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Spectral control of thermal radiation is an essential strategy
for highly efficient and functional utilization of thermal
radiation energy. Among the various proposed methods,
quantum confinement in low-dimensional materials is
promising because of its inherent ability to emit narrow-
band thermal radiation. Here, we theoretically investigate
thermal radiation from one-dimensional (1D) semicon-
ductors characterized by the strong quantum correlation
effect due to the Coulomb interaction. We derive a simple
and useful formula for the emissivity, which is then used to
calculate the thermal radiation spectrum of semiconducting
single-walled carbon nanotubes as a representative of 1D
semiconductors. The calculations show that the exciton
state, which is an electron—hole pair mutually bound by the
Coulomb interaction, causes enhancement of the radiation
spectrum peak and significant narrowing of its linewidth in
the near-infrared wavelength range. The theory developed
here will be a firm foundation for exciton thermal radiation
in 1D semiconductors, which is expected to lead to new
energy harvesting technologies. © 2021 Optical Society
of America under the terms of the OSA Open Access Publishing
Agreement
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Thermal radiation is a ubiquitous form of electromagnetic radi-
ation that emanates from objects with finite temperature, and
its spectrum can be described by Planck’s law [1] modified by
the absorptivity of the object (Kirchhoff’s law [2]). Absorptivity
control of objects using micro- and nanofabrication techniques
has recently attracted increasing attention [3,4] due to the
importance of thermal radiation control in energy applica-
tions such as thermophotovoltaic (TPV) energy conversion
[5-29], thermal management of spacecraft [30], and daytime
radiative cooling [31] of buildings [32] and human clothing
[33,34]. TPV technology [5-10], which utilizes tailored nar-
rowband near-infrared thermal radiation from hot objects that
well matches the bandgap energy of a photovoltaic (PV) cell
as an input, is of particular importance in the realization of
high-efficiency energy harvesting from high-temperature heat
sources. When sunlight is used as a heat source for an ideal TPV
system, the theoretical energy conversion efficiency of the solar
TPV can even surpass the Shockley—Queisser limit [35] for a
single-junction PV cell [6]. To generate spectrally narrowband
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near-infrared thermal radiation in the far-field [5-17] and
near-field regions [21-25], a number of surface microstructures
of refractory metals have been demonstrated using metama-
terials [10-13], microcavities [14,15], and photonic crystals
[16,17]. Although, in principle, metal surfaces with elaborate
fine structures possess a photonic bandgap and exhibit a sharp
resonance [36], their thermal stability is inevitably reduced.
Consequently, high-temperature operation requires the use of
more thermally stable, simpler structures that can offer only
imperfect spectral control. As an alternative approach, atomic
emission lines in the infrared-to-visible region, such as those for
rare-earth-doped ceramics, are attractive in terms of generating
spectrally narrowband thermal radiation [27,28]. However,
their resonance energies are not tunable, and their linewidths are
too narrow, which results in low in-band power density [26,29].
Spectral control that relies on electronic structures in
semiconductors has also attracted much attention. For a
semiconductor photonic crystal, both the photonic bandgap
and the electronic bandgap make strong contributions to fine
spectral control [18-20]. The use of exciton resonance in semi-
conducting single-walled carbon nanotubes (SWCNTs) has also
been recently proposed as a new approach [37]. A SWCNT is
a cylindrically rolled-up graphene sheet, and it is regarded as a
quasi-one-dimensional (1D) system with a pronounced quan-
tum confinement effect. Narrowband near-infrared thermal
radiation from an individual semiconducting SWCNT was
recently reported [37]. This was enabled by the thermal genera-
tion of excitons, which are exotic atoms composed of a mutually
bound electron—hole pairs. Because an exciton captures the con-
siderable oscillator strength of graphene [38-40], the dielectric
function has a very large imaginary part of a few to several tens
at the exciton resonance, with a moderately narrow spectral
window [41]. In addition, the exciton resonance is tunable
by control of the structure (the diameter and/or chiral angle),
which is specified by two integers known as the chiral indices
(n, m). Furthermore, SWCNT excitons and SWCNTs them-
selves are stable even at temperatures as high as 2000 K [37], due
to their large binding energies [38—40] and stable sp? covalent
bonding [42], respectively. These features are quite promising
for the use of SWCNTs under high-temperature conditions.
Although the narrowband thermal radiation from SWCNTs
may prove to be particularly useful for TPV technologies, a
detailed understanding in the presence of the strong quantum
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correlation effect characteristic of 1D materials, including the
exciton effects, has yet to be achieved. In the present Letter,
we theoretically elucidate the thermal radiation properties of
SWCNTs as a representative of 1D materials by developing
a microscopic quantum theory of thermal radiation with the
Coulomb interaction effect.

