatives have been developed to adapt Y6 to indoor
conditions. In 2020, Ma and co-workers reported on a Y6 derivative named Y6-O, in which an
alkoxy chain replaces the alkyl chain at the edge of the thiophene units. While the absorption
range of Y6 typically extends up to 940 nm, which is excessively red-shifted, the alkoxy
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substitution in Y6-O helped to blueshift the absorption of the acceptor by increasing its HOMO
and LUMO levels (Figure 23b), making it better aligned with the indoor illumination spectrum.
For the energy gap to change, one of the bands (the HOMO or the LUMO) must grow more
than the other, as this differential growth adjusts the energy gap. As a result, PM6:Y6-O
devices achieved a remarkable PCE of 31% under 1650 Ix LED illumination, with an FF of
76%, Voc of 0.84V, and Jsc of 0.235 mAcm2, especially when PDINO was used as the ETL.1?
Building on this progress, in 2021, Xu et al. synthesized a new Y6 derivative with chlorinated
terminal groups, HD-4Cl. They developed another novel Y6 derivative, HDO-4Cl, in which
alkoxy groups were introduced at the edge of the thiophene units instead of alkyl chains in HD-
4Cl. The PM6:HD-4Cl-based devices achieved a PCE of 19.9% under warm LED illumination
at 1000Ix. Meanwhile, the PM6:HDO-4Cl-based devices achieved an optimal PCE of 23.4%
under the same conditions. This improvement was attributed to the alkoxy group's ability to
reduce electron affinities and increase the bandgap, resulting in a blueshift in the absorption
spectrum. In addition, t-linkers with multiple alkoxyl substitutions could act as non-covalent
conformational locks, leading to a delocalized LUMO energy level and a planar geometry,
which is beneficial to -1 stacking 2. Consequently, HDO-4Cl emerged as a more promising
candidate for indoor lighting applications compared to HD-4CI'*3. In 2023, Kim et al. developed
IOPV devices integrating ultrathin 2PACz as the HTL and 2PACz with PM6:Y6 as the
photoactive layer. The spontaneous vertical phase separation of PM6:Y6 photoactive layers
with 2PACz resulted in a vertical component distribution, which significantly enhanced the
carrier yield-mobility product and effectively suppressed trap-assisted recombination and
leakage current in the IOPVs. As a result, the PM6:Y6:2PACz device achieved a record high
efficiency of 33.5% under 1000 Ix LED illumination, an improvement of approximately 30.8%
over the PM6-Y6 device (with a PCE of 25.6%). In addition, the use of phosphonic acid group-
based 2PACz-treated ITO induced a sufficiently large work function, resulting in a vacuum
level shift. This shift enabled efficient energy level matching and improved charge selection at
the hole-selective interface. The champion OPV achieved an outstanding PCE of 36.5% under
indoor lighting conditions and retained 95% of its initial efficiency after 1000 hours of operation
in ambient air.# In addition, Kim et al. reported another strategy to synthesize Y6 derivative
acceptors by varying the length and type of the outer side chain. They synthesized four new
molecules by modifying the chalcogen-containing heterocycle of the Y6 molecule to thiophene
(ThTh) and selenophene (ThSe) and varying the length of the outer side chain using n-hexyl
(C6) and n-nonyl (C9) moieties: ThTh-C6, ThTh-C9, ThSe-C6, and ThSe-C9. When paired
with PM6 as a donor, the ThTh-containing OPVs exhibited improved Jsc and Voc due to their
enhanced crystallinity and reduced degree of bimolecular recombination compared to the
ThSe systems. In addition, the short side chain resulted in relatively reduced monomolecular
recombination and moderated planarity compared to the long chain. The optimum OSCs based
on PM6:ThTh-C6 achieved a high PCE of 24.8% under 1000 Ix LED illumination.*
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Figure 23. Energy bandgap of ITIC and Y6 families.
Table 5. The PV performance of the non-fullerene-based OSCs under light sources.
Active Layer Light Intensity  Voc Jsc FF PCEmax Pout ref
(D:A) Sources (lux) V) (WA.cm?) (%) (%) (UW.cm)
CD1:TIC FL 1000 0.78 116 68.1 17.9 62 e
LED 1000 0.77 107 67.5 154 56 104
PM6:10-4CL w-LED 1000 1.10 90.6 79.1 26.1 78.8 i
PM6:IT-4F LED 1000 0.671 94.59 71.48 15.03 45.38 105
PM6:IT-4F FL 1000 0.621 112.88 62.75 14.74 43.99 il
PCE12:IT-4F w-LED 1000 0.52 1145 72.03 13.95 42.13 s
PM6:IT-M LED 500 0.880 54.2 75.4 22.8 36.02 o
PCE12:m-ITIC- LED 1000 0.678 163.9 69.8 21.6 60.4 107
OEH
PBDB-TS:IT-4F FL 1000 0.48 1255 36.2 7.0 22.1 e
PBDB-TS3CL:IT- FL 1000 0.66 123.8 72.8 194 60.2 116
AF
PBDB-TS4C:IT- FL 1000 0.66 129.3 74.3 20.7 64.0 &
4F
PBDB-TSCLIT- FL 1000 0.657 117.92 77.37 20.08 59.94 115
4F
PM6:IDIC LED 1000 0.777 105 63.4 19.5 54.6 5
PTQ10:IDIC LED 1200 0.84 120 56 20 55.8 108
PTQ10:1DIC-Br LED 1200 0.73 150 64 23 68.2 Aoz
PTQ10:IDIC-S LED 1200 0.76 104 59 17 46.5 108
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PM6:Y6 LED 1000 0.667 154.6 66.1 25.4 68.58 4

PM6:Y6-O LED 1650 0.84 245 76 31.01 155.7 11
PM6:HD-4CI LED 1000 0.690 123.5 72.0 19.9 61.4 113
PM6:HDO-4CI 1000 0.793 120.2 75.7 23.4 72.2 113
PM6:THTH-C6 LED 1000 0.67 115.2 73.2 24.8 56.58 e
PM6:THTH-C9 LED 1000 0.676 110.9 71.1 23.7 53.36 114
PM6:THSE-C6 LED 1000 0.604 111.0 70.1 21.1 46.92 ik
PM6:THSE-C9 LED 1000 0.647 106.7 71.2 22.3 49.22 114
PTQ10:ClI- LED 1000 0.989 98.13 76.34 24.28 74.54 i
BTA33

PCE12:BTA3 w-LED 1000 0.99 111.6 70.07 25.61 77.34 &
PCE12:BTA3 LED 1000 0.990 98.5 73.6 23.3 71.8 118
PCE12:N2200 LED 1000 0.70 89.08 70.46 14.74 40.71 119
PCE12:F-M LED 200 0.74 33 63.4 20.18 155 120
PTQ10:TPDI2N- LED 2000 1.09 112 51 10.9 60.91 121
EH

PM7:BTA3 LED 1000 1.103 38.0 55.5 7.6 23.3 118
PM7:DTSIC-IC w-LED 1000 0.89 91 58.80 16.92 47.62 122
PM7:DTSIC-TC 0.87 95 70.86 20.73 58.57 122
PM6:BTA3 LED 1000 1.117 65.0 67.1 15.8 48.7 118
PB4:FTCC-Br LED 1000 0.967 119.87 82.00 31.09 95.05 123
PB3:FTCC-Br LED 1000 0.954 119.06 80.72 30.00 91.68 123
P3TEA:FTTB- LED 1200 1.02 143 67 26.44 96.51 124
PDI4

PBQX- LED 1000 1.10 97.7 80.1 28.5 86.1 125
TCL:BTA3

PBOX-TCL:DTZ- LED 500 1.07 47.5 81.1 26.8 41.2 126
R1

PBOX-TCL:DTZ- LED 500 1.08 42.3 79.5 23.6 36.3 126
R2

PBQX-TCL:DTZ- LED 500 1.08 37.5 76.3 20.1 30.9 228
R3

D18:FCC-CI LED 1000 0.955 123 79.8 29.4 93.5 109
D18:FCC-CI-C8 LED 1000 0.947 110.0 79.3 28.4 82.36 110
D18:FCC-CI-4PH LED 1000 0.972 110.5 79.0 29.3 84.97 110
D18:FCC-CI-6PH LED 1000 0.996 94.2 69.8 22.6 65.54 110
D18:CI-BTA5 LED 1000 1.019 91.11 68.96 21.20 65.08 127
PTB7-TH:MCZM LED 1000 0.88 81.08 66 18.88 52.86 128
PTB7-TH:MCZ LED 1000 0.74 111.95 68 22.14 61.99 128
PTVT-BT:BTA3 LED 1000 1.031 106.54 77.04 27.30 84.65 129
P(BDP- LED 1000 1.08 66.53 63 17.68 49.50 130
HT):DCRTF

P(BDP- LED 1000 0.93 88.43 68 21.84 61.15 130
HT):DICTF

I.7.3. Ternary blend active layers

Another strategy to improve OPV performance is the ternary blend approach. In this
configuration, three different materials are incorporated into the active layer of the OPV caell,
such as a donor blend with two acceptors D:A1:A2 or two donors blended with an acceptor
D1:D2:A, each with complementary absorption spectra. By combining the beneficial properties
of each material, this strategy can improve light absorption, charge generation, charge carrier
mobilities, and transport properties, as well as the FF and overall device efficiency under
standard 1-sun illumination. In recent years, research on ternary OPVs and improving
efficiency has continued to increase, and a record of 18.9% has been achieved under 1-sun
conditions®®1:132. This optimization allows for better control over the morphology and
composition of the active layer, potentially reducing recombination losses and increasing
charge extraction efficiency. However, it is worth noting that ternary blends also face significant
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obstacles. A key challenge is the difficulty in engineering the energy levels to establish the
correct energy cascade to ensure efficient charge transport between the components.
Furthermore, the introduction of a third component may complicate the charge transport
pathway, potentially leading to mobility issues or increased recombination, especially if the
new component disrupts the phase separation and overall morphology. Despite these
challenges, ternary OPVs still have potential advantages, such as higher stability and greater
tolerance to environmental changes, making them promising candidates for indoor energy
harvesting applications. In 2018, Yin and al. proposed a ternary D1:D2:A strategy to enhance
the OPV performance of PCDTBT:PC71CB-based OPVs by incorporating PDTSTPD, a
compound with a low HOMO level””. The ternary devices exhibited a higher PCE of 6.0%
compared to 5.3% for the binary device under 1-sun conditions. Additionally, they
demonstrated an impressive PCE of 20.8% under 300 lux FL. The main improvements were
observed in the FF and the Jsc, attributed to better spectral overlap between the emission
spectra of the light sources and the absorption spectra of the ternary BHJ films. In 2022, Lee
et al. used a D:A1:A2 configuration by adding the NFA ITIC-TH to a binary blend of PM6:IT-
4F88, Although ITIC-TH did not significantly enhance the absorption spectra of the ternary
blend, it possessed a suitable energy level that facilitated charge transfer, reduced charge
recombination, and minimized energy loss (ELoss). Furthermore, due to the crystalline nature
of ITIC-Th, the morphology of the amorphous binary blend was optimized. The resulting ternary
device achieved a remarkable PCE of 30.11% under 500 lux LED illumination. To summarize
the recent progress of ternary OPV for indoor use, Table 6 lists the performance indicators of
ternary systems under different indoor lighting conditions. The table highlights the
improvements in key parameters such as Voc, Jsc, FF, and PCE achieved by different ternary
configurations under indoor light sources such as LEDs and FLs.

Table 6. Summary of previously reported ternary IOPV device properties.

Ternary active layer Light Intensity  Voc Jsc FF  PCEwmax ref
Sources (lux) V) (MAcm?) (%) (%)
(lux)
PCDTBT:PDTSTPD:PC71:BM FL 300 0.73 33.3 63.5 20.8 i
PTB7:PC71:BM:EP-PDI LED 500 0.65 57 68.5 15.68 82
PBDB-T:ITIC-Th:PC71BM LED 1000 0.72 157.94 65.06 26.4 i
PM6:Y6:Y-TH2 LED 1000 0.701 320.1 7448 22.72 134
OD:PC7:BM:PDI2 w-LED 1000 0.643 127.02 70.04 20.54 84
OD:PC71:BM:PDI4 0.641 119.29 67.79 18.27
OD:PC71:BM:IDT 0.634 132.99 71.78 21.13
OD:PC71:BM:IDDT 0.642 126.32 64.42 19.05
PTQ10: TPDI2N-EH:PDI- LED 2000 1.10 101 48 9.2 28
EDOT-PDI
PBQX-TCI:BTA3:BTP-EC9 LED
1000 0.71 122.4 78.4 225 125
(2700K)
PM6:PDI-TP:IT-4F LED
1000 0.75 125.78 61.84 19.44 e
(3000K)
PBDB-T:PC71BM:CN-QA- LED
RH 1000 0.76 118.78 71.4 17.90 136
(2700K)
PM6:IT-4F:ITIC-TH LED
500 0.75 74.73 77.10 30.11 &
(3000K)
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I.8. Conclusion and objectives of the thesis

In this chapter, we have provided an overview of indoor OSCs, highlighting their growing
importance in the context of emerging low-power, off-grid applications connected to the loT.
As IPV systems gain increasing importance in providing continuous power to 0T devices under
artificial lighting, OSCs stand out as promising candidates due to their light harvesting
efficiency, tunability, flexibility, and low-cost production potential. OSCs offer unique
advantages in terms of sustainability and design flexibility compared to other PV technologies,
making them well suited to capture a large share of the expanding IPV market.

We review the history of OSC development for indoor applications and discuss the evolution
of donor and acceptor materials specifically tailored for indoor conditions, as well as different
OSC architectures and basic operating principles under low-intensity artificial lighting. In
particular, the inverted BHJ architecture is considered to be very effective for indoor
photovoltaic applications. Under indoor low-light conditions, the J,» decreases and the leakage
current associated with the Rsy becomes more significant. Therefore, achieving a high Rsh is
critical to maintaining efficient IOPV performance. This analysis highlights the need for new
wide-bandgap materials that match the emission spectra of common indoor light sources
(especially white LEDs) and mitigate recombination losses to optimize PCE. To address these
challenges, our research introduces a strategic approach to enhance the indoor performance
of OSCs through material design and device optimization, focusing on developing materials
with targeted absorption in the blue region of the spectrum (400-500 nm), and optimizing
device architecture and processing methods to minimize Voc losses and recombination.

In our study, we explored two innovative strategies aimed at improving blue light absorption in
OSCs. First, we investigated heptazine-based electron acceptor compounds as NFAs, which
exhibit tunable electronic properties and high nitrogen/carbon ratios, making them particularly
suitable for efficient blue light absorption. This approach aims to improve the overall efficiency
of OSCs by capturing the blue photon range that is prevalent in the indoor LED spectrum.
Second, we investigated a fluorinated polymer donor, PF2, with strong blue light absorption
properties and studied its blending with ITIC to achieve better spectral matching with indoor
artificial lighting. The subsequent chapters of this thesis are based on these objectives and
present detailed methods and results to advance the field of indoor OSC. In Chapter 2, we
take an in-depth look at the fabrication and characterization of OSC devices, focusing on the
key parameters that influence the performance under indoor conditions. Chapter 3 introduces
heptazine-based NFAs and discusses their potential for absorption in the blue region in IOPV.
Chapter 4 studies PF2:ITIC blends with a focus on optimizing their photovoltaic response to
the indoor spectrum. Finally, Chapter 5 addresses the challenges of OSC stability under
outdoor conditions and explores a new approach to improve stability using LDS to mitigate UV-
induced degradation.
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Chapter Il. Fabrication of OSCs and optoelectronic characterization

II.1. Photovoltaic device fabrication

The purpose of this chapter is to provide a comprehensive explanation of the experimental
processes involved in the fabrication of BHJ inverted OPVs at the XLIM laboratory and their
optoelectronic characterization. We selected the inverted structure due to its greater stability
and compatibility with low-temperature fabrication processes'®”13, which are advantageous
for flexible substrates and large-scale manufacturing. Inverted OPVs generally exhibit
prolonged stability, and even without encapsulation, they do not degrade within a few days.
Furthermore, metal oxides such as ZnO and TiO; are preferred as interfacial layers in inverted
OPVs due to their superior physical and chemical properties over organic interfacial layers,
providing better charge extraction and environmental resistance!3?14°. These properties make
inverted OPVs ideal for indoor energy harvesting and long-term applications.

Devices were fabricated using the inverted device structure of ITO/ZnO/active layer/MoOs/Ag,
as shown in Figure 24. Each sample contained two pixels, with an active surface area of 0.18
cmz per pixel.

Active Layer

12mm§

Active Layer

:3mm

Glass

Figure 24. An inverted organic solar cell structure

Materials:
«» Photoactive donor materials used:

o D18: Poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzo[1,2-b:4,5-
b’Idithiophene))-alt-5,5'-(5,8-bis(4-(2-butyloctyl)thiophen-2-
yhdithieno[3',2":3,4;2",3":5,6]benzo[1,2-c][1,2,5]thiadiazole)] (Mw 74586, and
PDI 2.38).

o P3HT: Poly(3-hexylthiophene-2,5-diyl) (Regioregularity 95.2%, Mw 36600, PDI
2).

o PBDB-T (PCE12): Poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-
b:4,5-b’[dithiophene))-alt-(5,5-(1°,3’-di-2-thienyl-5’, 7-bis(2-
ethylhexyl)benzo[1’,2’-c:4’,5-c’[dithiophene-4,8-dione)] (Mw 75725, and PDI
2.18).

All of these donor materials were purchased from Ossila Ltd. (UK).
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o PBDB-T-2F (PM6): Poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-
benzo[1,2-b:4,5-b’[dithiophene))-alt-(5,5-(1°,3’-di-2-thienyl-5’, 7’-bis(2-
ethylhexyl)benzo[1’,2°-c:4’,5’-c’[dithiophene-4,8-dione)] (Mw 90000-11000, My
25000-35000), purchased from Brilliant Matters.

o PF2: Di-fluorinated copolymer (Mw 30000, and PDI 3.8), was synthesized by
N. Leclerc from the Institut de Chimie et Procédés pour [I'Energie,
'Environnement et la Santé (ICPEES) in France. PF2 exhibits strong light-
harvesting properties, with an absorption spectrum ranging from 400 to 750
nm?0141 Notably, it has good absorption in the blue region, which is unusual for
many organic materials and is advantageous for application in IOPVs.

R/

+ Photoactive acceptor materials used:

o BTP-4F (Y6): 2,2'-((2Z,2'2)-((12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-
dihydro-[1,2,5]thiadiazolo[3,4-e]thieno[2",3":4°,5'[thieno[2',3":.4,5]pyrrolo[3, 2-
gJthieno[2',3":4,5]thieno[3,2-blindole-2,10-diyl)bis(methanylylidene))bis(5,6-
difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile (purity >
98%, Mw 1451.93).

o ITIC: 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-
tetrakis(4-hexylphenyl)-dithieno[2,3-d.2’,3-d’]-s-indacenol[1,2-b:5,6-
b’Idithiophene (purity > 99%, and My 1427.94).

Both of these acceptor materials were purchased from Ossila.

o Heptazine and its derivatives were synthesized by P. Audebert from PPSM
and XLIM laboratories®. TDPH is a derivative of heptazine, known for its ease
of synthesis and adaptability for molecular tuning®. It was synthesized via a
rapid reaction (about 15 min) using aminated heptazine as a precursor. The
reaction involves attaching pyrazolyl groups to a heptazine core, and these
groups are easily interchangeable, allowing flexibility in tuning the properties of
the molecule to optimize performance in specific applications.

« Electron transport layer materials: Zinc oxide (ZnO) nanoparticle colloidal solution (5
nm diameter, ZnO 1% wt. semiconductive ink for inkjet printing) was supplied by
Genesink under the product name Hélio ETL Jet.

% Hole transport layer material: Molybdenum(VI) oxide (MoOs, purity 99.97%, and Mw
143.94) was purchased from Sigma-Aldrich.

+ Metallic electrode: Silver (Ag, purity 99.99%) was purchased in the form of a 0.5mm
diameter filament from Goodfellow.

+ Solvents: Chlorobenzene (CB, anhydrous, 99.8%), ortho-dichlorobenzene (o-DCB,
anhydrous, 99.8%), chloroform (CF, anhydrous, 99.8%) were all purchased from
Sigma-Aldrich.

+ Solvent additives: 1-Chloronaphthalene (CN, liquid), 1,8-Diiodooctane (DIO, purity
98%, contains copper as stabilizer, liquid), both purchased from Sigma-Aldrich.

The substrate is etched and cleaned as described in the following paragraphs.

Etching ITO substrates
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Indium-doped tin oxide (ITO) is commonly used as a transparent conducting electrode in OSCs
due to its excellent optical and electrical properties. The ITO substrates used in this study were
purchased from VisionTek Systems Ltd (UK). They are coated 12x12 mm glass square
substrates, with a glass thickness of approximately 1.1 mm. The ITO has an optical bandgap
of around 3.5 eV and exhibits a high transmittance of 81.7% between 350-800 nm. Additionally,
the ITO layer features a resistivity of 7 ohms/sq.

To fabricate OSCs at the laboratory scale, the ITO substrate must first be etched. The ITO side
of the substrate is identified using an ohmmeter, and a number is inscribed on the glass side
using a diamond stylus. Two different tapes are used to mask the desired ITO area. The
unmasked ITO area is then etched using zinc powder and hydrochloric acid (HCI) diluted with
water (v/v, 1/1) at room temperature. The etched ITO substrate is
schematized in Figure 23. After etching, the ITO substrates are
thoroughly cleaned by successive washing in acetone, ethanol, and
isopropanol using an ultrasonic bath for 15 minutes at each step. This
ultrasonic cleaning step effectively removes any contaminants
adhering to the ITO surface. The substrates are then rapidly dried
using a nitrogen gas gun. Before ETL deposition, the ITO substrates
are subjected to UV-Ozone treatment for 20 minutes to finalize the
Figure 25. Diagram of cleaning step, and it also modifies their work function and surface
ITO substrate after ~ Wettability. As the UV-Ozone treatment can heat the substrates, it is
etching. recommended that the ITO substrates cool down before proceeding
with spin-coating.
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Deposition of ETL: ZnO

The colloidal solution of zinc oxide (ZnO) nanopatrticles is deposited onto the UV-ozone treated
ITO substrate by spin-coating, a technique widely used in the laboratory to produce high-quality
thin films. In this method, a small drop of the solution is placed on a flat substrate, which is
then evenly spread by the centrifugal force generated by the rotation of the substrate. The
thickness and quality of the resulting film are strongly influenced by the properties of the
solution, including temperature, viscosity, concentration, and homogeneity, as well as the spin-
coating parameters, such as rotation speed, acceleration, duration, and whether static or
dynamic spin-coating deposition, as shown in Figure 26.

Static spin-coating

J
TT T
Dynamic spin-coating
!
T T T
Figure 26. Schematic representation of the static and dynamic spin-coating process.
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In static deposition, the solution is applied to the substrate before spinning begins. The
substrate is then spun to spread the solution over the surface. In particular, depositing the
solution as multiple droplets at different locations on the substrate can help to achieve a more
uniform coating. In dynamic deposition, the solution is applied in a single step while the
substrate is already spinning, allowing for immediate and uniform spreading.

In this study, a 20 nm thin film of ZnO was statically spin-coated onto cleaned ITO-coated glass
substrates under ambient conditions using the WS 650MZ-23NPP spin-coater machine (Figure
25) from Laurell Technologies Corporation. The process was carried
out with the following parameters:

Solution volume: 60 pL
Speed of rotation: 4000 rpm

Acceleration: 1000 rpm/s

Times: 40s

After spin coating, the substrates were heated in ambient air on a

hot plate at 130°C for 10 minutes to dry the films and remove  Figure 27. A spin-coating
organic components and ligands, as well as any residual solvents, Machine is used to deposition
Al ZnO-coated ITO substrates were then transferred to a € transporting layer under
nitrogen-filled glove box. ambient conditions.

Active layer solution preparation and deposition

The active layer solution was prepared by dissolving the donor and
acceptor materials in an appropriate solvent. For this study, the
reference sample consisted of PM6 (donor) and Y6 (acceptor) dissolved
in CF to a total concentration of 16 mg-mL™ with a weight ratio of 1:1.2.
An additive of 0.5% CN (v/v, CN/CF) was also included. The solution
was stirred overnight at room temperature to ensure complete
dissolution and homogeneity.

After preparing the PM6:Y6 solution, it was statically spin-coated onto
the prepared ZnO-coated ITO substrates in a nitrogen-filled glove box
using the Spin 150 spin-coating machine from SPS-Europe. The
following parameters were used to obtain an active layer with a
thickness of approximately 100 nm:

Figure 28. A spin-coating
machine is used for the

e Solution volume: 80 pL active layer in the glove

i box.
e Rotation speed: 3000 rpm

e Acceleration: 1000 rpm/s
e Times: 30s

Different spin coating speeds were tested to study their effect on the final film thickness. Table
7 summarizes the final thickness of the PM6:Y6 active layer as a function of the deposition
parameters. These values show the relationship between spin coating speed and final film
thickness, with higher speeds resulting in thinner films. The thickness was measured using a
Dektak XT profilometer from Bruker, Germany.
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Table 7. The thickness of the PM6:Y6 active layer as a function of deposition.

Speed (rpm) Acceleration Times (s) Thickness (nm)
(rpm/s)
2000 1000 30 108+12
3000 1000 30 99+10
4000 1000 30 8819

The spin-coated films were then thermally annealed at 100°C for 10 minutes in a nitrogen-filled
glove box to improve the morphology and crystallinity of the active layer. Finally, the ZnO layer
and active layer were etched using a CF-impregnated cotton swab, following the design
illustrated in Figure 29, which allows the subsequent deposition of HTL and top electrodes.

ITO

Active Layer

Glass

Figure 29. The design scheme of the active layer on top of the ZnO layer

Deposition of HTL and metallic electrode (Ag)

Finally, 10 nm of MoO3 as the HTL and 100 nm of Ag as the top electrode were deposited by
thermal evaporation under vacuum. Thermal evaporation is a common physical vapor
deposition technique in which a material is evaporated under a high vacuum, 10 mbar in our
case, using a resistive heating source. The material is then deposited onto the underside of
the substrate, forming a smooth film. Thermal evaporation allows us to control the thickness
of the evaporated material precisely, using a quartz microbalance in the deposition chamber.
The mask used in our case provides for nine potential samples per evaporation to be
processed, with two pixels each to create solar cells with an active area of around 0.18 cm2,
as shown in Figure 24.

I1.2. Optical characteristics

11.2.1.1. UV-Visible spectroscopy

UV-visible spectroscopy is a technique used to characterize the absorption spectrum of thin
films of organic materials by examining the various optical transitions (-1, internal charge
transfer, etc.) associated with organic conjugated systems. Most of the transitions of interest
for photovoltaic applications usually occur in the visible or near UV region of the
electromagnetic spectrum. In UV-visible spectroscopy, molecules absorb photons, causing
electrons to transition from their ground state to an excited state. The energy difference
between these states corresponds to specific wavelengths of light, which are measured as
absorption bands in the UV-Vis spectrum.

