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Thermal and nonthermal exciton light
emissions from carbon nanotubes
above 1000K
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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 conditions, which are critical for energy applications, have not been fully elucidated.
Herein, we demonstrate that carbon nanotubes emit nonthermal light, specifically exciton
luminescence in the near-infrared (NIR) region, even at very high temperatures. By investigating the
chemical potential of photons, which indicates an extent of nonthermal excitation beyond thermal
equilibrium, we show that exciton light emission from a semiconducting nanotube maintains a
nonthermal condition above 1000 K, enabling intense radiation that exceeds thermal radiation at the
same temperature. Furthermore, the chemical potential of photons emitted by an individual metallic
nanotubeunder electric-current injection far surpasses that of semiconductingnanotubesat≈1000 K.
Thesefindings facilitate applicationsof carbonnanotubesashigh-intensity, narrow-bandNIRemitters
operable even at very high temperatures for advanced energy-conversion devices.

Thermal and nonthermal light-emission phenomena of nanomaterials such
as carbonnanotubes1–13, graphene14,15, and atomically thin semiconductors16

at high temperatures have recently attracted attention as they demonstrate
promising potential in various light-emitting device applications. In parti-
cular, semiconducting single-walled carbon nanotubes (SWCNTs; Fig. 1a)17

have exhibited narrow-band thermal radiation in the near-infrared (NIR)
region4,5 with a bandwidth on the order of kBT (where kB and T denote the
Boltzmann constant and temperature, respectively), which is important in
wavelength-selective thermal emitters necessary for efficient thermo-
photovoltaic energy conversion18,19. This unique property of SWCNTs is
attributed to thermally stable excitons with substantial binding energies
(Fig. 1b; 0.3–0.5 eV), which originate from strong quantum confinement
and weak dielectric screening for Coulomb interactions20–22. In addition to
semiconducting SWCNTs, metallic SWCNTs, wherein the binding energy
of excitons in themassive one-dimensional (1D) subband is ~50meV23, also
exhibit sharp high-temperature light-emission spectra that differ from
conventional thermal radiation incandescence1–4, demonstrating applica-
tion potential as NIR light emitters.

Unlike conventionalmaterials, low-dimensional nanomaterials readily
attain thermal nonequilibrium among their electronic and lattice (phonon)
systems under optical or electronic pumping even at high
temperatures1,14,15,24,25 owing to limited phase space for quantum scatterings
satisfying energy and momentum conservations. To describe the high-

temperature light-emission (luminescence) phenomena under the none-
quilibrium steady-state conditions in nanomaterials such as SWCNTs and
graphene, previous studies1,14,15,24,25 have relied on the effective temperatures
of the electron and lattice systems.However, the effective temperatureTeff is
the corresponding temperature of black-body radiation having the same
intensitywithin a givenphoton energy range, not the real temperature of the
system emitting the photons26. Therefore, it cannot properly describe the
intraband thermal distribution of carriers or excitons at the real temperature
lower than Teff, nor the entropy carried away from the material with the
emitted photons. This limitation is particularly problematic when trying to
apply high-temperature luminescence to energy conversion applications,
such as thermophotovoltaic power generation27–29. When the intraband
thermalization of carriers or excitons is much faster than their interband
relaxation, more comprehensively and more compatible with thermo-
dynamics, the thermal and nonthermal radiation of a material can be
described by a generalization of Planck’s law using the chemical potential of
photons μ, which corresponds to the free energy per photon26. The gen-
eralized Planck’s law has been used to describe the steady-state light-
emission phenomena of rare-earth-doped ceramics28, conventional
semiconductors30–32, and photovoltaic devices33,34 under photo-irradiation
or electric-current injection. When excited species in a material have a
chemical potential μex under photo-absorption or electric current injection,
the radiation in thermodynamic equilibrium with the material acquires a
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chemical potential μ equal to μex. Therefore, the μ is zero for pure thermal
radiation but is finite for luminescence26. At a given photon energy, the
nonthermal (luminescent) radiation fromanobject at a given temperatureT
is brighter than the thermal radiation by a factor of � eμ=kBT 26. Hence, a
material that realizes a high μNIR emission even at very high temperatures
is greatly desired as a high-power wavelength-selective NIR light emitter
exceeding the blackbody limit of thermal radiation. However, the μ of
steady-state light emissions in SWCNTs under various excitation condi-
tions at various temperatures remains unclear.

Herein, we examine the chemical potential μ of high-temperature
steady-state light emission from semiconducting and metallic SWCNTs
under photoexcitation and electronic excitation at up to temperatures
exceeding 1000 K. High-temperature exciton light emission from a semi-
conducting SWCNT under photoexcitation discernibly transitioned from
luminescence to thermal radiation as the temperature increased to 1400 K.
From this result, we could determine the chemical potential of photons μ,
allowing comprehensive, thermodynamic-compatible treatments of the
thermal and nonthermal light emissions of semiconducting SWCNTs. Our
observations conclusively demonstrate exciton luminescence from
SWCNTs even at temperatures exceeding 1000 K. In addition, we deter-
mined the μ of light emission from an individual metallic SWCNT under
electric-current injection. The resulting μ far surpassed that of semi-
conducting SWCNTs at temperatures around 1000 K, suggesting that the
maximum number of excitons (electron–hole pairs) that can be accom-
modated at once ismuch higher inmetallic SWCNTs under electric current
injection than in semiconducting SWCNTs under optical excitation. This
difference may be understood as a consequence of the different Coulomb
interaction strengths between the two types of SWCNTs. Besides quanti-
tatively elucidating the thermodynamic aspects of exciton steady-state
luminescence in SWCNTs at high temperatures, our results highlight the
promising application potential of SWCNTs as high-intensity, narrow-
band emitters of light in the NIR region operable even at elevated
temperatures.

