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ABSTRACT: Thermal emissions with high coherence, although not as high as
those of lasers, still play a crucial role in many practical applications. In this work,
by exploiting the geometric perturbation-induced optical lattice tripling and the
associated Brillion zone folding effect, we propose and investigate thermal
emissions in the mid-infrared with simultaneous high temporal and spatial
coherence. In contrast with the case of period-doubling perturbation in our
previous work, the steeper part of the guided mode dispersion band will be folded
to the high-symmetry I" point in the ternary grating. In this case, a specific emission
wavelength corresponds to only a very small range of wavevectors. Consequently,
apart from the high temporal coherence characterized by an experimental
bandwidth around 30 nm, the achieved thermal emissions also feature ultrahigh
spatial coherence. Calculations show that at the thermal emission wavelengths in
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the mid-infrared, the spatial coherence length can easily reach up to mm scale.
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A conventional thermal emitter (TE) can be well-
approximated by the concept of blackbody, and its
thermally induced radiations are normally broadband and
incoherent in the far-field. This is because the thermally excited
charged particles generate randomly oriented dipoles with
different momentums within the material, resulting in a typical
behavior of the emissivity with a broad-spectral band and a
quasi-isotropic angular distribution. After the periodic micro-
structure was first demonstrated to emit coherent and linearly
polarized thermal radiations," new doors have been opened for
controlling the spectral, coherence, and polarization properties
of thermal emissions.”” In recent years, there has been
increasing interest in developing micro/nanostructures to
achieve coherent TEs, especially with spectral selectivity
(temporal coherence) and directional control (spatial coher-
ence) for applications in thermal photovoltaic systems,”
infrared imaging,5 gas sensing,6 and radiative cooling.7
Currently, researchers have been successful in this direction
by employing various physics in different photonic structures.
The key to realizing coherent TEs is to couple the broadband
thermal fluctuations to some optical resonances, which will
further direct the proper spectral component to free space.
Examples of the optical resonances include delocalized optical
surface waves like surface plasmon polaritons (SPPs) excited
by plasmonic bandgap structures® or metallic gratings’ and
surface phonon polaritons (SPhPs) supported by polar
materials with similar periodic textures.'’”'” Localized
plasmonic resonances supported by the metal—insulator—
metal (MIM) sandwich geometry'®'® are also widely used,
where the radiation resonance is generally determined by the
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top-layer metamaterial and the thickness of the central layer
can be used to control the emissivity. However, large
limitations exist for the previous approaches. For example,
TEs based on SPhPs suffer from a limited working range
known as the Reststrahlen band. Due to the high intrinsic loss
of metals, the radiation spectrum of the MIM structure has a
typical broad line width (Q < 40), implying poor temporal
coherence. Coherent TEs based on the moiré effect in double-
layer twisted gratings on a tungsten substrate have also been
explored, but the complex structure geometry is difficult to
implement in practice.'®

In recent years, all-dielectric nanostructures have received
widespread attention due to their extremely low absorption
loss and unique optical properties to support high-quality (Q)
factor resonances.”” A commonly used design strategy for
achieving such high-Q resonances is to start from some well-
constrained bound modes (BMs). One typical example of the
BM is the bound state in the continuum (BIC),'®'? which has
been intensively studied. The BIC usually occupies discrete
points in the energy-momentum space and has an infinite Q
factor (resonance line width is 0) due to the inability to couple
with free space radiations. By introducing geometric
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perturbations or tilted incidence conditions, BIC can be
transformed into quasi-BIC (QBIC) to form high Q resonance
modes,””*! which have narrow bandwidth. Another type of
BMs, the guided modes (GMs), have broadband infinite Q
factors, and its dispersion band can be folded into the
continuum by introducing periodic perturbations to form
quasi-GMs (QGMs).”*"** Compared to QBIC, the QGMs
have the Q factors inherently not sensitive to the wavevector/
frequency, i.e., with robustness. The QGM inherits the steep
dispersion of the original GM and thus have spectral tunability
over the entire dispersion band while maintaining the high-Q
characteristic.”””* This property enables good control over the
spectral position by only varying the incident angle, with no
negative influence to the Q. We note that both QBIC and
QGM are collective behaviors in the periodic structures and
require a large number of unit cells to achieve high Q values.*®
In order to achieve thermal radiation with good coherence,
thermal fluctuations should couple to nonlocal resonances of
periodic optical elements, allowing them to propagate over
long distances before coupling to the external. In our previous
studies, we tried to apply the above two concepts to thermal
radiation sources and have obtained good experimental
demonstrations.””*® However, achieving large spatial coher-
ence of the thermal radiations in the normal direction still
demands significant improvement. For the GM supported by a
regular sub-wavelength photonic lattice, periodic modulation
of the structure results in a coupling between two counter-
propagating modes and gives rise to a spectral gap at the
boundary of the first Brillouin zone (FBZ), featuring a local flat
band within a certain range of wavevectors. When the lattice is
distorted, e.g., doubled by some geometric perturbation, the
spectral gap is usually folded to the I" point. This will give rise
to poor spatial coherence of radiation in the normal direction
when the structure is employed as a TE. That is because these
QGMs close to the I' point have a large number of excited
modes within a small Ak, and the thermal radiation emitted at
that frequency will include many spatial/Fourier components.
These components dephase on a length scale on the order of
1/ Ak, resulting in a low spatial coherence length. So in order
to achieve a thermal emission with high spatial coherence, one
should try to exploit the QGMs with a steep dispersion.