In this study, the optical properties of organic thin films deposited on various substrates (bare
glass, glass-ITO, quartz) were characterized using UV-Vis spectroscopy with a Cary 300
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spectrophotometer from Agilent Technologies (double-beam configuration). To extract the
absorption spectrum from the UV-Vis spectrophotometer, we first measured the transmittance
(T), which is calculated as the ratio of the intensity of the transmitted light (I) to the intensity of
the incident light (ly): T = I/lo. Absorbance (A) is determined as the negative logarithm of
transmittance and is calculated as follows: A = -log(T). The absorbance versus wavelength is
plotted as an absorption spectrum. This calculation assumes that all incident light that does
not pass through the sample is absorbed. However, this is a rough approximation and does
not take into account reflection or scattering losses from the material surface. In reality, part of
the incident light is reflected or scattered by the interfaces between the substrate, the film, and
the surrounding air, resulting in a possible overestimation of the absorbance. Reflectivity (R)
and scattering losses must be considered to determine the absorption spectrum more
accurately. Ideally, the absorption coefficient should be calculated using transmittance and
reflectance data to avoid inaccuracies. The correct relationship should be A=-log(T+R).
However, if the reflection is small, we sometimes ignore it to simplify the calculations. This
approximation is reasonable when the material or system is known to have low reflectivity or
when the goal is to estimate the optical properties of the material roughly.

In addition to determine the absorption spectrum, UV-Vis spectroscopy can also be used to
estimate the optical bandgap (Eg) of a material using the Tauc plot method?#?. The optical
bandgap represents the energy difference between the HOMO and LUMO, which is a critical
electronic property for organic materials used in photovoltaic devices. The Tauc method
assumes that the absorption coefficient (a) depends on the photon energy () and the Eq of the
material, as shown in Eq. 7:

B(hv-E,)" _
A(hy) = Tg (Equation 7)

where is the absorbance coefficient, is Plank’s constant, is the frequency of the light, Egis
the optical band gap energy, B is a constant independent of energy, is a factor that depends
on electron transition property. Therefore, the Tauc plot is particularly useful for identifying the
optical transitions (direct or indirect) in a material. For indirect band gap transitions: , and for

direct band gap transitions: n = % , and for direct band gap transitions: n = 2.14?

The absorbance coefficient is proportional to the absorbance (Eq. 8):

Aln10
a = 7

(Equation 8)

where is the thickness of the film in cm.
e For a direct band gap material, plot (ahv)? against hv.
e For an indirect band gap material, plot (ahv)Y? against hv.
Then, extrapolate in the linear region of the energy axis of the corresponding plot. The
intersection with the energy axis is an estimate of the corresponding Eg.
11.2.1.2. Photoluminescence spectroscopy (PL)

PL spectroscopy is a powerful technique used to study the photophysical properties of organic
materials, including the dynamic processes of charge carriers between the donor and acceptor
within the active layer. In this study, the active layers of OSCs were analyzed using an
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Edinburgh FLS980 PL spectrometer, with the setup shown in Figure 30a, to obtain their
emission spectra.
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Figure 30. a) Edinburgh FLS980 photoluminescence spectrometer setup. b) Photoluminescence
process.

As shown in Figure 30b, the process begins with the absorption of incident light by electrons
in the organic materials, causing them to transition to higher energy excited states. These
electrons then relax back to their original energy states, emitting photons whose energy
corresponds to the energy gap between the excited and ground states of the material. The
emitted photons are collected and analyzed using the PL spectrometer, providing emission
spectra that represent the wavelengths of light emitted by the OSC materials due to exciton
recombination processes. The position and intensity of the peaks in the emission spectra can
vary depending on factors such as the molecular structure, purity, and morphology of the OSC
materials. Changes in these spectral features can indicate variations in material properties,
including the degree of crystallinity, the presence of defects, or the efficiency of exciton
generation and recombination.

Additionally, PL decay measurements can capture the lifetime of excitons in the system, which
is directly related to the charge transfer process. Faster decay times indicate that the excitons
are effectively separated into free charges (rather than recombination), providing insight into
the effectiveness of charge transfer between the donor and acceptor materials.

11.3. Near-field characteristics

11.3.1.1. Atomic force microscopy (AFM)

The nanoscale morphology of a mixed system and the crystallinity of the materials can
synergistically influence device performance and thermal stability. To investigate this effect,
the surface morphology of the binary mixtures was analyzed using AFM. In modern AFMs, the
deflection of the cantilever is detected using a laser beam reflected from the back side of the
tip and collected by a four-quadrant photodiode (Figure 32a). As the cantilever scans the
surface, physical interactions between the tip and the sample cause the cantilever to bend,
changing the angle of the reflected laser beam. A photodiode registers this change, and the
motion of the reflection changes the output of the photodiode. When scanning with a constant
force, an electronic feedback loop is used to maintain a stable signal from the photodiode,
ensuring that the tip moves over the surface with a continuous load force. In this way,
topographic information on the x, y, and z coordinates of the sample can be obtained and
subsequently processed by a computer to generate an image. There are two main
configurations, and one design uses a movable stage to scan the sample (in the x and y
directions). At the same time, the probe is fixed (i.e., only changes in the z direction are
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tracked), and a second design where the sample remains fixed while the probe can be moved
in the x, y, and z directions. PeakForce Quantitative Nanomechanical Mapping (PeakForce
QNM) is a new AFM mode that allows researchers to simultaneously map nanoscale
mechanical properties and image surface topography at high resolution!43145, In PeakForce
QNM mode, the AFM tip oscillates at a frequency of approximately 2 kHz, which is much lower
than the resonance frequency of the cantilever typically used in conventional tapping mode
AFM. The lower frequency allows for finer control of the interaction force between the tip and
sample!?¢, The maximum force exerted during each interaction called the peak force, is
precisely controlled and used as a feedback signal in this mode. By controlling the peak force,
PeakForce QNM maintains a gentle interaction with the sample, minimizing damage to the tip
and surface. For each tap, a force curve is extracted, which contains detailed information about
the mechanical properties of the material, as shown in Figure 31b and c*#’. Analysis of these
force curves can provide information about the mechanical properties of the material, in
particular about deformation, modulus, adhesion, and dissipation, leading to a detailed
understanding of the mechanical behavior of materials at the nanoscale.
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Figure 31. a) Diagram illustrating the AFM measurement principle!*3. b) Force curve measured in PF-
QNM mode versus time and c) force curve versus distance between sample and tip using the Derjagin-
Muller-Toporov (DMT) model, showing the information that can be extracted from this force curve#’.

In our study, we analyzed the nanoscale surface morphology of thin films of organic active
layers using AFM, with measurements performed in our laboratory XLIM and in collaboration
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with the Belgian laboratory LPNE. At XLIM, we performed topographic imaging in resonant
mode using a Nano-Observer AFM microscope (CSI Nano-Observer) (Figure 32a). In resonant
mode AFM, also commonly referred to as tapping mode, the AFM tip oscillates at a frequency
close to its resonant frequency while scanning the sample surface. This mode minimizes
damage to the AFM tip and sample, making it particularly suitable for use with soft or fragile
materials such as organic thin films in OPVs. In addition, at LPNE, we acquired AFM height
and adhesion images using a Bruker Dimension Icon | AFM operating in PeakForce
guantitative nanomechanics (QNM) (Figure 32b). AFM height images reveal the nanoscale
topography of the films, including the root mean square roughness (RMS). Meanwhile, AFM
adhesion images revealed that all films exhibited an interpenetrating network structure, which
is a characteristic of effective donor-acceptor phase separation. By studying the results from
both instruments, we gain valuable insights into the structure-property relationships of binary
blends, which is critical for optimizing device performance.

Figure 32. a) Nano-Observer AFM machine at XLIM. b) AFM machine type Bruker Dimension ICON at
LPNE.

11.3.1.2. Scanning Microwave Impedance Micraoscopy (sMIM)

sMIM is a specialized technique in AFM used to map the local electrical properties of materials
at the nanoscale. In sMIM, a microwave signal is transmitted through a conductive AFM tip
that interacts with the sample surface, and the reflected signal is measured in real-time. This
allows the technique to directly probe the conductivity and permittivity of the material beneath
the tip. By detecting and processing the reflected signals during scanning, sMIM can image
the capacitance (sMIM-C) and resistance (sMIM-R) properties of the material (Figure 33b).
These images provide insight into local electrical properties at the nanoscale, enabling the
identification of regions with different dielectric and conductive behaviors. This ability to
simultaneously map capacitance and resistance is critical for understanding nanoscale
electrical behavior in materials such as OPV active layers, where the heterogeneity of the blend
plays a key role in device performance.

To complement our studies, we employed this advanced characterization technique in the
LPNE laboratory using a Bruker Dimension ICON AFM equipped with sMIM mode (Figure
33a). The resulting sMIM-C and sMIM-R images of the active layer provide valuable
information about the electrical properties, helping us analyze the performance of the device.
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I1.4. Electrical characteristics

I1.4.1. Space charge limited current (SCLC)

To further elucidate the charge transport properties in OPV devices, the SCLC method is
employed to quantitatively characterize the electron and hole mobilities within the bulk
heterojunction?*®. The technique involves applying a voltage across the device and measuring
the resulting current to extract carrier mobility. The current in a solid is determined by the
intrinsic properties of the material and the concentration gradient of charge carriers, both of
which are affected by the density of trapped states. The J-V characteristics derived from SCLC
measurements are useful for studying electron and hole transport as well as carrier injection
and generation. The analysis uses a current injection to probe defect states in the
semiconductor bandgap and evaluate the mobility of the charge carriers, which is critical for
optimizing the performance of OPVs. As the injection bias increases, materials exhibiting
SCLC can operate in several distinct regimes: ohmic region, trap-filled SCLC, and trap-free
SCLC. These states are shown in Figure 34, which describe how charge transport changes
with increasing voltage. The behavior of SCLC in OPV devices is defined by the Mott-Gurney
equation’14%150 as shown in Eqg. 9:

9 2
Iscre = 8 Eoérl 3 (Equation 9)

Where & is the permittivity of free space, &, (=3 for organic semiconductors) is the dielectric
constant, and J and p are the current density and charge carrier mobility. V is the applied
voltage. L is the thickness of the active layer.
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Figure 34. Schematic of J-V characteristics in a: a) pure SCLC regime and b) trap-limited SCLC regime.
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The schematic in Figure 34 effectively shows the J-V characteristics in the SCLC region of an
organic semiconductor, divided into two key regimes:

a)

b)

Pure SCLC Regime: This state represents the transition from the Ohmic region (slope
= 1) to the SCLC region (slope = 2). In this SCLC regime, charge carrier injection is not
significantly affected by traps, and the current is proportional to V2, indicating the
presence of a trap-free SCLC regime.

Trap-Limited SCLC Regime: At low applied voltages, the ohmic region is observed,
where the current increases linearly with voltage, following Ohm's law. This region
represents the area where injected charge carriers are not strongly affected by traps,
and the intrinsic conductivity of the material limits the current flow. As the voltage is
increased, trap states within the material begin to capture the injected charge carriers.
This initiates the trap-limited SCLC regime, and the current rate starts to increase with
a slope of about 2 on the log-log plot. In this state, the traps gradually fill up as more
carriers are injected into the device. When the trap states are saturated, the current
increases rapidly. This transition marks the entry into the trap filling limit (TFL) region,
with a slope exceeding 2 due to the dominance of filled traps. Once all traps are filled,
the current follows a quadratic dependence on voltage, reflecting trap-free transport in
the pure SCLC regime. In this region, the Mott-Gurney law applies, and the current is
dominated by space charge effects rather than traps, which determines the charge
carrier mobility.

In our study, we applied the space charge limited current (SCLC) model to measure the
hole mobility in the active layer film using a hole-only device structure: ITO/PEDOT:PSS(40
nm)/active layer/MoOs (10 nm)/Ag (100 nm). This structure ensures that only holes
participate in the current flow, allowing the hole mobility to be precisely determined without
interference from electron transport. To experiment, we applied a voltage across the device
with one probe connected to the ITO electrode and the other to the Ag electrode on top of
the active layer (Figure 35). The J-V curves in the range of 0-5 V were recorded using a
Keithley 2400 source meter while the device was placed on a Linkam® HFS600E stage
under vacuum conditions at room temperature. The data were analyzed according to the
Mott-Gurney law to extract the hole mobility.

Figure 35. Experimental setup for SCLC measurements under vacuum.
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I1.5. Optoelectronic characteristics

11.5.1. J-V characterization AM 1.5G solar simulator

As mentioned earlier, J-V measurement is a fundamental technique for evaluating solar cell
performance. The method involves using a source meter to apply a controlled voltage bias to
the device while measuring the resulting current. Through this process, several key parameters
can be extracted, including Jsc, Voc, FF, PCE, Rsh, and Rs. To ensure comparability of
performance data between different studies and laboratories, it is crucial to consider standard
test conditions (STC). For outdoor measurements, these conditions have been refined since
the 1980s and are widely accepted by the scientific community. The International
Electrotechnical Commission (IEC) has published protocols, such as IEC 60904-1, which
outlines the “Measurement of Photovoltaic Current-Voltage Characteristics” under standard
conditions. In our laboratory, J-V measurements were performed inside a glove box using a
computer-controlled Keithley 2400 sourcemeter to maintain an inert environment (Figure 36).
The source meter applies a sweeping voltage across the electrodes of the solar cell and
records the resulting current density response. For illumination, we used a solar simulator
emitting a spectrum conforming to the AM1.5G standard, and measurements were performed
without an aperture mask. The solar simulator provides 1000 W/m? of radiant intensity
according to the IEC standard spectrum of AM1.5G, simulating sunlight passing through 1.5
times the Earth's atmosphere at a zenith angle of 48.2°. The AM1.5G standard is used to
simulate real-world sunlight conditions, ensuring that the measurement results reflect the
performance of the solar cell under typical outdoor conditions.

Figure 36. a) J-V measurement setup for solar cell characterization in XLIM laboratory glove box: solar
simulator, b) Keithley 2400 source meter, and c) sample holder.

It is important to consider that the spectrum produced by a solar simulator does not exactly
match the AM1.5G solar spectrum that represents natural sunlight. Therefore, there may be
differences between the actual spectrum used during testing and the AM1.5G reference. To
address this issue, a mismatch factor (M) must be applied. This factor helps correct for
differences in the spectra, ensuring that the performance of the solar cell is neither
overestimated nor underestimated during the J-V measurement. The calculation of M for a
given cell requires knowledge of the sensitivity of the cell under test. This sensitivity is linked
to the EQE of cell and is measured in compliance with IEC 60904-03.
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Figure 37. a) Comparison of BAG solar simulator irradiance spectrum with AM1.5G standard solar
spectrum (IEC standard), and b) calibration Si reference cell (Newport Company, Oriel instruments,
Starford, CT, U.S.A., Model 99150V).

1.5.2. Lighting conditions and Indoor J-V characterization

Unlike outdoor testing, which uses the AM1.5G spectrum to simulate sunlight, indoor
characterization is usually performed under artificial lighting conditions that can vary widely.
Indoor artificial lights are designed to provide a perception of white. Their spectrum is usually
continuous and lies within the range where the human eye’s spectral response is significant,
i.e., 400-700 nm (see Figure 38). The color temperature of a light source is defined as the
absolute temperature (in Kelvin (K)) of a theoretical blackbody radiator that radiates a spectrum
similar to that of the light source. The range is typically between 2000 K and 10000 K. Low
color temperatures (< 4000 K) produce light that leans toward yellow or red and is often called
"warm." These are typical of incandescent and evening light. High color temperatures (> 4000
K) produce light that leans toward blue, called “cool,” and is commonly seen in daylight or
modern LED and fluorescent lighting. Acceptable white light temperatures for both indoor and
outdoor lighting cover this range and are categorized according to their color temperature.
Figure 38b specifically illustrates the color temperature correspondence of LEDs used in public
lighting applications, which range from warm white to cool bluish-white depending on the color
temperature. At the same time, Table 8 compares the characteristics of warm and cool LEDs
and their applications.
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Figure 38. a) Normalized spectra of common light sources measured with the ILT950
spectroradiometer: comparison of the CIE 1931 standard human eye response, warm white LEDs, cool
white LEDs, CFLs, and incandescent lamps*®. b) Color temperatures range from 1,000 K to 10,000 K,
showing corresponding light sources and color perception*®2.
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Historically, indoor testing has lacked standardization, with different labs using different
conditions for power and efficiency measurements. This includes using various light sources,
such as white LEDs, FLs, and other types of lighting with different color temperatures and a
range of light intensities, typically from 200 lux to 2000 lux. This variability creates challenges
when trying to compare the reported efficiencies of different PV technologies.

Table 8. Comparison of warm and cold LED characteristics and applications.

Led type Color Environment Applications
temperature
Warm Led 2700K to 3000K Comfortable, relaxing, Residential spaces,
and warm ambiance homes, kitchens,
restaurants, hotels
Cold Led > 5000K Precision-focused, crisp, | Industrial settings, schools,
and bright lighting hospitals, workspaces

The European standard EN 12464-1 defines specific lighting requirements for workplaces to
ensure visual comfort and optimal performance of the human eye%3. This standard provides
detailed guidelines for different rooms, areas, and activities, specifying the illuminance required
for various environments. As shown in Table 9, the illuminance levels measured in several
rooms with different lighting conditions typically range from 100 to 1000 lux, with a few specific
environments reaching up to 1500 or even 2000 lux.

Table 9. Examples of the illumination levels for indoor space.

Environment \ llluminance (lux)

Dim corridor, stores 100
Loading bays, switch rooms, plant rooms 150
Foyers, entrance halls, dining rooms 200
Libraries, sports hall, lecture theatres 300
General offices, kitchens, laboratories, retail shops 500
Drawing offices, meat inspection, chain stores 750
General inspection, electronic assembly, paintwork, 1000
supermarkets

Fine work and inspection, precision assembly 1500
Assembly of minute items, finish fabric inspection 2000

Until recently, in 2023, the IEC introduced a technical specification for the evaluation of indoor
PV equipment: "Nano-enabled Photovoltaics - Device Evaluation Method for Indoor Lighting"
(IEC TS 62607-7-2). The standard outlines procedures and guidelines for measuring the power
and efficiency of nano-photovoltaic devices under controlled indoor lighting conditions,
including classification requirements for light sources that simulate indoor conditions and
specifications for measurement conditions, such as temperature requirements, traceability,
and spectral mismatch correction. It recommends lighting levels of 50, 200, and 1000 lux to
create a consistent indoor test environment. This specification is an important reference for
establishing reliable and repeatable indoor PV test protocols. The standard addresses the
need for accurate and traceable measurements by specifying requirements for light sources,
power measurement instruments, and calibration reference equipment. Adherence to these
specifications ensures more consistent comparisons between different laboratories and
studies. Table 10 compares STCs for outdoor and IPV luminaires, while Table 11 shows the
ISTC specification for testing IPV devices.
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Table 10. Standard Testing Conditions (STCs) for both outdoor and indoor photovoltaic.

STCs Outdoor Indoor
Source Sun simulator Artificial light sources (LEDs, FLs,
incandescent bulbs)
Air mass AM 1.5 Not applicable
Irradiance 1000 W.m? 50, 200, and 1000 lux
Cell temperature (°C) 25 25
Reference IEC 60904-1 IEC TS 62607-7-2:2023

Table 11. llluminance levels, irradiance, temperature, and spectrum standards for testing IPV device
performance under indoor lighting conditions at ISCT#.

llluminance (lux) Irradiance with LED- Irradiance with FL10 spectrum

B4 spectrum (mW.m™2) (mMW.m?2)

1000 3132 3076

200 626 615

50 157 154

Temperature (°C) 25

Spectrum CIE B4-LED reference CIE FL10 reference spectrum
spectrum (white LED) (fluorescent lamp)

Additionally, when discussing indoor test conditions, it is important to distinguish between
irradiance and illuminance. Irradiance is the radiant power received per unit area, expressed
in W/mz2, while illuminance is the luminous flux per unit area, expressed in lux (Ix) or lumens
per square meter (Im/m?). For indoor PV testing, illuminance is more important because it is
consistent with human visual perception, especially under common indoor lighting sources.

In our study, we standardized our measurements at 200, 500, and 1000 lux using LED lighting
to ensure relevance and comparability between different studies. Although our use of LED
spectra in a benchtop setting simplifies the indoor characterization process by avoiding
mismatch corrections, variations in indoor light sources must be considered when comparing
IPV device performance across studies. The setup in our laboratory for indoor J-V
measurements consists of a black box equipped with a stage for sample positioning, as
depicted in Figure 39. The artificial light source (either a warm or cold LED from Osram) is
located at the top of the measuring station. To minimize the effects of diffuse light, the internal
walls of the box are painted black, a practice commonly recommended in the literature'®4. In
this setup, the distance between the light source and the sample is fixed. However, we can
adjust the illumination level by varying the input power of the lamps. It is achieved using an
ISO-TECH IPS 303DD power supply, which provides controlled voltage and current to the
LEDs, as mentioned in Table 12 below. It is crucial to ensure complete thermal stabilization of
the light source, which usually requires several tens of minutes.

Table 12. Power supply current and voltage corresponding to irradiance levels for indoor J-V
measurements under warm and cold LED lighting conditions.

Led type Nominal Measured Applied Applied Total
illumination illumination current voltage irradiance

(Lux) (Lux) (A) (V) (W.m™2)
Warm Led 200 206 0.061 17.2 0.66
500 517 0.183 17.9 1.65
1000 1035 0.467 19.0 3.29
Cold Led 200 204 0.038 17.2 0.69
500 509 0.097 17.8 1.73
1000 1038 0.210 18.6 3.58
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Figure 39. Indoor J-V measurement setup: a) cold LED lighting with radiator, b) warm LED lighting with

small radiator, ¢) sample holder, and d) black box setup with power supply.

To accurately measure the illuminance and optical power densities of the incident light on the
device under test (DUT), we used a BLACK-Comet Model Super Range 200-1100 nm
spectrometer from StellarNet Inc (USA), paired with a cosine-corrected detector, as shown in
Figure 40. The detector, calibrated for accurate irradiance measurements over a broad
spectral range, was strategically placed in the center of a black box to minimize stray light and
reflections. The distance between the light source and the detector was carefully matched to
the distance between the light source and the sample holder. This arrangement ensured
consistent and reliable measurements that accurately reflected the conditions experienced by

the sample.
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Figure 41. Irradiance and Normalized Spectral Profiles of the Light Output at the Sample Plane Across
Three llluminance Levels (200 lux, 500 lux, and 1000 lux) Using Warm LED (a, b) and Cold LED (c, d)
Lighting at XLIM.

Figure 41 shows the irradiance and normalized spectral profiles of light output at the sample
plane over three illuminance levels (200 lux, 500 lux, and 1000 lux) using Warm LED (a, b)
and Cold LED (c, d) illumination at XLIM. From panels (a) and (c), it can be seen that the
irradiance increases proportionally with the input power for both Warm and Cold LEDs,
indicating effective control of light intensity. In panels (b) and (d), the normalized spectra show
that by adjusting the LED input power, it is possible to achieve varying irradiances with minimal
spectral deviation. This consistency across different light levels ensures reliable and
comparable measurements under different lighting conditions.

The temporal stability of the LED light source was performed by measuring its illuminance at
three different levels, 200, 500, and 1000 lux, every 3 minutes for 30 minutes after a 30-minute
pre-heat of the LED to ensure thermal stability, as shown in Figure 42.
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Figure 42. Temporal stability measurements of warm and cold LEDs used in the XLIM lab setup.

The results show very stable performance, with minimal variation in illuminance over the period
measured. Specifically, the maximum variation observed was approximately 1%, indicating
exceptional consistency in the LED's light output. These measurements were taken
sequentially, moving smoothly from 200 lux to 500 lux and then to 1000 lux, with no interruption
or fluctuation in performance. These consistent measurements, taken at regular intervals,
confirm the reliability of the LED's output at different illuminance levels. The LED was operated
continuously and transitioned smoothly between the different lux levels without any significant
fluctuations. This stability is substantial for our experimental setup, where the reliability of the
light source is crucial to ensure accurate and repeatable results during consecutive
measurements taken outside the glove box.
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11.5.3. External quantum efficiency (EQE)

EQE, also known as Incident Photon-to-Current Efficiency (IPCE), measures the wavelength-
dependent efficiency with which incident photons are converted into electrical current. Analysis
of the EQE spectrum provides valuable insight into the light-harvesting efficiency, charge
generation, and charge extraction efficiency within the device. EQE is generally calculated
using the following formula Eqg. 10:

EQE =

collected charges at a given wavelength

(Equation 10)

incident photons of the same wavelength

The theoretical Jsc can be calculated by integrating the product of the EQE and the incident
light spectrum over all wavelengths for both indoor and outdoor conditions, as shown in Eq.
11:

Joo = L (A o (1) % Py (1) * d(A) (Equation 11)

hc JAmin

where A is the wavelength, h is Planck's constant, and c is the speed of light. Pi» (A) is the
power density of incident light as a function of wavelength. This equation allows Jsc to be
calculated by taking into account the spectral response of the device and the characteristics
of the incident light in both indoor and outdoor conditions.

To obtain accurate EQE measurements, it is critical to calibrate the measurement system
against a reference cell. Calibration compensates for system response and ensures precise
comparison between the measured solar cell and ideal standard conditions. If the spectral
irradiance of the light source used in the EQE setup differs from the light source used for J-V
measurements, a mismatch factor may need to be used to avoid overestimation or
underestimation of Jsc. In our study, EQE measurements were performed using the Enlitech
QE-T system (Figure 43), which provides wavelength-resolved EQE data. The obtained
spectra were calibrated against a certified reference cell (Si solar cell, see Figure 43a) to
ensure accurate determination of the EQE and final Jsc of our devices. This process helps
eliminate spectral mismatches and ensures that the Jsc values derived from the EQE data are
consistent with those obtained through J-V characterization, thus improving the reliability of
our performance assessments under different lighting conditions.

a)
b)
Figure 43. EQE setup at XLIM with reference Si solar cell (a).
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Chapter Ill. Optimization of OCSs for indoor applications using new NFAs
Heptazines

In indoor environments dominated by light sources such as white LEDs, the spectral
distribution and intensity differ significantly from natural sunlight. To address these unique
conditions, the design of OPVs must employ materials that are specifically tuned to efficiently
capture and convert the limited, specific spectrum of light. This has led to a growing interest in
exploring new molecular materials, particularly NFAs, which offer greater flexibility in tuning
electronic properties to match the spectrum of indoor lighting.

In this context, my thesis proposes an innovative strategy to improve the performance of OPV
cells under indoor lighting conditions by integrating novel NFAs into the active layers.
Specifically, this work focuses on utilizing a molecular platform based on heptazines, a new
class of NFAs with high band gaps that absorb in the blue region of the spectrum and support
high Voc in OPV devices. The large band gap of heptazine-based NFAs reduces energy losses
by minimizing the LUMO shift between donor and acceptor materials, thereby improving the
energy conversion efficiency under artificial light sources such as white LEDs.

This work was developed in close collaboration with Prof. Pierre Audebert and his team at the
Laboratory of Photo-physique et Photo-chimie Supramoléculaire et Macromoléculaires
(PPSM-Université Paris-Saclay, ENS Paris-Saclay, CNRS) and the XLIM ELITE team. They
pioneered the synthesis of heptazine derivatives, providing a unique opportunity to explore
their integration into OPV devices.