Results and Discussion
Single nanotube spectroscopy under laser irradiation
Structure-defined, isolated, and pristine SWCNTs were suspended in
vacuum and irradiated using a continuous-wave (CW) laser to study high-
temperature steady-state light emission (Fig. 2a). Minimizing energy
exchange with the surroundings was achieved by suspending individual
SWCNTs over open slits in a vacuum chamber. These SWCNTs were

grown directly on a substrate equippedwith Pt electrodes (Fig. 2b), enabling
electrostatic gating and/or current injection35. Under weak-intensity CW
laser irradiation near room temperature (RT), photoluminescence (PL) was
induced, with the excitation intensity gradually increasing to provide
localized heating while preserving the charge balance of the SWCNTs4.
Figure 2c shows an image of a semiconducting SWCNT exhibiting PL
stemming from the lowest-energy S11 excitons, characterized by chiral
indices defining the SWCNT structure as (12,5) with a diameter of 1.18 nm.
The Rayleigh scattering spectra revealed distinct S11 and S22 exciton reso-
nances at 0.86 and 1.57 eV, respectively (see Methods for experimental
details), along with PL (only for S11) at RT (Fig. 2d, e). The CW laser,
operating at 1.534 eV and nearly resonant with the S22 exciton state, was
focused onto vacuum-suspended SWCNTs using an objective lens, facil-
itating the detection of exciton light emission via dark-field measurements.

Light emission spectra in vacuum and nitrogen atmosphere
In Fig. 3a, b, the light emission spectra of the (12,5) semiconducting
SWCNT suspended in vacuum are compared at various excitation inten-
sities, alongside spectra obtained in a nitrogen atmosphere to compare the
photothermal effect (all spectra from the experiment are shown in Sup-
plementary Figs. 1 and 2). As shown in Fig. 3a, the exciton emission spectra
exhibited minimal broadening in a nitrogen atmosphere with increasing
excitation laser power, accompanied by negligible peak shifts. Since the peak
energy is temperature-dependent36, this result indicates that the temperature
of the SWCNT remained near room temperature. In contrast, the spectra
recorded in vacuum drastically changed with variations in the excitation
intensity (Fig. 3b). Initially, a blueshift of the peak was observed up to an
excitation intensity of 1.5MWcm−2, followed by a redshift accompanied by
remarkable linewidth broadening at higher excitation intensities. The
blueshift was potentially attributed to the desorption of gas molecules from
the SWCNT37, and the redshift was attributed to an increase in
temperature36. The inset of Fig. 3c illustrates the excitation intensity (Iex)
dependenceof thepeak energies (left axis),whichenabled thedetermination
of the temperature (right axis; refer to Methods for temperature
estimation)36,37. The temperature of the SWCNT in vacuum increased to ≈
1400 K, in contrast to the case of the nitrogen atmosphere.

Figure 3c shows the integrated radiation intensities plotted against the
excitation intensity. In a nitrogen atmosphere, the radiation intensity of the
SWCNT exhibited a saturation trend attributed to exciton–exciton anni-
hilation (EEA)—the collision of two excitons resulting in the generation of
one exciton and heat38. This EEA phenomenon limited the maximum
number of photogenerated excitons in the SWCNT. Thus, in excitation
intensity above ≈ 2MWcm−2, the photoexcitation was used only for heat
generation without an increase in the number of photogenerated excitons.
Conversely, in vacuum, the saturation behavior owing to EEA was evident
for Iex in the range of 0.1–1.6MWcm−2; however, the radiation intensity
curve qualitatively changed beyond this range. The integrated intensity
suddenly decreased at Iex ≈ 1.5MWcm−2, and exponentially increased after
Iex ≈ 2MWcm−2, while the temperature increased monotonically the inset
of Fig. 3c. The intensity in vacuum became comparable to and eventually
surpassed that in nitrogen gas at excitation intensities roughly corre-
sponding to ≈1100 K. The inset of Fig. 3d shows the temperature depen-
dence of the integrated radiation intensities, where the intensities and
temperature were the data shown in Fig. 3c and the inset, respectively.
Above ≈ 1100 K, a clear exponential behavior emerged, following e�E=kBT

with a fitting result yielding E = 0.80 ± 0.02 eV (red line). This value nearly
coincides with the exciton radiation peak energy, as seen in the spectra
corresponding to excitation intensities above 3.0MWcm−2 (Fig. 3b), sug-
gesting that the light emission is attributed to thermal radiation with its
chemical potential μ ¼ 0. Therefore, the red line indicates the temperature
dependence of the intensity expected for thermal radiation from the
SWCNT. In contrast, the radiation intensities in the temperature range
below ≈ 1100 K deviates from and surpasses the thermal radiation line,
indicating that the light emission below ≈ 1100K is attributed to
luminescence.
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Fig. 1 | Excitonic light emission of carbon nanotubes. a Schematic of a single-
walled carbon nanotube (generated using VESTA 357). b Schematic of excitonic
Rydberg series. Excitons are exotic atoms with well-defined energy consisting of
mutually bound electron–hole pairs. The luminescence of SWCNTs arise from
radiative recombination of the first subband exciton state (wavy arrow).
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Evaluation of the light emission state
Here, we quantitatively assess the extent of excitation beyond thermal
equilibrium in the observed high-temperature steady-state (HTSS) lumi-
nescence using the chemical potential of photons μ at each temperature T .
The μ values are determined from the integrated emission intensities (the
inset of Fig. 3d) as follows.The spectrally integrated thermal andnonthermal
light emission intensities from excitons, IemðT; μÞ, are expressed as26,39

