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ABSTRACT

Simultaneous single-peak and narrowband thermal emitters with the merits of a simple configuration and ease-of-fabrication provide a path
to enhance the energy utilization efficiency while they remain a challenge. Here, we demonstrate simultaneous single-peak and narrowband
thermal emission by hybridizing metal microstructures with polar dielectric substrates. The metal provides single-peak emission in a broad
spectrum range and the polar dielectric assists narrowband operation. The measured peak emissivity of the single-peak transverse-magnetic-
polarized emission is 0.94 with a quality factor of 19 at the wavelength of 11.2 um, and the emission at all other wavelengths from 2.5 um to
25 um is significantly suppressed. The utilization of the refractory material (molybdenum) provides further possibility for such a device to
operate at temperatures up to 600 °C. These simultaneous single-peak and narrowband thermal emitters suggest avenues for numerous
energy-efficient applications including gas sensing, thermal sources, and thermophotovoltaics.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5100938

Mid-infrared thermal emitters are essential for numerous appli-
cations, including radiative cooling,' thermophotovoltaics,” infrared
camouﬂage,3 and thermal sources.”” If the number and linewidth of
resonance peaks inside a wide wavelength range could be reduced
simultaneously, the unwanted radiation would be significantly mini-
mized and then the energy utilization efficiency of thermal emitters
would be improved. Therefore, simultaneous single-peak and narrow-
band thermal emitters are favored in many applications (such as sens-
ing). The conventional strategy to realize a simultaneous single-peak
and narrowband thermal emitter is to combine a high-temperature
broad-band blackbody thermal source with an additional narrowband
filtering element,” however, significant undesired radiation is simulta-
neously induced and the whole device is bulky. The recent develop-
ment of micro- and nanophotonics has generated vigorous interest to
deliberately tailor the absorption/emission spectrum over the mid-
infrared region. Semiconductors,”” metals,”"” and polar dielec-
trics'® *° are three common types of materials in these studies.

For semiconductor-based emitters, the combination of intersub-
band transitions in multiple quantum wells and the photonic-crystal

resonance effect allows for single-peak and narrowband emission; how-
ever, they still involve a complex fabrication process, and the emission
peaks red-shift as the temperature rises due to the decrease in the
intersubband absorption coefficiency at a higher temperature.” For
metal-based emitters, various structures have been adopted: (i) for
metal-insulator-metal structures,'’ "~ the inherent high optical loss of
metals in the mid-infrared range makes it difficult to achieve narrow-
band emission;”” (ii) for metallic gratings and bull’s eye structures, *'”
narrowband emission could be obtained through Bragg resonance.
However, their peak emissivity is not high (<0.7); (iii) for tamm plas-
mon polaritons structures,''® they exhibit narrowband emission, but
the total thickness is quite large (approximately micrometers) since
multilayers are adopted, rendering these emitters bulky. Polar dielec-
trics (such as SiC), which support surface phonon polaritons (SPhPs)
through the interactions between the incident electromagnetic radia-
tion and the intrinsic vibrations of optical phonons, act like metals
inside the Reststrahlen band [from the longitudinal optical (LO)
phonon mode to the transverse optical (TO) phonon mode].””** The
optical phonons possess relatively long lifetimes (approximately
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picoseconds) and polar dielectrics thereby exhibit comparatively low
optical loss (including gratings,' " antennas,”’ ** and metasurfa-
ces”*). Narrowband thermal emission with SiC gratings has been
demonstrated."® However, multiple peaks at the edge of the Reststrahlen
band are introduced (see Fig. S1 for the emission of SiC gratings), thus
degrading the energy-efficiency in comparison with a single-peak emit-
ter at a target emission wavelength at the same input power/energy.’
Therefore, the development of simultaneous single-peak and narrow-
band thermal emitters with the merits of a simple configuration and
ease-of-fabrication, which emit radiation at a narrow wavelength range
and restrain radiation at other wavelengths, remains a challenge.

