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Compared to conventional inorganic photovoltaics, organic photovoltaics (OPVs) have a few key
differences that have led to interest in their viability in different applications to those of traditional
silicon photovoltaics. OPVs have a layered structure, with electrodes and interlayers assisting with
the transport of charges, and the ‘active layer’ being responsible for absorbing light and generating
charges. This active layer is a thin film of organic semiconductor material. The thin film structure of
these devices means that organic solar panels can be lightweight, flexible, and semi-transparent,
resulting in a versatile range of applications, including integration into buildings, windows, and
vehicles, as well as mounting onto structures that are not load-bearing. Organic photovoltaics have
the potential for versatile and sustainable manufacturing processes, with low embedded energy per
module. These factors, along with the tuneable nature of organic semiconductors, have contributed
to the interest in OPV research.

Organic photovoltaics have some significant and unique challenges to overcome. Due to the low
dielectric constant of organic semiconductors, photogenerated excited states form coulombically
bound excitonic pairs which need to be separated into free charges to produce photocurrent.” Bulk
heterojunctions (BHJs) are one of two predominant OPV structures and consist of a blend of two or
more co-deposited active layer materials. Energy offsets at the interfaces between the two materials
are used to drive charge separation, leading to devices with record power conversion efficiencies
(PCEs) around 20%.2 Despite the efficiency of BHJ devices, replicability and stability remain a
challenge due to the complexities of an active layer with multiple materials.

In contrast, the emerging OPV device structure, known as a homojunction, has a single material
active layer and is of interest due to potential replicability, scalability, and commercial viability.
Despite this, record efficiency of homojunction OPVs still lags behind BHJs, with few reports
exceeding 3% PCE.® Given that energy offsets between materials cannot be used to separate
excitons into free charges, homojunction materials are generally designed with a ‘push-pull
electronic structure. These consist of conjugated donor (electron donating) and acceptor (electron
withdrawing) moieties on a single molecule to facilitate intramolecular separation of generated
electron/hole pairs, reducing the binding energy and aiding separation into free charges.
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Figure 1. Chemical structures of homojunction materials a) Y6 and b) a-6T

One of the two highest performing homojunction materials, Y6 (Figure 1a), has a push-pull structure
which has been proposed to be the source of its charge generation efficiency. However, the other
highest performing homojunction material, a-6T (Figure 1b), is a much more structurally simple
molecule and does not feature a push-pull structure. a-6T is known to form polymorphic films,
consisting of multiple different molecular packing structures in discrete domains. As these different



# % ASIA-PACIFIC _
N ¢# SOLAR RESEARCH CONFERENCE 2-4 Dec 2025, Brisbane

packing phases have distinct energy levels, it has been proposed that films of a-6T can separate
excitons into free charges through interfacial energy offsets akin to BHJs but with only a single
material.®> When using solvent additives or composite solvent systems, Y6 has also been known to
form multi-phase films which similarly has been proposed as a mechanism for exciton separation in
homojunctions.*

This study investigates the relationship between multi-phase films and performance for homojunction
OPV devices. The first avenue for investigation is adapting processing techniques and post-
processing treatments to prepare multi-phase films and testing their effect on homojunction device
performance. The second avenue for investigation is to design and synthesise materials that form
multi-phase films and to evaluate this as a strategy for designing homojunction materials. Together,
the goal of these research directions is to determine whether energy offsets present at domain
boundaries within multi-phase films contribute to power conversion efficiency in homojunction
devices.
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Figure 2. Differences seen in GIWAXS (left) when annealing a film of organic semiconductor
and solvent additive (right)

The first goal to investigate different processing conditions for existing systems was investigated by
using solvent additives during spin-coating. Solvent additives are used during deposition to change
the dynamics of the spin-coating process and thus achieve morphology control. This is often seen
as increased crystallinity but can also lead to entirely different molecular packing structures. When
combined with thermal annealing, a range of different orientations, degrees of crystalline order, and
packing morphologies are accessible that are otherwise not possible in as-cast films.

Grazing-incidence wide-angle X-ray scattering (GIWAXS) with in-situ thermal annealing was
conducted at the Australian Synchrotron, testing a range of existing homojunction materials with a
selection of solvent additives. Figure 2 shows one combination of organic semiconductor and solvent
additive, and some of the different phases present in the GIWAXS patterns during annealing. This
method allows for screening of combinations of homojunction material, solvent additive, and
annealing temperature that result in multi-phase films, which can then be tested for device efficiency
relative to an as-cast film.
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Figure 3. Chemical structures of some perylene diimide compounds

The second goal to develop materials that form multi-phase films was done by preparing a range of
perylene diimide compounds — some examples are shown in Figure 3. Perylene diimides consist of
a planar aromatic core which drives aggregation and can be substituted with solubilising groups that
hinder aggregation. By selecting solubilising groups with different sizes and properties, the
morphology of perylene diimide films can be tuned to create a material that is responsive to different
processing techniques and post-processing treatments to produce multi-phase films. These
compounds do not have the typical donor and acceptor moieties present in homojunction materials
and therefore present an opportunity to investigate inter-domain exciton dynamics without the
presence of push-pull intramolecular exciton dynamics seen in other homojunction materials.

In summary, organic photovoltaics are an emerging technology for lightweight, flexible, or semi-
transparent devices. Optimisation of efficiency alongside replicability and scalability is crucial for the
commercialisation of OPVs. While the efficiencies of BHJs are increasingly competitive with those
of other technologies, scalability remains a concern. Investigating the link between multi-phase films
and charge separation in homojunction devices is an important step towards reaching competitive
efficiencies for this device structure and presenting a simple and scalable OPV ready for large-scale
production.
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