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Traditionally, light-matter interactions in the visible spectral range utilize tailored plasmonic nanostructure in
metals that often require advanced nanofabrication techniques. Concomitantly, polar lattice vibrations in di-
electrics are used to achieve mid-to-long wavelength infrared (IR) light-matter coupling. Achieving optical
resonances simultaneously in the visible and mid-to-long wavelength IR spectral range in one host medium has
been challenging due to mutually conflicting material and optical property requirements. In this article, we show
simultaneous light-matter coupling and development of super absorbers in the visible and mid-IR spectral ranges
with a lithography-free planar wide-angle metal-(polar)-dielectric-metal (MDM) Fabry-Pérot cavity composed of
ultrathin refractory metallic TiN as the top layer and polar dielectric Alg 72Scq 2sN as the spacer layer. Lattice-
matched TiN/Alg 75Sc.2sN/TiN MDM cavities exhibit super absorption resonance with maximum absorptivity
of ~99%. The absorption maxima spectral position is tuned with changes in spacer layer thickness and by uti-
lizing multiple cavity interactions. Alp72Sco 23N inside the MDM is also used for light coupling to the transverse
optical phonon mode and to the Berremann mode near the longitudinal phonon frequency with strong selective
absorption. Demonstration of refractory epitaxial TiN/Alg725¢0.2sN/TiN MDM metamaterials mark significant
progress towards developing compact optical meta-structures with on-demand optical resonances at different
spectral ranges.

Metal/polar-insulator/metal heterostructures
Super absorbers
Mid-infrared photonics

Artificially structured metamaterials provide unprecedented oppor-
tunities to control light-matter interactions at the nanoscale and lead to

a new era of compact multifunctional device technologies [18].
Traditionally, light-matter interactions in the visible and near IR

a plethora of device applications. Light-matter interactions in the visible
and near-IR spectral ranges are utilized for various device technologies
such as photovoltaics [1,2], photodetectors [3], photocatalysis [4],
phototransistors [5], light emitting diodes (LEDs) [6], and electro-optic
modulator [7,8]. At the same time, in recent years infrared light-matter
coupling is becoming increasingly important for many other emerging
device applications such as radiative cooling [9,10], thermophoto-
voltaics [11-13], telecommunication [14], sensing [15], and surveil-
lance [16,17]. Therefore, materials and structures that demonstrate
simultaneous light-matter interactions and optical resonances in the
visible and in mid-to-long wavelength IR spectral ranges would usher in

spectral range utilize plasmon resonance on metals and surface-
plasmon-polaritons at metal/dielectric interfaces [19] [-] [21].
Various self-assembled and patterned nanostructures have been also
employed for nanophotonic applications [22] [-] [24]. Plasmonic
nanostructures have been used to achieve sub-wavelength light
confinement, field localization, refractive index control, phase and
amplitude control and others [25,26]. Many device functionalities such
as perfect absorbers over a broad spectral range, or wavelength-selective
perfect emitters, were demonstrated [27] [-] [29]. Also, the planar
multilayer structures have attracted significant interest for high ab-
sorptions using Tamm plasmon resonances (TP) [30,31], coherent
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perfect absorption (CPA) [32,33] etc. The Tamm resonances can be
achieved at the surface between a periodic dielectric structure (Bragg
mirror) and a metallic layer, while the CPA can be achieved in MDM
structure by optimizing the thickness and permittivity of the
metal-dielectric layers. However, tailored optical resonances in most of
these devices are usually achieved with nanostructures that often
require advanced lithography and nanofabrication methods [27] [-]
[29,34]. Moreover, spectral selectivity and device performance are
strongly dependent on the periodicity, size and shape of these nano-
structures, which limits their application space.

Similarly, optical resonance in the mid-to-long wavelength IR spec-
tral range utilizes polar dielectrics, where the electromagnetic wave can
couple to the polar lattice vibrations [35] [-] [37]. Owing to the
transverse nature of the electromagnetic wave, light couples directly to
the transverse optical (TO) phonon modes in polar dielectrics such as
AIN [38], SiC [39], GaN [40], ScN [41,42], and leads to the
phonon-polaritons (a hybrid quasiparticle made of photons and pho-
nons) formations. As a result of such coupling, polar dielectrics exhibit
negative dielectric permittivity within a frequency range, known as the
Reststrahlen band that is encompassed by the transverse optical (TO)
and longitudinal optic (1.O) phonon modes [43]. Due to the negative
permittivity, polar dielectrics behave like conventional metals and
reflect incident radiation strongly within the Reststrahlen band. Along
with the direct coupling and optical absorption with the TO phonon
modes, electromagnetic modes can also couple to the leaky polaritonic
Berreman modes [44,45] near the LO phonon frequency in planar polar
dielectric films deposited on metal surfaces. Coupling of light with such
Berreman mode also leads to optical absorptions and is proposed for
selective emitter design in the mid-IR spectral ranges.