In this paper, we demonstrate simultaneous single-peak and nar-
rowband thermal radiation with the merits of a simple configuration
and ease-of-fabrication by hybridizing the metal structure with the
polar dielectric. The metal provides the single-peak emission in a
broad spectrum range and the polar dielectric assists the narrowband
operation. The emitter is composed of a one-dimensional array of
gold strips onto a polar dielectric SiC substrate. This emitter presents
several distinct features: (i) single-peak emission between 2.5 um and
25 pum with a peak emissivity up to 0.94 at 11.2 um wavelength for TM
(transverse magnetic) polarization, which is dominated by a hybrid
plasmon/phonon mode; (ii) narrow bandwidth with a quality factor of
19; (iii) simple configuration with a layer of one-dimensional metal
structures; and (iv) high-temperature endurance (at least 600 °C) if the
metallic array is composed of molybdenum. This emitter may pave the
way toward plenty of energy-efficient applications including thermal
sources, thermophotovoltaics, and sensing.

This emitter consists of a one-dimensional array of Au micro-
strips on an SiC substrate [Fig. 1(a)]. Each unit cell consists of a gold
microstrip with the height (h) of 280 nm. The gap size (g) between
every two Au strips is 1.6 um. The period (p) is 7.3 um [Figs. 1(b) and
1(c), see the supplementary material Note 1 for the sample fabrica-
tion]. The electric field E is along the y and x axes for TE and TM
polarized light, respectively. The refractive indices of Mo, Au,” and
SiC* are derived from an ellipsometer and the literature, respectively
(Fig. S2). Within the wavelength range (termed as the Reststrahlen
band) between LO and TO phonon wavelengths of SiC (10.32 um and
12.61 um, respectively), the real part (n) of the refractive index is
much smaller than the imaginary part (k), the calculated absorptivity
and measured emissivity spectra of SiC are given in Fig. S3.

Experimental emission intensity spectra of the blackbody and
Au/SiC with TM polarization at different temperatures (from 100 to
380 °C) are presented in Fig. 2(a). Apparently, the blackbody emission
maintains at a high level over a broad wavelength range with a low
quality factor [Ao/AA, Z¢ is the peak wavelength and A/ is the full
width at half-maximum (FWHM)]. With the hybrid Au/SiC structure,

(a) 12

X

FIG. 1. (a) Schematic diagram and (b) cross-sectional view of the emitter. (c) SEM
top-view image of the fabricated structure. The scale bar is 2 um. The arrows indi-
cate the TE and TM polarization, respectively.
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FIG. 2. (a) Measured TM-polarized emission intensity spectra of the blackbody and
Au/SiC from the normal direction. The black line is for the blackbody (black soot) at
100°C. Other lines are for the sample at different temperatures. The inset is the
extinction ratio between Ey at 11.2 um and E; at 14.1 um. (b) Measured emissivity
spectra of Au/SiC at 100 °C from the normal direction with TE and TM polarized
light. The inset is the extinction ratio of between TM and TE polarized emissions.
(c) Measured (solid lines) and calculated (dashed lines) absorptivity spectra of Au/
SiC under normal incidence with TE and TM polarized light. (d) Electric field
enhancement (|E/E,|, Eq is the incident electric field, top) and resistive loss (Q, bot-
tom) distribution at the simulated resonance wavelength of 10.6 um under TM
polarization.

the thermal emission can be tailored with an emission peak at the reso-
nance of 11.2 um, while at other wavelengths it is suppressed. By
increasing the device temperature, the emission peak of this emitter
shows a rising trend at the resonance, which implies that the power of
this emitter can be enhanced by heating the device. Apart from the
emission peak at 11.2 um, weak emission at around 14.1 um also can
be seen. To clearly demonstrate the radiation suppression property, we
define the extinction ratio between the emissivity (E,) at 11.2 yum and
14.1 um (E;) as ER = 10 x log (Ey/E;) [inset of Fig. 2(a)]. When the
temperature changes from 100°C to 380°C, the extinction ratio
remains over 4.8 dB. The experimental polarization-dependent emis-
sivity spectra are shown in Fig. 2(b). The maximum emissivity of this
hybrid Au/SiC structure for TM polarization is 0.94 at the resonance
of 11.2 um, while for TE polarization, the emissivity is less than 0.2
across all the wavelengths we measured. For TM polarization, the
FWHM of the peak is 0.6 um, implying a quality factor of 19. The cor-
responding extinction ratio for these two polarizations [ER = 10 x log
(Ers/Erg), Erpg and Eqg are the measured emissivities of Au/SiC at the
same wavelength under TM and TE polarization, respectively] is as
large as 7.1 dB [inset of Fig. 2(b)].