Iem T; μ
� � ¼

Z 1

0
dω

_ω3

4π2c2
e ωð Þf T;ω; μ

� � ð1Þ

whereω is the optical frequency, e ωð Þ corresponds to the spectral emissivity,
and f T;ω; μ

� � ¼ ½eð_ω�μÞ=kBT � 1��1
is the Bose–Einstein distribution

function. According to the theory of thermal radiation in the framework of
fluctuational electrodynamics39, the asymptotic form of e ωð Þ for SWCNTs
in the exciton resonance vicinity is obtained as e ωð Þ ’ ωd 3cð Þ�1Im ε ωð Þ½ �,
where d is the SWCNTdiameter and ε ωð Þ is the complex dielectric function
along the SWCNTaxis for the longitudinal excitons5. At the narrow exciton
resonance band, the emission intensity was approximately proportional to
the Bose–Einstein term, Iem T; μ

� � / Ae f T;ω; μ
� � ’ Aee

�ð_ω�μÞ=kBT for
_ω� μ≫ kBT , where Ae /

R
ω3e ωð Þdω is the frequency-integrated

emissivity. Because the integrated emission intensity of pure thermal
radiation (μ ¼ 0) simply follows Iem T; 0ð Þ / Aee

�_ω=kBT , the chemical
potential μ at each temperature is given by

μ ’ kBT ln Iexpem T; μ
� �

=Iem T; 0ð Þ� � ð2Þ

Thus, the μ value can be determined using the ratio of the measured
integrated emission intensity Iexpem T; μ

� �
to the pure thermal radiation

intensity Iem T; 0ð Þ indicated by the red line shown in the inset of Fig. 3d,
through Eq. (2). Figure 3d shows the chemical potential of photons as a
function of temperature. A crossover between thermal radiation (μ ¼ 0)
and luminescence (μ > 0) was observed with temperature variation. Even at
1000 K, the nonzero μ value of 0.04 eV was maintained. This value is only
about 5% of the emission photon energy (0.82 eV), but corresponds to the
emission intensity approximately 1.6 times stronger than thermal radiation
at the same temperature.

The HTSS luminescence under electrostatic carrier doping
The HTSS luminescence of the semiconducting SWCNT exhibited char-
acteristics similar to those of thermal radiation under electrostatic carrier
doping, rather than conventional luminescence at relatively low

temperatures. We examined the gate bias dependence of the HTSS lumi-
nescence intensity at 900K, at which the crossover between thermal
radiation and luminescence was observed. We used the field effect to dope
carriers into the (12,5) SWCNT via electrostatic gating (Fig. 3e). The
intensity of the HTSS luminescence at 900 K gradually diminished with
increasing gate bias VG

�� �� (Fig. 3f). Previous studies have reported that
carrier doping modulates excitonic absorption and PL at RT due to various
factors, including reduced exciton oscillator strength from the state filling
effect40, exciton screening and carrier–exciton scattering35, charged exciton
formation41–43, and/or an increase in the nonradiative decay rate owing to
phonon-assisted indirect exciton ionization44. Modulations in the intensity
of the Rayleigh scattering at RT (Fig. 3g) and PL at 450 K (Fig. 3h; moderate
temperature) were also observed in our FET device. Figure 3i summarizes
the gate voltage dependencies of the integrated light emission intensities of
the exciton spectra shown in Fig. 3f, g, with changes in the amplitude of the
integrated emissivity Ae derived from the Rayleigh spectra results (see
Methods for details). The HTSS luminescence at 900 K exhibited a gate-
dependent intensity change closely following the Ae variation. The inset in
Fig. 3i illustrates the change in the chemical potential of photons using the
same procedure as that in Fig. 3d, plotted as a function of VG

�� ��. μ for PL at
450 K significantly decreased from 0.47 to 0.36 eV owing to the above-
mentioned mechanism. In contrast, μ � 0:13 eV for the HTSS lumines-
cence at 900 K remained nearly unchanged until VG

�� �� = 2 V, indicating that
the light variation was primarily governed by the change in emissivity Ae,
resembling the behavior that should be observed in pure thermal radiation
(refer to SupplementaryNote 1 for a detailed discussionon themechanism).

