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Abstract
The development of efficient, compact and low-cost mid-infrared (MIR) sources with easy
manufacturing is vital in a variety of applications including gas sensing, thermal photovoltaic
power generation, infrared imaging, among others. In this work, we demonstrate that a novel
type of MIR thermal emitters with ultra-narrow bandwidth and broad spectral tunability can be
realized based on a new operation principle employing the concept of bound state in the
continuum (BIC). Using an elaborately designed structure composed of two interdigitated
gratings with the same pitch and different stripe width on a slab supported by a conducting
substrate, the quasi-BIC mode with both ultra-high Q-factor (>104) and large
absorbance/emittance can be achieved, resulting from the destructive interference between the
couplings of two guided-mode resonances back to free space. At the operation wavelength of
7.7851 µm, even when the metal dissipation is considered, a near-unity emission at resonance
with the full-width at half-maximum less than 0.3 nm is numerically presented, which is three
orders of magnitude narrower than conventional metallic metamaterial based thermal emitters.
By applying a geometrical scaling of the structure, the operation wavelength can be flexibly
extended to other wavelengths of the MIR region. The presented novel thermal emitter with
economic advantages and high performances of both ultra-narrow bandwidth and broad
wavelength-tunability, will make great impact in practical applications.
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1. Introduction

The mid-infrared (MIR) is widely recognized as the molecular
fingerprint region because the vibration resonances of many
chemicals fall well into this band. The spectroscopic inform-
ation in this region is particularly useful for the identific-
ation of certain intra-molecule chemical bonds, as opposed
to terahertz spectroscopy techniques which are more suitable
for inter-molecule resonances like hydrogen bonds. Thus, the
MIR technology is of vital importance for a variety of applic-
ations spanning from environmental gas sensing [1, 2], bio-
medical diagnosis [3, 4], to hyperspectral imaging [5, 6] and
industrial process control [7], etc.

In real applications especially for commercialization, cost-
effective sensing systems with acceptable sensitivity and high
compactness is preferred, thus the use of bulky and expens-
ive spectroscopic devices is usually excluded. The approach
of non-dispersive infrared (NDIR) [8] system is more gener-
ally adopted when the target chemical is specified beforehand
and its characteristic absorption wavelengths in the mid-IR
are known. The NDIR system will identify whether the target
chemical exists and, if it does, makes a quantitative measure-
ment according to Beer–Lambert law. One typical configura-
tion of the NDIR system is to use a blackbody thermal emitter
and a MIR detector, which both have broadband responses.
A band-pass filter usually composed of multilayer dielectric
structures with a narrow response is applied before the detector
so that only the signal at the target characteristic wavelength
will be measured. For the detection of more-than-one sub-
stances, multiple filters are needed with additional installation
apparatus by using e.g. a rotating wheel, and special attention
is required to eliminate possible spectral interference, making
the system more complicated and time-consuming during the
measurement. To address this problem, Tan et al incorporated
a nanoantenna-based narrowband absorber array into a single
pyroelectric detector and achieved multi-gas sensing with a
regular IR source [9]. Another configuration of the NDIR sys-
tem is to use a narrowband IR emitter and then the requirement
of the band-pass filter is eliminated. Because the absorption
linewidths of many substances, especially gases, are very nar-
row, stringent requirement is posed for theMIR emitter to have
adequately narrow bandwidth so that the spectral information
of the target substance can be fully resolved. Other attributes of
the MIR emitters include large spectral tunability for the iden-
tification of different target chemicals on the same platform,
low cost and low power consumption, adequate compactness
for easy instrumentation, and ease of operation in ambient
conditions. Although various narrowband continuous-wave
IR sources have been developed to date, including MIR
quantum cascade laser [10], interband cascade laser [11], free-
electron laser [12], they are not suitable for NDIR applica-
tions because one or more of the above requirements cannot be
fulfilled.