The absorption property of the Au/SiC emitter was calculated by
the COMSOL Multiphysics software [Fig. 2(c)]. According to
Kirchhoff’s law of thermal radiation, the values of absorptivity and
emissivity of an object at any wavelength are the same. The experi-
mental emissivity and absorptivity under TE and TM polarization
conform to this rule [Figs. 2(b) and 2(c)]. The red-shift of resonance
indicates that v, is larger than the simulation while the resonance
broadening is caused by additional loss including the material loss of
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SiC and scattering loss owing to the fabrication imperfection.
Emission, emissivity, and absorptivity measurements can refer to the
supplementary material Note 1. To study the angular dependence,
mid-infrared absorptivity spectra are acquired by illuminating the
samples with TM-polarized light at various incident angles (Fig. S4).
Single-peak absorption is apparent for an incident angle of less than
30°, with a maximum absorptivity over 0.66. The calculated electric
field enhancement (|E|/E,|) and resistive loss (Q, see the supplemen-
tary material Note 2) distributions manifest a hybrid plasmon/phonon
mode [Fig. 2(d)]. The maximum electric field enhancement (~115)
occurs at the corners of the bottom of Au strips (air/Au/SiC). To show
the necessity for employing a metal/SiC structure for simultaneous
single-peak and narrowband emission, the TM-polarized absorption/
emission properties of SiC/SiC, SiC/Au and Au/SiC structures were
calculated (see the supplementary material Note 3).

Increasing the working temperature of thermal emitters could
improve the radiated power. Therefore, investigating the long-term
thermal stability of thermal emitters at a high temperature is essential
for practical applications. Noble metals have low melting points,”
restricting their usage under some high temperature conditions. A few
refractory materials (e.g., Mo, W, TiN, and SiC) have been selected as
better replacements for noble metals.'”'""'""**" We initially baked the
Au/SiC emitter at 600 °C for 30 min by a rapid thermal processing fur-
nace. A slight resonance wavelength shift from 11.2 um to 11.0 um
can be seen, but the single-peak emission still exists with the peak
emissivity beyond 0.90 after 30 min heating [Fig. 3(a)]. Some large-
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FIG. 3. Measured emissivity spectra of (a) Au/SiC and (b) Mo/SiC before and after
baking. The results are obtained under TE and TM polarized normal incident light,
respectively. Optical microscopy and SEM images of (c) Au/SiC and (d) Mo/SiC
before and after baking. The first row is the optical microscope images (white scale
bar: 10 um). The second row is the magnified view of SEM images (red scale bar:
2 ym). The third row is the wider view of SEM images (blue scale bar: 100 nm).
Inset of (b) shows the cross-sectional schematic diagram of Mo/SiC (p=7 um,
g=2um, h=250nm), which is similar to Au/SiC (p=7.3 um, g=1.6 um,
h=280nm) in (a).
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sized grains on the Au surfaces were generated due to the low melting
point of Au microstructures [Fig. 3(c)]. This will lead to the deforma-
tion of the Au arrays and deteriorate the radiation performance of this
emitter. Therefore, the maximum endurable operating temperature of
the Au/SiC emitter is below 600 °C.

To improve the thermal endurance, we choose Mo as a substitute
for Au [inset of Fig. 3(b)], as Mo and Au share similar optical proper-
ties in the mid-infrared regime (Fig. S2). The single-peak emissivity is
0.87 at the wavelength of 11.1 um [Fig. 3(b)]. The emissivity of the
Mo/SiC structure can be improved by optimizing the fabrication (e.g.,
replacing photolithography by e-beam lithography). This Mo/SiC
emitter still retains its emission performance after baking under the
same conditions. The Mo grains still retain their shapes throughout
the heating process, which ensures the emission stability of this Mo/
SiC thermal device [Fig. 3(d)]. Hence, we can conclude that this Mo/
SiC emitter could withstand at least 600 °C for 30 min, which is desir-
able for operation in some high temperature environments (e.g., gas
reaction environment).

