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Abstract: Narrowband thermal emission at high temperatures is required for various thermal
energy systems. However, the large lossy energy of refractory metals induces a broad bandwidth
emission. Here, we demonstrated a two-dimensional (2D) superlattice microcavity array on
refractory metals to control the emission bandwidth. A hybrid resonance mode was obtained
by coupling the standing-wave modes and propagating surface-wave modes. The bandwidth
emission was controlled by varying the superlattice microcavity array resulting from the change in
electric field (E-field) concentration. The quality factor (Q-factor) improved by more than 3 times
compared to that of a single-lattice array. A narrower band emission originating from the hybrid
mode was observed and analyzed experimentally. This novel surface-relief microstructure method
can be used to control the emission bandwidth of thermal emitters used in thermophotovoltaic
(TPV) systems and other high-temperature thermal energy systems.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Controllable spectral properties are attractive for substantial applications in heat transfer [1-4],
optoelectronics [5—7], and sensing technologies [8,9]. Spectral-controlled thermal emitters,
which are expected to improve the efficiency of energy systems, have been extensively studied over
the past century. The photonic structure is an appealing strategy because its spectral distribution
can be flexibly adjusted over a wide wavelength range. Many researchers have demonstrated
the spectral control of emissions with(photonic microstructures (e.g., one-dimensional photonic
multilayers [10-12], surface microstructures [13—17] and metamaterials [18-22]). Furthermore,
the thermal stability of emitters is critical for high-temperature operations of energy conversion
systems, such as TPV systems [23-27] and solar thermal systems [28—32]. Refractory metals (e.g.,
tantalum (Ta), tungsten, and molybdenum) are often used as thermal emitters owing to the high
melting point characteristics. Several studies have reported the fabrication of photonic structures
on these refractory metals [33,34]. Emission spectra are controlled by the interaction between
the periodic lattice of microstructures and electromagnetic(EM) waves from high-temperature
thermal sources. This concept is expected to improve the efficiency of energy systems.
Quasi-monochromatic thermal emissions have been demonstrated to significantly improve
the efficiency of energy conversion systems. Several researchers have demonstrated various
narrowband thermal emitters based on multiple quantum wells with photonic crystals (PhCs)
[35], 2D periodic microcavities covered with a thin metal [36], and plasmonic Fano resonance
in PhCs [37]. However, photonic microcavities formed by refractory metals are likely to
be lossy in the near-infrared range, and the amplification of standing-wave modes is not
sufficient to obtain a narrowband emission [38]. Controlling the bandwidth on the refractory
metals for high-temperature thermal systems remains challenging. Owing to the flexibility of
photonic microstructures, the manipulation of various resonances to induce coupling at desirable
wavelengths has been demonstrated as an effective approach to control the spectrum properties.
For example, the Fabry-Pérot (FP) mode was enhanced by coupling the plasmon resonance
modes in a dielectric cavity [39]. A strong absorptance was observed upon coupling the magnetic
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polaritons of a metal grating with the plasmonic resonance of a graphene ribbon [40]. Therefore,
controlling the bandwidth in refractory metals by generating the hybrid resonance mode is an
effective strategy.

In this study, we developed a 2D superlattice microcavity array to achieve bandwidth control
of thermal emission using refractory metals. The standing-wave modes, which are regarded as
microcavity resonances (MCR), are generated in individual microcavities, and the propagating
surface-wave modes, which are regarded as surface plasmon resonances (SPR), are generated at
the surface of the periodic microcavity array. The hybrid resonance mode appears by tuning the
resonance wavelengths of the MCR and SPR. Here, a strong enhancement of the localized E-field
distribution was obtained by controlling the gap between adjacent microcavities. The emission
bandwidth was proven to be controllable experimentally. This novel strategy demonstrated
that the emission bandwidth from refractory metals can be controlled by the 2D superlattice
microcavity array. This reduces the complexity of fabrication, making it convenient to use
arbitrary refractory metals as large-area thermal emitters, which are used in thermophotovoltaic
systems and other high-temperature thermal energy systems.

2. Design and fabrication

2.1.  Hybrid resonance mode generation

The proposed 2D superlattice structure consists of a pair of square cavities with diverse aperture
sizes and is distributed in an anti-symmetry crossing (see Fig. 1(a) and (b)). The large cavity,
hereinafter referred to as the main cavity, acts as the resonator of the MCR and confines the EM
wave. The smaller cavity is referred to as the supplementary cavity. The superlattice periodic
array was constructed using both microcavities to generate the SPR. The resonant wavelengths of
the MCR and SPR can be expressed by Eqgs. (1) [41] and (2) [42], respectively.
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where [, m, and n are integers, L,, L, are the aperture width values of the microcavity, and L,
is the microcavity depth. A is the grating period, € and ¢ are the polar and azimuthal angles,
respectively, and g, is the dielectric constant of the metal.

