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Abstract

Photoelectric and photocatalytic energy conversion systems
based on organic semiconducting materials are emerging as
promising next-generation, environmentally friendly technologies.
The performance of these devices and catalysts largely depends
on the dissociation of photoexcited excitons into free charge carri-
ers. However, in organic semiconductors, the exciton binding en-
ergy is typically much higher than that in inorganic semiconductors
such as silicon, which fundamentally limits the charge separation
efficiency.

To address this challenge, our group has focused on reducing
the exciton binding energy (E£,) through precise molecular design.
We have developed unique saddle-structured or spiro-structured
organic semiconductors that enabled tuning molecular aggrega-
tion behavior and frontier orbital arrangements. These strategies
have successfully lowered the E, compared to conventional mate-
rials. When incorporated into device architectures, these organic
semiconductors have led to enhanced performance in single-com-
ponent organic solar cells (OSCs), bulk-heterojunction OSCs, and
homogeneous organic photocatalysts.

Background & Results

The performance of OSCs and organic photocatalysts critically
depends on the efficiency of exciton dissociation into free charge
carriers. A key parameter governing this efficiency is the E,, which
represents the Coulomb attraction between the electron-hole pair.
Organic semiconductors typically exhibit large E, values of 0.3-1
eV, over an order of magnitude higher than those of inorganic sem-
iconductors such as silicon (~0.015 eV). Consequently, efficient
operation of OSCs and photocatalysts has traditionally relied on
donor-acceptor heterojunctions or structural designs that maximize
interfacial contact areas. However, such architectures often result
in energy conversion losses, reduced operational stability, and
increase material and fabrication costs, thereby underscoring the
need for new approaches in organic semiconductors and device
architectures.

Our group has been developing organic semiconductors aimed
at reducing the E,. According to Coulomb’s law, E,can be de-
creased by increasing the relative dielectric constant (g,) or ex-
tending the charge separation distance (R) in the excited state.
Based on this concept, we have designed and synthesized unique
saddle-structured or spiro-structured organic semiconductors. By
precisely tailoring their aggregation and the spatial distribution of
frontier molecular orbitals, these materials exhibit enhanced ¢, or R,
respectively. As a result, these organic semiconductors were found
to exhibit smaller E, values compared to conventional systems.
When employed as active layers, these materials not only improved
the efficiency of bulk-heterojunction OSCs but also enabled sin-
gle-component OSCs and homogeneous organic photocatalysts.

‘ Significance of the research and Future perspective

This study provides pioneering insights into the influence of mo-
lecular aggregation and frontier orbital arrangement on the exciton
binding energy in organic semiconductors. It also experimentally
demonstrates strategies towards bulk-heterojunction organic solar
cells, single-component organic solar cells, and organic photocat-
alysts.
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Fig. 1: Exciton binding energy and Coulomb'’s equation.
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Fig. 2: Development of organic semiconductor materials with small exciton bind-
ing energy.
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