For economical consideration, the most suitable way of
generating MIR radiations is still to use the ubiquitous black-
body thermal emitter, which can generate thermal radiation
only by heating the object structure. However, according to

Planck’s law, the spectrum of radiations from the thermal emit-
ter is usually very broad, and its emissivity and emission peak
are determined by the heating temperature. Nevertheless, it is
still possible to incorporate artificial structures into thermal
emitters to engineer the emission properties [13]. In that case,
both the emission bandwidth and the emissivity of the whole
emitter will be determined not by the temperature but by the
nature of the structure. To this end, researchers have made
quite a lot of efforts to use artificial structures or in other
words metamaterials to realize narrowband and tunable MIR
thermal emitters. Various schemes on different material plat-
forms have been demonstrated to achieve thermal emitters that
exhibit relatively narrow bandwidth at the target wavelength,
including metallic sandwich structures in the form of metal–
insulator-metal configuration [14], dielectric photonic crys-
tals [15], semiconductor quantum well structures [16]. New
physics and mechanisms have also been exploited for the
same purpose, including the surface phonon polarization sup-
ported by SiC gratings [17] or the moiré effect in a twis-
ted two-grating structure above a tungsten substrate [18]. In
addition, some researchers have introduced the phase change
materials like VOx [19] or Ge2Sb2Te5 [20] to adjust their
dielectric constants by changing the temperature. Although the
above methods and structures have been intensively exploited,
their emission peaks are still not narrow enough. Further-
more, for NDIR applications, the target substance is usually
prespecified and the characteristic absorption wavelength is
fixed. So a dynamic or active control of the peak emission
wavelength is an asset but not essential, as long as one can
tune the peak emission wavelength to match the target sub-
stance by e.g. geometrical changes. In general, the pursuing
of a simple and efficient MIR source with ultra-narrow band-
width and large spectral feasibility is still a constant research
goal.

In this paper, we propose a novel type ofMIR thermal emit-
ter with ultra-narrow bandwidth by employing the new phys-
ics of bound state in the continuum (BIC). The concept of
BIC was first proposed by Friedrich and Wintgen in quantum
mechanics [21], and then was introduced to acoustics [22],
electrodynamics [23], and photonics [24] in recent years. The
BIC resonance is achieved in our work by manipulating two
guided mode resonances (GMRs) supported by a slab wave-
guide and a special type of interdigitated gratings composed
of two ridge gratings with the same pitch and different stripe
width, placed on a conducting substrate. Both the two lay-
ers are made from the same refractory material of Al2O3 due
to its negligible material loss in the MIR range. By elabor-
ately designing the structure, it supports a sharp resonance
in the reflection spectrum due to the excitation of a quasi-
BIC mode. According to Kirchhoff’s law of thermal radi-
ation, the emissions from the structure after applying high
temperatures have the same electromagnetic characteristics as
the absorptivity. Our numerical results demonstrate that an
emission bandwidth less than 0.3 nm can be achieved at the
wavelength of 7.7851 µm even when all the material absorp-
tions are considered. By applying a geometrical scaling of
the whole structure, the advantages of near-unity emissivity
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and ultra-narrow bandwidth can be easily extended to a large
wavelength range. Our results reveal that the emission can be
tuned across the range of 3.6–8µm,well below the phonon res-
onance of the Al2O3 material. Although many methods have
been attempted to achieve narrowband MIR thermal emit-
ters, our proposed BIC based thermal emitter outperforms
others by further reducing the bandwidth. Besides the high
monochromaticity, this type of emitter has additional advant-
ages of high directionality and linearly polarization. There-
fore, it represents a new approach to realize efficient MIR
sources and may find significant applications in NDIR sensing
systems.

2. Structure and results

The structure of the BIC-based MIR thermal emitter is schem-
atically depicted in figure 1(a), and is composed of an interdi-
gitated grating composed of two alternatingly aligned ridge
gratings with the same pitch and different stripe width sep-
arated from the conducting substrate by a waveguiding layer.
The whole structure is assumed invariant in the z-direction and
the period P= 6 µm in the x-direction. The yellow region rep-
resents the gold substrate, and its relative permittivity can be
defined by the Drude–Lorentz dispersion model [25]:

ε(ω) = ε∞ −
ω2
p

ω2 + iγω

where ω is the angular frequency, ε∞ = 1, the plasma fre-
quencyωp and damping constant γ are 1.37× 1016 rad s−1 and
4.08 × 1013 rad s−1 respectively. The blue region represents
the grating and waveguiding layers and they are both made
from the refractory material of Al2O3, whose refractive index
is given by the tabulated experimental results [26]. The thick-
ness is h1= 4.5 µm for the grating layer and h2 = 5.9 µm for
the waveguiding layer. As shown in figure 1(b), in the same
unit cell, the width of two ridges is different, where one is
w = 1.5 µm and the other is increased by δ = 0.1 µm. When
a plane wave is incident onto the periodic structure, one grat-
ing will couple the light into a guided mode supported by the
three-layer air-Al2O3–Au geometry at the wavelength where
the phase matching condition is fulfilled. This guided mode
will propagate laterally and then couple back to free space due
to the infinite distribution of the same excitation grating, giv-
ing rise to the phenomenon of GMR in the reflection spectrum.
Since the two ridge gratings have the same period, they cor-
respond to the same guided mode wavelength. However, the
slight deviation of the grating width results in a different coup-
ling efficiency (particularly in the phase) to free space from
the two GMRs. In principle, an ideal BIC resonance will then
be formed with an infinite quality factor when δ shrinks to 0.
However, in that case, the BIC mode cannot be excited by a
plane wave since its coupling channel to the external environ-
ment is closed.When a slight deviation is introduced intention-
ally between the two grating element width, a quasi-BICmode
will be preserved, manifesting itself as a reflection dip with a
non-infinite but still ultra-high (>104) quality factor. Because