To manifest the single-polarized thermal emission property of
the Au/SiC structure, the spatial emission performances of patterned
Au/SiC structures are further investigated. The spatial information can
be “encrypted” by patterning the top Au array with different direc-
tions. Here, we fabricated two samples: strip and checkerboard pattern
(Fig. 4). The Au arrays of every single adjacent area are mutually per-
pendicular to each other (area I and IT). For both strip (S1) and check-
erboard (S2) patterns, the smallest linewidth is the same (3 mm), with
the total area of around 12 x 12mm? and 12 x 9 mm?, respectively.
The sample is placed onto a heating stage at the temperature of
100 °C, with an infrared camera mounted above. The infrared camera
captures the spatial power in the 8-14 um wavelength range. The radi-
ation temperature (7,) on the scale bar is related to the total received
power (P;,). The infrared images for these two samples are initially
captured without a polarizer [Figs. 4(a) and 4(b)]. The radiation tem-
perature is uniform for the Au/SiC structure (areas I and II). After

Au pattern

” ..

Camera

(@ |
without polarizer

FIG. 4. Infrared images of (a) S1 without the polarizer, (b) S2 without the polarizer,
(c) S1 with the polarizer, and (d) S2 with the polarizer. The arrow in (c) and (d)
denotes the direction of the polarizer. The color bars on the right represent the radi-
ation temperature recorded by the camera. The scale bar is 3mm. S1 and S2 are
the strip and checkerboard patterns of the Au arrays onto SiC substrates, respec-
tively. On the top are simple schematic diagrams of the setups for capturing the
infrared images. For areas | and Il, the directions of Au arrays are mutually perpen-
dicular, which is depicted by different colors. Area Ill represents the SiC.
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inserting a polarizer (aligned with the y-axis), the total captured power
by the camera is reduced for both area I and II as only y-polarized
radiation can pass through the polarizer [Figs. 4(c) and 4(d)]. The radi-
ation temperature for area I is lower than that for area II. Area III (bare
SiC) always shows the highest radiation temperature. The total power
(Pyor) captured by the camera is related to two parts—emitted radiation
power of the sample (P,,,;;) and reflected radiation power of the environ-
ment (P, (see the supplementary material Note 4). The calculated
power captured by the camera for different areas (I, II, and III) before
and after inserting the polarizer (y-polarized) can be found in Table S1.
Before inserting the polarizer, the calculated P, for bare SiC (area III) is
6432 W m >, which mainly comes from the emitted power by SiC itself
(accounting for 74%). The calculated Py, for Au/SiC is 4406Wm™>,
which mainly comes from the reflected radiation power of the environ-
ment (accounting for 63%). After inserting the polarizer, the calculated
Py; for areas I and areas II are 200.6 W m > and 240.0 W m >, respec-
tively, indicating higher radiation temperature for area II.

In conclusion, we introduced a hybrid metal/polar dielectric struc-
ture to realize a simultaneous single-peak and narrowband thermal emit-
ter with the merits of a simple configuration and ease-of-fabrication.
This emitter consists of a 280-nm-thick gold structure on the SiC polar
dielectric substrate. The metal provides the single-peak emission in a
broad spectrum range and the polar dielectric assist the narrowband
operation. The near-unity single-peak emissivity is based on a hybrid
plasmon/phonon mode under TM polarization. For the hybrid Au/SiC
structure, the narrowband emission has a quality factor of 19 and thus
helps to concentrate the total input thermal energy into the narrowband
emission window. The thermal stability of this hybrid metal/polar dielec-
tric structure is enhanced by employing a refractory material Mo. This
device shows great potential in numerous energy-efficient applications
including gas sensing, thermal sources, and thermophotovoltaics.

See the supplementary material for a complete description of the
experimental methods, resistive loss, comparison between different
structures, power calculation, and additional data.
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