Therefore, (meta)-materials or (meta)-structures that can utilize the
light-matter interactions over the visible to long-wavelength IR spectral
range could lead to many hybrid device functionalities that no indi-
vidual materials can provide [18]. Yet, despite the apparent benefits
very little progress has been in this pursuit primarily due to the materials
incompatibility and nanofabrication challenges. For example, noble
metals such as Ag and Au are used for the plasmon resonance in the
near-UV-to-visible spectral ranges. However, as noble metals do not
possess optical phonon modes, they do not lead to optical resonances in
the mid-to-long wavelength IR spectral ranges. Similarly, though polar
dielectrics exhibit the light-matter coupling in the mid-to-long wave-
length IR spectral ranges, they do not show plasmonic response due to
the absence of carriers. Noble metals are also soft and unstable at high
temperatures, which compounds this fundamental material in-
compatibility challenge [20]. Due to their high surface energies, noble
metals cannot be deposited in thin-film and ultrathin film with low
roughness. At the same time, noble metals are not compatible with
complementary-metal-oxide-semiconducting (CMOS) technologies and
are not suitable for epitaxial heterostructure development without
atomic intermixing at the interfaces [46].

With the emergence of transition metal nitrides (TMNSs) as alterna-
tive plasmonic materials [20,41,47,48], the situation has improved
substantially. TMNs such as TiN are mechanically hard,
corrosion-resistant, exhibit a high melting temperature, and can be
deposited in ultrathin films with low surface roughness [49,50]. Planar
epitaxial TiN/Alg72Sco2sN metal/dielectric superlattices with nano-
scale period thicknesses have been developed that exhibit hyperbolic
photonic dispersion and a significantly enhanced photonic density of
states, as well as tunable plasmonic resonances [51,52]. Such super-
lattice metamaterials are also found to be stable at high-temperatures for
an extended period of time [53,54]. While TiN in TiN/Alg72S¢cg.2sN
metamaterials act as the metallic component, it is also important to note
that Alg 75Scg0gN is a polar dielectric that can support optical reso-
nances in the mid-to-long wavelength IR spectral range. AIN, which is
the parent material of AlySci 4N, is a well- known polar dielectric with
the TO and LO phonon mode frequencies at 673 em-' and 890 cm™?,
respectively. Though the inclusion of scandium inside AIN is necessary
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for stabilizing Al;Sci 4N in the rocksalt phase [55], and for the
lattice-matching with TiN, it does not change AIN’s polar semi-
conducting nature considerably.

In this work, motivated by the idea of creating simultaneous oprtical
resonances in the visible and mid-to-long wavelength IR spectral ranges,
we demonstrate epitaxial TiN/Alg73Sco2sN/TiN MDM Fabry-Pérot
cavity that not only results in tunable super absorption in the 500-1200
nm spectral range but also exhibit narrow-band selective absorption/
emission corresponding to Alg 725¢g 2gN’s TO phonon mode and Berre-
man mode frequencies. Importantly, we achieve three different types of
resonances, namely Fabry-Pérot cavity resonance [30], light coupling to
the polar TO phonon modes and to the Berreman modes [56] in one
planar, lithography-free large-area CMOS compatible MDM structure
deposited on insulating substrates that can be seamlessly integrated with
devices.