the metal substrate is thick enough, the transmissivity vanishes
in the whole MIR regime, so the reflection dip corresponds to
a strong absorption. Based on Kirchhoff’s law of thermal radi-
ation [27], for any object in the thermodynamic equilibrium,
the process of thermal emission is reciprocal to the absorption.
The yellow arrows and red output beam in figure 1(a) schem-
atically demonstrate the upward thermal radiation generated
by heating the whole structure by applying an electric current.
Note that only the emission at TE polarization is considered in
this work, which corresponds to the electric field along the z
direction in both the structure and free space. However, since
the waveguiding layer supports both guided mode of the TE
and TM types, all the obtained results can be easily extended
to the TM case.

We use the finite element method implemented in the soft-
ware of COMSOL Multiphysics to investigate the dispersion
characteristic. By establishing a 2D model with the unit cell
shown in figure 1(b), and applying the Floquet periodic bound-
ary conditions in the x direction to account for the lateral wave
vector, the eigen frequencies supported by the structures are
calculated. The solid blue line in figure 2(a) presents the cal-
culated resonances while the light dispersion in free space
is also given as the black dotted line. Apparently, the reson-
ances are located above the light line, i.e. within the radiation
continuum region, indicating the resonances supported by the
structure belongs to the category of BIC. One can also see that
even when a conducting substrate is present, the resonance is
weakly affected by the lateral wave vector, which is consistent
with the results supported by all-dielectric structures [28]. It is
plotted in figure 2(b) the resonance wavelength and Q-factor
with respect to the lateral wave vector respectively. As the
wave vector increases, the Q-factor experiences first a slight
decrease and then increases. The non-monotonic behavior of
the Q-factor as a function of lateral wave vector is attributed
to the material dispersion of the Al2O3, which has been fully
considered in the calculations. In general, the Q-factor is at
the order of 104. Particularly, when the wave vector is zero,
which corresponds to the emission in the normal direction, the
Q-factor is above 3.6× 104. This suggest that a thermal emitter
with ultra-narrow bandwidth can be realized. We note that all
these results are achieved by assuming the grating width dif-
ference as δ = 0.1 µm. The Q-factors can be actually further
increased by reducing the value of δ, as shown in figure 2(c).
When δ is zero, the Q-factor approaches infinity as in the case
of an ideal BIC, limited only by the loss of the metal substrate.
A value of δ = 0.1 µmwill ensure the structure can be steadily
fabricated by standard processes while maintaining a finite yet
ultra-high Q-factor.

The electromagnetic characteristics of the two processes
of absorption and emission, including the frequency and
polarization, are the same while the direction of power
propagation is opposite. Therefore, to investigate the emission
property of a structure, one only needs to study the absorp-
tion of it instead, which is a common approach of study-
ing thermal emitters. According to energy reservation, the
absorption A(ω) = 1−T(ω)−R(ω), where T(ω) and R(ω) rep-
resent the transmissivity and reflectivity respectively. Since
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Figure 1. (a) Schematic model of the novel thermal emitter based on the BIC resonance supported by the interdigitated grating-waveguiding
structure. The red output beam represents the thermal radiation at BIC resonance. (b) The cross sectional view of a single unit cell of the
structure.