This chapter will cover two main aspects: first, the fabrication and optimization process of
organic solar cells will be introduced with the PM62:Y6" system as a reference. This section
details the key manufacturing processes at XLIM, including material deposition, control of
active layer morphology, and influence of the thickness of the active layer; second, an in-depth
discussion will be given on the material selection, fabrication techniques, and optimization
strategies for developing OPVs suitable for indoor use by integrating novel heptazine NFAs
into the active layer.

Il1.1. OSC manufacturing process using PM6:Y6 as a reference system

PM6:Y6 was chosen as the reference system due to its high efficiency and well-documented
performance under standard solar conditions (Figure 44a) 29155157 |n 2019, a major advance
in OSCs was marked by the development of a new NFA Y6, which features an A-DA’D-A
structure and an electron-deficient fused-ring core?®. When combined with the widely used
polymer donor PM6, the Y6-based OSCs achieved an impressive PCE of 15.7% with a high
Voc of 0.825 V, a Jsc of 25.2 mA.cm~2, and an FF of 74%. We designed the experimental
parameters of the PM6:Y6 system based on several important publications that optimized
these solar cells for outdoor operation??85158, As described in Chapter 1.1, we followed the
established fabrication process for PM6:Y6 OPV devices. ZnO and MoO3; were used as the
electron extraction layer and the hole extraction layer, respectively. Furthermore, we explore

a PM6: Poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)benzo[1,2-b:4,5-b’]dithiophene))-alt-
(5,5-(1’,3-di-2-thienyl-5’, 7°bis(2-ethylhexyl)benzo[1’,2’-c:4’,5™-c’[dithiophene-4,8-dione)]

bY6: 2,2'-((2Z,2'2)-((12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4
efthieno[2",3":4°,5']thieno[2',3":4,5]pyrrolo[3, 2-g]thieno[2',3":4,5]thieno[3,2-b]indole-2,10-
diyl)bis(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-1H-indene-2,1 diylidene))dimalononitrile
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the effect of active layer thickness by studying three different thicknesses to evaluate their
impact on the device performance.

Figure 44 shows the molecular structures of PM6 and Y6 materials, the normalized absorption
spectrum of PM6:Y6 blend film, and the stacking configuration of the layers that make up the
entire OPV device. In addition, it highlights the energy levels of the materials used (derived
from the literature), including HOMO and LUMO levels of donor and acceptor (Figure 44d),
which are critical for efficient charge transfer and overall device performance.
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Figure 44. a) Chemical structure of PM6 (donor) and Y6 (acceptor). b) Normalized absorption spectrum
of PM6:Y6 blend film. C) Structure of OPV with PM6:Y6. d) Energy levels of the materials used in the
OPV device.

The fabrication of the active layer followed the procedure outlined in Chapter Il, where a
PM6:Y6 mixture was prepared and deposited on a glass/ITO/ZnO substrate. We then used
AFM to study the surface morphology and local adhesion of these blends, as shown in Figure
45 below.
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Figure 45. AFM height images (5x5um, left) and AFM adhesion images (5x5um, right) of PM6:Y6 blend
films.

The height image on the left shows the surface morphology of the PM6:Y6 blend film, revealing
the surface features and roughness, with a root mean square roughness (Rrus) value of 1.78
nm, indicating a relatively smooth surface, consistent with Ref. 29. The adhesion image on the
right shows an interpenetrating network structure, which is characteristic of effective donor-
acceptor phase separation.

The blend films of PM6 and Y6 were integrated into OPV devices using an inverted structural
configuration (ITO/ZnO/active layer/MoOs/Ag). The full description of processing steps are
given in Chapter Il. Figure 46 and Table 13 show the corresponding JV curves and PV
parameters under the solar simulator in AM 1.5G conditions (outdoor).
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Figure 46. J-V curves of PM6:Y6 reference systems with different thicknesses a) under a solar simulator
(AM 1.5 G), b) under dark in semi-logarithm scale. c) EQE spectra showing wavelength-integrated
photocurrent through integration over the standard solar spectrum.
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Table 13. PV performance of PM6:Y6 OPVs as a function of the active layer thickness under solar
simulator (AM 1.5 G). The active surface area is around 0.18 cm?2. Average Jsc and PCE are given in
brackets. The average parameters were calculated from 6 cells, and the error estimate was calculated

as the standard deviation of these 6 cells. *Jsc E°F was calculated using EQE.

Thickness Voc Jsc (Jscave) Jsc EQE FF PCE (PCEave) Rs RsH
(nm) (V) (mA.cm) (mA.cm) (%) (%) (Q.cm? | (Q.cm?

108+12 0.79 15.9 17.6 64 8.0 30 6000
(14.7+0.9) (7.7+0.3)

99+10 0.80 18.3 20.3 63 10.3 20 5200
(17.7£1.67) (9.320.9)

8819 0.72 15.8 18.6 61 6.5 50 3500
(15.0+0.6) (6.120.5)

The active layer thickness was varied by adjusting the spin-coating speed, resulting in three
different thicknesses: 108+12 nm, 99+10 nm, and 88+9 nm. As shown in Figure 46a and Table
13, the J-V curve obtained under the solar simulator shows that when the thickness is 99 + 10
nm, the PCE reaches 10.3%, which is the best performance. This optimal thickness achieves
a good balance between sufficient light absorption and efficient charge transport, with a Voc of
0.80V, a Jsc of 18.3 mA.cm~2, and an FF of 63%. The dark J-V curve in Figure 46b shows the
diode behavior of the device, confirming that charge transport and recombination are directly
affected by the thickness of the active layer. Thinner layers exhibit higher Rs and lower Rs,
as seen by the increased recombination losses and poor performance of the 88 £ 9 nm layer,
which has a lower PCE of 6.5%. As can be seen from Figure 46c¢, the 99 + 10 nm device
exhibits the highest EQE in the visible and near-infrared (NIR) spectra, especially in the 500-
850 nm range, which indicates higher efficiency in light harvesting and charge generation. This
is consistent with the higher Jsc values and better overall device performance at this optimal
thickness. Furthermore, the Jsc calculated from the EQE spectra agrees with the Jsc values
obtained from J-V measurements, further validating the accuracy of the measurements and
highlighting the efficiency of the device at this thickness. Furthermore, the PCE of our device
is 10.3%, which is lower than the performance of the state-of-the-art PM6:Y6 device with
similar configuration, which has a PCE as high as 14.9%, a Voc 0f 0.82 V, a Jsc of 24.6 mA/cm?,
and a FF of 74%2%158, This variation can be due to differences in lab environments as well as
differences in active area between devices, both of which can significantly affect performance
metrics.

We then measured the performance of the PM6:Y6 OPV devices under indoor lighting
conditions. The indoor J-V curves and PV performance of the PM6:Y6 reference system are
presented in Figure 47 and Table 14, with measurements taken under 1000 lux warm LED
illumination (see Chapter Il for the full characteristics of the illumination conditions).
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Figure 47. Indoor J-V curves of PM6:Y6 OPVs as a function of the active layer thickness.
Table 14. Indoor PV performance of PM6:Y6 OPVs as a function of the active layer thickness. The

active surface area is around 0.18 cmz2. The average parameters were calculated from 6 cells, and the
error estimate was calculated as the standard deviation of these 6 cells, which were given in brackets.

*Jsc EQE was calculated using EQE.

Thickness Voc Jsc (Jscave) Jsc EQE FF PCE (PCEave) Rs RsH

V) (LA.cm) (LA.cm™) (%) (%) (Q.cm? | (Q.cm?

108+12 0.55 119 104 61 12.4 110 1.9x10°
(116+5) (11.6+1.3)

99+10 0.60 123 117 72 16.4 91 5.0x10°

(119+10) (15.69+3.12)

88+9 0.58 114 108 62 13.7 95 3.3x10°

(12045) (12.0£2.5)

The J-V curves obtained under 1000 lux warm LED illumination show that the device with a
thickness of 99 £ 10 nm achieves the highest PCE of 16.4%, Voc of 0.60 V, Jsc of 123 pA.cm~2,
and FF of 72%. This performance correlates well with the results obtained under a solar
simulator. It is comparable to the performance reported in a reference study'®8, where a
PM®6:Y6 device exhibits a PCE of 17.6%, a Voc of 0.66 V, a Jsc of 157 pA.cm~2, and a FF of
70% under 1300 lux illumination using a similar device architecture. The superior performance
at 99 + 10 nm can be attributed to the optimal balance between light absorption and efficient
charge transport, which is particularly important under low-intensity indoor lighting conditions.
In comparison, the devices with active layer thicknesses of 108 £ 12 nm and 88 + 9 nm have
slightly lower efficiencies, with PCEwax values of 12.4% and 13.7%, respectively. Thicker
devices have increased Rs, which hinders charge extraction, while thinner devices may suffer
from insufficient light absorption, resulting in lower overall efficiency. The device-to-device
variation in Rsy and Rs further emphasizes the critical impact of active layer thickness on
recombination and charge transport properties, with the 99 + 10 nm device providing the most
favorable balance between these factors, leading to superior indoor photovoltaic performance.
Although the performance of our PM6:Y6 devices under 1 sun conditions is slightly lower than
that reported by other laboratories, achieving competitive results under indoor lighting
conditions highlights the reliability of our fabrication process. These reproducible PM6:Y6
reference devices provide a solid foundation for further research and optimization in
subsequent chapters of this thesis.
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Ill.2. Materials and devices structure for NFA heptazine system

Heptazines (Figure 48), known for their high nitrogen/carbon atomic ratio, exhibit highly
electron-deficient properties, making them ideal candidates for various optoelectronic and
photocatalytic applications. Its remarkable optical and electronic behavior is mainly attributed
to the conjugated 1 system, which includes a low-lying 1* orbital. The nitrogen atoms
embedded in their molecular structure play a key role by lowering the energy of the 1 orbitals
(due to the high electronegativity of nitrogen), thereby increasing the electron affinity5%16°, The
derivatives have a polycyclic aromatic core with a high nitrogen content (Figure 48a). The core
structure maintains a C/N ratio of 0.85, is relatively nitrogen-rich compared to other
heterocycles, and allows for strong electronic resonance (aromaticity). This unique
combination provides heptazines with a variety of valuable properties, including strong electron
affinity.

The optical properties of heptazines are strongly influenced by their highly conjugated -
system and nitrogen-rich structure, which lead to their electronic defect characteristics and
unique optical behaviors. Typically, Heptazines absorb light in the UV to near-blue region with
a band gap range of 3.5-4 eV®%161, These properties are ideal for optoelectronic devices as well
as catalytic and photocatalytic applications62-165,
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Figure 48. Chemical structure of heptazine, a) heptazine core, b) heptazine (tris-s-triazine), and c) 2,5,8-
tris(3,5-diethyl-pyrazolyl)-heptazine (TDPH).

Furthermore, heptazine derivatives are also known for their ability to undergo processes such
as delayed fluorescence, where triplet excitons are converted back to singlet excitons, leading
to efficient light emission. This makes heptazines attractive candidates for optoelectronic
devices, such as organic light-emitting diodes (OLEDs)*>’. Moreover, heptazines exhibit
excellent thermal and chemical decomposition temperatures exceeding 500 °C, which further
enhances their potential for demanding applications'66-168, Synthesis of materials containing
the heptazine core (C6N7) is straightforward and can be achieved by heating common
compounds such as urea, cyanamide, ammonium dicyanamide, dicyanamide, or melamine to
above 340°C. These properties (excellent stability and easy synthesis) further highlight the
potential of heptazines in optoelectronic and photocatalytic applications.

Among the heptazine derivatives, 2,5,8-tris(3,5-diethyl-pyrazolyl)-heptazine (TDPH, see
Figure 48c)°® is particularly noteworthy. As shown in Figure 49, TDPH was synthesized through
a rapid mechanic synthesis (approximately 15 minutes) using an aminated heptazine as a
precursor®®. The pyrazolyl groups attached to the heptazine core are easily interchangeable,
providing flexibility for molecular tuning. TDPH can be produced on a gram scale with a yield
of 30-40%, making it useful for lab-scale device fabrication.
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Figure 49. Synthesis of TDPH bearing three pyrazolyl leaving groups®?°.

In the solid state, TDPH molecules adopt a displaced columnar packing arrangement with
strong stacking interactions between the pyrazole substituents (Figure 50b). X-ray diffraction
of a single crystal of TDPH obtained from a concentrated dichloromethane (DCM) solution
showed that the heptazine core was nearly coplanar with the attached pyrazole groups (Figure
50a). This molecular arrangement facilitates efficient charge transport and improves their
stability, both of which are important for high-performance organic devices. These findings
suggest that heptazine-based molecules have great potential for application in OPV devices.
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Figure 50. a) ORTEP diagram of TDPH, showing 30% probability ellipsoids. TDPH crystals were
obtained from concentrated dissolution in DCM. N atoms are shown in blue, Cl atoms (from DCM
molecules co-crystallized with TDPH) are shown in green, b) Crystal packing view of RX in the lattice.

Furthermore, it is possible to fine-tune their absorption region and bandgap by modifying their
side chains, particularly in the blue region of the spectrum. This ability to tailor absorption
properties matches well with the blue light emitted by modern LED lighting, making heptazines
an excellent candidate for IOPVs. For example, TDPH with interchangeable pyrazolyl groups
provides flexibility for molecular tuning to optimize performance in low-light environments. By
exploiting these unique characteristics, heptazine-based NFAs have the potential to
significantly enhance light harvesting in low-light environments, addressing the growing
demand for energy-efficient technologies in indoor settings. In 2020, my colleague Ibrahim
Zamkoye first proposed the use of TDPH® as an interfacial layer in organic devices like solar
cells. These thin films were deposited using both thermal evaporation under vacuum and spin-
coating techniques?, illustrating the very good versatility of the material towards integration into
devices. In their study, they developed a simple model device where heptazine thin films
improved electron transfer from a tris-(8-hydroxyquinoline) aluminum (Algs) photo-active layer,
as demonstrated by steady-state and transient photoluminescence spectroscopy. Structurally,
the heptazine core in TDPH (Figure 49a) is nearly coplanar with its pyrazole substituents,
facilitating efficient electron delocalization and further enhancing the potential of heptazine in
OPV and other optoelectronic applications.
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I11.3. Initial integration of TDPH as an NFA: pairing with optimized p-type donor
materials for OPV applications

We chose TDPH as the initial NFA for investigation due to its well-understood synthesis and
well-characterized electron deficiency. For this reason, TDPH was the natural benchmark
heptazine to start our study, although its absorption profile does not match the blue region of
the LED emission spectrum (see Figure 51a). Indeed, TDPH absorbs primarily in the UV
region, with limited absorption in the blue, where both warm and cool LED lights emit most of
their energy. At the beginning of our study, TDPH was however a logical starting point, after
which Pierre Audebert’s group at the PPSM laboratory began synthesizing other heptazine
derivatives presenting red-shifted absorption, better optimized for indoor lighting conditions,
especially in the blue region.

a) w gri|1) R I —
f —— TDPH film : Donor
o Warm_LED
S08 / need —— Cold_LED T o Acceptor
< [ [oue Shift {o0s E s sy 292 .
=] o X 2 -3.
Bosl | E T -3.65
8 ';' g 3
2 i 0,02 B =
] 2 - E
3 o f g o D18
s & &
= ko
E 0,01 g
‘6 0,2 |- B £
=z =
-5.51 5.2 -5.33 -5.45
0,0 1 0,00
300 400 500 600 700 -6.96

Wavelength (nm)
Figure 51. a) The normalized absorption spectrum of TDPH film compared to the irradiance of LED. b)
The energy level diagrams.

In this initial phase, we tried to pair TDPH with carefully selected p-type donor materials to
maximize charge separation and transport based on reported energy level diagrams (Figure
51b). The LUMO and HOMO energy levels of the heptazines, including TDPH, were
determined using electrochemical data and optical absorption spectra. For TDPH, the LUMO
was calculated from the first reduction potential, measured at -1.23 V vs. Ag/AgCl in cyclic
voltammetry experiments®8. By applying the formula LUMO = - (Viedox + 4.55), we obtained a
LUMO value of -3.32 eV. The HOMO was derived from the optical Eg, which as determined
from a Tauc plot to be 3.62 eV (see Appendix 2.2)'42, Using the relationship HOMO = LUMO -
Ey, the HOMO was calculated to be -6.96 eV.

Compared with PM6, TDPH has a higher LUMO level (-3.32 eV vs. —-3.65 eV for PM6). This
higher LUMO energy level is beneficial for achieving a larger Voc in OPV devices, which is
particularly beneficial for maximizing the energy conversion efficiency of OPV devices. The
choice of donor material is crucial to compensate for the suboptimal absorption of TDPH in the
visible region. To this end, we focus on donor polymers such as D18, PCE12, and P3HT, which
exhibit broad absorption across the visible spectrum. These materials complement the
electron-accepting properties of TDPH by efficiently absorbing incident light that TDPH cannot
fully capture. OPV systems based on TDPH are therefore relevant to assess the possibility of
efficiently dissociating excitons and driving free charges at the electrodes using a heptazine
electron acceptor compound, for the first time.
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D18:TDPH blend system

These materials, D18 as polymer donor and TDPH as NFA, were used to fabricate inverted
structure OPV cells with the following configuration: ITO/ZnO/active layer/MoOs/Ag.

To prepare the active layer, D18 and TDPH were dissolved in CF as solvent. According to the
molar masses of D18 (1360.14 g/mol per repeat unit) and TDPH (539 g/mol), the donor-
acceptor ratio in the active layer is usually chosen to balance the charge generation and
transport properties of the blend. To target an optimal mixing morphology and efficient charge
transfer, we choose two different weight ratios of D18:TDPH, 1:0.5 and 1:0.25. A concentration
of 18 mg/mL for D18:TDPH blends were used. The active layer blend was spin-coated onto
the ZnO-coated ITO substrates at 3000 rpm for 30 seconds to form a uniform thin film with an
optimal thickness of around 100 nm. After the deposition of the active layer, two different film
preparation conditions were tested for the D18:TDPH blend system: non-annealing and
annealing. In the non-annealing condition, the spin-coated active layer remains in the as-cast
state, and no heat treatment is required. Under annealing conditions, the active layer was
thermally annealed at 60°C for 10 min. This thermal treatment is expected to improve the
molecular order and crystallinity of the D18 polymer3°169170 and TDPH acceptor, thereby
enhancing charge transport and exciton dissociation.
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Figure 52. a) Chemical structure of D18. b) Energy levels of D18 and TDPH, and c) their absorption
spectrum.

Figure 52a shows the chemical structure of D18, while Figure 52b and 39c summarize the
LUMO and HOMO energy levels and optical absorption of these materials. As expected, D18
has a higher HOMO (-5.51 eV) and LUMO (-2.77 eV) compared to the LUMO (-3.32 eV) and
HOMO (-6.96 eV) of TDPH. This favorable energy level alignment should ensure the efficient
separation of excitons at the donor-acceptor interface, with the LUMO position of TDPH being
lower than that of D18, thus facilitating the electron transfer from the donor to the acceptor.
Furthermore, the large gap between the LUMO of TDPH and the HOMO of D18 contributes to
the improvement of the Voc, which is crucial for maximizing the PCE of OPV devices.

The films were prepared on glass/ITO/ZnO substrates by spin coating and annealed at 60 °
C for 10 min.
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Figure 53. a) Absorption and b) PL spectra for different D18: TDPH blend ratio, compared to pure D18.
The excitation was at 545 nm.

The absorption spectra (Figure 53a) of D18 and D18: TDPH blend films showed that pure D18
film absorbs mainly in the visible region, especially between 500 and 700 nm. After mixing with
TDPH, additional absorption features appear in the UV regions (200-350 nm), which are
assigned to TDPH. As the TDPH content increases from 1:0.25 to 1:0.5 in the blend, the
absorption in the UV region becomes more apparent, reflecting the strong absorption of TDPH
in this range. However, the overall absorption in the visible region was still mainly dominated
by D18, as expected. Figure 53b presents the normalized PL intensity of D18 and D18: TDPH
blends upon excitation at 545 nm. The neat D18 film displays the highest emission intensity
characteristics of its expected emission, showing three main contributions at 630, 695, and
770 nm'7%172 - which correspond to the radiative recombination of excitons in different
vibrational states of the polymer. In contrast, the PL intensity of the D18:TDPH was found
lower, with greater quenching observed at higher TDPH concentrations (D18 1:0.5). It is
noteworthy that, as shown in Figure 52c, TDPH does not show significant absorption at 545
nm, which means that it does not directly contribute to the emission at this excitation
wavelength. This is further supported by the fact that the absorption of TDPH occurs mainly in
the UV region (below 350 nm). Therefore, the observed PL quenching is primarily due to the
exciton dissociation at the D18 interface rather than any emission from TDPH itself. Such
evidence supports that TDPH acts as an electron acceptor, facilitating charge transfer from
D18, thereby quenching the exciton recombination that would otherwise lead to
photoluminescence. The observed PL quenching remains partial however at this stage.

AFM topography images (Figure 54, top row) provide insights into the film surface morphology
and roughness. The pure D18 film has a relatively smooth surface with an Rgrus of 0.42 nm.
When D18 and TDPH are mixed in the ratio of 1:0.25 and 1:0.5, the surface roughness slightly
increases to 0.48 and 0.56 nm, respectively, indicating a small effect on phase separation
between D18 and TDPH materials. Furthermore, the morphology of the neat D18 film exhibits
a typical fibrous structure, which is consistent with the semicrystalline nature of D18 and has
been previously reported in the literature®°. The morphology obtained for the D18:TDPH blends
is in agreement with what has been reported in the literature for similar D18:Y6-based systems.

In addition to the topographic images, Figure 54 (bottom row) also shows the phase images of
pure D18 and two different ratios of D18:TDPH blends. Phase images further reveal the
nanoscale phase separation and distribution of donor and acceptor materials. For the pure
D18 film, the phase image exhibits a relatively uniform contrast, indicating that the film is
homogeneous without obvious phase separation at large scale. As the TDPH content in the
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blend increases, the phase contrast becomes more obvious, indicating an increase in the
degree of phase separation between D18 and TDPH. Specifically, the D18:TDPH (1:0.5) blend
showed more obvious phase separation compared to the D18:TDPH (1:0.25) blend, as shown
by the change in phase contrast. This indicates that with increasing TDPH content, the donor
and acceptor domains become more distinct, which affects the charge transport and exciton
dissociation processes. Despite the increased phase separation, the blends still maintain a
smooth and ordered morphology, as shown in the topography images, which is beneficial for
the efficient charge transfer at the donor-acceptor interface. However, an optimal balance
between phase separation and domain size is crucial to ensure that charge carriers can be
efficiently transported to the corresponding electrodes without significant recombination

losses.
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Figure 54. AFM topography images (top row) and phase images (bottom row) for pure D18 and two
ratios of D18:TDPH blends in an area of 1.5 x 1.5 pm.

J-V characterization under a solar simulator was performed to evaluate the PV properties of
D18:TDPH-based solar cells in an inverted geometry under standard AM 1.5G, as shown in
Figure 55 and Table 15. The results present the PV performance parameters of devices using
D18 as the donor and TDPH as the NFA under two different conditions: as-cast and annealed
at 60°C for 10 minutes.
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Figure 55. J-V curve of the annealed D18 and D18:TDPH (1:0.25) OPV devices under solar simulator
(100 mwW.cm-?).

Table 15. PV parameters of D18: TDPH devices under solar simulator (100 mW.cm2).

Blends Voc Jsc FF PCEwmax
V) (mA.cm?) (%) (%)

D18:TDPH(1:0.25) 0.55 7.7x102 29.0 1.2x102

As-cast

D18:TDPH(1:0.25) 1.01 8.3x1072 38.1 3.2x102

With annealing 60°c

for 10min

D18:TDPH (1:0.5) 0.04 3.2x102 30.6 0.4x102

As-cast

D18:TDPH (1:0.5) 0.77 3.7x102 38.1 1.1x102

With annealing 60°c

for 10min

Although the D18:TDPH systems exhibit a photovoltaic response, the overall performance
remains low, primarily due to the very low Jsc, less than 0.1 mA/cmz2. Annealing at 60°C for 10
minutes significantly improves the performance of D18:TDPH OPV devices, particularly in
terms of Voc and FF. The observed Voc of 1.01V in the D18:TDPH (1:0.25) devices is
especially promising, surpassing the reference PM6:Y6 system of 0.8V. However, despite this
encouraging Voc, both Jsc and PCE remain low, indicating that several factors still hinder
optimal device performance. This suggests several possible hypotheses for the low current
extraction.

First, the relatively low Jsc indicates poor charge extraction, which may be caused by the
inappropriate morphology in the blend. The lack of a bicontinuous network (well-connected
donor and acceptor phases) may prevent efficient charge transport to the electrodes. Second,
the charge transport within the solid-state TDPH phase may not be optimal, which requires
further investigation. It is important to verify the transfer characteristics of TDPH to understand
its role in limiting device performance better. Furthermore, PL quenching analysis indicated
that a certain degree of electron transfer occurred between D18 and TDPH; however, the
observed quenching was relatively weak. This suggests that the charge transfer between D18
and TDPH may not be completely efficient or quantitative. All these factors suggest that further
optimization of the device architecture, blend morphology, and possibly the choice of donor
materials is necessary. Specifically, the morphology must be tailored to achieve better phase
separation and continuous charge extraction pathways. Furthermore, it is crucial to evaluate
the charge transport capability of TDPH and ensure efficient electron transport. Despite these
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challenges, the remarkable Voc achieved demonstrates the potential of TDPH as an NFA,
which is in good agreement with the expected energy level diagram.

P3HT:TDPH blends system

Although D18 is promising for improving Voc using TDPH as the NFA, the relatively low Jsc
and limited charge transport observed in the D18:TDPH system require further optimization.
To explore whether different donor materials could better address these challenges, P3HT was
selected as an alternative donor. While the choice of P3HT does not directly resolve the
transport limitations within TDPH, it enables the evaluation of whether another donor is better
suited for electron transport, morphology optimization, or charge transport improvements.
P3HT is a well-established donor in the OPV system and is known for its strong absorption in
the visible region from 450 to 650 nm?91.95.9% as shown in Figure 56b. Its absorption curve makes
it particularly suitable for indoor applications where artificial light sources such as LEDs emit
strongly in this range. Referring to the Shockley-Queisser limit for indoor photovoltaics, the
optimal band gap of the material is about 1.9 eV, which is very close to the 2 eV band gap of
P3HT, making it a very promising candidate for indoor OPVs.

Moreover, P3HT exhibits high crystallinity in the solid state, especially after soft annealing
treatment®:173.174_ This high crystallinity helps form an ordered structure that facilitates charge
transport, thereby improving the overall efficiency of OPV devices. The energy levels between
P3HT and TDPH are also well aligned, with the LUMO of P3HT being -3.2eV and the LUMO
of TDPH being -3.32eV (Figure 56¢). His slight difference in LUMO energy levels provides
sufficient driving force for exciton dissociation, ensuring efficient charge separation at the
donor-acceptor interface. When comparing this system to the D18 system, which has a LUMO
of -2.77 eV, the driving force for charge separation is lower for the P3HT system. However,
this lower driving force reduces energy losses, potentially improving efficiency. On the other
hand, the HOMO of P3HT is -5.2 eV, which is higher than the HOMO of D18 (-5.51 eV),
indicating that the Voc of the P3HT system may be lower than that of the D18 system.