Chemical potential of photons in emission of a metallic type
Having established a method for evaluating the chemical potential of
photons in SWCNT light emission in the previous section, we extended this
approach beyond semiconducting SWCNTs to examine the peaked light
emission of metallic SWCNTs under electric current injection1–3. This
phenomenon has long been debated, hindering a comprehensive under-
standing of SWCNT light emission. Although this light emission has been
attributed to a thermal equilibrium between the electronic system with
nonthermal optical phonons excited under electric current injection, the
extent of excitation beyond thermal equilibrium has remained elusive. In
metallic SWCNTs, the optical transition between massless 1D metallic
bands is optically forbidden45, resulting in the observation of a peak origi-
nating from the exciton (electron-hole) recombination in the first massive
gapped sub-band (M11) under current injection (inset in Fig. 4a).While one
might initially attribute this to incandescence similar to a light bulb, the
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Fig. 2 | Dark-field spectroscopy of a carbon nanotube suspended in vacuum.
a Schematic of the experimental setup. b Image of the substrate with an open slit
featuring electrodes at both ends. Scale bar: 100 µm. c PL image of a semiconducting
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situation differs for SWCNTs owing to their unique nonequilibrium optical
phonon state under current injection1,24,46 (see Supplementary Note 2 and
Supplementary Fig. 3 for details). Although the effective temperatures of the
optical phonons were evaluated within the framework of the none-
quilibrium optical phonon model24,46, the fundamental thermodynamic
aspects of this light emission type, including its photon chemical potential
and its relation to the actual temperature, remain unclear.

Following the outlined approach, we conducted a direct com-
parison between the M11 light emission from a metallic SWCNT
under current injection (Fig. 4a) and pure thermal radiation of the
same state obtained through laser heating (Fig. 4b). As depicted in
Fig. 4c, the emission intensity under current injection surpassed that
of the thermal radiation line (red line) by over a hundredfold.
Notably, the light emission intensity from current injection at 1000 K
corresponds to the intensity of pure thermal radiation at ≈2000 K.
The apparent temperature much higher than the real temperature is
consistent with the effective temperatures of specific optical phonons
under current injection in the negative differential conductance
regime24. However, the light emission spectra maintain the relatively
sharp peak feature, which is quite different from the broad thermal
radiation spectra of individual metallic SWCNTs observed at ≈ 2000

K in our previous study4. The photon chemical potential of ≈0.4 eV
was evaluated using Eq. (2) (inset in Fig. 4c). This contrasts with the
semiconducting SWCNTs under CW-laser irradiation for which the
chemical potential value was only 5% of the emission photon energy
at 1000 K. In metallic SWCNTs under the current injection condi-
tions, a process similar to thermal exciton generation, induced by
multiphonon absorption, as observed in semiconducting SWCNTs5,
is expected to occur in the massive 1D sub-bands of metallic
SWCNTs by absorbing nonequilibrium optical phonons. Therefore,
adhering to the tradition in luminescence nomenclature, this distinct
HTSS luminescence may aptly be termed “phono-luminescence”
rather than simply being categorized as electroluminescence.

Comparison of the light emission states
In Fig. 5, we summarize the observed light emission conditions of semi-
conducting and metallic SWCNTs as a function of temperature and the
chemical potential of photons normalized to the peak (approximately
mean) photon energy μ=_ω. The μ=_ω value corresponds to the fraction of
free energy per photon, and the remaining (1� μ=_ω) corresponds to the
fraction of the energy accompanying entropy carried away from the
SWCNTs by radiation. Regarding the semiconducting SWCNT under CW
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laser irradiation (shown as circles), the luminescence observed at the tem-
perature below 500 K is that commonly referred to as “cold” light because
there is minimal thermal radiation in the same photon energy range at that

temperature. The cold and the HTSS luminescence for the semiconducting
SWCNT are almost aligned along a single line (orange-shaded line). This is
because the number of excitons, which is approximately proportional to the
number of emitted photons, remains nearly constant owing to efficient
exciton–exciton annihilation38 during luminescence conditions. Con-
versely, the HTSS luminescence of the metallic species under current
injection deviates considerably from the orange-shaded line for the semi-
conducting SWCNT. This deviation suggests that metallic SWCNTs may
accommodate more excitons (or electron–hole pairs) than their semi-
conducting counterparts. This difference could be attributed to the weaker
Coulomb interaction strength in the metallic SWCNTs that could cause
inefficient exciton–exciton annihilation. Furthermore, it was observed that
the chemical potential marginally increased with temperature, presumably
owing to the presence of highly nonequilibrium phonons under high-bias
conditions. Evenat≈1000 K, the chemical potential ismore than that for the
luminescence of the semiconducting one below 600 K, which indicate their
potential for applications requiring intense NIR light at high temperatures.
Thus, classifying light emission conditions in SWCNTs based on their
chemical potential provides a comprehensive understanding of their high
temperature luminescence that cannot be regarded as cold light anymore,
but rather can be called as “noncold” luminescence.

Methods
Synthesis and characterization of carbon nanotubes
SWCNTs were synthesized and suspended over open slits measuring
20–30 µm in width and cut into substrates (Fig. 2b) using an ambient
chemical vapor deposition technique involving a modified fast-heating
process47. The determination of SWCNTs’ semiconducting or metallic
properties relied on their chiral structures, which were identified using an
empirical table correlating chiral structures with optical exciton
resonances48. These resonances were investigated via elastic scattering
(Rayleigh) spectroscopy48–51, where scattering was particularly pronounced
at exciton resonances. Our study utilized Rayleigh spectroscopy across a
wide photon energy range of 0.8− 2.8 eV, encompassing many exciton
resonance peaks necessary for chiral structure determination4,52,53. The
supercontinuum source (Fianium, WL-SC-400-PP-4) emitted broadband
light, whichwas directed onto the SWCNTs through anobjective lenswith a
numerical aperture (N.A.) of 0.42. The power integrated into the systemwas
approximately 2mW (0.56–2.8 eV). The scattered light was then captured
by another objective lens with a 0.42 N.A. and detected using either a
monochromator equipped with a thermoelectrically cooled
indium–gallium–arsenide two-dimensional photodiode array (Princeton
Instruments, NIRvana) or one featuring a thermoelectrically cooled charge-
coupled device camera (Princeton Instruments, ProEM). The Rayleigh
scattering cross-section was proportional to ω3 χ ωð Þ