We begin by providing a useful formula for the emissivity of
1D cylindrical objects. The thermal radiation from a material at
temperature 7, H(T), is generally characterized by the spectral
emissivity e (w):

h o w?
H(DZ—Z}JTZCZ,/O da)e(a))—ehw/kBT_l, (1)

where  is the angular frequency of the radiation, ¢ is the speed
oflight, h = b /2 is the reduced Planck constant, and /g is the
Boltzmann constant. The emissivity depends on size and shape
for materials smaller than or comparable in size to the thermal
wavelength A = hic /kg T". For such cases, the thermal radiation
is given by the following trace formula derived by Kriiger e 4/.
[43] in the framework of fluctuational electrodynamics [44]:

2h [ )
X Tr[Im(Go)Im(T) — Im(Go) TIm(Go)T*]. (2)

Here we define

8mc?

e(w) = Tr[Im(Gg)Im(T) — Im(Go)TIm(Go)T*], (3)

w2
so that the conventional formula for thermal radiation is
reproduced as Eq. (1). In the following, we thus use the term
“emissivity” to describe e¢(w). In Eq. (3), Go is the dyadic
Green’s function for the electromagnetic field in free space.
The scattering operator T =Vﬁ, [45] relates the electro-
magnetic field in free space to that of the inhomogeneous
space with the object characterized by the potential V, where
V= ';’—22(5 —1I); € and I are the dielectric tensor and identity
matrix, respectively. T causes dissipation of electromagnetic
energy. Gy and T can be calculated for a 1D object by imposing
the boundary condition of a cylindrical structure on the electro-
magnetic wave [43,46—48]. Under the long wavelength limit of
wd /¢ < 1,Eq. (3) in the vicinity of the resonance becomes

e(w) ~ C;)—d Im[e(w)], (4)
c

where 4 is the diameter of the cylindrical object, and & (w) is the
dielectric function along the cylinder axis (see also Supplement
1). The thermal radiation from any 1D material that satisfies the
condition wd/c < 1 using (4) can be calculated as long as the
dielectric function of the material is obtained.

The thermal radiation from SWCNTs as a representative
of 1D materials is investigated using Eqs. (1) and (4) with a
focus on the peculiar electronic excitation of SWCNTs. The
electronic structure around the bandgap energy of SWCNTs
(see the inset in Fig. 1 for the selection of the coordinate system)
is effectively described by the following Hamiltonian [38]:

Hx = V(K[):;Ux + )\ko’),), (5)
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Fig. 1. Im[e(w)] fora 1.12 nm diameter SWCNT. Broadening is

set to 75 meV. Inset: 1D cylindrical model and coordinate system of a

SWCNT.

where o, and o, are the Pauli matrices, A = £1 is an index that
labels the K or K’ points in the Brillouin zone for graphene,
and y = 0.646 ¢V nm is a band parameter. The first (second)
term on the right-hand side describes electron motion with a
wave vector K[); (%) in the circumference (tube axis) direction
[x(y) axis]. As a result of the periodic boundary condition
along the circumference direction, the wave vector for a
(n, m) SWCNT is quantized as k], = 2(/ — Av/3)/d, where
v =mod(n — m, 3) is the chirality, and / is an integer that
represents the energy band. The energy band is obtained by

diagonalizing Eq. (5) as eﬁ/v.k =4./y2[F2 + (K;;,)z], where

+(—) indicates the conduction (valence) band, which is
denoted as Si‘k(ej}k).

Furthermore, the Coulomb interaction effect for 1D mate-
rials such as SWCNTs should be incorporated in the electronic
structure because the Coulomb interaction is less well screened
than that in bulk materials. As a result of the attractive Coulomb
interaction between an electron and a hole, a bound state of the
electron and hole, an exciton, is formed. The rth exciton state
with amplitude ¥, and energy E} satisfies the Bethe—Salpeter
equation [38,49-51]

(el — e+ ADVE, + Z KiwVi, =EVg,, (6
k/

where Az is the band-energy shift due to the electron—electron
repulsive Coulomb interaction, and ]CZ, v 1 the electron—hole
Coulomb interaction. We incorporate the screening effect of the
Coulomb interaction in solving the Bethe—Salpeter equation
to reproduce the experimental values of the exciton binding
energy. For a SWCNT with a diameter of 1.12 nm, the exci-
ton energy is 1.0 eV with a binding energy of 0.5 eV. A large
binding energy of an exciton is characteristic of SWCNTs
[38-40,50].

The dielectric function is calculated from the dynamical
conductivity through the relation e (w) = 1 + io (w) /gow. The
dynamical conductivity of SWCNTs is obtained using the Kubo
formula [38]

3262 RPw | M2
oW == ; Z EM[(EN? — (hw)® — 2ihaT]’
(7)
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where A is the tube length, [\4:‘ is the optical matrix element
between the ground state and the rth exciton state, and I' is
the phenomenological broadening factor. The optical matrix

s

K

i

element is explicitly given by M*» =i ¥ —L (¢} )"
p g y M hZ/,k W 1r/’/e,r

The noninteracting limit of the dynamical conductivity is cal-

culated by using Iﬁz‘y =6, 4 and E*=2,/y2[k2 + (Kl,\v)z] in

Eq. (7).