TiN/Alg 72S¢0.2sN/TiN MDM Fabry-Pérot cavity heterostructures are
fabricated on (001) MgO substrates with de-magnetron sputtering inside
an ultrahigh vacuum chamber at a base pressure of 2 x 10~° Torr. All
growths are performed at 10 mTorr deposition pressure at a substrate
temperature of 800 °C. Details about the growth method are presented
in Supplementary Information (SI) section 1. Structural properties of the
heterostructure metamaterials determined with high-resolution (scan-
ning) transmission electron microscopy (HR(S)/TEM) imaging (see
Fig. 1 for a representative double cavity structure) show that the TiN and
Alg 72Sc0.28N layers grow with cubic epitaxy on (001) MgO surfaces. The
100 nm thick bottom TiN layer serves as the back mirror for light
reflection and grows with lattice-matched epitaxy. The Alg725¢q 28N
layers are homogeneous, uniform and exhibit very little interface
roughness with TiN (see Fig. 1(b)). The atomic resolution STEM image in
Fig. 1(c) shows coherent growth of Alg72Scq2sN layers on TiN with
[001] (001) Alp73Scp.2sN || [001] (001) TiN epitaxial relationship. The
STEM energy dispersive x-ray spectroscopy (EDS) analysis show Ti, Al,
and Sc have not been diffusing between the layers during growth. Due to
the x-ray emission peak overlap between Sc and N, the N map shows
slight inhomogeneities.

MDM cavities are fabricated with a 100 nm TiN as the bottom layer
for super absorber design in the visible spectral range. The top TiN layer
thickness is kept constant at 15 nm, while the Alg 72Scq 2N spacer layer
thickness is varied from 50 nm to 100 nm and 150 nm (see Fig. 2(a)).
Reflectivity (R) measurements (see SI Fig. S2) show clear reflection dips
at 580 nm, 810 nm, and 1000 nm for the MDM cavities when the
dielectric layer thickness ranges from 50 nm to 100 nm-150 nm,
respectively. As the bottom TiN layer is optically opaque with zero
transmission, the absorptivity (A) of the structures is calculated from the
reflectivity spectrum with A = 1-R (T = 0) relationship. Absorption
spectra show that all the three cavity structures exhibit very high ab-
sorption maxima at 99%, 97%, and 97% respectively (see Fig. 2(b)). It is
also important to note that the absorption maxima in the three structures
cover a large portion of the visible-to-near-IR spectral range (580
nm-1200 nm). A higher-order absorption peak starts to appear at —480
nm for the MDM cavity with a spacer layer thickness of 150 nm.

The MDM cavities’ absorption spectra are simulated with the finite
element method (FEM). The complex dielectric constants of the bottom
100 nm and top 15 nm TiN, and Alg 72S¢q 2gN spacer layers are obtained
with spectroscopic ellipsometry measurements (see SI section-4 for de-
tails). The real component of the dielectric permittivity (¢;) of TiN shows
a positive-to-negative transition at — 480 nm that corresponds to the
wavelength associated with TiN’s plasma frequency. The optical losses,
represented by the imaginary component of the dielectric permittivity
(£2) of TiN, increase with an increase in the wavelength due to free-
electron Drude scattering. The wavelength corresponding to the
plasma frequency and dielectric permittivity of TiN is comparable to
previous reports [20,47,48]. Alg75Scq.2sN spacer layers, on the other
hand, exhibit nearly constant permittivity above 500 nm that is
consistent with its dielectric nature. Due to the direct bandgap of
Alg 72Sc0.28N of ~3.4 €V, Lorentz peaks are observed in both spectrums



K.C. Maurya et al.

Materials Today Physics 27 (2022) 100797

Fig. 1. a) STEM micrograph of TiN/Alg 75Scq0N
multilayer stack deposited on (001) MgO is pre-
sented. Coherent epitaxial interfaces between
different layers are visible in the images. The electron
diffraction pattern in the inset confirms the lattice-
matched cubic epitaxial growth. b) High-
magnification STEM image highlight the TiIN/
Aly 725¢0 05N interfaces. ¢) Atomic resolution STEM
image of the TiN/Alp 72Sco.2sN interface is presented
demonstrating a sharp interface. STEM-EDS
elemental mapping of d) Ti, e) Al, f) Sc, and g) N
demonstrates well-separated layers without diffusion
of atoms into adjacent layers.