�� ��2, where ω and χðωÞ
are the optical frequency and susceptibility, respectively50. All Rayleigh
spectra in Figs. 2d, e, and3e, andSupplementary Fig. 3c, dwere corrected for
the ω3 scattering efficiency factor to show the optical susceptibility.

Field-effect transistor device of SWCNT
The silicon substrate contained an open slit with Pt electrodes positioned at
both the ends (Fig. 2b). Electrostatic doping was facilitated by directly
applying gate bias to the silicon substrate (Fig. 3e). For current injection into
a metallic SWCNT, the drain–source voltage was applied to the Pt elec-
trodes, while a gate voltage of −5 V was maintained. The detailed device
specifications can be found in ref. 35. After device wiring, surplus SWCNTs
were selectively removed using a laser, leaving only the desired SWCNT.

Integrated radiation intensities of light emission of
semiconducting SWCNT
As illustrated in Supplementary Fig. 1, all spectra were successfullymodeled
using the Lorentz function. The integrated radiation intensities were sub-
sequently derived from the area under the Lorentz function obtained during
fitting.
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single-walled carbon nanotube (SWCNT) with a different drain–source voltage (a)
and underCW laser irradiation (b). The inset in (a) shows the one-dimensional band
structure of a metallic species, comprising the first (M11) massive sub-bands
alongside a linear band (E, energy; k, wavenumber vector). c Integrated light
emission intensities as a function of the inverse (1=kBT ; bottom) and corresponding
temperatures (top). The inset shows the temperature (T) dependence of the photon
chemical potential (μ) emitted from the current-injected SWCNT.
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Temperature estimation
The suspended SWCNTs’ temperature was estimated by integrating tech-
niques from previous studies. The PL of semiconducting SWCNTs,
exhibited a universal temperature-dependent peak shift (ΔE), regardless of
the chiral structure36. The peak energy shift adhered to Varshni’s empirical
formula, similar to that of other semiconductors54. The following empirical
law for the temperature (T)-dependent PL peak energy (E) was proposed36:

E Tð Þ ¼ E0 þ ΔE Tð Þ;

ΔE Tð Þ ¼ � aT2

T þ T0
;

where a ¼ 0:177 meV K−1, T0 ¼ 1800 K, and E0 is the PL peak energy at
0 K that depends on the chiral structure. This equation was applied only to
suspended SWCNTs without adsorbed molecules. E0 was determined as
0.886 eV using the room-temperature PL peak energy of 0.878 eV for the
(12,5) SWCNT without adsorbed molecules (taken from ref. 37).

During experiments involving metallic SWCNTs under CW laser
irradiation, the CW laser facilitated heating and temperature assessment via
Raman spectroscopy of the in-plane carbon stretching mode (G-mode;
Supplementary Fig. 4)4. The G-mode frequency of carbon nanotubes
exhibited a consistent temperature dependence irrespective of sample type
or laser excitationwavelength55. SupplementaryFig. 4 illustrates theG-mode
features in the Raman spectra of the metallic (24,15) SWCNTs under var-
ious CW laser intensities. Raman spectra at 300 K (bottom panel) were
acquired in a nitrogen atmosphere to suppress laser heating effects through
convective heat transfer. Conversely, spectra obtained in vacuum aimed to
induce heating. At 300 K, Raman spectra displayed two peak components
attributed to longitudinal optical (LO) and transverse optical (TO)modes at
lower frequency56. This spectral shape was fitted as follows:

IðωÞ ¼ I1
1þ 2 ω� ω1

� �
=qΓ1

� �2

1þ 2 ω� ω1

� �
=Γ1

� �2 þ I2
1

1þ 2 ω� ω2

� �
=Γ2

� �2

where ω represents the frequency; I1ð2Þ, ω1ð2Þ, and Γ1 2ð Þ denote the line
strength, phonon frequencies, and full widths at half maximum for the two

peaks, respectively; and the parameter q signifies the asymmetry in a
Breit–Wigner–Fano line shape. The first and second terms on the right side
correspond to the LO and TO modes56, respectively, depicted by the dotted
curves. An increasing excitation intensity led to a redshift in the G-mode
frequency, as observed in Supplementary Fig. 4. The temperature was
determined from the peak frequency shift of the LO mode at 300 K,
employing the empirical law proposed in ref. 55. This empirical law for the
temperature (T)-dependentG-mode frequency,ω(T), is expressed as follows:

ω Tð Þ ¼ ω0 �
A

exp B_ω0=kBT
� �� 1

where ω0, _, and kB are the zero-temperature G-mode frequency, reduced
Planckconstant, andBoltzmannconstant, respectively.According to ref. 55,
parameters A and B are defined asA = 38.4 cm−1 and B = 0.438 cm−1,
respectively. ω0 was determined as ω0 = 1583.03 cm−1, such that ω 300Kð Þ
was consistent with the room-temperature result.