The excitation of hybrid resonance mode was designed at ~1.7 um to demonstrate the
effectiveness of bandwidth control in the near-infrared range. Moreover, the normal incident light
was considered as the surface propagation waves to couple with the metallic periodic grating for
SPR generation. Therefore, we coupled the MCR and SPR to generate the hybrid resonance mode
at small wave vectors by optimizing the geometrical structure. The following parameters were
used for the Ta substrate: a period A of 1.1 pm, main cavity width a; of 0.9 pm, supplementary
cavity width a; of 0.7 pm, and an etch depth d of 0.7 wm. The dispersion curve of the hybrid
resonance mode is shown in Fig. 1(c). A clear resonance coupling behavior was observed near the
wave vectors K, = 0, where the interaction between the standing waves of the MCR at the upper
branch and the propagation waves of the SPR at the lower branch. Compared to the independent
excitation of MCR and SPR at the large wave vectors. We note that the intensity of the emission
spectra was strongly enhanced in the resonance coupling range. It indicates that a large part of
the thermal energy would emit from the hybrid resonance mode.
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Fig. 1. (a) Schematic illustration of the 2D superlattice microcavity array on Ta substrate
in cross-section view. (b) Top view; all key geometrical parameters are indicated. (c)
Calculated dispersion curve of hybrid resonance mode in the 2D superlattice microcavity
array.

2.2. Emission bandwidth control by supplementary cavity

According to Egs. (1) and (2), hybrid coupling can be generated regardless of the geometrical
features of the supplementary cavity. To investigate the spectral dependence of the hybrid
resonance mode in various supplementary cavity sizes, the spectral emittance was simulated
with a»=0, 0.4, 0.7, 0.8, and 0.9 um (see Fig. 2). The simulations used a rigorous coupled-wave
analysis (RCWA) method at the wave vector K, = 0 and both s- and p-polarized. When a; = 0,
the emission peak was observed at 4 = 1.79 um, which was attributed to the hybrid resonance
mode excitation in the 2D superlattice microcavity array. The spectral properties for the a; = 0.4
pum case were similar to those of a; = 0. A narrowing of the emission band was clearly observed
in the a, = 0.7 um case. Subsequently, the emission peak rapidly degraded in the a, = 0.8 um,
where in the supplementary cavity size approaches the main cavity size. A broad peak was
observed in the a; = 0.9 um. We postulated that the peak appearing at 4 = 1.69 pm could be
attributed to pure MCR.

Emittance

0.0 L L L L
1.6 2.0 24 2.8

Wavelength (um)

Fig. 2. Calculated spectral emittance for the superlattice microcavity array structure at wave
vector Ky = 0 with A = 1.1 um, a; = 0.9 um, d = 0.7 um and a, = 0, 0.4, 0.7, 0.8, and 0.9
um.
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To elucidate the controlling mechanism of the supplementary cavity structure on the emission
bandwidth, E-field amplitudes at the resonance wavelength were calculated. Here, E, denotes the
amplitude at the grating surface and E, denotes the microcavity center. The E-field distributions
atap = 0,04 um, 0.7 pu, and 0.9 um superimposed with the corresponding 2D superlattice
microcavity array structure are shown in Figs. 3. We note that the E-field distribution of E, was
localized on the gap surface between the adjacent main cavity and the supplementary cavity,
which is consistent with the SPR excitation in the superlattice microcavity array. The intensity
of the E-field between adjacent cavities was enhanced when the supplementary cavity size
increased. This can be attributed to the density enhancement of the plasmon oscillation on
the periodic grating, because the gap between the adjacent cavities was compressed. Hence,
the SPR excitation was enhanced by the E-field concentration effect. The MCR excitation was
demonstrated by the E-field about E,, where the standing waves were confined to the main cavity.

Y [um]

Z [um]

Y [um] Y [um]

Fig. 3. (a—d) Calculated E-field distribution of E; for the surface propagation waves at
xoy-cut plane where z = 0.8 um. (e—h) Calculated E-field distribution of E, for the cavity
standing waves at yoz-cut plane where x = 0.55 um.

The dependence of the E-field amplitude on the supplementary cavity size was investigated at
each emission peak (see Fig. 4). E, indicates the intensity of surface waves propagation by SPR
excitation, and E, indicates the intensity of standing waves formed in the cavity. E, increased
rapidly after a;>0.4 pm, and the maximum value was obtained with a, = 0.7 wm; a similar trend
was observed for E,. The E-field distribution was converted to the profile of the single-lattice
array when a; = ap, which indicates that the hybrid resonance mode was changed to the pure
MCR mode. This resonance mode change caused the degradation of E, and E,. These analyses
show that the bandwidth variation can be attributed to the localized enhancement of the E-field in
the hybrid resonance mode, which was achieved by varying the size of the supplementary cavity.