To evaluate the potential of the P3HT system, we treated the mixture using CF as a solvent
with a total material concentration of 18 mg/mL and a weight ratio of P3HT to TDPH of 1:1.
These were chosen to optimize morphology, phase separation, and to achieve an active layer
thickness of 100 nm. The devices were fabricated using the same inverted structure
configuration: ITO/ZnO/active layer/MoOs/Ag.

The PL spectra in Figure 56d show the normalized PL intensity of P3HT and P3HT: TDPH
blends at different annealing temperatures under 550 nm excitation. Pure P3HT film exhibits
the highest emission intensity, which is characteristic of its exciton radiative recombination,
with a peak around 735 nm. In contrast, the PL intensity of the P3HT:TDPH (1:1) blend
decreases significantly, indicating that the PL is strongly quenched when TDPH is added to
the system. Similar to the behavior observed in D18:TDPH blends, the quenching in P3HT:
TDPH could indicate the effective dissociation of excitons at the donor-acceptor interface.
Moreover, TDPH has no significant absorption at 550 nm, which means that it does not
contribute to the emission at this excitation wavelength, which means that the PL quenching
observed in the P3HT:TDPH blends is mainly due to the exciton dissociation at the P3HT
interface rather than any emission from TDPH itself. As the annealing temperature increases
to 120 °C, the PL intensity further decreases, confirming that TDPH acts as an electron
acceptor and promotes more efficient charge transfer of P3HT at 120 °C annealing
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temperature. The stronger quenching at 120 °C suggests that higher temperature promotes
better molecular ordering or phase separation, enhancing exciton dissociation and charge
transfer. Furthermore, the quenching effect in the P3HT: TDPH system is relatively stronger
compared to that in the D18:TDPH system, indicating that TDPH interacts more efficiently with
P3HT, leading to more significant exciton dissociation and charge transfer at the donor-
acceptor interface.
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Figure 56. a) Chemical structure of P3HT. b) Absorption spectrum of P3HT film and TDPH film, c) their
energy levels, and d) PL spectra of P3HT: TDPH blends at different annealing temperatures, compared
with pure P3HT. The excitation was at 550 nm.

Again, J-V characterization was used to evaluate the PV properties of P3HT: TDPH-based
solar cells in an inverted geometry under standard AM 1.5G solar spectrum, as shown in Figure
57 and Table 16. Two annealing conditions are compared (60°C or 120°C, both for 10 min
under an inert atmosphere) °>%. In general, and as largely reported for the P3HT-based blends
in the OPV field, the device annealed at 120°C exhibited improved performance due to better
phase separation between P3HT and the molecular acceptor.
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Figure 57. J-V curve of the P3HT: TDPH annealed OPV devices under solar simulator (100 mW.cm,
AM 1.5G).

Table 16. PV parameters of P3HT: TDPH devices under solar simulator (100 mW.cm2).

Blends Voc Jsc FF PCEmax
V) (mA.cm?) (%) (%)

P3HT:TDPH

ann.60°c for 10min 0.75 0.23 41.9 7.2x102

P3HT:TDPH

ann.120°c for 10min 0.84 0.27 38.9 8.9x1072

In general, we observe that the device annealed at 120°C for 10 min performs slightly better
than the device annealed at 60°C.

As mentioned earlier, although we do not provide direct evidence by morphological analysis,
the PL spectrum shown in Figure 56d suggests that the stronger quenching at 120 °C may be
due to improved molecular ordering or phase separation at higher temperatures, thereby
enhancing exciton dissociation and charge transfer. This effect may trigger more future
studies, such as in-depth AFM analysis, to further investigate the effect of annealing on the
morphology.

P3HT: TDPH devices showed a better overall performance in terms of Jsc and PCE compared
to D18: TDPH devices. The Jsc of P3HT-based devices, with a value of 0.27 mA.cm?, was
much higher than the 0.083 mA.cm-? observed in D18-based devices. However, P3HT-based
devices had a lower Voc of 0.84 V, compared to the higher 1.01 V achieved in D18-based
devices. This lower Voc is due to the difference in the HOMOs of the donors: P3HT (-5.2 eV)
is higher than D18 (-5.51 eV), as expected when comparing the energy levels of P3HT and
D18 earlier in this section.

lll.4. Exploration of other heptazine derivatives with a red-shifted absorption

Clearly, and despite the fact that the reference TDPH compound shows interesting
potentialities for the OPV field, its optical absorption, which is far limited in the UV region, is
not suitable for harvesting most of the blue wavelength emitted by indoor light sources. As a
consequence, the system should evolve towards heptazine derivatives with narrower
bandgaps.
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In this context, two other heptazine derivatives were therefore synthesized and investigated to
address the demand for improved absorption in the blue region: 2,4-difluoro-Heptazine (2,4-
diF-Hep) and 2,4-dimethyl-Heptazine (2,4-DM-Hep). The structural modifications at the 2,4
positions of the heptazine core are highlighted by red circles, as shown in Figure 58. These
modifications were introduced to fine-tune the electronic and absorption properties of the
heptazine derivatives, aiming to better align their absorption with the emission spectra of indoor
light sources, especially LEDs. The main chemical challenge in shifting the absorption of
heptazines from the UV to the blue region is to achieve this without compromising their stability
and electron-deficient properties. Heptazines naturally absorb UV light due to their nitrogen-
rich conjugated structure, but shifting this absorption toward the blue spectrum requires precise
modifications. For example, the introduction of electron-withdrawing groups such as fluorine
can tune the absorption, although such changes may also affect the electronic structure and
charge transport.
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Figure 58. Chemical structure of three heptazine derivatives: TDPH, 2,4-diF-hep, 2,4-DM-hep.

2,4-diF-hep: The Fluorine substitutions were introduced at the 2,4-positions of the heptazine
core, which introduce electron-withdrawing effects. The presence of highly electronegative
fluorine atoms slightly changes the electronic properties, thus enhancing the performance of
OPV devices.

2,4-DM-hep: Methyl groups were added to the 2,4-positions to tune the absorption and
improve solubility. The methyl group donates electrons via the inductive effect, slightly
increasing the energy of HOMO, resulting in a slight red shift in the absorption spectrum, such
as 2,4-DM-Hep compared with TDPH and 2,4-diF-Hep. Furthermore, the hydrophobicity of the
methyl groups enhances the overall solubility of the molecules in the solvent, helping to
fabricate films with a more uniform morphology.

Figure 59 compares the normalized optical absorption spectra of these heptazine films on
quartz. Although 2,4-diF-Hep and 2,4-DM-Hep films exhibited a red shift compared with TDPH
film, as expected through the molecular tuning performed, this shift is not sufficient to fully
overlap with the blue region of the emission spectrum of LEDs (400-500 nm) required for indoor
applications. The absorption peak of 2,4-diF-Hep is around 324 nm, while the absorption peak
of 2,4-DM-Hep is around 356 nm.
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Figure 59. Normalized absorption spectra of TDPH, 2,4-diF-Hep, and 2,4-DM-Hep films alongside the
irradiance spectra of warm and cold LEDs.

Although the red-shift in absorption might not be large enough for these two compounds, the
strategy shows a reasonably suitable trend, and further optimizations are now open to really
demonstrate a blue absorption. For preliminary performance evaluation, both 2,4-diF-Hep and
2,4-DM-Hep were blended with P3HT in OPV devices with a standard inverted configuration
ITO/ZnO/active layer/MoO3/Ag. P3HT:2,4-diF-Hep and P3HT: 2,4-DM-Hep blends were
prepared in CF solvent with a total material concentration of 18 mg/mL, and an optimal active
layer thickness of approximately 100 nm. A 1.1 donor to acceptor weight ratio was used
because this ratio is often used in preliminary screening to simplify comparisons between
different systems. Furthermore, since the molar masses of the acceptors are similar: TDPH
(539 g/mol), 2,4-diF-Hep (509 g/mol), and 2,4-DM-Hep (485 g/mol), a 1:1 weight ratio becomes
a reasonable approximation for initial comparison.
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Figure 60. a) The energy levels of P3HT and three heptazines. b) The normalized absorption spectra
of the three P3HT: heptazine blends.

Like TDPH, the LUMO and HOMO energy levels of 2,4-diF-Hep is derived from its
electrochemical data and optical absorption spectra using the Tauc plot method. The
corresponding energy levels are displayed in Figure 60a, and the absorption properties of the
deposited thin film blends (around 100 nm in thickness) are summarized in Figure 50b. 2,4-

Ruoxue HE | Ph.D. Thesis | University of Limoges | 92
License CC BY-NC-ND 4.0



diF-Hep showed a lower LUMO of -3.7eV compared to TDPH, potentially leading to slightly
lower Voc when associated with P3HT. The LUMO of 2,4-DM-Hep has not been precisely
determined, but based on its structural modifications, its LUMO range is expected to be similar
to other heptazine derivatives.

The energy levels of heptazines were indicated: 2,4-diF-Hep showed a lower LUMO of -3.7eV
compared to TDPH, potentially leading to slightly lower Voc in P3HT: 2,4-diF-Hep blends but
better electron-accepting capability. The LUMO of 2,4-DM-Hep has not been precisely
determined, but based on its structural modifications, its LUMO range is expected to be similar
to other heptazine derivatives.

Figure 60b shows the normalized absorption spectra for the three P3HT blends (P3HT: TDPH,
P3HT:2,4-diF-Hep, and P3HT:2,4-DM-Hep). The blends of P3HT with 2,4-diF-Hep and 2,4-
DM-Hep show slightly improved absorbance in the near-UV range compared with TDPH but
still do not achieve sufficient blue light absorbance to harvest the emission of indoor LED light
sources fully. In the visible region, the absorption curves of the three blends are dominated by
P3HT, which can effectively absorb light between 450 and 650 nm. The overall absorbances
of these blends remain similar in this region, highlighting the dominance of P3HT in visible light
absorption. Figure 61 below presents the PL emission spectra of the films upon excitation at
550 nm (probing the polymer emission properties).
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Figure 61. PL spectra for pure P3HT and its blend with three different heptazines, with excitation at 550
nm.

The pristine P3HT film exhibits a strong PL peak around 750 nm (Figure 61), which is typical
for P3HT and indicates efficient exciton generation and recombination. Since no acceptor
material was present, there was minimal exciton dissociation, resulting in high PL intensity. In
contrast, the PL intensities of all blends decreased drastically compared with pure P3HT,
confirming that efficient photo-induced charge transfer is achieved in the presence of the
heptazine acceptor. The strongest quenching is observed in the P3HT: 2,4-diF-Hep blend, with
a quenching percentage of 96.9%, indicating that it may have the most favorable charge
transfer kinetics among the tested heptazine derivatives. Quantitatively, the quenching for the
P3HT: TDPH blend is 81.5% and for P3HT: 2,4-DM-Hep, it is 84.2%. In this case, the PL
spectra were normalized by the light absorbance at an excitation wavelength of 550 nm. These
guenching percentages were calculated using the formula (Eq. 12):

area of the emission spectrum of the blend

)x 100
(Equation 12)

Quenching percentage = (1 —

area of the emission spectrum of pure P3HT
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Solar cells were finally processed from the different blend compositions, and the corresponding
J-V curves, EQE spectra, and photovoltaic parameters are summarized in Figure 62 and Table
17.
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Figure 62. a) J-V curve of the P3HT: heptazines OPV devices under solar simulator (100 mW.cm=2, AM
1.5G). b) EQE spectra of P3HT-based blends (measured one year after manufacture) comparing
P3HT:TDPH, P3HT:2,4-diF-Hep and P3HT:2,4-DM-Hep.

Table 17. PV parameters of P3HT:heptazines OPV devices under solar simulator (100 mW.cm2, AM
1.5G).

Blends Voc Jsc FF PCEwmax Rs RsH
V) (mA.cm?) (%) (%) (Q.cm?) (Q.cm?)

P3HT:TDPH

ann.120°c for 10min 0.84 0.27 389 8.9x102 1680 3.3x10*

P3HT:2,4-diF-Hep
ann.120°c for 10min 0.72 2.43 38.2 6.7x101 50 5.3x10%

P3HT:2,4-DM-Hep
ann.120°c for 10min 0.67 0.81 37.5 2 0x101 130 1.2x104

P3HT:2,4-diF-Hep exhibits the best overall performance, with significantly higher Jsc (2.43
mA.cm?) and PCE (0.67%) compared to the other P3HT: heptazines blends. One of the
reasons is that the electron-withdrawing property of fluorine lowers the LUMO energy level of
the acceptor, improves exciton dissociation, and increases Jsc. However, it also reduces the
Voc, which is directly related to the energy difference between the HOMO of the donor and the
LUMO of the acceptor. In OPV devices, a balance is usually struck between optimizing the
LUMO offset between donor and acceptor and maintaining the Voc. While strong PL quenching
is observed in all blends, the low Jsc in P3HT: TDPH (0.27 mA.cm?2) and P3HT:2,4-DM-Hep
(0.81 mA.cm?) is attributed to the poor charge transport, as indicated by their higher Rs (1680
and 130 Q.cm?, respectively). This suggests that, although exciton dissociation is efficient,
charge extraction is hampered by suboptimal morphology or low mobility, leading to
recombination losses. In contrast, the significantly lower Rs in P3HT:2,4-diF-Hep (50 Q.cm?)
allows for more efficient charge extraction, thus improving its Jsc. To gain further insights,
future AFM measurements are essential to understand the morphology and phase separation
of the mixtures. Furthermore, studying the charge mobility in the donor and acceptor materials
can help determine whether poor charge transport leads to low Jsc.
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To supplement the performance data, we measured the EQE of the P3HT-based blends one
year after they were first made (Figure 62b). Although ideally, EQE data should be captured
soon after device fabrication to more directly align with initial J-V measurements, these
measurements still provide valuable insights. OPV devices may degrade over time due to
factors such as oxidation, moisture exposure, and morphological changes within the active
layer, which may reduce the absolute EQE values compared to freshly prepared samples.
Despite the overall decrease in EQE, the relative performance trends between the blends
remained consistent. Notably, P3HT:2,4-diF-Hep continues to exhibit the highest EQE among
the blends, outperforming P3HT:TDPH and P3HT:2,4-DM-Hep, which is consistent with the
trend observed in the J-V measurements.

As OPVs are considered future indoor energy resources, the photovoltaic operation of the
P3HT: Heptazine OPVs was measured under low-intensity artificial indoor lighting (1000 lux
cold LED).

Table 18. PV parameters of P3HT blended with heptazines OPV devices under 1000 lux cold LED.

Blends Voc Jsc FF PCEwmax Rs RsH
V) (LA.cm?) (%) (%) (Q.cm?) (Q.cm?)

P3HT:TDPH

ann.120°c for 10min 0.43 1.19 55.5 6.1x102 1.0x10* 1.1x107

P3HT:2,4-diF-Hep
ann.120°c for 10min 0.28 13.02 32.1 2.5x10? 4.7x10°3 2.4x10°

P3HT:2,4-DM-Hep
ann.120°c for 10min 0.15 3.47 375 5.4x1072 2.9x10* 7.4x10°

As observed under 1-sun conditions, P3HT:2,4-diF-Hep shows the best overall performance
under indoor lighting conditions, primarily due to its significantly higher Jsc (13.02pA.cm2). The
incorporation of fluorine atoms in 2,4-diF-Hep enhances exciton dissociation and improves
current generation and efficiency. However, despite these advantages, the Voc and absolute
photocurrent are low, which limits the overall PCE. The Rs and Rgsy provide further insight into
device performance. The lower Rs of P3HT:2,4-diF-Hep (4.7x10° Q.cm?) compared to
P3HT:2,4-diF-Hep (1.0x10* Q.cm?) and P3HT:2,4-DM-Hep (2.9x10* Q-cm?) indicates more
efficient charge extraction and transport, which contributes to the improvement of Jsc and
overall efficiency. Additionally, the Rsy of P3HT:2,4-diF-Hep (2.4x10° Q.cm?) is moderate,
indicating fewer leakage paths and reduced recombination. At the same time, the Rsy of P3HT:
TDPH (1.1x107 Q.cm?) is much higher, indicating some insulation but poor current generation
due to high Rs.

As mentioned earlier, the HOMO of P3HT is -5.2 eV, which is higher than that of D18 (-5.51
eV), which indicates that the Voc of the P3HT system may be lower than that of the D18 system.
To address this issue and potentially improve Voc, we propose to blend 2,4-diF-Hep with a
different donor material, PCE12, which may provide better energy level alignment and thus
improve Voc.

PCE12: 2,4-diF-Hep blend system

PCE12, also known as PBDB-T, is a promising donor polymer with a lower HOMO (-5.33
eV)?4175 compared to P3HT (-5.2 eV), which can lead to a larger energy gap between the
HOMO of the donor and the LUMO of 2,4-diF-Hep, potentially increasing the Voc, as shown in
Figure 63a.
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Figure 63. a) Chemical structure of PCE12. b) Energy levels of the donor materials (P3HT and PCE12)
and the acceptor material (2,4-diF-Hep). ¢) Normalized absorption spectra of PCE12 film.

The PCE12 film has a strong absorption in the visible region from 500 nm to 700 nm, which is
a good match for many acceptor materials, especially those that absorb in the blue region
under low-light conditions. The PCE12:2,4-diF-Hep blend was prepared at a donor-to-acceptor
weight ratio of 1:0.4 in CF, based on the molar masses of PCE12 (1183.86 g/mol per repeat
unit) and 2,4-diF-Hep (509 g/mol). The devices were fabricated using the same inverted
architecture: ITO/ZnO/active layer/MoOs/Ag.
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Figure 64. Normalized PL spectra of the pure PCE12 film and PCE12: 2,4-diF-Hep blend film, with
excitation at 580 nm.

To understand the excitation and charge transfer states in the active layer, the normalized PL
spectra are measured, as shown in Figure 64, with excitation at 580 nm, which is mainly
absorbed by PCE12. The normalized PL spectra are obtained relative to the fraction of light
absorbed at the excitation wavelength. The pure PCE12 film has strong PL emission peaks at
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660 nm and 760 nm. These emission peaks are associated with the radiative recombination
of singlet excitons, resulting from -1 transitions within the conjugated polymer backbone of
PCE12, as commonly reported in the literature'’®. The higher PL intensity indicates that in the
absence of acceptor material, excitons mainly recombine by radiation rather than dissociating
into free charges. When PCE12 is mixed with 2,4-diF-Hep acceptor, the PL quenching
percentage is 73.6%, calculated from Eq. 12. Although this quenching is significant, it does not
reach the levels (90% or higher) that would typically indicate efficient charge transfer. This
suggests that the morphology may not be ideal, that some excitons experience an environment
similar to that in neat PCE12 due to the large domain size relative to the exciton diffusion
length, or that the electron transfer between PCE12 and 2,4-diF-Hep is not completely efficient.

Since OPVs are considered a future indoor energy source, the PV operations of PCE12:2,4-
diF-Hep OPVs with/without annealing were measured under 1-sun AM 1.5G and low-intensity
artificial indoor lighting (1000 lux cool LED). The corresponding PV parameters are
summarized in Figure 65 and Table 19.
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Figure 65. Comparison of J-V curves of PCE12:2,4-diF-Hep OPV devices with/without annealing and
annealed P3HT:2,4-diF-Hep OPV device under solar simulator (100 mW.cm2) and 1000 lux cold LED.

Table 19. PV parameters of PCE12: 2,4-diF-Hep OPV devices with/without annealing under solar
simulator (100 mW.cm) and 1000 lux cold LED.

Blends Voc Jsc FF PCEwmax Rs RsH
V) (%) (%) (Q.cm?) (Q.cm?)

PCE12:2,4-diF-Hep Sun 1.10 2.02 35.2 7.9x107 1500 5820

As-cast mA.cm2

PCE12:2,4-diF-Hep Sun 214

° . . -1

ann.90°c for 10min 1.10 mA.cm-2 39.5 9.3x10 360 5890

PCE12:2,4-diF-Hep LED 11.98

As-cast 1000 lux  0.70 N 40.6 9.3 x101 4450 7.4 x10°

HA.cm
PCE12:2,4-diF-Hep LED 13.42
ann.90°c for 10min 1000 lux  0.75 LA i:m‘z 41.4 1.2 3700 7.4 x10°

As expected, the transition from P3HT to PCE12 as the donor material resulted in a significant
increase in Voc and PCE. The Voc of the PCE12:2,4-diF-Hep blend increased significantly,
reaching 1.10 V under 1-sun condition and 0.75 V under indoor lighting (1000 lux cool LED).
This is notably higher than the Voc observed in the P3HT:2,4-diF-Hep blend (0.72 V under 1-
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sun condition and 0.28 V under indoor lighting). In addition, the Jsc of the PCE12:2,4-diF-Hep
blend reaches 2.14 mA.cm™ under 1-sun condition, which is comparable to the performance
observed in the P3HT:2,4-diF-Hep blend. However, despite the improvements in Voc and Jsc,
the series Rs and Rsy values indicate that significant transfer issues still exist. For the
PCE12:2,4-diF-Hep blend, the Rs at 1-sun decreases significantly with annealing (1500 Q.cmz?
to 360 Q.cm?), which contributes to the improved charge transport and efficiency. However,
under indoor lighting conditions, Rs remains relatively high (4450 Q.cm? for as-cast film and
3700 Q.cm? after annealing), indicating that the charge transport bottleneck persists.

In addition to these transmission limitations, although the absorption of these heptazine
derivatives exhibits a modest red shift, this is not optimal for fully capturing light in the visible
blue region (400-500 nm), which is critical for indoor applications. The lack of strong absorption
in this region may reduce the effective photon absorption and further lead to poor device
performance. These observations, together with the relatively high Rs and moderate Rsp,
suggest that the morphology of these blends is far from being optimized. Poor phase
separation or larger domains may hinder charge transport and increase recombination,
indicating the need for further tuning of the blend morphology and processing conditions. To
better understand and optimize the morphology, detailed morphological analysis such as AFM
is essential. This will help elucidate domain size and phase separation within the active layer,
providing insights into how to improve charge transport and reduce recombination. Further
molecular modifications or the development of alternative acceptor materials are needed to
enhance absorption in the blue region. These adjustments will lead to more efficient light
collection and higher PCE, especially in low-light environments such as indoors.

I1.5. Exploration of Di-PDI as an alternative NFA with strong blue-region absorption

As a complementary part of my study, another commercial NFA, Bay-linked perylene diimide
(di-PDI)'77-179 was introduced to explore OPV systems with enhanced absorption in the blue
visible region (Figure 66a). Unlike previously studied heptazine derivatives that exhibit limited
absorption in the blue spectrum, di-PDI has a stronger and broader absorption region between
400 and 600 nm, as shown in Figure 66c, making it particularly suitable for indoor light
harvesting applications under LED lighting.
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Figure 66. a) Chemical structure of Di-PDlI, b) its energy levels’®8° and c) its absorption.

PTB7-Th: Di-PDI blend system

The LUMO level of the Di-PDI film is -3.75 eV, and the HOMO level is -5.81 eV (Figure 66b),
resulting in a band gap of 2.06 eV. Referring to the Shockley-Queisser limit for indoor
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photovoltaics, the optimal band gap of this material is about 1.9 eV, which is very close to the
2.06 eV band gap of Di-PDI. Given these properties, rational donor material selection should
include choosing materials with HOMO levels around -5.0 eV to -5.3 eV to ensure a good
balance between maximizing Voc and efficient charge transfer. For example, PTB7-Th?318lwith
a HOMO of approximately -5.24 eV could be a strong candidate for pairing with Di-PDI because
of its complementary energy levels and strong absorption between 600 nm and 750 nm, which
complements the absorption of Di-PDI in the blue region. In addition, PTB7-Th has
demonstrated high PCEs in OPV devices when paired with other NFAs, making it a strong
candidate for further improvement when combined with di-PDI. Furthermore, a relevant study
on PTB7-Th: di-PDI*"” blends was found, supporting the potential of this combination in high-
performance OPV devices. However, this blend system was not considered for indoor energy
harvesting.

3666V
a) a75ev P)

PTB7-Th

-524 eV
-581eV

Figure 67. a) Energy levels of the PTB7-Th and di-PDI. b) Chemical structure of PTB7-Th.

We designed the experimental parameters for this system based on several publications on
PDI-based solar cells optimized for outdoor operation'’>177.178 As discussed and demonstrated
in Ref. 177, the use of 1,8-diiodooctane (DIO) and 1-chloronaphthalene (CN) helps optimize
phase separation and enhance overall device performance. A thickness of 105 nm was
selected as it strikes a balance between maximizing light absorption, ensuring efficient charge
transport, and minimizing recombination, which is critical for achieving a high PCE of 5.73%.
Additionally, annealing at 100°C for 10 minutes helps further optimize the active layer
morphology. Therefore, our solution was prepared by dissolving PTB7-Th and Di-PBl at a 1:1
weight ratio with a concentration of 18 mg/mL in o-dichlorobenzene (0-DCB). The mixture was
stirred overnight to ensure complete dissolution and then filtered through a 0.22 pum
polytetrafluoroethylene (PTFE) filter. Following the approach in the literature, 1% DIO and 2%
CN were introduced into the solution. To achieve the optimal active layer thickness of 105 nm,
the spin coating parameters were set as follows: rotation speed of 800 rpm, heating rate of 600
rpm/s, and a spin coating duration of 120 seconds. After spin coating, the films were annealed
at 100°C for 10 minutes to refine the morphology further.

To check the global homogeneity of the deposited blend films, we recorded optical microscope
images, as shown in Figure 68.
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Figure 68. Microscope images of the active layer solution before (left) and after (right) filtering through
a 0.22 um PTFE filter.

In the left image of Figure 68, taken before filtration, a high density of aggregates and impurities
can be observed, indicating the presence of insoluble particles in the solution. These particles
can adversely affect the homogeneity of the film and the performance of the OPV device. After
filtering, the number of visible impurities is significantly reduced, as shown in the right image,
resulting in a much cleaner and more uniform solution.

The absorption spectra of PTB7-Th and di-PDI are shown in Figure 69. Di-PBI, with an intense
absorption band between 400 and 600 nm, complements well the absorption of PTB7-Th,
which has an intense band between 600-750 nm. This complementary absorption profile
allows the active layer to capture a wider portion of the indoor light spectrum, particularly from
LED sources.
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Figure 69. Normalized absorption in PTB7-Th: Di-PDI solid film state.

Blend films of PTB7-Th and di-PDI were integrated into OPV devices using the inverted
architecture configuration (ITO/ZnO/Active Layer/MoOs/Ag), and the corresponding JV curves
and photovoltaic parameters are given in Figure 70 and Table 20.
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Figure 70. a) J-V curve of PTB7-Th: di-PDI OPV devices under solar simulator, and b) their EQE spectra
showing wavelength-integrated photocurrent through integration over the standard solar spectrum.

Table 20. PV parameters of PTB7-Th: di-PDI OPV devices under solar simulator (100 mW.cm-2).
* Jsc BQF is calculated using EQE.