For the metallic SWCNTs under current injection, similar to semi-
conducting SWCNTs, temperature determination relied on the peak
energies of emitted light. Optical transition energies between sub-bands
exhibited a continuous decrease with temperature, mirroring the mono-
tonic decline in PL energy corresponding to the band gap, following the
Varshni formula (e.g., second sub-band exciton of a semiconducting
SWCNT4). For the metallic (24,15) SWCNT, we obtained the resonance
energy of the massive first sub-band (M11) exciton transition at 300 K from
the Rayleigh scattering spectrum and those at 1030K–1240 K using a
combination of thermal radiation and the abovementioned Raman spec-
troscopy. Temperature estimation relied on the nearly linear relationship
previously observed between peak energy and temperature36.

Estimation of the integrated emissivity from the Rayleigh scat-
tering spectra in the gate voltage dependence measurement
The Rayleigh scattering cross-section was directly proportional to
ω3 χ ωð Þ

�� ��2, where ω and χðωÞ are the optical frequency and susceptibility,
respectively50. The relationship between χðωÞ and the dielectric
function εðωÞ is defined as ε ωð Þ ¼ 1þ χðωÞ. ε ωð Þ provides the emissivity
e ωð Þ via e ωð Þ ’ ωd 3cð Þ�1Im ε ωð Þ½ �. The integrated emissivity Ae is given
by Ae /

R
ω3e ωð Þdω.

Data availability
All relevant data are available from the corresponding authors upon rea-
sonable request.

Code availability
The code used in this study is available from the corresponding author upon
reasonable request.

Received: 4 October 2024; Accepted: 22 April 2025;

References
1. Mann,D. et al. Electrically driven thermal light emission from individual

single-walled carbon nanotubes. Nat. Nanotechnol. 2, 33–38 (2007).
2. Wang, X. et al. Electrically driven light emission from hot single-walled

carbon nanotubes at various temperatures and ambient pressures.
Appl. Phys. Lett. 91, 261102 (2007).

3. Liu, Z., Bushmaker, A., Aykol, M. & Cronin, S. B. Thermal emission
spectra from individual suspended carbon nanotubes. ACS Nano 5,
4634–4640 (2011).

4. Nishihara, T., Takakura, A.,Miyauchi, Y. & Itami, K. Ultra-narrow-band
near-infrared thermal exciton radiation in intrinsic one-dimensional
semiconductors. Nat. Commun. 9, 3144 (2018).

5. Konabe, S., Nishihara, T. & Miyauchi, Y. Theory of exciton thermal
radiation in semiconducting single-walled carbon nanotubes. Opt.
Lett. 46, 3021–3024 (2021).

Current injection condition

Light irradiation condition

Thermal radiation

HTSS
luminescence

1.0

0.5

0N
or

m
al

iz
ed

 c
he

m
ic

al
 p

ot
en

tia
l f

or
 p

ho
to

ns

15001200900600300
Temperature (K)

Semiconductor
Metal

Cold luminescence

Fig. 5 | Summary of the light emission of carbon nanotubes. Temperature
dependence of the photon chemical potential (μ) of the light emission of the
semiconducting (circles) andmetallic (squares) carbon nanotube normalized by the
photon energy (_ω). HTSS, high-temperature steady-state. The orange-shaded area
illustrates the temperature dependence of the μ=_ω under light irradiation of the
semiconducting species, where the number of excitons is constrained to remain
constant owing to exciton–exciton annihilation.

https://doi.org/10.1038/s43246-025-00810-6 Article

Communications Materials |            (2025) 6:89 6

www.nature.com/commsmat


6. Li, P. et al. Polarized incandescent light emission from carbon
nanotubes. Appl. Phys. Lett. 82, 1763–1765 (2003).

7. Zacheo, A. et al. Efficient emission of highly polarized thermal
radiation from a suspended aligned carbon nanotube film. ACS Nano
18, 15769–15778 (2024).

8. Zhang,M. et al. Strong, transparent,multifunctional, carbonnanotube
sheets. Science 309, 1215–1219 (2005).

9. Liu, P. et al. Fast high‐temperature response of carbon nanotube film
and its application as an incandescent display. Adv. Mater. 21,
3563–3566 (2009).

10. Mori, T., Yamauchi, Y., Honda, S. & Maki, H. An electrically driven,
ultrahigh-speed, on-chip light emitter based on carbon nanotubes.
Nano Lett. 14, 3277–3283 (2014).

11. Sveningsson, M., Jönsson, M., Nerushev, O. A., Rohmund, F. &
Campbell, E. E. B. Blackbody radiation from resistively heated
multiwalled carbon nanotubes during field emission.Appl. Phys. Lett.
81, 1095–1097 (2002).

12. Matano, S. et al. Electrical generation of polarized broadband
radiation from an on-chip aligned carbon nanotube film. ACS Mater.
Lett. 4, 626–633 (2022).

13. Matano, S., Komatsu,N., Shimura, Y., Kono, J. &Maki, H. High-speed
modulation of polarized thermal radiation from an on-chip aligned
carbon nanotube film. Nano Lett. 23, 9817–9824 (2023).

14. Berciaud, S. et al. Electron and optical phonon temperatures in
electrically biased graphene. Phys. Rev. Lett. 104, 227401 (2010).