Figure 1 plots Im[e(w)] for a SWCNT with a diameter of
1.12 nm. The linewidth of the dynamical conductivity is set to
75 meV, which is consistent with the experimental value at high
temperature (1300 K) given in Ref. [37]. In the presence of the
Coulomb interaction, Im[e(w)] exhibits a sharp and almost
symmetric peak that corresponds to the lowest exciton state (red
curve), which is in contrast to a broad asymmetric peak structure
with a high energy tail due to the 1D van Hove singularity, in
the absence of the Coulomb interaction (blue curve). In addi-
tion, the continuum above the bandgap (>1.4 eV) has a small
weight because considerable optical intensity is transferred to
the exciton state as expected in a 1D material [38,52]. The peak
height of the exciton is consequently larger than that without
the Coulomb interaction.

Figures 2(a) and 2(b) show the emissivities for SWCNTs with
various diameters, calculated using Eq. (4) for cases with and
without the Coulomb interaction, respectively. The resonance
energy of the emissivity is dependent on the diameter. The peak
position of the emissivity is accordingly tunable by controlling
the diameter. The important findings are that the linewidth is
narrower and the height is a few times larger for an exciton than
those for a free electron—hole pair. Therefore, the presence of
an exciton due to the Coulomb interaction qualitatively and
quantitatively alters the emissivity. We also plot the emissivity
for graphene [53] to observe the dimensional effect. The broadly
dispersed spectral weights for graphene become concentrated
at a specific photon energy for SWCNTs, which results in an
enhancement of the spectral intensity for SWCNTs.

Note that the contribution of exciton-ionized electrons
to the emissivity can be neglected because excitons are stable
due to their large binding energies of several hundred milli-
electronvolts and do not dissociate, even at temperatures much
higher than room temperature. On the other hand, for a free
electron—hole pair, there is typically a contribution from the
intraband electron excitation, i.e., the Drude contribution.
However, the present calculation does not take account of the
Drude contribution; therefore, the calculation result for a free
electron—hole pair in Fig. 2(b) should be regarded as providing
an upper limit.

Having clarified the characteristic features of the emissivity,
we will investigate the thermal radiation. Figure 3 shows the
spectral radiance with a resonance wavelength of 1.3 pm at 1300
K. For practical use, the horizontal axis is set to wavelength. For
comparison, blackbody radiation at the same temperature is
shown by a dashed line, which is scaled by 0.18. From the results
for the emissivity, thermal radiation in the case of a Coulomb
interaction can be identified as due to excitons, while thermal
radiation without a Coulomb interaction is due to free electron—
hole pairs. For both cases, the thermal radiation from SWCNTs
has a much narrower linewidth than blackbody radiation. In
particular, the linewidth of exciton thermal radiation is nar-
rower than that of thermal radiation from free electron—hole
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pairs. Furthermore, the exciton thermal radiation is a few times
larger than the thermal radiation from free electron—hole pairs.
We thus conclude that the Coulomb interaction plays a decisive
role in the thermal radiation from SWCNTs [37], which may
be true for other 1D materials as well. The inset of Fig. 3 shows
that the peak position of thermal radiation shifts to a longer
wavelength as the diameter increases. This indicates that the res-
onance energy of the thermal radiation of SWCNTs is tunable
by the simple selection of an appropriate diameter.

Before concluding, we note that excitons are typically
observed under photo- and electrical-excitation conditions.
Therefore, it is reasonable to consider whether the exciton
state can be thermally generated at 1300 K. A simple model
can be constructed where the exciton is generated via exciton—
multiphonon interaction, which is given in Supplement
1.

In summary, thermal radiation from 1D semiconductors
was theoretically studied, where the Coulomb interaction
plays a crucial role, by deriving a simple and useful formula
for the emissivity. The formula was used to calculate the ther-
mal radiation spectrum of SWCNTs as a representative of 1D
semiconductors. Our calculation shows that, due to the exci-
ton state, the peak of the radiation spectrum is enhanced and
the spectral shape becomes more symmetric and narrower in
the near-infrared wavelength range. The peak position of the
thermal radiation is determined by the diameter of SWCNTs;
therefore, the desired wavelength of thermal radiation can
be selected simply by choosing an appropriate diameter. The
results obtained in this Letter will be useful for the development
of wavelength selective thermal emitters based on SWCNTs
toward high-efficiency TPV energy conversion.
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Fig. 2.  Emissivity (a) with and (b) without the Coulomb interac-
tion as a function of energy for SWCNTs with diameters of 0.90, 0.95,
1.00,1.05,1.10,and 1.12 nm.
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Fig. 3. Spectral radiance for a SWCNT at 1300 K, with and with-
out Coulomb interaction. The black dashed line represents blackbody
radiation at 1300 K. Note that the blackbody radiation is scaled by
0.18, and the spectra for SWCNTs with different diameters showing
the same peak wavelength are compared. Inset: spectral radiance for
SWCNTs with various diameters.
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