Blends Voc Jsc Jsc FQE FF PCEwmax
V) (mA.cm?) (mA.cm?) (%) (%)

PTB7-Th: di-PDI
w/o ann. 0.73 6.5 5.9 62.5 29

PTB7-Th: di-PDI
ann.100°c for 10min 0.75 7.9 7.3 58.9 3.5

Without annealing (Table 20), the device achieved a Voc of 0.73 V, a Jsc of 6.5 mA.cm?2, an
FF of 62.5%, and a PCEwuax of 2.9%. After annealing at 100°C for 10 minutes, the device
performance improved with a higher Voc of 0.75V, Jsc of 7.9 mA.cm2, and a PCEwax of 3.5%,
although the FF slightly decreased to 58.9%. The J-V curve (Figure 70a) illustrated the
enhanced performance of the device after annealing, as evidenced by higher current density
and improved overall photovoltaic response.

The EQE spectra (Figure 70b) were well correlated with the J-V results, as the device with
thermal annealing showed higher EQE values across the visible spectrum, particularly in the
400-600 nm and 700 nm ranges, which directly corresponded to the improvement in Jsc and
overall device performance observed in the J-V measurements.

The PTB7-Th:di-PDI OPV devices were also tested with and without annealing under indoor
lighting conditions ranging from 200 to 1000 lux under warm LED light to evaluate their
performance under low light conditions, and the corresponding JV curves and photovoltaic
parameters are shown in Figure 71 and Table 21.
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Figure 71. The corresponding J-V curves of PTB7-Th: di-PDI OPV devices with/without annealing under
indoor illumination from 200 to 1000lux at warm LED.

Table 21. PV parameters of PTB7-Th: di-PDI OPV devices under LED (200, 500, 1000 lux).
* Jsc EQE is calculated using EQE.

Blends LED Voc Jsc Jsc EQE FF PCEwmax
1000 lux V) (LA.cm?) (WA.cm?) (%) (%)
200 0.55 8.7 7.9 60.9 4.0
L 500 058 191 10.7 62.0 41
w/o ann.
1000 0.60 37.9 39.4 59.2 4.1
200 0.55 10.0 8.9 57.7 4.4
PTB7-Th: di- 500 0.58 23.8 22.2 55.2 4.5
PDI
ann.100°c for
10min 1000 0.63 45.7 44.4 53.2 4.7

The trends of these J-V curves provide further insight into how thermal annealing and light
intensity affect device performance. The J-V curves strongly suggest that morphology plays a
key role in device performance and that annealing improves the structure of the active layer
by enhancing charge transport and reducing recombination. The performance data in Table
21, measured under LED lighting for different light intensities (200, 500, and 1000 lux), showed
trends that closely align with those observed under solar simulator (1-sun) conditions.
Specifically, the annealing treatment at 100°C for 10 minutes consistently improved both Jsc
and PCE under both indoor and outdoor conditions, confirming the beneficial effect of thermal
annealing on device morphology and charge transport. At 1000 lux, with 100°C annealing for
10 minutes, the device exhibits the best performance with a Voc of 0.63 V, a Jsc of 45.7 pA.cm
2, and a PCEwmax of 4.7%. While the system is not yet fully optimized, it is expected to reach
this level of performance. However, as indicated by the relatively modest overall PCE, there is
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still a need for more in-depth morphological studies, particularly using techniques like AFM, to
understand better the nanoscale structure of the active layer, which could further enhance the
applications of indoor and outdoor OPVs.

I11.6. Conclusion

In this chapter, we have explored the development of OPV devices, which have a clear target
of improving the absorption of the active layer in the blue region by transitioning from
heptazine-based NFAs to di-PDI. Our study started with the PM6:Y6 reference system, a well-
established and efficient reference in OPV technology. The PM6:Y6 blend exhibits strong
photovoltaic performance under simulated sunlight (outdoor conditions), achieving a PCE of
10.3% at 1-sun with an optimum active layer thickness of 99 £+ 10 nm. The system shows a
good balance between light absorption, charge generation, and transport, making it an ideal
benchmark for OPV performance. Furthermore, under 1000 lux warm LED indoor lighting, the
PM6:Y6 system achieves an impressive PCE of 16.4%, a Voc of 0.60 V, a Jsc of 123 pA.cm™
2, and a FF of 72%. These results highlight its efficiency under indoor conditions, making
PM6:Y6 a strong candidate for both indoor and outdoor OPV applications. Our results are
comparable to those reported in the literature, and the system achieves a PCE of 17.6% at
1300 lux, further validating the high performance of the system in indoor environments.

Following the promising results obtained with PM6:Y6, we explored the potential of heptazine-
based NFAs as a novel material platform for OPVs. The goal is to increase the absorptivity of
the active layer, especially in the blue region of the spectrum, to enhance light harvesting.
Despite the good tunability of the electronic properties of heptazine derivatives, their
absorbance in the ultraviolet region remained suboptimal (as far from the blue region of the
LED emission), limiting their effectiveness in improving OPV performance. We have tried
various methods to modify the side chains of heptazine derivatives to optimize their absorption
profiles but failed to improve the photovoltaic performance significantly. This restriction to
absorption in the blue region ultimately limits their ability to improve OPV efficiency, making
them less suitable for high-performance applications, especially in indoor lighting conditions
where blue light plays a key role.

In contrast, we turned to the use of di-PDI as alternative NFAs with more promising results.
The di-PDI-based system, especially when combined with PTB7-Th as a donor, showed
improved absorbance in the blue region and better overall photovoltaic performance. Under 1-
sun conditions, the PTB7-Th blend achieved a PCE of 3.5% after annealing at 100°C, which
is a significant improvement over the heptazine-based system. Furthermore, under 1000 lux
LED indoor lighting, the di-PDI-based device showed potential with a PCE of 4.7% after
annealing. However, while the di-PDI-based system shows promise, further research is
needed to improve its performance, especially under low-light conditions. Future efforts should
focus on exploring other side-chain modifications and identifying other NFAs to optimize
absorption in the blue region further and enhance charge transport. Furthermore, additional
morphological optimization of the active layers is critical to push the efficiency of these devices
to higher levels, especially in indoor environments.
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Chapter IV. Di-fluorinated copolymer PF2 Donor for IOPVs

In the previous chapter, we investigated the potential of heptazine-based NFAs in OPV devices
for indoor applications. Despite their tunable electronic properties, a significant challenge is
their limited absorption in the blue region of the spectrum, which restricts their ability to improve
the overall PCE. This poses a particular problem for indoor OPVs, as indoor light sources such
as LEDs emit a large portion of their light in the blue region. Efficiently capturing and converting
this portion of the spectrum is critical to improving OPV performance under indoor lighting
conditions. Although many efforts have been made to modify the side chains of heptazine
derivatives to broaden their absorption, these modifications have not achieved the desired red
shift. Therefore, we found it necessary to reconsider our approach and explore alternative
strategies to address this limitation.

Our new approach focuses on finding another material that exhibits a broad and extended
absorption spectrum in the blue region, which is a key requirement for improving light
harvesting under indoor lighting. While most state-of-the-art high-efficiency OPV materials are
well suited for outdoor applications, they often fall short in indoor conditions because their low
Voc levels are insufficient to effectively harvest energy from the low-intensity light sources
typically found indoors. Based on a comprehensive review of the literature and the state-of-
the-art OPV materials, we believe that the fluorinated polymer donor PF2 is a promising
candidate!®1t14l. PF2 meets the necessary criteria, with a medium bandgap and strong
absorption in the blue region of the spectrum, making it ideal for capturing light from indoor
LED sources. Furthermore, PF2 has been shown to possess good charge transport properties
and compatibility with FA PC7:BM?4! and NFA Y6'!, making it a versatile material for OPV
device optimization. The selection of PF2 as donor material represents a strategic shift from
our previous focus on heptazines, which is in line with the requirements for high-efficiency
IOPV applications. To complement PF2, we chose (3,9-bis(2-methylene-(3-(1,1-
dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2',3'-d"]-s-
indaceno[1,2-b:5,6-b"]dithiophene) (ITIC)?4182-184 g widely studied NFA known for its excellent
charge separation and transport properties. The energy levels of ITIC are well matched to
those of PF2, allowing efficient charge transfer and the potential to achieve high Voc in this
system, which will be further discussed in the next paragraph with reference to Figure 72e.
This PF2:ITIC system not only addresses the limitations of heptazine but also improves the
performance of the device in both outdoor and indoor conditions.

The approach in this chapter builds on the insights gained from the challenges faced in Chapter
lll. Here, we focus on optimizing the performance of PF2:ITIC blends while taking into account
the active layer morphology, the donor-to-acceptor (D:A) ratio, and the thickness of the active
layer. These parameters are crucial to achieve a proper balance between light absorption and
charge transport. The research involved systematically tuning processing conditions, such as
the choice of solvents for processing the active layer and annealing treatments, which have
been shown to affect crystallinity and phase separation within the active layer. Furthermore,
by fine-tuning the thickness of the active layer, we aim to maximize light absorption while
maintaining efficient charge extraction, minimizing recombination losses, and ensuring optimal
performance under 1-sun and indoor LED lighting conditions.

IV.1. Materials and devices structure for PF2:ITIC system

PF2, a di-fluorinated copolymer donor based on thienothiophene and a difluorinated
benzothiadiazole moiety with two thiophene units substituted by two octyl-dodecyl alkyl side
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chains at the B-position (Figure 72a), has been synthesized by the ICPEES laboratory in
France (group of Dr. Nicolas Leclerc). PF2 exhibits strong light-harvesting properties with an
absorption spectrum ranging from 400 to 750 nm (Figure 72b). Notably, PF2 shows a good
significant absorption in the blue region of the spectrum, which is quite unusual for many
organic materials. This property makes PF2 particularly suitable for indoor applications, which
directly supports the aims of this thesis. PF2 is also characterized by suitable molecular energy
levels and the ability to self-assemble into crystalline lamellae with a mixed face-on/edge-on
orientation, which enhances charge transport properties®4, |TIC?418.18 (Figure 72a) is a
well-known electron-accepting small molecule characterized by strong absorption in the visible
region and high electron affinity. Furthermore, ITIC has the potential in the PM6:ITIC system
to achieve a high Voc of 1.04 V4, This makes ITIC an ideal choice for the NFA in our study,
and it was commercially sourced from Ossila.

These materials (PF2 as polymer donor and ITIC as NFA) were used to fabricate an inverted
structure OPV cell with the structure shown in Figure 72c: ITO/ZnO/active layer/MoOs/Ag.
Figure 72a shows the chemical structures of PF2 and ITIC, while Figure 72d summarizes the
energy levels, showing the LUMO and HOMO values for each material in a simplified
representation. Specifically, the HOMO of PF2 is -5.42 eV, and the LUMO is —-3.76 eV, while
the HOMO of ITIC is -5.48 eV, and the LUMO is —3.83 eV. In Figure 72e shows the energy
levels of different acceptors (ITIC, PC71BM, and Y6) compared with the energy levels of the
donor material PF2. The corresponding data are derived from the literature at this
St3.9624’141'187.
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Figure 72. a) Chemical structures of PF2 and ITIC. b) Normalized absorption spectrum of PF2 and ITIC
in film. c) Structure of OPV with PF2:ITIC. d) Energy levels of the materials used in the OPV device. e)
Energy levels of various acceptors are compared with the energy levels of PF2.

As mentioned earlier, achieving high Voc is particularly important for indoor applications, where
the Voc is determined by the energy difference between the LUMO of the acceptor and the
HOMO of the donor. In Figure 72e, we observe that ITIC has a higher LUMO level compared
to other acceptors, such as PC7:BM and Y6, which have a LUMO level of -3.90 eV and -4.10
eV, respectively. This increased LUMO level of ITIC is —3.83 eV, therefore, could contribute
significantly to a higher Voc’8, making it a more suitable choice for enhancing the efficiency of
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OPV devices under indoor conditions. PF2 has been previously studied with various receptors,
particularly for outdoor applications. In 2019, Nicolas Leclerc's team achieved a PCE of 10.5%,
a Voc of 0.75 V, a Jsc of 19.5 mA/cmz?, and a FF of 72% using the PF2:PC71BM system?4!. In
2020, Xiaoling Ma worked with them further enhanced the PF2-based system by using two
polymer donors to create a ternary organic photovoltaic cell that minimized energy losses and
achieved a PCE of 12.12%, a Jsc of 24.97 mA/cm?, a FF of 64.70%, and a Voc of 0.75 Vi,
However, these studies have mainly focused on outdoor conditions, and the potential of PF2-
based systems under indoor lighting has not yet been explored. Therefore, this study aims to
explore the PF2 system as a new approach for indoor OPVSs.

IV.2. Adjusting active layer morphology with solvents

Optimizing the active layer of OPV devices through careful solvent selection and processing is
a critical step in improving device performance. The choice of solvent significantly affects the
morphology of the active layer, which in turn influences vital parameters such as charge
generation, transport, and recombination. In this study, we focused on three chlorinated
solvents: CB, CF, and 0-DCB, all of which are capable of dissolving both the polymer and the
small molecule of the active layer.

To predict and evaluate the solubility of PF2 in these solvents, we used Hansen Solubility
Parameters (HSP)'88, a widely recognized method for characterizing the solubility of materials.
Introduced by Charles M. Hansen in the 1960s, HSP is based on the premise that substances
with similar HSP values are likely to be compatible. These parameters are expressed in units
of MPa0.5 and consist of three components:

v Dispersion forces interaction parameter (3D)
v" Polar force interaction parameter (5P)
v" Hydrogen bonding force interaction parameter (5H)

These three parameters can be visualized as coordinates in three-dimensional Hansen space,
which defines a Hansen solubility sphere for organic materials with a specific interaction radius
RO. The distance Ra between the HSPs of a material and a solvent in Hansen space is
calculated using the following formula:

(Ra)?=4(5p1—dp2)2+(p1 —dp2 )+ (81 —Om2)? .
(Equation 13)
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Figure 73. shows the Hansen solubility sphere of PF2, measured from 36 different solvent solutions,
where blue spheres present suitable solvents and red cubes present poor solvents!4L,
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The relative energy difference (RED) between a material and a solvent, combined with Ry, can
be used to estimate whether a material will dissolve in a solvent, as defined in Eq. 14:

RED = Ra (Equation 14)
Ry

If RED < 1 indicates that the material is likely to dissolve in the solvent, RED = 1 indicates that
the material will partially dissolve in the solvent. In contrast, RED > 1 indicates that the material
is unlikely to dissolve in the solvent. The HSP values of PF2 and those of CF and o-DCB were
obtained from the literature (Refs. 137 and 186). In addition, the HSP values of CB were
calculated using Eqg. 13 and Eq. 14 to complete the dataset, as shown in Table 22.

Table 22. HSP parameters of PF2!4! and different solvents?®.

Materials oD oP o6H Ro Ra RED  Solubility
PF2 19.15 3.87 2.83 4
chlorobenzene 19.0 4.3 2.0 0.98 0.25 Good
chloroform 17.8 3.1 57 4.01 1.00 Partial
o-dichlorobenzene 19.2 6.3 3.3 2.48 0.62 Good

For CB and 0-DCB, the RED values are less than 1, with RED values of 0.25 for CB and 0.62
for 0-DCB, indicating that PF2 is highly soluble in these solvents. In particular, the lower RED
value for CB suggests that it provides a more favorable environment for the dissolution of PF2,
as the solubility of a material increases as the RED value decreases. It is because a lower
RED value indicates that the solvent’s solubility parameters of the solvent (8D, 6P, and dH)
are closer to those of PF2, resulting in better compatibility and interaction at the molecular
level. In contrast, CF has a RED value of exactly 1, which places PF2 at the critical threshold
between solubility and insolubility. At this threshold, the interaction between PF2 and CF is just
sufficient to dissolve the polymer, but the solution may not be as stable or homogeneous as
when using CB or 0-DCB.

Based on the initial solvent selection and solubility assessments, we proceeded with the
preparation and deposition of the PF2:ITIC blend using three chlorinated solvents: CB, CF,
and o0-DCB. The boiling point of each solvent has a significant influence on the processing
conditions, which were carefully optimized to obtain a uniform layer. In fact, PF2 solutions show
a strong temperature dependence, especially in terms of viscosity, which directly affects the
thickness of the deposited films. Temperature fluctuations can cause significant changes in
solution viscosity, resulting in inconsistent PF2:ITIC film thickness. In order to ensure
consistency and reproducibility of the PF2:1TIC film thickness, it is essential to maintain a stable
temperature throughout the process. To this end, the substrates were pre-heated to the same
temperature as the PF2:ITIC blend solution, and this latter was maintained on a hot plate
during active layer deposition to minimize the temperature difference between the moment the
solution was taken from the vial and the moment it was deposited onto the pre-heated
substrates. We tried to adopt a procedure at the lab-scale to achieve reproducible results in a
complex process, as even a small change in parameters can cause significant variations in
thickness. This requires meticulous attention to detail and strict control of all processing
conditions. All solvents and materials were stored in a separated glove box that was used for
film deposition to reduce atmosphere pollution and maintain reproducible conditions. Materials
were weighed in the globe box, as well as solution preparation. The detailed procedures for
each solvent are described below:
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PF2:ITIC blend in CB

The D:A mass ratio and solution concentration used in this study were selected based on
previously published results for similar systems (PF2:PC71BM and PF2:Y6)%187 which provide
a theoretically solid starting point for optimizing the PF2:ITIC blend. Specifically, a D:A mass
ratio of 1:1.5 and a total concentration of 17.5 mg/mL (7 mg PF2 and 10.5 mg ITIC dissolved
in 1 mL CB) were used. Given that the boiling temperature of CB is 132°C, the solution was
stirred at 80°C for 24 hours to ensure complete dissolution and homogeneity. The blend was
then statically spin-coated at 2000 rpm with an acceleration of 1000 rpm/s for 40 seconds to
form an active layer approximately 100 nm thick. Prior to deposition, the ZnO-coated
substrates were preheated at 80°C for 15 minutes to improve film uniformity.

PF2:ITIC blend in CF

The same D:A ratio of 1:1.5 was used, but the concentration was adjusted to 13 mg/ml (7 mg
PF2 and 10.5 mg ITIC dissolved in 1.35 ml CF). The solution was stirred at room temperature
for 24 hours. Due to the lower boiling point (61°C) and rapid evaporation rate of chloroform,
the blend was spin-coated at 4000 rpm with an acceleration of 1000 rpm/s for 30 seconds
without additional substrate preheating. This process produced a uniform active layer of
approximately 100 nm thickness.

PF2:ITIC blend in 0-DCB

The same D:Aratio of 1:1.5 and concentration of 17.5mg/ml was used. The solution was stirred
at 100°C for 24 hours to ensure complete dissolution, as the boiling temperature of 0-DCB is
179°C. Spin-coating parameters were set at 2000 rpm and 1000 rpm/s for 40 seconds. The
ZnO-coated substrates were preheated at 100°C for 15 minutes to obtain a uniform active layer
of approximately 100 nm thickness.

We then studied the surface morphology using SEM and AFM of the PF2:ITIC blends in three
solvents obtained from the deposition of the active layer on top of glass/ITO/ZnO substrates,
as depicted in Figure 74 below:

Rpms =1.98nm
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Figure 74. SEM images (top row), AFM height images (5x5um, middle row), and AFM adhesion images
(5x5um, bottom row) of PF2:ITIC blend films of CB, CF, and o-DCB.

Large-scale SEM analysis:

The SEM images showed significant differences in the surface morphology of the films
depending on the solvent used. The blend film processed with CB showed a smooth and
homogeneous surface, indicating good solubility and uniform film formation. In contrast, the
films prepared with CF and o-DCB showed visible aggregates on their surfaces. These
aggregates were more pronounced in the film processed with CF, which can be attributed to
the lower solubility of PF2 in CF, as indicated by the previously discussed RED value. The
presence of larger aggregates in the CF-processed film is of particular concern, as these can
lead to discontinuities or "short circuits" in the active layer, which can negatively affect device
performance. On the other hand, although aggregates were also observed in the 0-DCB-
processed film, their size and quantity were less pronounced compared to the CF-processed
film. This difference may be attributed to the better solubility and slower evaporation rate of o-
DCB compared to CF, which allows a more gradual film formation process and, consequently,
reduces the extent of aggregate formation.

Nanoscale AFM height images analysis:

AFM provided further insight into the nanoscale surface structure of PF2:ITIC blend films
processed with three different solvents. AFM height images reveal the nanoscale topography
of the films, showing that the nanoscale morphology varied with the solvent used. RMS surface
roughness measurements revealed significant differences: the CB-processed film had an RMS
roughness of 1.98 nm, indicating a smooth surface; the CF-processed film had a slightly lower
RMS roughness of 1.88 nm, despite the presence of larger aggregates seen in SEM; and the
0-DCB-processed film had a much higher RMS roughness of 22.3 nm, reflecting the uneven
surface. These differences in surface roughness and morphology at the nanoscale are closely
related to the solubility of PF2 in the solvents; CB, with its favorable solubility, produced the
most uniform and smooth film, which is expected to translate into higher PCE for OSCs.
Conversely, the larger aggregates and higher surface roughness observed in films processed
with CF and o-DCB are likely to induce limitations in device operation, as they often cause
increased recombination losses and/or poor charge transport properties.

The observed morphological variations can be further explained by the interplay between the
thermodynamics of phase separation and the kinetics of solvent evaporation. The evaporation
rate of the solvent significantly affects the arrangement of polymer chains and molecular
domains, leading to different degrees of crystallization and phase separation, as evidenced by
AFM observations. From a thermodynamic point of view, the miscibility of PF2 and ITIC in the
solvent determines the initial state of the blend solution. Solvents such as CB and 0-DCB have
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better solubility compared to CF, as indicated by their higher boiling points and RED values.
This enhanced solubility ensures solution homogeneity during preparation. The kinetics of
solvent evaporation further determine the phase separation rate. The rapid evaporation of the
low-boiling-point solvent CF (61 °C) leads to rapid solidification, restricting the mobility of the
polymer chains and preventing the system from reaching thermodynamic equilibrium. This
leads to the formation of larger aggregates and less ordered domains, as shown in the SEM
and AFM images of the CF-treated films. Despite the presence of aggregates, the relatively
smooth AFM height profile (RMS roughness of 1.88 nm) suggests that rapid solidification
kinetically captured the structure. In contrast, the slower evaporation rates of CB (boiling point
132°C) and o-DCB (boiling point 179°C) bring the system close to equilibrium, promoting
molecular rearrangement and thermodynamically driven phase separation. The CB-treated
films exhibited a fine interpenetrating network of small, evenly distributed domains, indicating
that the morphology was thermodynamically controlled. However, the slower evaporation rate
of 0-DCB promotes excessive molecular rearrangement, resulting in the formation of larger
and more distinct domains, as reflected in the significantly higher RMS roughness of 22.3 nm
and irregular domain structure observed in the adhesion images.

Nanoscale AFM adhesion image analysis:

In addition, the adhesion images reveal an interpenetrating network structure across all films,
with variations in domain size and contrast that depend on the solvent. The color contrast in
the adhesion images represents different material properties and may correspond to donor-
rich and acceptor-rich phases. Darker areas may be associated with the donor-rich phase, and
lighter areas may be associated with the acceptor-rich phase, but additional material-specific
studies are required to assign each color to a specific material definitively. Nevertheless, the
presence of the interpenetrating network is a positive sign as it enables efficient charge
separation and minimizes recombination within the BHJ. The adhesion image of CB-processed
film shows a fine interpenetrating network with relatively small, evenly distributed dark and light
areas. It indicates that the morphologies are well mixed, with effective phase separation
between the donor-rich phase and the acceptor-rich phase. This network is essential for
efficient charge separation and transport. In contrast, the CF-treated film also shows an
interpenetrating network, but the domains are slightly larger, and the contrast between dark
and light areas is more pronounced. Although phase separation is essential for charge
transport, excessively large domains hinder efficient charge extraction and may lead to
increased recombination. The o-DCB-processed films showed irregular and larger-scale
network structures in the adhesion images, with large variations in domain size. The presence
of larger isolated domains may indicate inefficient mixing and poor phase separation, which
may be due to the slow evaporation of 0-DCB, leading to the formation of larger domains. This
morphology is less than ideal for charge separation and transport because it may lead to
isolated regions without sufficient pathways for efficient charge extraction.

In order to better understand the relation between active layer morphology and
electrical/dielectric properties, we carried out further characterization using sMIM to probe the
local electrical properties of the PF2:ITIC blend films processed with different solvents. This is
the first time that a conjugated polymer-based system has been characterized using the sMIM
technique. The data corresponding to conductivity and capacitance images are summarized
in Figure 75.
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Figure 75. sMIM-conductivity images (5x5um, top row), and sMIM-capacitance images (5x5um, bottom
row) of PF2:ITIC films processed with CB, CF, and 0-DCB.

Our observations indicate that the blends processed with CB and CF have relatively uniform
dielectric properties, as shown by the sMIM images, which reveal a nanoscale contrast
homogeneously distributed over the entier probed area of the device. This uniformity closely
matches the corresponding topographical images, suggesting that CB and CF facilitate the
formation of well-mixed, homogeneous films of low surface roughness. In contrast, the blend
processed with 0-DCB shows clear phase separation, which is consistent with the larger
domain sizes observed in AFM and SEM analyses. The conductivity image in Figure 76 below
further highlights these features, showing the well-defined polymer-rich high conductivity
regions and the length of the PF2 polymer chains in the mixture.

30mv

Inputt

Figure 76. Conductivity image of 0-DCB processed PF2:ITIC blend film highlights polymer-rich high
conductivity domains and length of the PF2 polymer chain

For the o-DCB treated films, although the overall morphology seems less ideal compared to
the other solvents, the presence of contrasting domains provides valuable insights. These well-
defined regions allow us to identify features that likely correspond to polymers, as indicated by
the orange oval in the images. The distinct regions of high conductivity can be attributed to the
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polymer-rich regions within the film, suggesting that these regions are primarily associated with
the PF2 polymer phase. The estimated length of the PF2 polymer chain is approximately 103
nm (see Appendix 2.3), and the observed domain sizes in the conductivity image (92, 105, and
132 nm) are in close agreement with this theoretical length, corresponding to a polymer with
29 repeat units.

To further explore the effect of solvent choice on the optoelectronic properties, we now
examine the optical absorption and PL spectra of the PF2: ITIC films processed with the three
different solvents (Figure 77).
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Figure 77. a) Normalized absorption spectra of PF2:ITIC films processed with CB, CF, and 0-DCB. b)
PL spectra of neat PF2 and PF2:ITIC blend films processed with CB, CF, and 0-DCB under 640 nm light
excitation.

All three films exhibit a broad absorption range from 400 nm to 780 nm, which matches the
emission spectra of indoor light sources well. The absorption profiles of the films are pretty
similar, with three peaks observed at 440 nm, 640 nm, and 700 nm, indicating that the choice
of solvent does not significantly alter their main light-harvesting capabilities. The peak at 440
nm with high energy can be attributed to a - transition, typical of conjugated polymer
systems, indicating electronic transitions within the aromatic rings of PF2. This transition is
significant as it supports efficient light absorption in the blue region, which is critical for indoor
OPV applications. The peaks at 640 nm and 700 nm may be due to intramolecular charge
transfer (ICT) transitions that occur between electron-rich and electron-deficient units8219,
These transitions can be attributed to PF2 and ITIC, as both materials exhibit similar ICT
properties. In PF2, these peaks arise from the charge transfer on the conjugated main chain
and are enhanced by the fluorinated side groups, while in ITIC, these peaks originate from its
strong electron-accepting properties, which also support the charge transfer. The slight
variations in peak intensities and shapes between the different solvent-treated films indicate
that while all three solvents allow good absorption over the desired spectral range, the choice
of solvent slightly affects the optical density and perhaps the packing or orientation of the
molecules within the film.