In this work, we change the width of every third ridge in a
regular grating to enable the period-tripling of the lattice,
which will cause the FBZ to shrink to 1/3 of its original. As a
result, the dispersion curve of the infinite-Q GMs will be
folded at the boundary of the new FBZ to be above the light
line to form QGMs with ultrahigh Q factors.”> As an example
of a demonstration, such a ternary grating structure on a Ge
slab waveguide is used and separated from a gold reflector by a
low refractive index layer of ZnS. By heating the metal
substrate with electric current, a reservoir of broadband
thermal fluctuations can be provided, and the spectral
component matching the nonlocal mode of QGM will couple
to it and be extracted to free space in the form of coherent
thermal emissions with enhanced efficiency due to the Purcell
effect. Unlike the binary grating,” the spectral gap at the
original FBZ boundary still appears at the boundary of the new
FBZ in the ternary grating, while the steeper part of the
dispersion curve of the original GMs (at 2/3 of the original
FBZ) will emerge at the I point. In other words, when the TE
operates in the normal direction, the emission occurs only
within a very small range of wavevectors, resulting in a much
narrower angular distribution and a larger coherence length.
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Figure 1(a) schematically illustrates the working principle of
the TE. A sufficiently thick region of gold is employed at the
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Figure 1. (a) Schematic diagram illustrates the working principle of
the highly coherent TE. (b, ¢) The unit cells of the (b) regular and
(c) ternary gratings after the introduction of the perturbation &,
respectively.

bottom to work as a conducting layer. To achieve nonlocal
QGMs, a high-refractive index and low-loss Ge is used as both
the top grating and waveguide core layer. ZnS is inserted in the
middle as a low-refractive index buffer. Figure 1(b,c) depicts
the evolution process from a regular grating to the ternary
grating structure by introducing J. Through careful design, the
following set of geometric parameters are used: P = 720 nm, ¢,
= 880 nm, t, = 440 nm, h = 390 nm, and w = 220 nm. The
period P of the structure, the slab thickness, and the size of the
ridges will determine the radiation wavelength of the QGM:s,
while the ridge width difference 6 determines the radiation Q
factor of the whole structure. The ZnS thickness ¢, of the buffer
layer can be adjusted, and it has two additional roles. On one
hand, it can control the impedance matching between the
structure and the environment to optimize the emissivity. On
the other hand, it isolates the core layer from the metal,
reducing the impact of metal absorption on the optical modes
(see the Supporting Information Part III for all material
refractive index parameters in the calculations). According to
Kirchhoff's law of thermal radiation, the emissivity for any
object is equal to the absorptivity under thermodynamic
equilibrium conditions. So, in the calculations, the absorbance
of a structure A(w) can be used to model the emissivity E(w).
Since the gold substrate is optically thick enough to result in
zero transmittance, the emissivity E(w) = A(®) = 1 — T(w) —
R(w) can be simplified as E(w) = A(w) = 1 — R(w).
Therefore, it is only necessary to study the absorption
characteristics of the structure, and the results will represent
the emission properties of the structure. In practical
applications, when an electric current is applied to the bottom
metal layer to function as a Joule heater, the thermally excited
charged particles generate randomly oriented dipoles in the
material that couple to the QGMs supported by the upper
structure. Ultimately, the coherent light is radiated with an
enhanced efficiency.