Figure 2. (a) The band structure of the quasi-BIC mode supported by the interdigitated grating-waveguiding structure. The blue solid line
represents the supported resonance, while the dotted line is for light in free space. (b) Dependence of the quasi-BIC wavelength and the
resonance Q-factor as a function of the lateral wave vector, respectively. (c) Dependence of Q-factor on δ, and the dash line is a fitting of the
results.

the gold substrate is thick enough, the transmissivity dimin-
ishes to 0 and one can simply calculate the emissivity by
E(ω) = 1−R(ω). Figure 3(a) presents the calculated emis-
sion spectrum using this approach of the investigated structure
along normal output direction at TE polarization. It is obvi-
ous that the structure has two emission peaks in the range of
7.2–8.8 µm, where the one around 7.8 µm has a near-unity
emissivity while the other one around 7.4 µm is much weaker.
The inset of figure 3(a) gives an enlarged picture of the first res-
onance and demonstrates an emission bandwidth of less than
0.3 nm at the wavelength of 7.7851 µm, which corresponds

to a Q factor at the order of 104. This narrow bandwidth is 3
orders of magnitude smaller than that from metal metamateri-
als [14, 29]. Figure 3(b) shows the electric field distribution at
the resonance wavelength of 7.7851 µm and one can clearly
observe within the waveguiding layer an anti-symmetric pro-
file of the E field. This field distribution suggests that the quasi-
BIC resonance at normal incidence can be considered as the
symmetry-protected type of BIC because of the incompatibil-
ity of the field distribution with that of a plane wave. The field
distribution also indicates that the GMR is due to the excita-
tion of the TE0 mode in the waveguiding layer. The second
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Figure 3. (a) Spectrum of emission at TE-polarization from the interdigitated grating-waveguiding structure along normal direction; the
inset is an enlarged view of the emission peak. (b) The distribution of the real part of Ez on resonance in the xy plane. (c) and (d) present the
emission spectra of the structure scaled by a factor of 0.7 and 0.4 respectively, both calculated along normal direction and at TE-polarization.

emission peak has an emissivity less than 0.2, and this peak
is attributed to the excitation of a higher order of the guided
mode. Since there is a large spectral gap (∼400 nm) between
the two emission peaks, the second emission will not cause
significant spectral interference to the first one in the NDIR
applications.

One additional asset of the design is that the geometry can
be scaled so that the emission wavelength can be extended
easily within the MIR range. To demonstrate this point, we
plot in figures 3(c) and (d) the emission spectrum which cor-
responds to the two cases where the above structure is scaled
by a factor of 0.7 and 0.4 respectively. It can be clearly seen
that the original emission peak at 7.7851 µm in figure 3(a)
shifts to 6.0543 µm and 3.6884 µm respectively, however,
both still with near-unity emissivity and the Q-factors at the
order of 104. The working band of this novel MIR thermal
emitter can be further adjusted by using a larger scaling factor,
and the covering of the whole range between 3 and 8 µm
below the phonon resonance of Al2O3 can be realized. Since
similar structure array with different scaling factors can be
easily integrated on a same chip [30, 31], one can expect
to achieve a thermal emitter array with multiple emission
wavelengths, all with ultra-narrow bandwidth but correspond-
ing to the characteristic absorption wavelengths for differ-
ent target substances. Then the NDIR sensing of multiple

specimen can be realized during a single measurement without
the requirement of complicated band-pass filters or expensive
spectroscopic component.

In addition to the narrow bandwidth, broad wavelength-
tunability on the same platform, and linear polarization char-
acteristics of this MIR thermal emitter, we further show that
it has a superior emission directionality. Taking the original
structure which has a peak emission wavelength of 7.7851 µm
as an example, the emissivity at different output angle is
evaluated according to Kirchhoff’s law of thermal radiation,
by calculating the structure absorptivity of a TE-polarized
plane wave at different incident angles. Figure 4(b) shows
the dependence of emissivity on the output angle when the
output wavelength is fixed at 7.7851 µm. It can be seen that
the emissivity decreases sharply from 1 in the normal dir-
ection to 0 at an inclination of 0.3◦, which shows a highly
directionality performance of the emitter. For a larger out-
put angle, the central emission wavelength also experiences
a red-shift, which is accompanied with a gradual decrease
of the emissivity. The emission spectra at different output
angles are presented in figure 4(a) and the results are consist-
ent with those in figure 2(b) that a larger resonance wavelength
is associated with an increased lateral wave vector. The over-
all ultrahigh Q-factors in figure 2(b) at different lateral wave
vector also suggests that the emission bandwidth will keep
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Figure 4. (a) Emission spectrum of the interdigitated grating-waveguiding structure at different output angles. (b) The dependence of the
emissivity on the output angle at the wavelength of 7.7851 µm.

the ultra-narrow characteristics. This is verified in figure 4(a)
where one can see that the narrow bandwidth remains almost
the same. The results in figure 4(a) demonstrate that when
the thermal emitter is heated to a high temperature, actually
a broadband of emission is present with a special property
that each emittedwavelength corresponds to a certain emission
angle, around which the emission at this wavelength possesses
a sharp angular distribution. However, each structure has its
own characteristic emission wavelength at which the normal
emission is present. This kind of rainbow behavior has also
been found in other types of thermal emitter [17]. In practice,
one can use a spatial filter to retract the wavelength of emission
of his own interest.