The PL intensity of the pure PF2 film is significantly higher than that of the blend films, which
is expected due to efficient exciton quenching in the donor-acceptor blends. Among the blends,
the film processed with CB shows the lowest PL intensity, indicating the most efficient exciton
dissociation and charge transfer, which is beneficial for achieving high PCE. The films
processed with CF and o-DCB show higher PL intensities, indicating that the exciton quenching
is less efficient in these films. This could be related to the presence of aggregates and higher
surface roughness observed in the morphology studies, which may hinder charge separation
through a reduced D-A interface and lead to increased recombination losses.
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J-V characterization and EQE analysis were used to evaluate the photovoltaic properties of
PF2:1TIC-based solar cells in an inverted geometry under standard AM 1.5G, as depicted in
Figure 78 and Table 23.
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Figure 78. a) Dispersion of PCE of six PF2:ITIC OPVs processed with CB, CF, and 0-DCB under
standard AM 1.5G illumination. b) EQE spectra showing wavelength-integrated photocurrent through
integration over the standard solar spectrum. c) J-V curves of representative PF2:ITIC OPVs showing
typical device performance under solar simulator (100mwW.cm); d) In the dark in semi-logarithm scale.

Table 23. Photovoltaic parameters of the corresponding devices under solar simulator (100mw.cm).
The active layer is around 0.18cm?. Average Jsc and PCE are given in brackets. The average
parameters were calculated from 6 cells, and the error estimate was calculated as the standard deviation
of these 6 cells. * Jsc EQE is calculated using EQE;

Solvent  Voc Jsc (Jsc ave) Jsc EOE FF PCE (PCEave) Rs RsH
V) (mA.cm?) (mA.cm?) (%) (%) (Q.cm? (Q.cm?

9.0 4.1 30 4700

CB 0.83 (9.120.3) 9.7 55.4 (4.020.1)
8.9 2.4 140 1200

CF 0.80 (7.8+1.1) 9.3 33.8 (2.0+0.4)
6.9 3.0 20 4500

O-DCB | 0.88 (6.70.2) 6.6 49.1 (2.7£0.4)

Under standard AM 1.5G conditions, the highest PCE achieved with the CB-processed
PF2:ITIC is 4.1%, with minimal dispersion across the six devices tested. In contrast, the highest
PCEs achieved with CF and o-DCB are significantly lower, at 2.4% and 3.0%, respectively.
They also show greater variability, as seen from the box plots of Figure 78a. This performance
disparity is closely related to the differences in the morphology and nanoscale structure of the
active layers processed with these solvents, as well as their corresponding PV parameters,
summarized in Table 23. The improved performance for CB-processed devices can be
attributed to the smooth and homogeneous morphology of the active layer, as indicated by the
SEM and AFM analyses discussed earlier. This uniform morphology likely enhances charge
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transport and minimizes recombination losses, resulting in a stronger Jsc (9.0 mA.cm™) and
FF of 55.4% for the CB-treated devices compared to those processed with other solvents. The
lower Rs of 30 Q.cm? observed in the CB-treated device supports the hypothesis of improved
charge transport, as lower Rs facilitates more efficient charge extraction from the electrode.
Furthermore, the higher Rsy of 4700 Q.cm? in the CB-treated device indicates reduced
recombination losses, which are critical for efficient charge collection and contribute to the
overall efficiency of the device. The Jsc values for the CB- and CF-processed devices are
similar and significantly higher than those for 0-DCB, which are consistent with the Jsc values
calculated from the EQE data (Figure 78b). The close agreement between the measured Jsc
and the EQE-derived Jsc values confirms the reliability of the J-V measurements. In addition,
the CB-processed PF2: ITIC devices show a slightly higher Voc of 0.83V compared to our
reference system PM6:Y6, which has a Voc of 0.80V.

In the dark (Figure 78d), the current density behavior primarily reflects the diode characteristics
of the solar cell, as there is no photogenerated current®t. The current density at low forward
bias (near OV) is indicative of leakage, and we note that the CB- and CF- processed devices
exhibit much less leakage than the 0-DCB device. The slope of the current density — voltage
curve in the reverse bias region reflects Rsy, and in the high forward bias region, it reflects Rs.
PF2:ITIC devices processed with CB offer the most favorable electrical properties, with high
Rsh and low Rs, resulting in minimal leakage currents and efficient charge transport. In contrast,
CF and 0-DCB processed devices exhibit higher leakage currents and increased Rs, probably
due to suboptimal film morphologies.

As OPVs are considered future indoor energy resources, the photovoltaic operation of the
PF2:ITIC OPVs using three different solvents was measured under low-intensity artificial
indoor lighting from a warm LED at 1000 lux. The rationale for using warm LEDs instead of
cool LEDs is their spectral compatibility with PF2. Although PF2 exhibits strong absorption in
the visible region, its absorption in the blue region is still not ideal. The emission spectrum of
warm LEDs is more consistent with the absorption characteristics of PF2, thus optimizing the
performance of the device under indoor conditions.
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Figure 79. a) Dispersion of PCE of six PF2:ITIC OPVs processed with CB, CF, and 0-DCB under 1000
lux warm LED illumination. b) J-V curves of representative PF2:ITIC OPVs showing device performance
under 1000 lux warm LED illumination.
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Table 24. PV Parameters of the Corresponding Devices under 1000 lux warm LED Illumination.

Solvent Voc Jsc JscEQE FF PCE (PCEave) Rs RsH
V) (UA.cm?)  (UA.cm?) (%) (%) (Q.cm?) (Q.cm?)
CB 0.73 76.3 71.2 56.6 10.7 8x102 6x10°
(10.0+0.5)
CF 0.64 72.7 65.7 385 6.4 2x104 2x10°
(5.9+1.0)
O-DCB 0.68 47.3 46.8 58.8 6.0 4x10? 3x10°
(5.2+1.3)

Figure 79 and Table 24 show the J-V characteristics of the three devices made with different
solvents under 1000 lux warm LED. Similar to the results under standard AM 1.5G conditions,
the highest PCE of 10.7% is achieved with CB, outperforming the CF and o-DCB-based
devices, which have PCEs of 6.4% and 6.0%, respectively. The Voc and Jsc for CB were higher
than those for CF and o0-DCB, mirroring the trend observed under AM 1.5G illumination. To
ensure the reliability of the indoor photovoltaic characteristics, we calculated the theoretical
Jsc by integrating the EQE spectra of each device (Figure 78) and the irradiance spectrum of
awarm LED at 1000 lux. The calculated Jsc values were 71.2 , 65.7, and 46.8 pA.cm™2 for CB,
CF, and o-DCB, respectively, which were in agreement with the measured Jsc values within
the measurement error ranges. In terms of Rs and Rsy, under indoor conditions, the
photocurrent is inherently low, and the impact of Rs on performance is reduced. However, Rsy
becomes more critical because leakage current has a proportionally larger impact on efficiency
in low-light environments. For the CB-processed device, Rs is relatively low (800 Q.cm?),
supporting efficient charge extraction, while Rsy is significantly higher than that of CF and o-
DCB (6x10° Q.cm?). This high Rsy value indicates reduced recombination and leakage
currents, which is critical to maintaining high performance under indoor lighting.

IV.3. Optimization of the ratio of PF2:ITIC

In addition to optimizing solvent selection and active layer thickness, fine-tuning the D:A ratio
in the active layer is another critical factor in improving the performance of OPV devices. The
D:A ratio directly influences the morphology, including the size and the donor and acceptor
domains, the phase separation, and the charge transport dynamics within the BHJ, which are
the critical determinants of the PCE. In this study, we systematically varied the D:A ratio of
PF2:ITIC blends to identify the optimal composition that maximizes device performance. The
following D:A ratios were explored: 1:1 and 1:1.5. Each blend was prepared under identical
processing conditions to ensure that any observed differences in device performance were
solely due to changes in the D:A ratio.

To prepare the blends, PF2 and ITIC were weighed in appropriate proportions and dissolved
in CB, following the same procedures as in the solvent and thickness optimization experiments.
The solutions were then stirred at 80°C for 24 h to ensure complete dissolution and
homogeneity, providing uniform films in each case with a target thickness of around 100 nm.
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Figure 80. SEM images (top row), AFM height images (middle row), and AFM adhesion images (bottom
row) of PF2:ITIC blend films with two different D:A ratios.

Figure 80 presents a comparative analysis of the surface morphology of PF2:ITIC blend films
at two different D:A ratios, 1:1.5 and 1:1, using both SEM and AFM imaging techniques. Both
of these show that the 1:1.5 and 1:1 blend films have similar smoothness, uniformity, and
nanoscale domain structures.
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Figure 81. J-V curves of solar cells based on PF2:ITIC with different D:A ratios a) under AM 1.5G and
b) in the dark.

Table 25. PV performance of PF2:ITIC OPVs fabricated with two different D:A ratios under both AM
1.5G and indoor warm LED (1000 lux) illumination conditions.

D:A Light Voc Jsc FF PCE Rs RsH
source V) (%) (%) (Q.cm? (Q.cm?
1:1.5 1sun 0.83 9.0 55.4 4.1 30 5x10°
AM 1.5G (mA.cm?) (4.0£0.2)
Warm LED 0.73 76 56.6 10.7 800 6x10°
1000 lux (MA.cm?) (10.0£0.5)
1:1 1sun 0.83 9.1 51.9 4.0 30 3x103
AM 1.5G (mA.cm?) (3.90.1)
Warm LED 0.73 79 52.5 104 600 4x10°
1000 lux (LA.cm) (9.7£0.4)

CB was used as a solvent to prepare the solutions at both ratios, and the films were processed
to achieve a uniform thickness of 100 nm to ensure sample consistency. From Table 25 and
Figure 81, the comparison of these two D:A ratio shows that while the overall performance
under AM 1.5G illumination is similar for both ratios, the 1:1.5 ratio exhibits slightly better
performance under indoor conditions, as evidenced by the higher FF and PCE. The slight
variations in Rs and Rsy between the two ratios suggest differences in film morphology and
charge transport dynamics that are more pronounced under low light conditions. The
consistent Voc across both ratios and light conditions indicates that the energy alignment
between donor and acceptor remains optimal regardless of the mixing ratio. This suggests that
while the D:A ratio can influence the detailed balance of charge transport and recombination,
both ratios are well suited for use in PF2:ITIC OPVs under varying illumination conditions.

IV.4. Optimization of active layer thickness

The thickness of the active layer directly affects the critical balance between light absorption
and charge transport, both of which are essential for achieving high efficiency, especially at
low light levels. In organic semiconductors, the exciton diffusion length (the distance an exciton
can travel before recombination) mainly affects the size of the donor-acceptor (D/A) domains.
Smaller domain sizes favor efficient dissociation of excitons into free charges at the donor-
acceptor interface. However, the overall thickness of the active layer is usually limited by the
diffusion length of free carriers. The mobility of free carriers, carrier concentration, and the
properties of the bicontinuous network structure are key factors that determine how effectively
the charge is transported to the electrodes. In conventional OSCs, the active layer is usually
limited to around 100 nm due to the moderate mobility of free carriers, which limits the charge
extraction efficiency at larger thicknesses. More continuous nanostructured pathways in the
D/A network enable efficient charge transport even at larger thicknesses. In theory, if the carrier
mobility is significantly higher, then thicker active layers with nanoscale D/A domains could
maintain efficient exciton dissociation and charge transport, thereby achieving higher
absorption without compromising efficiency?°:30.120,

To gain further insight into the bland properties, we performed electrical characterization of
hole-only devices based on the PF2:ITIC blend, using SCLC measurements for a 100 nm
active layer using a hole-selective device structure: ITO/PEDOT:PSS (40 nm)/active
layer/MoOs/Ag, as depicted in Figure 82 and Table 26.
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Figure 82. SCLC J-V characteristic of PF2:ITIC (1:1.5) blend film (100 nm thick) processed in CB to
determine the hole mobility (1xSCC).

Table 26. psSCtC in various PF2-based blends with different acceptors and active layer thickness,
derived from SCLC measurements.

Active layer Thickness (nm) R CEC(cm2/V.s)
PF2:ITIC (1:1.5) 100 (1.5+0.2)x10 this study
PF2:Y6(1:1.5) 100 6.2x10* 1
PF2:PC7,BM (1:1.5) 26545 (3.2 + 0.4)x10°3 10

In the Figure 82, the clear SCLC regime has a slope of 1.96 close to 2, indicating a trap-free
transport process. This pure SCLC behavior, where J « V2, means that the PF2:ITIC system
has minimal trap states within the active layer, enabling efficient hole transport without
significant recombination losses due to traps. The absence of a trap-filled limited regions
confirms that the charge transport is dominated by the space-charge effect rather than trap-
assisted processes. This high hole mobility of (1.49+0.18)x10* cm2/V.s supports the potential
for thicker active layers as the charge carriers can move efficiently without being hindered by
traps. Furthermore, PF2 blended with PC71BM exhibits good mobility at a thickness of 26515
nm, a property that allows the active layer thickness to be extended beyond the traditional 100
nm limit'%192_|n the PF2:ITIC system, increasing the active layer thickness enhances photon
absorption without compromising charge transport efficiency, thereby generating more charge
carriers. This property is particularly advantageous for IPV applications, as indoor light intensity
is significantly lower than outdoor conditions, and a thicker active layer can improve device
efficiency by absorbing more light1°.124,

To explore the benefits of increased active layer thickness, we attempted to produce PF2:ITIC
films with a thickness of several hundreds of nanometers. Considering the range of our
experimental parameters (associated with solution concentration, range of viscosity, and range
of rotation of the spin-coater), we were able to achieve thicknesses around 270 nm. In this
case, the same PF2:ITIC blend solution based on the CB solvent was used as in the previous
experiments. The blend solution was prepared with a D:A ratio of 1:1.5 with a total
concentration of 17.5 mg/mL (7 mg PF2 and 10.5 mg ITIC dissolved in 1 mL CB). The solution
was stirred at 80°C for 24 hours to ensure complete dissolution and homogeneity. We modified
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the spin-coating parameters to obtain a uniform and thick active layer. However, when spin-
coating with viscous, high-boiling point solvents at very low spin speeds, the process can
become challenging as the center of the substrate often dries faster than the edges of the
substrate. To overcome this problem, we used a three-step spin-coating program combined
with a dynamic dispense, as used in Ref. 10. The deposition parameters are given in Table 27
below:

Table 27. Spin-coating parameters for deposition of a thick PF2:ITIC active layer.

Step Speed Acceleration Time
(RPM) (RPM/S) (S)
Step 1 600 600 20
Step 2 900 600 40
Step 3 2000 600 120

In the first and second steps, the spin speed was kept low to allow the film to thicken and dry
evenly. This slow spin allows the viscous solution to spread evenly over the substrate. In the
final step, a higher spin speed was used to remove excess solution from the edges and ensure
a smooth, uniform film over the entire substrate.

We then examined the morphology of the PF2:ITIC blend films at two different thicknesses
(100 nm and 270 nm) using SEM and AFM to understand how the increased thickness affects
the micro- and nano-morphology of the films, as shown in Figure 83 below:

= -
Rrms =1.98nm
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Figure 83. SEM images (top row), AFM height images (middle row), and AFM adhesion images (bottom
row) of PF2:ITIC blend films with thicknesses of 100 nm and 270 nm.

SEM analysis shows that the CB-processed films have smooth, homogeneous, and uniform
surfaces regardless of thickness. Both the 100 nm and 270 nm films are free of significant
defects or irregularities, with only minimal aggregates observed on the surface, indicating that
the thicker film retains the high-quality morphology seen in the thinner film.

AFM height images provide further insight into the surface topography, with the RMS
roughness values being very similar for both thicknesses. The 100 nm film has an RMS
roughness of 1.98 nm, while the 270 nm film has a slightly lower RMS roughness of 1.92 nm.
This similarity in roughness indicates that increasing thickness does not adversely affect the
surface smoothness of the film, suggesting that the film deposition process remains well
controlled even at greater thicknesses. In addition, AFM adhesion images show that both films
have an interpenetrating network structure. This consistent network structure over different
thicknesses suggests that the PF2:ITIC blend forms a stable morphology that supports the
effective operation of OSCs even as the active layer thickness is increased.

In order to fully assess the influence of the active layer thickness on the performance of

PF2:ITIC OSCs, we carried out a detailed analysis of the EQE and J-V measurements (Figure

84).
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Figure 84. a) EQE spectra of PF2:ITIC with thickness of 100 nm and 270 nm. b). Normalized absorption
spectra of PF2 and ITIC neat film.

As previously discussed, both PF2 and ITIC materials exhibit efficient light harvesting in the
500-700 nm region, where a 100 nm thick active layer is sufficient for optimal absorption and
charge generation. However, in the blue region (400-500 nm), light harvesting is comparatively
lower, and a 100 nm layer is insufficient. Notably, PF2 demonstrates superior light-harvesting
properties in the blue region compared to ITIC. To address this, we increased the active layer
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thickness to 270 nm with the goal of enhancing light absorption in the blue region and
consequently boosting carrier generation. This trend is confirmed by the EQE measurements
(Figure 84a). For the 100 nm thick active layer, the EQE is relatively high in the 500 to 700 nm
region, consistent with the absorption characteristics of PF2 and ITIC. However, the EQE is
lower in the 400 to 500 nm region, indicating that the thinner layer does not fully capture and
utilize the available photons in the blue region.

In contrast, the 270 nm thick active layer shows a significant increase in EQE in the 400 to 500
nm region. This improvement is directly related to the increased light absorption resulting from
the increased thickness, which allows more photons to be absorbed and converted into charge
carriers. Consequently, the thicker active layer results in improved performance in the blue
region, making it more effective in indoor lighting conditions where the spectrum often contains
a significant blue component.

The PV performance of PF2:ITIC OPV devices has been systematically investigated by varying
the active layer thickness and evaluating their efficiency under standard AM 1.5G illumination
and in the dark, as shown in Figure 85 and Table 28 below:
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Figure 85. The corresponding J-V curves of solar cells based on PF2:ITIC with different thicknesses a)
under solar simulator (100mW.cm); b) In the dark.

Table 28. PV performance parameters of PF2:ITIC OPVs with different thicknesses under solar
simulator (100mW.cm).

Thickness Voc Jsc Jgc EQE FF PCEwmax Rs RsH
V) (mA.cm?) (mA.cm?) (%) (%) (Q.cm?) (Q.cm?)
100 nm 9.4 9.7 5412 4.1 30+2 34001460
0.82 (9.120.3) (4.020.1)
270 nm 10.7 11.1 48+2 4.3 5015 26201270
0.82 (10.620.1) (4.1+0.2)

Table 28 presents the PV performance parameters of PF2:ITIC with 200 nm and 270 nm,
measured under a solar simulator (100 mW.cm? AM 1.5G). It can be seen that both devices
have an identical Voc of 0.82V; the variation of the PF2:ITIC layer does not affect the Voc of
the devices. This consistency suggests that the energy level alignment between the PF2 and
ITIC remains stable, regardless of the thickness of the active layer. It also indicates that thicker
layers (up to 270 nm) do not drastically increase charge recombination. The Jsc for the 270
nm thick device is higher at 10.7 mA.cm2 compared to 9.4 mA.cm for the 100 nm thick device.
This increase is consistent with the EQE data, which shows enhanced light absorption and
charge generation in the thicker device, particularly in the blue region (400-500 nm). We
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calculated Jsc values based on the EQE spectra (Figure 84a) to support these measurements,
indicating reliable data.

Conversely the FF decreased from 54% for the 100 nm devices to 48% for the 270 nm devices.
This reduction in FF can be attributed to the increased Rs and decreased Rsy in the ticker
device, which may be due to the increased recombination current of the photogenerated
charges. The lower Rs is unexpected as it does not typically decrease with thickness alone,
suggesting that thicker active layers may promote more recombination pathways. Despite the
decrease in FF, the overall PCE of the 270 nm device (4.3%) is slightly higher than that of the
100 nm device (4.1%), primarily due to an approximate 14% increase in Jsc under AM 1.5G
illumination. This increase in PCE is consistent with the increased light absorption and carrier
generation in the thicker device, as reflected in the EQE measurements. Figure 85b shows the
dark J-V curve. The 100 nm devices have lower leakage currents, which is consistent with the
observed higher FF.

We then analyzed the PV performance of PF2:ITIC with different thicknesses under 1000 lux
warm LED illumination. The corresponding J-V characteristics under these indoor conditions
are presented in Figure 86 and Table 29.
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Figure 86. J-V curves of solar cells based on PF2:ITIC with different thicknesses under 1000 lux warn
LED.

Table 29. PV performance of PF2:ITIC OPVS with different thicknesses under 1000 lux warm LED.

Thickness Voc Jsc FF PCEwmax Rs RsH
V) (MA.cm?) (%) (%) (Q.cm?) (Q.cm?)
100 nm 0.70 73.3t3.0 61£3 10.7 650+£250 (6.2 £1.3)x10°
(10.0£0.5)
270 nm 0.72 86.6+2.1 59+2 12.0 810+140 (6.0 £1.3) x10°
(11.6+0.2)

We observed a significant improvement in the Jsc of the 270 nm thick device, which recorded
a Jsc of 86.6 yA cm™2, compared to 73.3 yA cm2 for the 100 nm device. This increase is
consistent with the previously discussed EQE measurements, where the thicker active layer
showed increased light absorption, particularly in the blue region (400-500 nm), leading to
more efficient charge carrier generation under indoor lighting conditions. The FF of both
devices is relatively stable, and as we discussed earlier, under indoor lighting, lower
photocurrent reduces the impact of Rs on performance. However, Rsy becomes more critical
at low light levels, as minimizing leakage current is essential to achieve high efficiency. The
thicker 270 nm device achieves the highest PCE of 12.0%, outperforming the 100 nm device,
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which has a PCE of 10.7%, primarily due to an approximate 18% increase in Jsc under warm
LED illumination. These results demonstrate that increasing the active layer thickness to 270
nm significantly enhances the performance of PF2:ITIC OPVs under indoor lighting conditions,
especially in the blue region. The improved Jsc and PCE, combined with the stable FF,
highlight the potential of optimizing active layer thickness to achieve higher efficiencies in low-
light environments, making these OPVs more effective for indoor applications.

In addition, the PF2:ITIC device achieves a higher Voc (0.83 V), making it ideal for indoor
applications. This is an improvement over reference systems such as PM6:Y6 (as described
in Chapter IIl.1.), which has a Voc of 0.8 V in outdoor conditions and also offers an advantage
under 1000 lux warm LED lighting, where PF2:ITIC produces a Voc of 0.72 V compared to
0.60 V for PM6:Y6. The combination of high Voc, strong absorption in the blue region, and
improved Jsc and PCE in the PF2:ITIC device highlights the potential of PF2 as a donor
material for indoor OPVs.

Next, we analyzed the performance of PF2:TIC OPV devices with different active layer
thicknesses under warm indoor LED illumination, ranging from 200 lux to 1000 lux.
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Figure 87. The corresponding J-V curves of PF2:TIC with different thicknesses under indoor
illumination from 200 to 1000 lux at warn LED.

Table 30. PV performance of PF2:ITIC with different thicknesses under indoor illumination from 200 to
1000 lux at warm LED.

Thickness Warm led Voc Jsc FF PCEwmax
(lux) V) (MA.cm™) (%) (%)
200 0.62 15.1 62.5 9.7
100 nm 500 0.66 35.1 62.3 9.5
750 0.66 53.2 63.0 9.5
1000 0.68 71.9 63.6 10.0
200 0.66 17.9 57.4 11.2
270 nm 500 0.68 44.8 56.3 11.3
750 0.70 67.4 57.8 11.7
1000 0.72 87.0 59.5 11.7

The results demonstrate that a thicker active layer of 270 nm in PF2:ITIC OPVs significantly
improves performance under warm LED lighting over a range of illuminances from 200 lux to
1000 lux. The improvement in Jsc and PCE is particularly notable, affirming the potential of
thicker active layers in optimizing OPV devices for low-light indoor environments.
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Figure 88. Relationship between the Jsc and the Pin for different thicknesses of the active layer (100
nm and 270 nm).

Figure 88 shows the relationship between the Jsc and the incident light power density (Pin) for
organic solar cells with different active layer thicknesses (100 nm and 270 nm). The data points
for each thickness are plotted on a log-log scale to observe the behavior of the devices over a
wide range of light intensities. It shows an almost linear relationship between Jsc and Pi, over
the whole range of light intensities for both thicknesses. This linearity suggests that the charge
generation and extraction processes in the PF2:ITIC blend are efficient and that there are
minimal losses due to recombination, even at low light intensities. Given the modest slope, the
dominant recombination mechanism appears to be trap-assisted recombination, which may
resultin some charge loss but is relatively controllable in this system. This characteristic makes
the PF2:ITIC blend particularly suitable for indoor photovoltaic applications. Additionally, the
270 nm film shows slightly higher Jsc values across all light intensities, which is consistent with
the idea that a thicker active layer can absorb more light and thus generate more charge
carriers.

IV.5. Conclusion

In this study, we have carried out a detailed investigation of the performance of a new OPV
active layer system based on PF2:ITIC for indoor applications, considering the particular ability
of the PF3 polymer to harvest blue photons. We focused our study on the influence of solvent
selection, active layer thickness, and D:A ratio on the device efficiency. Our results have
provided valuable insights into the optimization strategies required to improve the performance
of OPVs, particularly for indoor applications.

Our experiments identified CB as the most effective solvent for processing the PF2:1TIC blend,
resulting in a smooth and homogeneous active layer morphology. Through systematic
optimization, we found that increasing the active layer thickness from 100 nm to 270 nm
significantly improved light absorption in the blue region (400-500 nm), which is critical for
indoor environments dominated by artificial light sources. This improvement in light absorption
translated directly into a higher photocurrent, enabling us to achieve an impressive PCE of
12.0% under warm LED illumination at 1000 lux. Moreover, this optimal thickness not only
improves light absorption and charge generation but also demonstrates the robustness of the
PF2:ITIC system to layer thickness variations, which is an advantage for scalable
manufacturing techniques such as roll-to-roll printing.
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Furthermore, the PF2:ITIC system exhibits a high Voc of 0.72 V under 1000 lux warm LED,
outperforming commonly used systems such as PM6:Y6, which typically have a Voc of around
0.60 V under the same conditions. This high Voc, coupled with strong absorption in the blue
region, highlights the potential of PF2 as a donor material for next-generation indoor
photovoltaic devices.