In general, for the transformation from GM into QGM,
geometric perturbation is required to increase the period P in a
sub-wavelength lattice to the new period P,, = mP, where m is
an integer representing the number of periods from the
original structure that must be merged into the new unit. Band
folding typically occurs at the boundary of the new FBZ, i.e., at
wavevectors of +a/P,. Due to the periodicity in the
wavevector space, the original dispersions at +2m/P, are
folded to the I' point. In previous studies, researchers have
used period-doubling to enhance the angular tolerance of
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Figure 2. Schematic diagram of dispersion variation supported by (a) regular gratings with a period of P, (b) binary gratings with the period

perturbed to 2P, and (c) ternary gratings with the period perturbed to 3P.

devices,” taking advantage of the larger spectral bandgap at
the boundary of the FBZ of a regular grating. To illustrate the
evolution from GM to QGM involved in this study, we start
with a regular grating with a sub-wavelength period P, the cross
section of which is schematically shown in Figure 1(b). For
such a grating, the coupling between two counterpropagating
modes leads to a pronounced spectral gap at the boundary of
the FBZ (k = +n/P), and close to this position, the group
velocity decreases. Furthermore, the magnitude of the
refractive index modulation by the grating determines the
broadness of the spectral gap. When a perturbation is
introduced, e.g, by changing the width or position of every
second ridge, the period changes from P to 2P resulting in
band folding at the position of k = +7/2P, as shown in Figure
2(b). The blue circle indicates that the original spectral gap is
folded to the I' point, which results in the thermal emission
appearing within a wider range of wavevectors, thereby
reducing its spatial coherence. While low-contrast gratings
can be used to reduce the size of the spectral gap,’ the
suppressed radiation losses in lossy systems will be harmful to
achieve a large emissivity due to the absence of Q matching.
For the ternary gratings in Figure 1(c), due to the increase of
the period from P to 3P, the FBZ shrinks to [—7z/3P, n/3P] in
the wavevector space, as shown in Figure 2(c). The spectral
gap at the boundary of the FBZ of regular grating k = /P is
moved to the new boundary of the FBZ, and the continuous
GM band originally located at k = +27/3P is folded to the I
point. As indicated by the green pentagram in Figure 2(c), a
state similar to degeneracy is formed at the I' point, which
ensures that the emission at the I" point occurs only in the very
small interval Ak.

We computed the band diagrams of the GM/QGM modes
supported by both the regular grating and the ternary grating
where 0 is assumed to be 50 nm. All the calculations are carried
out using the finite element method (FEM) implemented in
the commercial software COMSOL Multiphysics. In Figure
3(a), the yellow region represents the area below the light line,
where the modes have infinite Q_factors. The blue arrow
illustrates the effect of the band folding in the case of the
period tripling. Since m = 3, the continuous GM at the position
of 27/3P in the regular grating appears at the I' point, as
shown by the transition from the blue dashed line circle to the
blue solid line circle in the figure. In this work, we only focus
on the two lowest-order bands A and B. Due to the weak
coupling between two counterpropagating modes at k = 0, a
spectral gap is present at the I' point, which is much smaller
than the period-doubling case in Figure 2(b). Such a tiny
spectral gap is necessary for achieving high spatial coherence.
Figure 3(b) presents a two-dimensional (2D) mapping of the
emissivity across the entire FBZ for the ternary grating
structure, and the inset shows a close-up at the intersection of
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Figure 3. (a) The calculated band structures of the GM by the regular
grating (solid black lines) and the QGM by the ternary grating (solid
colored lines) with § = SO nm. Only the wavevector along the k,
direction is considered. (b) 2D mapping of the emission spectrum
within the FBZ using the ternary grating. (inset) A close-up of the
spectral gap at the I" point.