2.3. Fabrication

The 2D superlattice microcavity array fabrication process for polished Ta substrate is similar to a
developed process for photonic microstructures fabrication [43]. A 30 nm layer of chromium (Cr),
followed by a 180 nm layer of silicon dioxide (SiO,) were deposited by radio frequency magnetron
sputtering onto the cleaned substrates. These layers worked as the hard mask for the Ta etching.
The 2D superlattice microcavity array was defined on a 400 nm-thick soft resist (ZEP-520A) by
electron beam (EB) lithography. After the resist development, the pattern was transferred into
the SiO; and Cr mask layers by trifluoromethane (CHF3) and chlorine (Cl,)/oxygen (O,) with
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Fig. 4. Dependence of E-field intensity E; and Ey at emission peak on various aperture
sizes of the supplementary cavity.

induced coupled plasma reactive ion etching (ICP-RIE), respectively, using ULVAC CE-3001.
The Ta substrate was finally etched by dry etching using sulfur hexafluoride (SF¢) to form the
cavities. The residual Cr layer was removed completely by immersion into Cr liquid etchant
(MicroChemicals).

3. Results and discussion

Three samples were fabricated with the following supplementary cavity sizes: a; = 0, 0.4, and
0.7 um. The following geometrical structure parameters were fixed: A = 1.1 um, a; = 0.9
um, and d = 0.7 um. To characterize the spectral emittance of the fabricated samples, the
reflectance was measured at room temperature from 1.5 um to 3 pum using FT-IR (Spectrum-6100,
JASCO) with an indium antimonide (InSb) photodiode detector. The non-polarized incident
light parameters used for the measurement were 6 = 10° and ¢ = 45°. Because the samples
were opaque, the emittance was derived from the measured reflectance: A(1) = 1 — R(1). The
measured and simulated emittance values are shown in Figs. 5(a)—(c); the respective scanning
electron microscopy (SEM) images are shown in the inset. According to the simulation results,
the disturbance in the diffraction reflection only affects the measured spectrum for wavelengths
wavelength shorter than 1.78 um. Therefore, the diffraction effect did not occur in the hybrid
resonance peak at 1.81, 1.9, and 1.97 pum with a; = 0, 0.4, and 0.7 pm, respectively. This means
that it is possible to evaluate the emittance from the measured normal reflectance in this range.
The measured spectrum of the hybrid resonance peak showed good agreement with the simulated
spectrum. The bandwidth became narrower when the supplementary cavity was enlarged by
the E-field concentration effect. The slightly broader bandwidth of the measured peak can be
explained by the surface roughness of the cavity sidewall in the RIE process.

The Q-factor was obtained by fitting the hybrid resonance peak using the Voigt function. As
described in the analysis, the Q-factor is a function of the supplementary cavity size, which is
attributed to the E-field concentration effect. A narrowband emission with a Q-factor of 12.4 was
obtained at a, = 0.7 um in the 2D superlattice microcavity array, compared with a Q-factor of
4.1 in the single-lattice array. The experimentally resultant spectrum confirmed the improvement
of the Q-factor obtained by compressing the gap between adjacent microcavities. (see Fig. 5(d)).
These results demonstrate that the emission bandwidth can be controlled by the size of the
supplementary cavity with the hybrid resonance mode in a 2D superlattice microcavity array.
Moreover, several studies have demonstrated that the desired spectral performance of the surface
grating microstructure can be realized in a high-temperature environment [44—45]. Furthermore,
several effective approaches were reported to improve thermal stability [46,47]. For example, a
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Fig. 5. (a—c) Measured and simulated emittances for 2D superlattice microcavity array. The
structural parameters are A = 1.1 um, a; = 0.9 um, and d = 0.7 um with a, = 0, 0.4, and
0.7 pm, respectively. Insets show the SEM images of fabricated samples. (d) Q-factor of the
hybrid resonance mode peak as a function of the supplementary cavity size.

protective barrier was induced by coating a thin conformal layer of hafnia for long operational
lifetimes. Therefore, owing to the similar structural characteristics with the 2D surface grating
and flexible design that can integrate with various methods. The 2D superlattice microcavity
array demonstrates the significant potential to realize the satisfactory robustness of the thermal
stability and spectral emittance at high temperatures.

4. Conclusions

In summary, a 2D superlattice array was proposed for surface-relief microcavities on refractory
metals to realize emission bandwidth control for thermal energy systems. We demonstrated
hybrid resonance excitation by bonding the resonance of MCR and SPR. The spectrum of hybrid
resonance mode strongly depends on the aperture size of the supplementary cavity, which plays a
role in controlling the E-field concentration effect. A strong interaction of the E-field between
the superlattice cavities was observed at a; = 0.7 wm, indicating that the large supplementary
cavity enhances the plasmon oscillation on the surface of the metal grating. Thus, the emission
bandwidth of the hybrid resonance mode can be controlled by embedding various supplementary
cavities. A narrower emission bandwidth was observed with the superlattice microcavity array,
and the Q-factor of the emission peak improved by 3 times compared to that of the single-lattice
array. The improvement of the Q-factor was experimentally confirmed. The 2D superlattice
microcavity array provides a novel strategy for realizing quasi-monochromatic thermal radiation
with an integrated structured emitter or thermophotovoltaic systems and other high-temperature
thermal energy systems.
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