Overall, this study highlights the importance of optimizing material properties and processing
conditions to develop high-performance OPVs tailored for indoor environments. The
identification of PF2 as a highly effective donor material, capable of efficient light absorption in
the blue region and achieving a high Voc, represents a significant advancement towards the
development of OPVs that can effectively harness indoor light for energy generation.
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Chapter V. Luminescence down-shifting molecules for UV protection of OSCs

Recent advancements in OSCs have led to remarkable improvements in outdoor PCE, with
current records surpassing 19% under standard 1-sun conditions. This makes OSCs a
promising candidate for low-cost, flexible, and lightweight solar power generation. However,
device stability remains a significant challenge, limiting the commercialization and widespread
adoption of OSC technology, especially when OSCs are exposed to harsh outdoor
environments. These stability issues have attracted extensive research attention, leading to a
substantial increase in publications on OSC stability in recent years!®31%, In 2019, Brabec et
al. demonstrated a NFA-based OSC with an estimated lifetime of nearly 10 years°¢. Another
study showed that polymer solar cells made of PCDTBT and PC7:BM have an extrapolated
lifetime of nearly 15 years when operated in an environment with oxygen and water content
below 0.1 ppm, highlighting the long-life potential of OSCs*. Despite these advances,
environmental stressors such as temperature fluctuations'®’, humidity!®®, and UV
radiation®%2%° still pose significant challenges to OSC stability. In particular, UV radiation is
extremely harmful due to its high energy, which can trigger photo-oxidation reactions of the
organic materials in the active and interfacial layers, leading to molecular degradation and
shortening the lifetime of OPV devices. UV irradiation induces multiple degradation pathways
in OSCs, including photooxidation of donor and acceptor materials (e.g., fullerene derivatives
or NFAs) and scission of polymer chains in conjugated polymers, which together degrade the
optical and electrical properties of the devices, thereby reducing the efficiency and stability of
the device??201, For example, in PM6:Y6 OSCs, studies using long-pass filters during the
aging process have shown that UV and near-UV photons are primarily responsible for the
photochemical decomposition of the Y-series acceptors, which is considered to be a key factor
in early performance loss?°2203, When aged without a UV filter, the PM6:Y6 OPV showed a
substantial 44% drop in PCE over 200 h of testing, with an 8% drop in Voc, a 28% drop in FF,
and a 19% drop in Jsc. In contrast, devices aged using 420 nm and 500 nm long-pass filters
lost less than 7% of their PCE over the same period, highlighting the effectiveness of UV
protection in minimizing photodegradation and maintaining OSC performance?°2,

To enable OSCs to be used in long-term outdoor applications, it is possible to integrate UV
protection strategies that can prevent or mitigate the damaging effects of UV radiation. An
effective way to improve OSC stability is to use UV-cut filters (UCFs) that block harmful UV
rays. Jeong et al. showed that adding a UCF that blocks wavelengths below 403 nm
significantly slowed the degradation of OSCs, after 14 hours of continuous illumination (AM
1.5G, 80 mW/cm?), the PTB7-Th:PC71.BM OPV devices with the filter retained about 90% of its
initial efficiency, compared with only 20% for the device without the filter?%4. Although UCFs
can protect OSCs from UV damage, they are costly and reduce the sunlight available for
conversion, limiting overall efficiency. Another promising strategy to address this problem is to
use materials promoting luminescence down-shifting (LDS), which absorb high-energy UV
photons and re-emit them as lower-energy photons in the visible range, thus reducing the risk
of UV-induced degradation in the active layer and allowing the harvesting of the converted
photons by the active layer of the device. In order for an LDS to be effective, certain
performance criteria must be met. LDS materials should have a high photoluminescence
efficiency (PLQY) to ensure that a significant fraction of absorbed UV photons is re-emitted as
usable light. Furthermore, a large Stokes shift is desirable to minimize self-absorption energy
losses by separating the absorption and emission spectra, thereby allowing more emitted
photons to reach the active layer without being reabsorbed by the LDS layer itself. In terms of
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spectral properties, LDS materials should have strong absorption in the UV range (300-400
nm) and emit in the visible spectrum (400-700 nm) to ensure overlap with the absorption curve
of the OSC active layer?®. Ideally, the emission peak of the LDS material should coincide with
the maximum absorption wavelength of the active material (e.g., PM6:Y6, which has a peak
absorption in the visible range between 550-650 nm) to maximize the conversion of re-emitted
photons into photocurrent. In addition, LDS materials should possess strong photochemical
and environmental stability to ensure long-term performance under practical conditions.

In recent years, LDS materials have been widely studied and applied in photovoltaics to
improve PCE and enhance stability under UV exposure. There are a variety of LDS materials
to choose from, including quantum dots (QDs)?%, oxides, organic dyes®®’, and luminescent
glasses. Among them, organic dyes are a particularly promising class of materials due to their
high absorption efficiency and PLQY, as well as their wide availability and low cost compared
to alternatives such as europium complexes(Eu)?®®, QDs, and nanophosphors?%®. Fernandes
et al. introduced three organic dyes, coumarin 7 (C7), coumarin 153 (C153), and Kramer’s blue
(KB), and demonstrated their potential as LDS materials with absorption spectra below 450
nm and photoluminescence emissions within the absorption range of the P3HT:PCBM active
layer?%’. Mixed in a polymethyl methacrylate (PMMA) matrix, their respective PLQYs were
37.4%, 20.2%, and 9.2%, respectively. The PLQYs of these dyes were significantly improved
when the two dyes were mixed in different ratios, especially the PLQY of the KB:C153 mixture
reached 88.0%, which is much higher than that of either dye alone. After experimental
optimization, the KB:C153 LDS layer improved the photocurrent density of P3HT:PCBM solar
cells by 20%, highlighting the advantages of optimized LDS materials in enhancing OSC
performance.

My research builds on previous studies by my group on the yellow-emitting tetrazine molecule,
NITZ molecules, as a DSL material for UV protection in organic and perovskite solar cells. In
2017, Ourahmoun et al. from our group introduced NITZ as a DSL for P3HT:PCBM OSCs,
using polystyrene (PS) as the matrix*3. In this setup, a NITZ-coated glass substrate is placed
on the OSC to absorb UV light and re-emit it as visible light. At the optimized 2% concentration,
NITZ exhibited strong UV absorption and visible emission with a PLQY of 30%. The OSC with
the NITZ layer reached a PCE of 3.28%, compared to 3.08% in the control device.
Furthermore, the NITZ layer extended the lifetime of the device, probably by reducing UV
degradation. In 2018, Gheno et al. applied NITZ to perovskite solar cells that are particularly
sensitive to ultraviolet light?°5, This study showed that the down-conversion properties of NITZ
effectively reduce the effects of UV light by converting UV photons into visible light that can be
utilized by the active layer. The PLQY of the NITZ:PS layer is 30%, which can reduce the Jsc
losses caused by using conventional UV filters, even though no net gain in photocurrent is
achieved in this case. The study also explored the theoretical effectiveness of LDS materials
for different active materials and considered the potential to further improve stability using
alternative electron transport layers such as WOs, which could interact with UV light and
degrade performance.

During my thesis, in addition to optimizing OSCs for indoor applications, we also worked with
Prof. Pierre Audebert’s organic molecules on a project involving LDS materials, extending
previous research. The project focused on the use of tetrazine-based NITZ molecules as LDS
materials dissolved in hemicellulose xylan films to provide UV protection for OSCs (Figure 89).
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Figure 89. Schematic diagram of PM6:Y6 OSC structure with NITZ-based DSL.

Hemicellulose xylan is a natural polymer matrix derived from biomass that can serve as a
sustainable alternative to synthetic polymers such as PMMA or PS, which is commonly used
in LDS applications. As a biomimetic material, xylan can not only form a stable film for
integrating LDS molecules but also meet sustainable development goals due to its
biodegradability and renewable nature. The use of xylan as a matrix material highlights the
potential for incorporating environmentally friendly bio-based materials in solar technology,
with the advantages of recyclability and reduced environmental impact. This study is a
collaboration between three teams: XLIM, PPSM, and the LABCIS laboratory in Limoges. The
xylan films used in this study were synthesized by Marine Petitjean, a PhD student at LABCIS,
under the supervision of Vincent Chaleix. The NITZ fluorophore embedded in the xylan matrix
was synthesized by the PPSM laboratory led by Pierre Audebert. This project was funded by
the Labex SigmaLim.

V.1. Materials

The LDS layer consists of the fluorophore molecule N-(2-(6-chlorotetrazin-3-yloxy)ethyl)-
naphthalimide (NITZ)32% incorporated into a xylan matrix. The NITZ fluorophore operates via
a three-step process (Figure 90): First, the naphthalimide moiety absorbs UV light at about 334
nm, followed by intramolecular energy transfer proceeds via the Forster resonance energy
transfer (FRET) mechanism between the naphthalimide and tetrazine moieties. Finally, the
tetrazine moiety re-emits the energy as visible light at about 566 nm, thus providing UV
protection, eventually allowing improving the light-harvesting efficiency of OSCs. The
calculated brightness of NITZ in DCM is 2766, indicating its strong potential for efficient
photoconversion (see Appendix 3.1.)
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Figure 90. a) Fluorophore molecule:NITZ?%, b) Absorption and emission spectra of the NITZ molecule
in films.
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The NITZ molecule exhibits a very significant Stokes shift (Figure 90b), with a large difference
between its absorption peak and its emission peak. The main absorption range of the NITZ
molecule is between 300 and 375 nm, with an absorption peak at 334 nm, which is in the near-
UV region, well below the visible spectrum. When excited at 334 nm, the emission spectrum
ranges from 525 nm to 700 nm, with a peak at around 570 nm. This high stokes shift minimizes
re-absorption losses, allowing more efficient LDS of UV light into visible light. Moreover, this
emission is particularly advantageous because it overlaps with the absorption region of the
organic active layer, thereby maximizing the light generation rate.

However, there is another weak absorption in the 520-550 nm range, which means that the
overlap between the emission and absorption spectra of NITZ is small, which prevents the
efficient recycling of the re-emitted photons. As described in Ref. 205, for an LDS material to
significantly improve solar cell efficiency, it must achieve an ideal balance between high
absorption in the UV region and strong, non-overlapping re-emission in the visible. This
prevents self-absorption losses and allows the maximum number of re-emitted photons to
reach the active layer of the solar cell. In the case of NITZ, the observed photoluminescence
originates mainly from the r-1* transitions, with a weaker excitation band around 550 nm
attributed to the n-1r* transitions?19211, Although NITZ provides effective UV protection, these
spectral properties suggest that it may not fully optimize photon recycling to enhance device
performance.

Xylan (C4-C12): This is a hemicellulose-based polymer (xylan) extracted from beech wood
and chemically modified by esterification to enhance its functionality as a matrix for LDS layers.
This modification introduces ester groups of different chain lengths, as shown in Figure 91:
butyryl (C4), valeryl (C5), octanoyl (C8), and lauroyl (C12) chains.
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Figure 91. Chemical structure of xylan with varying chain lengths.

These different chain lengths affect the physical properties of xylan: shorter ester chains (C4,
C5) allow for more uniform incorporation of high concentrations of fluorophores, ensuring a
homogeneous distribution within the LDS layer. At the same time, longer chains (C8, C12)
increase the flexibility of the film and reduce its brittleness, thus improving the mechanical
stability of the downshifted layer. The self-film-forming property of xylan allows it to form stable
films without the need for additional binders, making it an ideal matrix for embedding
fluorophores while maintaining structural integrity and ease of processing.

V.2. Optical properties

Pure xylan films
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Xylan films were prepared by Marine Petitiean. Xylan powder (C4, C5, C8, or C12) was
dissolved in CF to form a homogeneous solution. Each solution was then poured into petri
dishes of the same size and left overnight to allow the chloroform to evaporate. Once the
solvent had completely evaporated, the films were formed and ready for analysis. After
formation, each film was cut into 14 mm diameter disks using a circular cutter to ensure
consistent sample size for PL measurements in an integrating sphere. The thickness of the
film is approximately 20£10 um, as measured using a Bruker Dektak XT profilometer. This
thickness variation was attributed to the drop casting method, which can result in non-uniform
thickness across the film surface. Figure 92 presents the aspect of the resulting self-supporting
films as a function of the chain length of the ester groups of xylan prior to cutting, as well as
their optical transmittance spectra. No chromophores were incorporated in this case.
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Figure 92. a) Photo of self-filming xylan films. b) Optical transmittance properties of the xylan films (C4,
C5, C8, and C12).

The transmittance properties of the xylan films (C4, C5, C8, and C12) show that all films exhibit
increasing light transmittance as the wavelength moves into the visible region, reaching over
90% transmittance at higher wavelengths. However, a notable drop in transmission is
observed around 500 nm for all samples. This behavior indicates that although the films are
highly transparent in the visible spectrum, they may absorb or scatter light in this region. The
glass reference has a higher overall transmittance, serving as a baseline comparison. The
variation in the transparency of the xylan films, especially for different ester chain lengths,
highlights their influence on the optical properties of the material.

LDS layers

The LDS layer consists of the NITZ fluorophore incorporated into an esterified xylan matrix at
concentrations ranging from 2.5% to 15% by mass, dissolved in CF to form a homogeneous
solution. After evaporation of the CF, the fluorophore molecules are uniformly distributed
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throughout the xylan matrix, resulting in a fluorescent film that emits light under UV excitation,
as shown below:

o-COH

MeO O 0
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Figure 93. Process of incorporating the NITZ fluorophore into the xylans matrix to create LDS films.

C4, C5, C8, and C12 xylan films all exhibited similar optical properties when conjugated to the
NITZ fluorophore; however, we chose the C5 xylan film for detailed analysis due to its superior
homogeneity, allowing for more consistent conjugation of the fluorophore, while the results for
the other xylan types are presented in the appendix. Photographs and microscope images of
C5 xylan films with varying concentrations of the NITZ fluorophore (0%, 2.5%, 5%, 10%, and
15%) are shown in Figure 94a and 94b. The films were cut to a consistent diameter of
approximately 14 mm for standardized measurements. The thickness of each film was
measured using a Bruker Dektak XT profilometer, showing variability both within each film and
between different concentrations: 0% NITZ: 28 £ 6 um; 2.5% NITZ: 14 + 3 um; 5% NITZ: 25 +
3 um; 10% NITZ: 24 + 3 um; and 15% NITZ: 37 £ 5 um.
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Figure 94. a) Photographs of C5 xylan films with different concentrations of NITZ (0%, 2.5%, 5%, 10%,
and 15%). b) Optical microscope images of C5 xylan films at different NITZ concentrations (0%, 2.5%,
5%, 10%, and 15%).

Figure 94a shows that as the NITZ concentration increases, the films exhibit a gradually
deepening pink hue, with the 15% NITZ film showing the strongest coloration compared to the
nearly transparent 0% film. Microscope images further illustrate the structural changes that
occur with increasing NITZ concentration: the 0% film appears relatively clear and uniform,
with minimal visible defects. However, with increasing NITZ concentration, the films showed
increased surface texture and roughness. When the NITZ concentration reaches 10%, a more
obvious pink hue can be seen, while when the NITZ concentration reaches 15%, obvious
aggregation occurs, with larger particles or clusters forming within the structure. This
aggregation may affect the uniformity and optical properties of the LDS layer. Following this,
we analyzed the absorption and fluorescence spectra of C5 xylan films to further explore how
NITZ concentration affects its optical properties.
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Figure 95. a) Absorption spectra of C5 xylan films, and b) normalized fluorescence emission spectra of
C5 xylan films with varying concentrations of NITZ with Aex = 334 nm.
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The absorption spectra (Figure 95a) display stronger absorption in the UV region around 334
nm as the NITZ concentration increases, correlating with the higher fluorophore content. In
addition, there is a secondary absorption band between 450 and 560 nm, which is attributed
to the n-1r* transition. This overlap between the absorption and fluorescence emission spectra
in the 520-550 nm range (Figure 95b) suggests potential limitation due to reabsorption, as the
emitted photons are partially reabsorbed by the NITZ molecules themselves instead of
reaching the active layer of the OSCs. It is worth noting that the negative absorption observed
is due to the use of 0% NITZ film as the baseline and the different thicknesses of the layers.
The thickness of the 0% NITZ film (28 £ 6 um) is much higher than that of the 2.5% NITZ film
(14 £ 3 um).

The fluorescence spectra were normalized by the light absorbance at an excitation wavelength
of 334 nm. The fluorescence emission spectra (Figure 95b ) show that the emission intensity
increases with the increase of NITZ concentration, with a peak at around 570 nm. However,
saturation is observed at 10% NITZ concentration. Although 15% NITZ film still exhibits strong
emission, its intensity does not significantly exceed that of 10% film. This suggests that the
emission saturates at 10%, with minimal additional fluorescence gain at 15%. This plateau
may result from self-quenching or other limiting effects at higher fluorophore concentrations,
as well as reabsorption losses due to spectral overlap. These findings emphasize that the
overlap between the n-mm* absorption band and the PL emission spectrum limits the
effectiveness of NITZ as a downshift material at higher concentrations. This limitation may
explain why lower NITZ concentrations (below 5%) were more effective in previous studies,
such as the study by Alexandre Gheno?°® and Ourida Ourahmoun?3, where reabsorption losses
were minimized.

PLQY is a measure of how efficiently a material converts absorbed photons (UV) into emitted
photons (visible). PLQY is measured using photoluminescence spectroscopy with an
integrating sphere. It is expressed as the ratio of the number of photons emitted to the number
of photons absorbed and is calculated as in Eq. 15:

Number of photons emitted

PLQY = (Equation 15)

Number of photons absorbed

Table 31. PLQY values for different concentrations of NITZ in a C5 xylan matrix.

PLQY (%)
2.5%NITZ:C5 xylan 42.6+3
5%NITZ:C5 xylan 41.5+3
10%NITZ:C5 xylan 42.5+2
15%NITZ:C5 xylan 40.4+2

The optical properties of the xylan system showed clear advantages compared to previous
LDS systems using NITZ embedded in synthetic polymer matrices such as PS. In the xylan
matrix, the achieved PLQY was relatively high, as shown in Table 31. The PLQY of the xylan
film remained stable at various NITZ concentrations, exceeding 40%. This is significantly
higher than the typical PLQY values observed in NITZ:PS systems (2% NITZ:PS, PLQY is
around 30%), where doping levels exceeding approximately 5% generally result in decreased
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optical properties?%. Even at elevated NITZ concentrations (up to 15%), xylan maintained high
PLQY, suggesting that it provides a more favorable environment for NITZ molecules, likely due
to its natural polymer structure and uniform fluorophore binding.

In comparison, the PLQY of NITZ in solution (dissolved in DCM) is only 32%?2!!, indicating that
embedding NITZ into the xylan matrix could enhance its photoluminescence efficiency, which
can reach around 42% in a C5 xylan matrix. This improvement may be attributed to the
stabilizing environment provided by xylan, in which the hydrophilic -OH groups create a more
structured environment, segregating the NITZ molecules, reducing intermolecular interactions
and restricting molecular rotation. This isolation minimizes non-radiative attenuation pathways,
thereby increasing luminescence efficiency. In addition, this high doping tolerance of xylan
films may contribute to the improved UV absorbance and enhanced visible light emittance,
thus enhancing the potential for downshifting applications. Furthermore, as a bio-based matrix,
xylan is in line with sustainable development goals and provides a renewable alternative with
favorable structural and optical properties for LDS applications.

V.3. Improving PCE by using a LDS layer

We have integrated the NITZ:C5 xylan layer onto our OPV device, which is based on a PM6:Y6
active layer. The OPV has an inverted structure consisting of Glass/ITO/ZnO/
PM6:Y6/M0o0s/Ag, as shown in Figure 96. C5 xylan was chosen over other chain lengths (C4,
C8, C12) because it has the best balance of properties for this application. Similar to C4 xylan,
C5 xylan can more evenly incorporate a large amount of NITZ fluorophore, thus ensuring a
uniform distribution within the LDS layer. Furthermore, C5 provides a more flexible and less
brittle film compared to C4, therefore enhancing the mechanical stability of the LDS layer on
OPV devices. The LDS layer, consisting of NITZ:C5 xylan, is deposited directly onto the OPV
device. It is expected to boost its performance by converting UV light into visible light that the
active layer can absorb (Figure 96).
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Figure 96. Integration of the self-filming LDS layer onto an inverted OSC based on PM6:Y6.

Following the integration of the NITZ:C5 xylan LDS layers with different concentrations of NITZ
(0%, 2.5%, 5%, 10%, and 15%) onto the OPV device, we proceeded with EQE measurements
to evaluate its impact on the device's performance.
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Figure 97. a) EQE of PM6:Y6 OPVs incorporating C5 xylan films with different concentrations of NITZ
(0%, 2.5%, 5%, 10%, and 15%). b) Transmittance spectra of C5 xylan films with varying NITZ
concentrations (0%, 2.5%, and 5%) compared to bare glass. ¢) JV curve of C5 xylan film with varying
NITZ concentration and without DSL.

Table 32. PV performance parameters of PM6:Y6 OPVs containing C5 xylan films with different
concentrations of NITZ (0%, 2.5%, 5%, 10%, and 15%) and without DSL.

Xylan C5 Voc Jsc Jsc.eqge FF PCE
V) (mA.cm™) (mA.cm?) (%) (%)

without 0.85 21.0 21.2 66.6 11.9

DSL

0% NITZ 0.83 17.3 17.8 67.2 9.3
2,5% NITZ 0.80 18.0 18.6 66.6 9.6
5% NITZ 0.80 17.3 17.0 66.8 9.3
10% NITZ 0.80 16.1 16.4 66.9 8.6
15% NITZ 0.80 14.9 15.6 67.1 8.0

This EQE figure (Figure 97a) shows that the use of NITZ: C5 xylan layers to improve the PCE
of OPVs is not as effective as we initially expected. From 375 to 800 nm, the 2.5% NITZ film
exhibits a slightly higher EQE compared to other concentrations. However, this increase is not
due to the LDS effect but to the enhanced light transmittance through the film. The
transmittance data (Figure 97b) show that the 2.5% NITZ film is thinner (14 £ 3 um) than the
0% NITZ film (28 £ 6 um) and therefore shows higher transmittance in this range. This
thickness difference allows more light to reach the active layer in the 2.5% film, thereby
improving the absorption and conversion of photons, as shown in the EQE results. In addition,
increasing the concentration of NITZ in the LDS layer results in excessive absorption of visible
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photons (10% and 15%), particularly in the 450-560 nm range. This intense absorption reduces
the amount of light reaching the active layer, ultimately reducing the PCE of the device. The
LDS layer did not show significant efficiency in this experiment, possibly due to the excessive
thickness of the layer, which is around 205 pm. A thicker film may limit the efficiency of UV
absorption and the subsequent re-emission of visible light by the NITZ fluorophore. This
thickness could cause scattering or re-absorption of the emitted light, reducing the overall
effectiveness of the LDS process. Thinner layers may allow for more efficient energy transfer
and light transmission, improving the performance of the LDS effect in future studies.

Table 32 further illustrates the effect of NITZ concentration on OPV performance. Without the
LDS layer, the PM6:Y6 device achieves a Voc of 0.85 V, a Jsc of 21.0 mA/cmz and a PCE of
11.9%. When the 2.5% NITZ layer is applied, the Voc drops slightly to 0.80 V, while the Jsc
drops to 18.0 mA/cmz?, resulting in a reduced PCE of 9.6%. This trend continues with higher
NITZ concentrations, with the 10% and 15% NITZ films showing further reductions in Voc (0.80
V), Jsc (16.1 mA/cm2 and 14.9 mA/cm?2) and PCE (8.6% and 8.0% respectively). These results
emphasize that, although the NITZ:C5 xylan layer has UV protection, its effectiveness as an
LDS material is compromised by excessive visible light absorption and film thickness.

To enhance the LDS effect in future studies, employing thinner layers could facilitate more
efficient energy and light transmission, thus improving the overall performance of LDS layers
in OPV devices. To achieve this, we used a spin coater to create thinner LDS layers to minimize
visible photon absorption while retaining the UV downshift functionality. CF solutions of C5
xylan containing different concentrations of NITZ were prepared and spin-coated onto glass
substrates at 6000 rpm, 3000 rpm/s acceleration for 40 seconds, and then air dried at room
temperature for 10 minutes. The process produced LDS films with a consistent thickness of
1.2 um (Figure 98a), which is much thinner than typical self-filmed layers of varying thickness.
The uniform thickness achieved by spin coating ensures more predictable light transmission
and LDS performance. This thinner LDS film was then integrated with the PM6:Y6 OSC, as
shown in Figure 99.
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Figure 98. a) The structure of the LDS layer is deposited on glass using a spin-coater. b) Absorbance
and c) fluorescence spectra of the C5 LDS layer with varying NITZ concentrations (0%, 2.5%, 5%, 10%,
15%) deposited on a glass substrate by spin-coater, with excitation at 334 nm.
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Table 33. PLQY values of the C5 LDS layer with varying NITZ concentrations (2.5%, 5%, 10%, 15%)
deposited on a glass substrate by spin-coater.

PLQY (%)
2.5%NITZ:C5 xylan 43.4+2
5%NITZ:C5 xylan 42.512
10%NITZ:C5 xylan 40.2+3
15%NITZ:C5 xylan 37.6x4

Figure 98b and 98¢ show the absorption and fluorescence spectra of the spin-coated C5 xylan
LDS layers, which exhibit similar behavior to the self-filming LDS layer. The primary absorption
occurs between 300 and 375 nm, with a peak at 344 nm, corresponding to the strong UV
absorption of NITZ. Secondary absorption bands appear between 450 and 560 nm. The
absorption intensity increases with increasing NITZ concentration. The emission spectrum
ranges from 530 to 700 nm, with a peak around 570 nm. The fluorescence intensity increases
with increasing NITZ concentration, confirming the efficient conversion of UV photons into
visible photons. Saturation of emission is observed at 10% NITZ concentration, indicating that
beyond this level, additional fluorophores do not significantly increase the emission intensity,
likely due to self-quenching effects. The PLQY values of both spin-coated and self-forming
NITZ films remain consistent, with a value around 40% for the different NITZ concentrations
(2.5%, 5%, 10%, 15%). This similarity suggests that whether the layer is deposited by spin-
coating or self-forming technique, the downshift efficiency remains relatively unaffected by the
deposition method, maintaining a stable photoluminescence quantum yield of around 40%.
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Figure 99. a) Deposition of the LDS layer onto a glass substrate using a spin-coater for integration with
a PM6:Y6 OSC. b) EQE of spin-coater deposited LDS layers with varying NITZ concentrations.