the two bands. The results agree quite well with those from the
eigenfrequency analysis in Figure 3(a), with band-A and band-
B exhibiting narrowband resonant spectra showing high
robustness against wavevectors. The band-B shows a BIC at
the I' point, which arises from the structure’s mirror-symmetry
with respect to the center of the perturbed grating ridge. This
symmetry-protected or fully antisymmetric mode cannot be
excited by plane waves or radiate into free space. So we only
consider the contribution of band-A. In fact, in the normal
output direction of the TE, only an extremely narrow QGM
resonance peak is present throughout the frequency range of
0.05¢/P — 0.17¢/P, demonstrating its excellent monochromatic
performance. Changing the position of some ridges without
aﬂectin% their widths is another way of achieving the period
tripling.”>*" However, such a ternary grating with a positional
perturbation will result in the entire system with no mirror
symmetry. So both bands will radiate toward free space at the
I' point, and the monochromaticity of emissions in the normal
direction will no longer be maintained.

The temporal coherence of a thermal emitter is primarily
determined by the total Q factor (Q,), which has two
contributions 1/Qyy = 1/Q.oq + 1/Q,ps Where the radiation Q
factor (Q,q) and absorption Q factor (Q,,) are due to
radiation loss and material absorption loss,”* respectively.
Therefore, the achievement of a high Q factor requires
simultaneously high Q.4 and Q.. To simplify our experi-
ments, all materials were deposited by electron beam
evaporation (EBE), giving rise to their amorphous states. By
adjusting the size of the § to control the radiation loss, a total
Q factor of more than 2 X 10° can still be achieved even when
all the losses are considered. In fact, when all the materials
except metals are single-crystalline and lossless, the Q factor
can reach the order of 10* (see Figure S6). To illustrate the
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underlying physics, we consider the bottom metal as a perfect
electric conductor (PEC) and neglect the losses in all other
materials. In this case, the relationship between the Q factor
and & is shown on the right panel of Figure 4(a). As &
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Figure 4. (a) Dependence of the Q factor on perturbation parameter
6. The blue curve gives the results using evaporated amorphous
materials, while the red curve corresponds to the results where the
losses of all materials are neglected. (b) Dependence of Qo Qubs
and Q,,q on 8. When § = 50 nm, Q. = Q.4 perfect emission (PE) is
achieved. (c) Normalized emission spectrum from the structure in the
normal direction and at y-polarization. (inset, right) An enlarged view
of the emission peak. (inset, left) The field distribution of the real part
of E, in the x-z plane at the peak wavelength. (d) The angular
distribution of the emissivity at different emission wavelengths and
output directions.

increases, the Q factor exhibits an inverse quadratic depend-
ence on 0. When 6 = 0 nm, the dispersion of QGM restores to
that below the light line, forming a GM with an infinite Q
factor. As shown in Figure 4(b), when § = 50 nm, Qg = Qupe
According to the temporal coupled mode theory (TCMT),
perfect emission (PE) is then achieved. The reflectivity spectra
from the structure at different values of 6 can be found in the
Supporting Information (Figure S7), which are consistent with
the results here. The corresponding emission spectrum exhibits
excellent monochromaticity over a wide spectral range (5—9
um), as shown in Figure 4(c), and exhibits an output line
width of only 5.65 nm at 6.511 um even when all the material
losses are taken into account. Compared with traditional TEs
based on MIM or SPhPs, the line width is reduced by 2 orders
of magnitude. The inset on the left shows the field distribution
of the real part of E, at the emission peak wavelength, which is
mainly concentrated in the high refractive index waveguide
layer below each ridge. Figure 4(d) shows the spatial angular
distribution of the emissivity for three different output
wavelengths. At 6.511 ym, which corresponds to the normally
emitted thermal radiation from the structure surface, the full
width at halfmaximum (fwhm) of the angular distribution is
only 0.76° (13.26 mrad), indicating that the spatial coherence
length' for the normal output emission is as high as L. = 1/A0
=75.54 = 0491 mm. This represents an increase by more than
4 times compared to that of the thermal emission in the
normal direction from a binary grating (L. = 0.121 mm).”® In
addition, for a longer output wavelength of 6.769 ym in the
inclined output direction, the spatial coherence length reaches

= 2.98 mm. Further results (see Figure S8) show that if
lower contrast gratings made of single-crystal materials are
used, the coherence length of the normal output emission can
reach up to L, = 19104 = 13.27 mm.

