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1. Introduction

Our research section focuses on the physical proper-
ties, functions, and energy applications of quantum
materials that exhibit significant quantum mechanical
effects, such as carbon nanotubes, two-dimensional
semiconductors, and recently discovered topological
materials. The aim is to create new technologies for
highly efficient use of solar light/thermal energy that
will contribute to the realization of a sustainable en-
ergy society. To understand the unique physical prop-
erties of these materials from the fundamental princi-
ples and extract superior functions that exceed the lim-
its of conventional materials, we are promoting inter-
disciplinary research that covers basic sciences, in-
cluding materials synthesis and condensed matter
physics, as well as thermal, mechanical, electronic,
and optical engineering along with the fabrication of
integrated nanomaterials. Following are the main re-
search achievements in the year of 2025.

2. Thermal and nonthermal exciton light emissions
from carbon nanotubes above 1000 K
High-temperature light emission from nanomaterials
has been extensively studied for light-emitting device
applications. However, thermodynamic properties of
their light emission under high- temperature condi-
tions, which are critical for energy applications, have
not been fully elucidated. In this study, we demon-
strated that carbon nanotubes (CNTs) emit nonthermal
light, specifically exciton luminescence in the near-in-
frared (NIR) region, even at very high temperatures
[1]. By investigating the chemical potential of photons,
which indicates the extent of nonthermal excitation
beyond thermal equilibrium, we showed that exciton
light emission from a semiconducting nanotube main-
tains a nonthermal condition above 1000 K, enabling
intense radiation that exceeds thermal radiation at the
same temperature. Furthermore, the chemical poten-
tial of photons emitted by an individual metallic nano-
tube under electric-current injection far surpasses that
of semiconducting nanotubes at =~ 1000 K. These find-
ings facilitate applications of CNTs as high-intensity,
narrow-band NIR emitters operable even at very high
temperatures for advanced energy-conversion devices.

3. Robust exciton binding energy in aggregated
structure-sorted carbon nanotubes revealed by
two-photon excitation spectroscopy

CNTs exhibit sharp excitonic resonances in their
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Fig. 1. Schematic of exciton Rydberg series in isolated and
aggregated CNTs (left) and observation of exciton Rydberg
series in these CNTs to determine exciton binding energies
using two-photon excitation photoluminescence spectros-

copy (right).

near-infrared optical spectra even when aggregated in
macroscale assemblies. This characteristic offers
promising opportunities for utilizing CNT assemblies
as excitonic optofunctional materials. However, as a
crucial factor determining the dominance of excitonic
resonance, exciton binding energy in high-purity
structure-sorted CNT membranes has remained to be
clarified. In this study, we clarified modifications to
the exciton binding energy in high-purity, structure-
sorted semiconducting CNTs due to aggregation [2].
We prepared membranes consisting of aggregated
CNTs with high single chiral structure purity. Using
one- and two-photon spectroscopies, we observed the
shrinkage in the energy spacing of the exciton Ry-
dberg series in aggregated CNTs (Fig. 1). By compar-
ison of the experimental results with theoretical calcu-
lations, the exciton binding energy of the aggregated
CNT membrane was deduced to be about 0.26 €V,
maintaining approximately 80% of the value in the
isolated CNTs stabilized by wrapping with organic
polymers in toluene. We further confirmed that the re-
sults are consistent with the infrared dielectric con-
stant separately determined from mid- infrared optical
measurements. These findings show promising pro-
spects for utilizing exciton resonances in CNT aggre-
gations not only at low temperatures but also at high
temperatures.

4. Carbon-nanotube-based all-dielectric near-in-
frared perfect absorbers

Achieving sharp and strong near-infrared (NIR) ab-
sorption of thin films is important for various optical
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Fig. 2. Structure of CNT-based all-dielectric NIR per-
fect absorber (left) and its absorptance spectra (right).

devices including wavelength selective emitters in
thermophotovoltaic energy conversion devices. In this
study, we demonstrated design and fabrication of an
all-dielectric NIR absorber with nearly unity absorp-
tance based on the strong exciton resonance of struc-
ture-sorted semiconducting CNT ultrathin films [3,4].
Previous studies of perfect absorbers have mainly fo-
cused on fine-structured designs, such as photonic
crystals and metasurfaces. However, these designs
face scalability and thermal stability challenges. We
designed and fabricated CNT-based all-dielectric NIR
near-perfect absorbers with a simple planar layered
structure (Fig. 2). This design was inspired by the
Salisbury screen typically used for electromagnetic
waves at considerably longer wavelengths. Beyond
the conventional Salisbury screen structure, all-dielec-
tric planar absorber design in the NIR can be achieved
owing to both high absorption and reflection of the
CNT thin films due to the distinct exciton resonance.
The theoretical and experimental results showed
nearly perfect absorption at the first exciton resonance
wavelength of structure-sorted CNTs in the planar
four-layer structure. The proposed absorber structure
offers resonant wavelength tunability simply by se-
lecting the structure of CNTs, robustness against un-
expected variations in film thicknesses during fabrica-
tion processes, and potential for scalability and ther-
mal stability. This study highlights the potential appli-
cations of the proposed absorber in several areas such
as sensing, photodetection, and energy conversion.

5. Broadband solar selective absorber with Dallen-
bach-type bilayer structure achieved using carbon
nanotube membranes with tailored optical spectra

Spectrally selective absorbers that maximize solar
absorption and minimize thermal radiation loss are
crucial for efficient solar thermal energy harvesting.
However, limitations imposed by the intrinsic proper-
ties of conventional materials hinder the fabrication of
interference-based absorbers with desired optical
properties. In this study, we developed a high-perfor-
mance solar absorber with a Dallenbach-type

dielectric-metal tandem structure using an ultrathin,
sub-quarter-wavelength thickness CNT membrane
with tailored optical spectra as the absorbing layer [5].
By mixing multiple CNT chiral structures, the optical
response of the absorbing layer was tailored to approx-
imate a theoretical complex refractive index spectrum
of dielectrics; thereby enabling high solar absorptance,
low infrared emittance, and a low angular dependence
with a simple bilayer structure. The fabricated proof-
of-concept 1-cm? absorber exhibited excellent spectral
selectivity (solar absorptance/infrared emittance of
0.84/0.03), and an equilibrium temperature of =190 °C
(270 °C) under nonconcentrated (2% concentrated)
sunlight, considerably outperforming a blackbody-
like absorber. This study presents a high-performance
solar absorber with a simple planar structure and pro-
poses a concept of designing dielectric with the de-
sired optical properties by mixing various types of
structure-sorted CNTs.

6. Generation of luminescent defects in structure-
sorted carbon nanotube membranes by ultraviolet
irradiation in water

Adding luminescent defects to semiconducting CNTs
significantly enhances photoluminescence (PL) at
photon energies lower than intrinsic PL. In this study,
we found that UV irradiation in water caused moder-
ate luminescent defect generation, significantly en-
hancing defect-induced PL intensity, which has poten-
tial application in optical thermometry and other fields

[6].
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