Ruoxue HE | Ph.D. Thesis | University of Limoges | 137
License CC BY-NC-ND 4.0



Figure 99b shows that the use of a thinner down-shift layer can avoid excessive absorption of
visible photons in the 450-560 nm range. However, in the excitation region of NITZ (around
334 nm), the EQE of the device with NITZ is still lower than that of the device without NITZ,
which is not as effective as expected. This reduction may be due to the direct absorption of
incident photons by the NITZ fluorophore molecules in the down-shift layer, thereby reducing
the number of photons that reach the active layer and can be converted into charge carriers.
There is a competition between the absorption of the down-shifting layer in the UV region and
the absorption of these photons by the active layer and their direct conversion into
photocurrent. As discussed in Alexandre Gheno’s paper?%, we can summarize this problem
by defining a ratio X that takes into account the PLQY of the downshifted layer and the
efficiency of the OSC in the excitation and emission spectra of the downshifted molecule.

i elec(/‘l)
= dA
/ Plum A)
X = EQY x / Rx "
¢ Pe!ec(l)dﬁ
e Plum(A)
Aexc (Equation 16)

In this formula, Peiec (M) represents the electric power produced by the OSC as a function of
wavelength, while Pium (A) denotes the illumination power from the light source as a function of
wavelength. The term Aemi corresponds to the emission range of the down-shifting molecule,
and Aexc represents its excitation range. The factor R accounts for the fact that NITZ emits light
isotropically: approximately 50% of the emitted photons are directed away from the solar cell,
reducing the fraction of usable photons. Furthermore, R also considers the effect of total
internal reflection at the interface between C5 xylan film and glass substrate. At this interface,
photons emitted beyond a certain critical angle are internally reflected, resulting in additional
losses as they are redirected within the LDS layer instead of reaching the active layer. In our
calculations, we assumed a best-case scenario for R (0.5) to estimate the maximum potential
benefit of the downshift strategy. When X is greater than 1, the energy produced by the OSC
with the DLS exceeds that produced by the OSC alone, indicating that the use of this LDS
material is beneficial. This behavior suggests that the LDS effectively converts the extra UV
photons into visible photons that the OSC can utilize, thereby increasing the overall power
output of the device. For our PM6:Y6 OPV, the EQE is 54% at 570 nm and 24% at 340 nm.
Based on these values, the calculated X value for this system is 0.47, indicating that the
strategy of using NITZ as the LDS layer for PM6:Y6 is not the best choice. Therefore, while a
thinner down-shift layer can alleviate some of the visible light absorption, it still hinders the
utilization of photons in the UV range, ultimately limiting its ability to improve overall device
performance.

If we add a UV filter layer between the LDS layer and the OSC, we can potentially improve the
overall device performance. The UV filter would block harmful high-energy UV photons that
could degrade the active layer while still allowing the LDS layer to absorb UV light and re-emit
it as visible light. This re-emitted visible light would pass through the UV filter and reach the
active layer, enhancing photon utilization and reducing the risk of damage to the OSC, as
shown in Figure 100a. The UV filter film was approximately 60 um thick and was purchased
from Film Pour Vitre. The transmittance of the system with a UV filter is shown in Figure 100b.
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Figure 100. a) The device structure includes a UV filter positioned between the spin-coater deposited
LDS layer and the OSC. b) Transmittance spectra of three different samples: bare glass (black curve),
spin-coater deposited 5% NITZ:C5 LDS layer (red curve), spin-coater deposited 5% NITZ:C5 LDS layer

combined with a UV filter (blue curve).

The device includes a UV filter film between the spin-coated 5% NITZ:C5 xylan down-shifting
layer and the PM6:Y6-based OSC. Figure 100b shows the transmittance spectra of samples.
The blue curve is the transmittance of the sample with both spin-coated 5% NITZ:C5 xylan
LDS layer and a UV filter film. The transmittance is lower below 400 nm, indicating that the UV
blocking effect is enhanced. The UV filter film effectively blocks the passage of ultraviolet rays.
In addition, the transmittance in the visible light range is still high, similar to the red curve,

ensuring the transmission of visible light.
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Figure 101. EQE spectra of the structure with a UV filter between the spin-coater deposited LDS layer

and the OSC.

From the EQE spectra, there is a slight improvement in the UV region (300-375 nm), indicating
that the UV filter successfully prevents direct UV exposure to the active layer while allowing
the LDS layer to absorb UV light. However, the increase in EQE due to the LDS process is not

as significant as expected due to several factors:

> Air gaps between solar cells, UV filters, and LDS layers cause optical losses. Air gaps

cause additional reflection and scattering of light, which reduces the amount of light
reaching the active layer of the solar cell. This reduces the effectiveness of the LDS

layer in improving EQE.
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» NITZ fluorophores emit light in all directions, and approximately 50% of the emitted
photons may be directed away from the solar cell?®, thus reducing the number of
valuable photons that can be converted into charge carriers. This non-preferential
emission leads to high photon losses, as only half of the emitted photons are directed
toward the solar cell. The other half is lost in the opposite direction?'2213, To address
this limitation, future work could explore photonic strategies to redirect or focus these
emitted photons toward the active layer. Techniques such as embedding reflective or
scattering layers or applying angle-selective filters can help direct more of the emitted
photons back into the device?*.

» The refractive index mismatch between the C5 xylan LDS layer and the glass substrate
can result in total internal reflection. At certain angles, photons emitted from the NITZ
molecules may be trapped within the LDS layer or reflect toward it instead of passing
through the solar cell. This limits the amount of light that can reach the active layer of
the solar cell, further reducing efficiency.

V.4, Effects of UV protection on device stability in OSCs

The use of NITZ in our OSCs does not significantly improve the PCE. However, by converting
harmful UV radiation into visible light, NITZ can potentially protect the active layer from UV-
induced degradation, thereby extending the lifetime of the solar cell. Although the direct impact
on the PCE is small, NITZ's protection against UV-induced degradation can improve the
durability and reliability of OSCs in outdoor applications, which is a crucial requirement for
widespread application of OPV outside buildings and under sunlight. To evaluate the
effectiveness of the UV protection strategy, two PM6:Y6 OSCs were exposed to simulated
solar irradiation for 200 minutes under the following conditions:

Without NITZ (1.2 pm, only the glass substrate with C5 xylan): This control condition
includes a 1.2 um C5 xylan layer on glass, without the incorporation of NITZ, to evaluate the
performance of the OSC without any UV protection.

With 5% NITZ:C5 xylan (1.2 um, spin-coated 5% NITZ:C5 xylan on glass): A 1.2 um layer
of 5% NITZ: C5 xylan was spin-coated onto the glass, providing UV protection by absorbing
harmful UV light and shifting it down into the visible region.
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Figure 102. The evolution of normalized Voc, FF, PCE and Jsc over time for OSCs without a UV filter,
comparing without NITZ and with 5% NITZ deposited on glass.

The addition of a 1.2 um thick 5% NITZ layer by spin coating significantly enhances the stability
of PM6:Y6 OSCs under prolonged simulated solar radiation, thereby protecting the active layer
from UV-induced degradation. As shown in Figure 102, this protective effect is manifested by
the slower decrease in Voc, PCE, and Jsc after 200 min of exposure. After 200 minutes, the
PCE of the 5% NITZ film declines to 37% of its initial value, while the PCE of the non-NITZ film
declines more dramatically, retaining only 31% of its initial PCE. Furthermore, Jsc, which is
particularly sensitive to UV degradation due to its dependence on both light absorption and
charge collection, retains 85% of the initial value of the 5% NITZ film after 200 minutes. This
is important because UV irradiation generally degrades the optical properties of the active layer
and the electrode interface, disrupts the generation and collection of charge carriers, and
directly reduces Jsc. In contrast, the non-NITZ OSC retains only 67% of its initial photocurrent
under the same conditions. However, the FF decreases faster in the presence of the NITZ
layer, indicating a possible trade-off in charge transport. In summary, the NITZ layer improves
UV stability by decreasing the degradation of the optical absorption (as shown by the stable
Jsc) and reducing the overall degradation of PCE and Voc.
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Figure 103. Changes in the JV curves of PM6:Y6 OPV devices with (left) and without (right) a 5% NITZ
UV-filter layer under simulated solar irradiation over time.

As can be seen from Figure 103, after adding 5% NITZ as a UV filter, the Rsy unexpectedly
decreased after 30 minutes of exposure and decreased more than the device without NITZ.
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This result may be influenced by initial sample variability, as only one sample was measured
per setup. Small differences in the fabrication or quality of the PM6:Y6 layers might have
impacted the results.

The difficulty in improving the PCE with our strategy led us to investigate the stability of the
NITZ molecule itself by monitoring its PLQY over time. To this end, samples containing 5%
and 10% NITZ:C5 xylan (both 1.2 um thick, spin-coated on glass) were protected in Petri
dishes and stored in the dark for 20 days to prevent photodegradation by ambient light.
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Figure 104. Degradation of PLQY over time for the NITZ molecule measured by photoluminescence
spectroscopy using an integrating sphere.

As shown in Figure 104, both 5% and 10% NITZ:C5 xylan samples (1.2 um thick, spin-coated
on glass) initially exhibited a PLQY of around 42%. After 20 days of storage in the dark, the
PLQY of the 5% sample decreased to about 20%, while the 10% sample decreased more
slowly and stabilized at about 29%. This difference suggests that higher NITZ concentrations
may provide slightly better stability, although both concentrations indicate that NITZ has an
intrinsic stability limit that could affect the efficiency of the LDS layer and the overall PCE of
the solar device over time. These observations are consistent with previous studies by
Alexandre et al.?%>, who investigated the stability of 1.5% NITZ embedded in PS films. The
results show that significant photobleaching occurs in the illuminated samples exposed to
simulated solar illumination (1 sun, AM1.5G, 100 mW/cm?) for 4 h, with the PLQY dropping
dramatically from 30% to only 3% after exposure. The NITZ film also appears to be very
sensitive to temperature, as the film not exposed to light lost 4 points of PLQY. They suggest
that NITZ is sensitive not only to light but also to temperature.

V.5. Conclusion

In conclusion, our study demonstrated that NITZ has unique advantages as an LDS and UV
protection layer for PM6:Y6 OSCs when embedded in a C5 xylan hemicellulose matrix. Unlike
conventional polymer matrices, xylan composites can support very high NITZ concentrations
(up to 15%) while maintaining relatively high PLQY. This suggests that the xylan matrix
provides an environment that enhances the photoluminescence properties of NITZ, which may
be due to favorable interactions between NITZ and the natural polymer or to microstructural
effects that limit self-quenching.

Through JV measurements and EQE characterization, we demonstrate that NITZ, in
combination with C5 xylan hemicellulose, can temporarily act as an LDS and UV protection
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layer for PM6:Y6 -based OSCs. While the PLQY of this LDS material is not high enough to
significantly enhance PV performance, it can effectively recycle a portion of the absorbed UV
light. Notably, the choice of the correct NITZ concentration is crucial, as higher concentrations
(e.g., 10% or 15%) can absorb the visible range and reduce the light available to the active
layer. Our results suggest that lower concentrations (e.g., 2.5% and 5%) may provide a better
balance between UV absorption and minimal interference with visible light transmission.

As PM6:Y6 OSCs already exhibit relatively high EQEs in the 300-400 nm range, the benefits
of LDS are limited. However, applying this strategy to P3HT:PCBM-based OSCs, which have
lower EQEs in the UV region, could lead to more significant improvements. This study
highlights the importance of UV protection for specific OSC architectures. It underlines the
need for LDS layers that not only protect the active materials from harmful UV radiation but
also compensate for the Jsc loss when UV light is blocked. Further optimization of NITZ
concentration and layer design could improve the stability and performance of OSCs.
Additionally, our results highlight the potential of bio-based matrices, such as xylan, in LDS
applications, providing not only UV protection but also high doping tolerance and enhanced
PLQY.
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General conclusion

To conclude, our research comprehensively explores innovative strategies for developing OSC
materials and device architectures that are specifically optimized for the blue region (400-500
nm) of artificial light sources, especially white LEDs. Conventional OPV materials are primarily
designed for use in outdoor sunlight, where absorption of the entire solar spectrum is critical.
However, these materials typically exhibit limited absorption in the blue range, which reduces
the charge generation efficiency under indoor lighting conditions dominated by blue-rich LED
light. To address this gap, our work focuses on creating new photoactive materials that are
highly sensitive to blue wavelengths, thereby enhancing charge carrier generation and
improving overall device performance in indoor environments dominated by artificial light
sources. By advancing OSCs in this way, we aim to position these technologies as efficient
power sources for low-light, off-grid, and IoT applications, paving the way for sustainable
energy solutions in a variety of indoor environments.

In the initial phase of this research, we focused on the integration of novel heptazine-based
NFAs adapted to indoor lighting conditions. While these materials demonstrated potential for
blue-region absorption, challenges in optimizing their properties for practical applications
persisted. We synthesized and tested several heptazine derivatives, including TDPH, 2,4-diF-
heptazine, and 2,4-dimethyl-heptazine, in combination with various donor materials. The
blends exhibited promising morphological and optical characteristics but still faced limitations
in current density and efficiency under indoor lighting conditions. To further address the blue
absorption challenge, we introduced di-PDI as an alternative NFA, which resulted in improved
photovoltaic performance. In an effort to optimize the PV performance of heptazine-based
devices, we systematically explored several key experimental parameters, such as:

e Selection of p-type donor materials: We tested various donor materials, including D18,
P3HT, and PCE12, to identify the most compatible donor for heptazine acceptors.
PCE12 exhibited better results, achieving an impressive Voc of 1.10 V when paired
with 2,4-diF-heptazine.

e Donor/acceptor ratio (D/A): Fine-tuning the D/A blend ratio was critical for optimizing
phase separation and charge transport, resulting in improved device performance.

¢ Annealing temperature and duration: We investigated the impact of thermal annealing
at different temperatures and durations. The optimization of annealing conditions, such
as 100°C for 10 minutes, improved the crystallinity and phase separation in di-PDI-
based devices, leading to enhanced Jsc and overall PCE.

The optimization efforts allowed us to achieve a PCE of 0.93% with a high Voc of 1.10 V for
the PCE12:2,4-diF-heptazine blend under AM1.5 illumination. Under LED lighting, the Jsc was
progressively optimized to reach13.4 yA.cm-2. The PTB7-Th:di-PDI blend achieved a PCE of
3.5% after annealing at 100°C. Furthermore, the device performance improved under LED
illumination at 1000 lux, reaching a PCE of 4.7% with annealing, demonstrating its potential
for indoor applications.

In the second phase of research, we investigated a medium bandgap active layer based on
PF2, a fluorinated polymer donor, in combination with ITIC for indoor PV applications. The
combination of chlorobenzene as a solvent and an optimized active layer thickness of 270 nm
significantly improved blue-region absorption, leading to a PCE of 12.0% under 1000 lux warm
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LED illumination. The device also exhibited a high Voc of 0.83 V, demonstrating its suitability
for low-light indoor environments.

While indoor applications were the primary focus, this thesis also addressed the challenges of
UV-induced degradation in OSCs for outdoor environments. We investigated the integration of
NITZ molecules with hemicellulose for LDS, which showed potential in converting harmful UV
radiation into visible light, thereby enhancing the long-term stability and operational lifespan of
OSCs under outdoor conditions. Unlike conventional polymer matrices, xylan composites can
support very high NITZ concentrations (up to 15%) while maintaining relatively high PLQY.
This suggests that the xylan matrix provides an environment that enhances the
photoluminescence properties of NITZ.

Based on the findings of this thesis, there are still several promising avenues to be further
explored to advance OSC technology for indoor applications. Continued optimization of
heptazine derivatives and other NFAs could further improve the absorption profiles to better
match the indoor lighting spectrum and increase charge generation efficiency. Advanced
material combinations, such as di-PDI with various donor materials, can also improve blue light
absorption and enhance device performance under low-light conditions. Furthermore,
optimization of processing parameters of the PF2 system, such as solvent additives, could
further improve performance and stability.

Another promising direction is the development of ternary OSC systems using PF2 in
combination with other donors or acceptors. They can improve charge transport and reduce
recombination losses by adding a third component that enhances exciton dissociation.

In terms of characterization, the use of advanced techniques such as grazing incidence wide-
angle X-ray scattering (GIWAXS) and X-ray diffraction (XRD) can provide valuable insights
into the molecular ordering, crystallinity, and phase separation of active layer materials.
Furthermore, an in-depth investigation of local properties of active layers using techniques like
cAFM will be conducted to gain a better understanding of nanoscale charge transport and
morphology.
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Appendix 1. A summary of crucial molecular units known for their blue light
absorption capabilities:

Molecular unit Chemical Example
structure
Thiophene {/ \§ approximately 400- P3HT
S 500 nm
PF2
Benzothiadiazole NN BT derivatives are PCDTBT
(BT) Br.@..;, used to create PE2
donor-acceptor (D-
A) copolymers with
tailored bandgaps
for blue light
absorption.  They
improve charge
separation and
transport.
Perylene CI 400-600 Bay-linked
@ perylene  bisimide
1) (di-PBI)
Carbazole
N
H
Fluorene
7 N\ J %
Anthracene
Naphthalene H strong electron
Diimide (NDI) auhe acceptors
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Appendix 2. Material properties

Appendix 2.1. Calculated the optical Ey of Heptazine derivatives using a Tauc plot

The optical E4 of the heptazine derivatives can be estimated using the Tauc plot method from
their UV-Vis absorption spectral42.

Determination of TDPH
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5,00E408 t
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14 24 34 a4
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[ ]
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E !
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=
> 150 H "\
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k- ¥ e p
100 \‘* s
"
\,
50 ’II
0
14 24 34 44 54
hv (eV)

6,4

n=1/2

R’ 0,987
2
(ahv) intercept -6,66E+10
slope 1,84E+10
Egap 3,62
n=2

R’ 0,9275
(Oth)l/2 intercept -1554,57
slope 473,82
Egap 3,28

The R2 value of 0.987 indicates a good fit, and the linear area is much more visible and sharp,
confirming that TDPH behaves more like a direct band gap material. The optical Eq of TDPH

is around 3.62 eV.

Determination of 2,4-diF-Hep

7,00E+08
6,00E+08
5,00E+08
N 4,00£+08
=
>
£
8 300408
2,00E+08

1,00€+08

0,00E+00
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hv (eV)
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6,4

n=1/2
2
R 0,966
(01hv)2
intercept -3,87E+09
slope 1,17E+09
Egap 3,31
162



180

160

140
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(athv)1/2
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n
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o

1,4 2,4

hv (eV)

n=2

RZ
)1/2 intercept
slope

Egap

(athv

0,961
-550,51
190,87
2,88

The R? value of 0.966 indicates a good fit, and the linear area is much more visible and sharp,
confirming that 2,4-diF-Hep behaves more like a direct band gap material. The optical Eq4 of
2,4-diF-Hep is around 3.31 eV.

Determination of 2,4-DM-Hep
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3,4 3,9 4,4 49 5,4 5,9
hv (eV)

n=1/2
2
R 0,934
(Oth)2
intercept -4,77E+10
slope 1,45E+10
Egap 3,29
n=2
R’ 0,963
(athv)*? intercept -1368,23
slope 459,23
Egap 2,98

6,4

The R2 value of 0.963 indicates a good fit, and the linear area is much more visible and sharp,
confirming that 2,4-diF-Hep behaves more like an indirect band gap material. The optical Eg of
2,4-diF-Hep is around 2.98 eV.
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Appendix 2.2. Estimate the length of the PF2 polymer chain

CioHain CsHi7 s CaHira CroHa

|\
S/ \ /

Figure 105. Chemical structure of PF2 polymer.

Molecular weight (Mw) of the PF2 Polymer = 30000 g/mol
Polydispersity index (PDI) = 3.8
Molecular weight of one monomer = 1033.66 g/mol
Estimate the length of one monomer
C-C bond : is around 0.154 nm?t5
Aromatic rings: Each benzene-like ring has a typical length of around 0.28-0.3 nm.

Alkyl side chain (C10H21 and CgH17) can be quite extended, a Cio chain can be roughly
1.2-1.4 nm in length if fully extended.

Assuming that the monomer has about 3 aromatic rings attached to the sulfur atom,
and that the alkyl chain extends in some linear fashion, the length of one monomer unit can be
estimated as follows: 0.154x3+0.28x3+1.2x2=3.528nm

Calculate the degree of polymerization (DP)

The degree of polymerization, DP, is the average number of monomer units in a polymer chain
and can be calculated by:

DP — Average molecular weight of polymer (My,)

Molecular weight of monomer (My,on0)

Using the provided data:

30000

= m = 29 monomoer units

Length for PF2 chain
Thus, an estimated length for PF2 chain would be around:
Length of polymer chain (L) = DP X length per monomer unit
= 29x3.528 =103 nm
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Appendix 3. LDS molecules for UV protection of OSCs

Appendix 3.1. Calculation of NITZ fluorophore brightness (B)

Definition of Brightness (B)

The brightness (B) of a fluorophore is determined by two key parameters:
B= ¢,

Where:

€ (L mol™ cm™) is the molar extinction coefficient, which indicates how strongly a molecule
absorbs light at a given wavelength.

& or PLQY is the fluorescence quantum yield, which indicates the efficiency of fluorescence
emission.

For NITZ, we consider two different fluorescence emission pathways:
e Direct emission from the imide moiety (378nm)

e Emission from the tetrazine moiety via Forster resonance energy transfer (FRET) (562
nm)

Table 34. Photophysical and electrochemical properties of compounds in dichloromethane?'*,

Compound Amax/0M &/L mol™' cm™' Aem/IIM br Exex) X PF TE/ns E“,m,-‘v
NITZ (tetrazine data) 517 400 562" 0.327 130 158 ~0.86
NITZ (imide data) 334 9100 (5000 at 355 nm) 378 0.003¢ 12 0.03¢ -1.70

400°

9 ee = 350 nm. # Jox = 517 nm. € g, = 355 nm. ¢ A, = 495 nm.

Brightness calculation without FRET

e For NITZ (imide emission wavelength is 378/400 nm):
Extinction coefficient at 334 nm: €imige = 9100 L mol* cm?
Quantum yield: ®=0.003
Bimice = 9100 x 0.003 = 27.3

e For NITZ (tetrazine emission wavelength is 562 nm):
Extinction coefficient at 517 nm: &etrazine = 400 L mol? cm?
Quantum yield: ®r=0.32
Btetrazine = 400 x 0.32 = 128

This indicates that direct excitation of tetrazine can produce a brightness of 128, which is higher
than that of imide emission.

Brightness Calculation with FRET

Since NITZ undergoes intramolecular FRET from the imide moiety to the tetrazine moiety,
brightness calculations must take into account the FRET efficiency:

Ruoxue HE | Ph.D. Thesis | University of Limoges | 165
License CC BY-NC-ND 4.0



Where &, is the efficiency of this energy transfer, which is approximately 0.95. 211

Byirz = 9100 x 0.32 X 0.95 = 2766

Then:

Bnitz = Eimide P

Ftetrazine ¢E T

By FRET, the brightness od NITZ is much higher, about 2766.

Appendix 3.2. C4
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Appendix 3.3. C8
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Résumeé

Les cellules solaires organiques (OSC) a hétérojonction en volume (BHJ) semblent étre des
candidates idéales pour alimenter les appareils de I'Internet des objets (IoT) en conditions
intérieures en raison de leur compatibilité avec les technologies d'impression a faible codt, leur
flexibilité, et leur efficacité de conversion de puissance élevée (PCE) sous faible illumination.
De plus, l'adaptabilité des matériaux organiques permet de moduler précisément leurs
propriétés optiques et électroniques pour que leur absorption corresponde idéalement aux
spectres d’émission des sources d’éclairage de type LED. Cependant, des améliorations
supplémentaires de l'efficacité et de la stabilité sont nécessaires pour exploiter leur potentiel.
Dans cette thése, nous avons étudié plusieurs stratégies liées aux matériaux de couches
actives pour améliorer les performances des OSC en conditions indoor. Le premier objectif
était d’'intégrer de nouveaux accepteurs non fullerénes (NFA), notamment a base d'heptazines,
pour mieux exploiter la région bleue (400-500 nm) de I'’émission des LED blanches, qui reste
mal adressées a ce jour. Des dérivés d'heptazine innovants ont été étudiés et intégrés dans
les couches actives des OSC dans ce contexte. Bien que des propriétés optiques et
morphologiques appropriées aient été observées, ainsi qu'une séparation de charge
prometteuse entre les matériaux donneurs et accepteurs, des limitations spécifiques de
performance, telles qu’'une faible génération de photocourant, ont été mises en évidence.
Néanmoins, ce travail jette les bases d'une optimisation supplémentaire des NFA a base
d'heptazine pour les applications OSC en intérieur. La deuxieme orientation de recherche s'est
concentrée sur l'optimisation de la couche active OSC a base du mélange PF2:ITIC, utilisé
pour la premiére en intérieur.. A cette fin, nous avons exploité plusieurs paramétres cruciaux
tels que la sélection du solvant, I'épaisseur de la couche active et le rapport donneur/accepteur
(D:A). Grace a des techniques spécifiques de caractérisation en champ proche, nous avons
identifié le chlorobenzéne (CB) comme le solvant le plus efficace pour traiter le mélange
PF2:ITIC, produisant des couches actives lisses et uniformes avec d'excellentes
caractéristiques morphologiques. L'augmentation de I'épaisseur de la couche active de 100
nm a 270 nm a considérablement amélioré I'absorption de la lumiére dans la région bleue, ce
qui a entrainé un photocourant plus élevé, permettant ainsi de démontrer des dispositifs
atteignant un PCE allant jusqu'a 11,95 % avec un Voc élevé de 0,73 V sous un éclairage LED
chaud a 1000 lux. Ce travail démontre finalement l'importance d'une conception moléculaire
innovante et de I'optimisation du systeme pour améliorer les performances des OSC pour les
applications intérieures.

Mots-clés : Cellules solaires organiques, Récupération d'énergie indoor, Accepteurs non
fulleréne, Internet des objets (loT), Photovoltaique d'intérieur.



Abstract

Organic solar cells (OSCs) based on a bulk-heterojunction (BHJ) concept are emerging as
ideal candidates for powering indoor Internet-of-things (I0T) devices due to their compatibility
with low-cost printing technologies, flexible substrates, and high power conversion efficiency
(PCE) under indoor lighting. Additionally, the tunability of organic materials allows for precise
adjustments in their optical and electronic properties to ideally match the emission spectra of
indoor sources such as LEDs. This adaptability makes OSCs particularly promising for indoor
environments. However, further improvements in efficiency and stability are needed to exploit
their potential. In this thesis, several strategies were explored to improve OSC performance
for indoor applications. The first focus was on the integration of novel non-fullerene acceptors
(NFAs), especially heptazine-based, to better address the blue region (400-500 nm) of white
LED emission, which remains a specific challenge. Innovative Heptazine derivatives were
studied and integrated into OSC active layers in this context. Although suitable optical and
morphological properties were observed, as well as promising charge separation between
donor and acceptor materials, specific limitations in performance, such as low photocurrent
generation, were evidenced. Nevertheless, this work lays the foundation for further
optimization of heptazine-based NFAs for indoor OSC applications. The second research
direction focused on optimizing the PF2:ITIC-based OSC active layer for indoor applications.
To this end, we explore several crucial parameters, such as solvent selection, active layer
thickness, and donor-to-acceptor (D:A) ratio. Thanks to specific near-field characterization
techniques, we identified chlorobenzene (CB) as the most effective solvent to process the
PF2:ITIC blend, producing smooth, uniform active layers with excellent morphological features.
Increasing the active layer thickness from 100 nm to 270 nm significantly improved light
absorption in the blue region, resulting in a higher photocurrent, enabling the demonstration of
devices achieving PCE up to 11.95% with a high Voc of 0.73 V under warm LED illumination
at 1000 lux. Finally, this work demonstrates the crucial importance of innovative molecular
design and system optimization in improving the performance of OSCs for indoor applications.

Keywords: Organic solar cells, Indoor energy harvesting, Non-fullerene acceptors, Internet of
things (1oT), Indoor photovoltaics, Bulk-heterojunction.