15. Kim, Y. D. et al. Bright visible light emission from graphene. Nat.
Nanotechnol. 10, 676–681 (2015).

16. Dobusch, L., Schuler, S., Perebeinos, V. & Mueller, T. Thermal light
emission from monolayer MoS2. Adv. Mater. 29, 1701304 (2017).

17. Iijima, S. & Ichihashi, T. Single-shell carbon nanotubes of 1-nm
diameter. Nature 363, 603–605 (1993).

18. Rephaeli, E. & Fan, S. Absorber and emitter for solar thermo-
photovoltaic systems to achieve efficiency exceeding the Shockley-
Queisser limit. Opt. Express 17, 15145–15159 (2009).

19. Bierman, D. M. et al. Enhanced photovoltaic energy conversion using
thermally based spectral shaping. Nat. Energy 1, 16068 (2016).

20. Ando, T. Excitons in carbon nanotubes. J. Phys. Soc. Jpn. 66,
1066–1073 (1997).

21. Wang,F., Dukovic,G., Brus, L. E.&Heinz, T. F. Theoptical resonances
in carbon nanotubes arise from excitons. Science 308, 838–841
(2005).

22. Maultzsch, J. et al. Excitonbindingenergies in carbonnanotubes from
two-photon photoluminescence. Phys. Rev. B. 72, 241402 (2005).

23. Wang, F. et al. Observation of excitons in one-dimensional metallic
single-walled carbon nanotubes. Phys. Rev. Lett. 99, 227401 (2007).

24. Pop, E. et al. Negative differential conductance and hot phonons in
suspended nanotube molecular wires. Phys. Rev. Lett. 95, 155505
(2005).

25. Mann, D., Pop, E., Cao, J., Wang, Q. & Goodson, K. Thermally and
molecularly stimulated relaxation of hot phonons in suspended
carbon nanotubes. J. Phys. Chem. B 110, 1502–1505 (2006).

26. Würfel, P. The chemical potential of radiation. J. Phys. C: Solid State
Phys. 15, 3967–3985 (1982).

27. Harder, N.-P. & Green, M. A. Thermophotonics: a means for
overcoming limitations of thermophotovoltaics? Semicond. Sci.
Technol. 18, S270–S280 (2003).

28. Manor, A., Kruger, N., Sabapathy, T. & Rotschild, C. Thermally
enhanced photoluminescence for heat harvesting in photovoltaics.
Nat. Commun. 7, 13167 (2016).

29. Sadi, T., Radevici, I., Behaghel, B. & Oksanen, J. Prospects and
requirements for thermophotonic waste heat energy harvesting. Sol.
Energy Mater. Sol. Cells 239, 111635 (2022).

30. Würfel, P., Finkbeiner, S. & Daub, E. Generalized Planck’s radiation
law for luminescence via indirect transitions. Appl. Phys. A 60, 67–70
(1995).

31. Koyama, H. & Fauchet, P. M. Laser-induced thermal effects on the
optical properties of free-standing porous silicon films. J. Appl. Phys.
87, 1788–1794 (2000).

32. Trupke, T., Zhao, J.,Wang, A., Corkish, R. &Green,M. A. Very efficient
light emission from bulk crystalline silicon. Appl. Phys. Lett. 82,
2996–2998 (2003).

33. Schick, K., Daub, E., Finkbeiner, S. & Würfel, P. Verification of a
generalized Planck law for luminescence radiation from silicon solar
cells. Appl. Phys. A 54, 109–114 (1992).

34. Tress,W. Perovskite solar cells on the way to their radiative efficiency
limit – insights into a success story of high open‐circuit voltage and
low recombination. Adv. Energy Mater. 7, 1602358 (2017).

35. Miyauchi, Y. et al. Tunable electronic correlation effects in nanotube-
light interactions. Phys. Rev. B 92, 205407 (2015).

36. Yoshino, K. et al. Temperature distribution and thermal conductivity
measurements of chirality-assigned single-walled carbon nanotubes
by photoluminescence imaging spectroscopy. ACS Omega 3,
4352–4356 (2018).

37. Chiashi, S., Watanabe, S., Hanashima, T. & Homma, Y. Influence of
gas adsorption on optical transition energies of single-walled carbon
nanotubes. Nano Lett. 8, 3097–3101 (2008).

38. Wang, F., Dukovic, G., Knoesel, E., Brus, L. & Heinz, T. Observation of
rapid Auger recombination in optically excited semiconducting
carbon nanotubes. Phys. Rev. B 70, 241403 (2004).

39. Greffet, J.-J., Bouchon,P., Brucoli,G. &Marquier, F. Light emissionby
nonequilibrium bodies: Local Kirchhoff law. Phys. Rev. X 8, 021008
(2018).

40. Steiner, M. et al. Gate-variable light absorption and emission in a
semiconducting carbon nanotube. Nano Lett. 9, 3477–3481 (2009).

41. Matsunaga, R., Matsuda, K. & Kanemitsu, Y. Observation of charged
excitons in hole-doped carbon nanotubes using photoluminescence
and absorption spectroscopy. Phys. Rev. Lett. 106, 037404 (2011).

42. Koyama, T., Shimizu, S., Miyata, Y., Shinohara, H. & Nakamura, A.
Ultrafast formation and decay dynamics of trions in p-doped single-
walled carbon nanotubes. Phys. Rev. B 87, 165430 (2013).