The quasi-BIC modes presented in figure 4(a) in both the
normal and inclined directions raise the question about the
origin of the quasi-BIC resonances supported by the interdi-
gitated grating structure on a slab investigated in our work.
In the normal direction, the anti-symmetric profile of the
electric field in figure 3(b) suggests that it belongs to the
symmetry-protected type of BIC due to the incompatibility
of the electric field to that of a plane wave. However, this
is not true for the inclined directions where the symmetry
is not limiting. Our further calculations also reveal that the
quasi-BIC resonances in the inclined directions do not belong
to Friedrich-Wintgen type [32] as well, because we have not
observed the avoided crossing phenomenon of resonances in
a 2D mapping of the incident angle and the wavelength. Actu-
ally two resonances at different wavelength usually exist in
the Friedrich-Wintgen BIC. In our case of the interdigitated
grating, since it is composed of two alternatingly aligned
ridge gratings with the same pitch but different width, two
GMRs are present at roughly the identical wavelength. How-
ever, the coupling coefficient in the two GMRs have differ-
ent or opposite phases at certain wavelengths, so there will
be a destructive interference between the two GMRs coup-
ling back to free space, leading to an elimination (for the ideal
BIC) or narrowing (for the quasi-BIC) of the original GMR
resonance. We believe that the quasi-BICs in the normal and
the inclined directions can both be attributed to the destructive

interference between the coupling of the two GMRs to free
space.

3. Discussions and conclusion

In a summary, we have demonstrated in this work a novel
type of thermal emitter working in the MIR with ultra-
narrow bandwidth and broad wavelength-tunability, based on
the new physics of BIC. By using an interdigitated grating-
waveguiding structure on a conducting substrate, a quasi-BIC
mode similar to that supported by all-dielectric nanostructures
can be achieved thanks to the low dissipation loss of novel
metals in the MIR, leading to a sharp absorptivity/emission
resonance with ultra-narrow bandwidth. We numerically show
that at the thermal emission wavelength of 7.7851 µm, an
emission bandwidth less than 0.3 nm can be achieved, which
is three order of magnitude smaller than the metal metama-
terials based thermal emitter counterparts. We also demon-
strate that the emission wavelength can be flexibly adjusted
to cover a large part of the MIR regime below the phonon
resonance of Al2O3. Although the results presented in this
work are obtained by neglecting the material loss of the Al2O3

film, which is valid when some thin film deposition tech-
niques (e.g. the laser pulsed method [26]) are used, we should
note that even when some minor loss of Al2O3 is considered,
e.g. the imaginary part of its permittivity is assumed to be
2 × 10−5, a Q–factor as high as 3.0 × 104 can be achieved
by adjusting the value of δ, much higher than those realized
with metallic metamaterial-based thermal emitters. By repla-
cing Al2O3 with other low-loss refractory materials, thermal
emission with ultra-narrow bandwidth covering the whole IR
to even THz band can be realized. We believe that the BIC
based thermal emitters provide a simple yet effective approach
of realizing superior sources ranging from IR to THz, with the
potential to replace the expensive III–V semiconductor based
sources and pave the way for the requirement of light sources
in a variety of applications, especially sensingwhere the power
level is not important.
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2016 Pulsed laser deposited alumina thin films Ceram. Int.
42 1177–82

[27] Kirchhoff G 1860 I. On the relation between the radiating and
absorbing powers of different bodies for light and heat
London, Edinburgh Dublin Phil. Mag. J. Sci. 20 1–21

[28] Han Z, Ding F, Cai Y and Levy U 2021 Significantly enhanced
second-harmonic generations with all-dielectric antenna
array working in the quasi-bound states in the continuum
and excited by linearly polarized plane waves
Nanophotonics 10 1189–96

[29] Liu B, Gong W, Yu B, Li P and Shen S 2017 Perfect thermal
emission by nanoscale transmission line resonators Nano
Lett. 17 666–72

[30] Inoue T, De Zoysa M, Asano T and Noda S 2016 On-chip
integration and high-speed switching of multi-wavelength
narrowband thermal emitters Appl. Phys. Lett. 108 091101