In the experiment, we fabricated the above designed
structure (the details can be found in the Supporting
Information). The cross-sectional and top-view scanning
electron microscope (SEM) images are shown in Figure
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Figure 5. (a) Cross-sectional and top views of the fabricated structure obtained with SEM. (b) Emission spectrum of the fabricated sample at
different temperatures (200, 220, 240, 260, and 280 °C) under y-polarization. (c) The polarization dependence of the peak emission intensity at
240 °C. (d) Normalized emission spectra at five different temperatures (normalized to a blackbody heated to the same temperature). (e) An
enlarged view of the normalized emission spectrum at 240 °C, where the black dashed line represents a Lorentz fitting of the resonance.
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5(a). The entire sample was heated to high temperatures using
a commercial emission adapter, and the thermal radiation was
characterized using a Fourier transform infrared (FTIR)
spectrometer equipped with a linear polarizer (Figure S2).
The y-polarized emission spectrum is shown in Figure S(b),
where the emission intensity exhibits an increase at higher
temperatures, accompanied by a slight red-shift in the
spectrum which is attributed to the thermo-optic effect of
the Ge material. This indicates that the temperature can serve
as a means of fine spectral tuning (Figures S5 and S9). The
polarization dependence of the TE output was verified by
rotating the direction of the polarizer at 240 °C, as shown in
Figure 5(c). The normalized spectra at five different temper-
atures are shown in Figure 5(d), all normalized to blackbody
radiation at the same temperature. It can be observed that a
remarkably narrow emission spectrum is obtained over a wide
wavelength range. The Q factor is generally stable and
undergoes very slight changes with increasing temperature
(see the results in Figure S9). Figure 5(e) shows an enlarged
view at the wavelength peak position of 6.509 ym at 240 °C.
An emission line width of only 30 nm is found, corresponding
to a Q factor of 217. The experimental bandwidth is slightly
lower than the theoretical predictions, mainly attributed to a
lower Q, in the fabricated structure, resulting from the
additional scattering losses introduced by the roughness of the
structure sidewalls. The reduced emissivity from unity is
attributed to a subsequent mismatch between Q,, and Q..
Furthermore, all the thermal radiations exhibit good spatial
coherence, even though multiple wavelengths in different
radiation directions may simultaneously enter the FTIR and
lead to the broadening of the emission line width.

It should be emphasized that in order to simplify the
experiments, all of the thin films were obtained through
evaporations, which results in higher absorption losses. If
single-crystalline thin films are obtained by using more
advanced techniques such as atomic layer deposition or
molecular beam epitaxy in practical applications, combining
with an optimization of the 6 value to achieve a high emissivity,
the Q factor can be increased to the order of 10* (see Figures
S6 and S8). Additionally, this thermal emitter exhibits high
spatial coherence due to the steep dispersion of the QGMs. In
other words, the emitted wavelength is highly sensitive to the
output angle with different angles corresponding to different
output wavelengths. Since our measurement setup collects all
of the emissions entering its entrance window within a certain
range of angles, it leads to a spectral overlap and increases the
spectral bandwidth. For a thermal radiation source in practical
applications, a spatial filter can be combined to customize the
radiation in a specific directional angle, then the emitter can
achieve both ultranarrow line widths and high tuning of the
output wavelength within a wide band (see Figure S7).

In summary, we achieved a high Q factor QGM with a small
spectral gap and a less-rounded dispersion near the I" point by
utilizing the band folding effect in a ternary grating. The
feasibility of its application in thermal emitters has been
numerically investigated and has been experimentally demon-
strated. Due to the period increase from P to 3P, the large
spectral gap at the original FBZ boundary is shifted to the
boundary of the new FBZ, rather than being folded to the I"
point like that in a binary grating. The steep dispersion band of
the GM at 2/3 of the original FBZ appears at the I' point.
Thanks to the small spectral gap and steeper dispersion
combined with the high Q factor, thermal emissions of both
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high temporal and high spatial coherence in the normal
direction can be achieved. Furthermore, this thermal emitter
offers a large spectral tunability by the output angle and linear
polarization characteristics. This structurally simple and high-
performance thermal radiation source represents the latest
technological advancement in the field and is expected to
become a promising alternative mid-infrared light source in
applications such as the next-generation nondispersive infrared
(NDIR) sensing systems.
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