43. Nishihara, T., Yamada, Y., Okano, M. & Kanemitsu, Y. Trion formation
and recombination dynamics in hole-doped single-walled carbon
nanotubes. Appl. Phys. Lett. 103, 023101 (2013).

44. Perebeinos, V. & Avouris, P. Phonon and electronic nonradiative
decay mechanisms of excitons in carbon nanotubes. Phys. Rev. Lett.
101, 057401 (2008).

45. Grüneis,A. et al. Inhomogeneousoptical absorptionaround theKpoint in
graphite and carbon nanotubes. Phys. Rev. B 67, 165402 (2003).

46. Lazzeri,M. &Mauri, F. Coupled dynamics of electrons and phonons in
metallic nanotubes: Current saturation from hot-phonon generation.
Phys. Rev. B 73, 165419 (2006).

47. Huang, L., Cui, X., White, B. &O’Brien, S. P. Long and oriented single-
walled carbon nanotubes grown by ethanol chemical vapor
deposition. J. Phys. Chem. B 108, 16451–16456 (2004).

48. Liu, K. et al. An atlas of carbon nanotube optical transitions. Nat.
Nanotechnol. 7, 325–329 (2012).

49. Sfeir, M. Y. et al. Optical spectroscopy of individual single-walled
carbon nanotubes of defined chiral structure. Science 312, 554–556
(2006).

50. Berciaud, S. et al. Excitons and high-order optical transitions in
individual carbon nanotubes: A Rayleigh scattering spectroscopy
study. Phys. Rev. B 81, 041414 (2010).

51. Berciaud, S. et al. All-optical structureassignment of individual single-
walled carbon nanotubes from Rayleigh and Raman scattering
measurements. Phys. Status Solidi B 249, 2436–2441 (2012).

52. Takakura, A. et al. Strength of carbon nanotubes depends on their
chemical structures. Nat. Commun. 10, 3040 (2019).

53. Nishihara, T., Takakura, A., Matsui, K., Itami, K. & Miyauchi, Y.
Statistical verification of anomaly in chiral angle distribution of air-
suspended carbon nanotubes. Nano Lett. 22, 5818–5824 (2022).

https://doi.org/10.1038/s43246-025-00810-6 Article

Communications Materials |            (2025) 6:89 7

www.nature.com/commsmat


54. Varshni, Y. P. Temperature dependence of the energy gap in
semiconductors. Physica 34, 149–154 (1967).

55. Chiashi, S., Murakami, Y., Miyauchi, Y. & Maruyama, S. Temperature
dependence of Raman scattering from single-walled carbon
nanotubes: Undefined radial breathing mode peaks at high
temperatures. Jpn. J. Appl. Phys. 47, 2010 (2008).

56. Wu, Y. et al. Variable electron-phonon coupling in isolated metallic
carbonnanotubes observedbyRamanscattering.Phys.Rev. Lett.99,
027402 (2007).

57. Momma, K. & Izumi, F. VESTA 3 for three-dimensional visualization of
crystal, volumetric and morphology data. J. Appl. Crystallogr. 44,
1272–1276 (2011).

Acknowledgements
ThisworkwassupportedbyJSTCRESTGrantNumberJPMJCR18I5 (Y.M.),
and JSPS KAKENHI Grant Numbers JP22K18287 (Y.M.), JP24H00044
(Y.M.), and JP19K15384 (T.N.), JP21K14486 (T.N.), JP23H01791 (T.N.), and
JST FOREST Grant Number JPMJFR222N (T.N.).

Author contributions
T.N. and Y.M. conceived the concept and Y.M. directed the project. A.T.
synthesized the nanotubes. T.N. arranged and carried out all optical
experiments. T.N.,S.K., andY.M.considered themechanism.All theauthors
contributed to writing the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s43246-025-00810-6.

Correspondence and requests for materials should be addressed to
Taishi Nishihara or Yuhei Miyauchi.

Peer review informationCommunicationsMaterials thanks the anonymous
reviewers for their contribution to the peer review of this work. Primary
Handling Editors: Ebinazar Namdas and Jet-Sing Lee. [A peer review file is
available].

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’snoteSpringerNature remainsneutralwith regard to jurisdictional
claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if you modified the licensed material. You
do not have permission under this licence to share adapted material
derived from this article or parts of it. The images or other third party
material in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to thematerial. If material
is not included in thearticle’sCreativeCommons licenceandyour intended
use is not permitted by statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-
nc-nd/4.0/.

© The Author(s) 2025

https://doi.org/10.1038/s43246-025-00810-6 Article

Communications Materials |            (2025) 6:89 8

https://doi.org/10.1038/s43246-025-00810-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/commsmat

	Thermal and nonthermal exciton light emissions from carbon nanotubes above 1000 K
	Results and Discussion
	Single nanotube spectroscopy under laser irradiation
	Light emission spectra in vacuum and nitrogen atmosphere
	Evaluation of the light emission state
	The HTSS luminescence under electrostatic carrier doping
	Chemical potential of photons in emission of a metallic type
	Comparison of the light emission states

	Methods
	Synthesis and characterization of carbon nanotubes
	Field-effect transistor device of SWCNT
	Integrated radiation intensities of light emission of semiconducting SWCNT
	Temperature estimation
	Estimation of the integrated emissivity from the Rayleigh scattering spectra in the gate voltage dependence measurement

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