[31] Inoue T, De Zoysa M, Asano T and Noda S 2018
Wavelength-switchable mid-infrared narrowband thermal
emitters based on quantumwells and photonic crystals
IEICE Trans. Electron. E101C 545–52

[32] Wiersig J 2006 Formation of long-lived, scarlike modes near
avoided resonance crossings in optical microcavities Phys.
Rev. Lett. 97 253901

7

https://orcid.org/0000-0003-4587-1857
https://orcid.org/0000-0003-4587-1857
https://orcid.org/0000-0002-4177-2555
https://orcid.org/0000-0002-4177-2555
https://doi.org/10.1021/acsphotonics.6b01025
https://doi.org/10.1021/acsphotonics.6b01025
https://doi.org/10.1364/JOSAA.35.000119
https://doi.org/10.1364/JOSAA.35.000119
https://doi.org/10.1007/s00216-008-1989-9
https://doi.org/10.1007/s00216-008-1989-9
https://doi.org/10.1364/BOE.4.000520
https://doi.org/10.1364/BOE.4.000520
https://doi.org/10.3390/rs13040741
https://doi.org/10.3390/rs13040741
https://doi.org/10.1088/2040-8986/aaa36b
https://doi.org/10.1088/2040-8986/aaa36b
https://doi.org/10.1016/S0169-7439(98)00156-7
https://doi.org/10.1016/S0169-7439(98)00156-7
https://doi.org/10.1016/j.snb.2016.03.040
https://doi.org/10.1016/j.snb.2016.03.040
https://doi.org/10.1038/s41467-020-19085-1
https://doi.org/10.1038/s41467-020-19085-1
https://doi.org/10.1038/nphoton.2012.143
https://doi.org/10.1038/nphoton.2012.143
https://doi.org/10.1364/OE.20.020894
https://doi.org/10.1364/OE.20.020894
https://doi.org/10.1007/s10103-014-1577-5
https://doi.org/10.1007/s10103-014-1577-5
https://doi.org/10.1038/s41563-019-0363-y
https://doi.org/10.1038/s41563-019-0363-y
https://doi.org/10.1103/PhysRevLett.107.045901
https://doi.org/10.1103/PhysRevLett.107.045901
https://doi.org/10.1103/PhysRevE.74.016609
https://doi.org/10.1103/PhysRevE.74.016609
https://doi.org/10.1063/1.4807174
https://doi.org/10.1063/1.4807174
https://doi.org/10.1038/416061a
https://doi.org/10.1038/416061a
https://doi.org/10.1063/5.0047308
https://doi.org/10.1063/5.0047308
https://doi.org/10.1103/PhysRevX.3.041004
https://doi.org/10.1103/PhysRevX.3.041004
https://doi.org/10.1364/OE.26.023918
https://doi.org/10.1364/OE.26.023918
https://doi.org/10.1103/PhysRevA.32.3231
https://doi.org/10.1103/PhysRevA.32.3231
https://doi.org/10.1017/jfm.2015.480
https://doi.org/10.1017/jfm.2015.480
https://doi.org/10.1103/PhysRevLett.122.073601
https://doi.org/10.1103/PhysRevLett.122.073601
https://doi.org/10.1103/PhysRevLett.100.183902
https://doi.org/10.1103/PhysRevLett.100.183902
https://doi.org/10.1364/OE.24.012367
https://doi.org/10.1364/OE.24.012367
https://doi.org/10.1016/j.ceramint.2015.09.048
https://doi.org/10.1016/j.ceramint.2015.09.048
https://doi.org/10.1080/14786446008642901
https://doi.org/10.1080/14786446008642901
https://doi.org/10.1515/nanoph-2020-0598
https://doi.org/10.1515/nanoph-2020-0598
https://doi.org/10.1021/acs.nanolett.6b03616
https://doi.org/10.1021/acs.nanolett.6b03616
https://doi.org/10.1063/1.4942595
https://doi.org/10.1063/1.4942595
https://doi.org/10.1587/transele.E101.C.545
https://doi.org/10.1587/transele.E101.C.545
https://doi.org/10.1103/PhysRevLett.97.253901
https://doi.org/10.1103/PhysRevLett.97.253901

	A novel mid-infrared thermal emitter with ultra-narrow bandwidth and large spectral tunability based on the bound state in the continuum
	1. Introduction
	2. Structure and results
	3. Discussions and conclusion
	References