Incident Tunable 08
light response &
=

5 06
nm 2

dnm AsN <04

T T
w—d: 50 nm ]
w——d: 100 nm

—d: 150 nm |

—d:50nm
e cl: 100 M
s d: 150 N

0.8

0.6

Absorption

04

100
iy 0.2 Experiment 0.2 Simulation ]
Optical cavity 600 900 1200 1500 1800 600 900 1200 1500 1800
Wavelength (nm) Wavelength (nm)
Electric field Power Loss Max Absorption (Experiment) Absorption (Simulation)
d 70 _f T TR ] 70 F T ] 1.0
Air 1 1 - V -
£ 60 {60 08
= {12
[=) [=2]
S 50 4 & 50 06
3 18 04
3 40 43540
[ = [ =
- 1~ 0.2
———— - ® I
e 5 ] 0.0
Min 500 1000 1500 500 1000 1500

Wavelength (nm) Wavelength (nm)

Fig. 2. a) Schematic diagram of the unit cell of metal-dielectric-metal (MDM) optical cavity. b) Experimental and c¢) simulated absorption spectra of the MDM
structures with varying dielectric Aly;2Sco2gN layer thickness (50 nm (blue), 100 nm (green), 150 nm (red)). d) Magnitude of electric field profile and (e) elec-
tromagnetic power-loss density distribution for the MDM structure (50 nm of Alg 75Scg 2gN thickness) at the maximum absorption peak wavelength of 580 nm. f)
Experimental and g) simulated angle-dependent absorption curve of MDM structure (of 50 nm thick Alg 725¢g.2sN).

(see Fig. S1 (b)). Notably, the optical losses of Alg75Scy 25N are negli-
gible above 500 nm spectral range. As shown in Fig. 2(c), the calculated
absorption spectra of MDM structures match the experimental results.
The peak positions, peak-width, and peak-shape are nearly identical
between the experiment and simulated results.

Unlike the spectrally selective absorbers that use the plasmon reso-
nances, the super absorbers developed in this work utilize light inter-
ference inside the MDM cavity. The Fabry-Pérot cavity with a nearly
lossless dielectric spacer layer bounded by the optically thick bottom
metallic TiN and thin top TiN layer supports the coherent perfect ab-
sorption (CPA). The behavior of the cavity resonance can be described
qualitatively by the resonance condition [30].

2z
2 (T) Nty + Ppotom v+ Prop v = 2MT (1

res

The first term on the left side of the equation represents the round-
trip propagation phase shift within the cavity. Where n, and t; are the
refractive index and thickness on the dielectric Alg72ScqsN layer,
respectively. 4 is the resonance wavelength and m is an integer number
determining the order of cavity mode. @z pom v AN Pgorom v aTe the
phase shifts upon reflection at the bottom and top metal—dielectric

interfaces, respectively. The FEM simulation-derived electric field dis-
tributions show the underlying mechanism more clearly. Fig. 2 (d)
shows that the electric field is highly confined inside the Alg72Scg.0sN
spacer layer due to the formation of standing waves. Constructive
interference between the incoming and reflected light leads to such ef-
fects with the field maxima located at the center of the spacer layer.
Since the electric field is maximum at the middle of the spacer layer,
most energy is absorbed in the top metal layer and at the bottom spacer/
metal interfaces, as shown in Fig. 2(e).

Further, the origin of the optical resonance of the MDM structures is
explained using a quantum mechanical description of the MDM cavity as
a double barrier quantum well and the classical harmonic oscillator
model (as presented in detail in reference [57,58]). TiN is found to
satisfy the Hermiticity limit to obtain the resonances by resonant
tunnelling through the metal (see SI figure S6). On the other hand, using
the effective dielectric permittivity obtained from the classical harmonic
oscillator, we show that the cavity resonance corresponds to the
epsilon-near-zero (ENZ) mode of the MDM structures (see the SI
section-9 and section-10 for the detailed analysis). Both the classical
oscillator and the quantum mechanical approaches exhibit very good
agreement with the experimental results.
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Angle-dependent absorption is further measured (see Fig. 2(f)), and
its numerical simulation results are presented in Fig. 2(g). The super
absorption peak is visible at all angles of incidence (° 24° —72%).
However, the super absorption intensity decreases with an increase in
the angles of incidence. From the measured absorption spectra (Fig. 2
(b)), a resonance full-width-half-maxima (FWHM) of 175 nm, 324 nm,
and 367 nm is calculated that lead to a quality factor (Q-factor) of 3.3,
2.5, and 2.7 for the three MDM structures with 50 nm, 100 nm, and 150
nm spacer layer thicknesses. Though the Q-factors (1/A2) are rather low,
it is a manifestation of the higher optical loss of TiN compared to noble
metals such as Ag and Ag [59]. While a narrowband absorber is gener-
ally useful for sensing, imaging and color filter applications [59] []
[61], the slightly broadband TiN-based absorber can be useful for
thermal photovoltaics, radiative cooling, photodetectors, etc. [62,63]
Since the dielectric properties of TiN can also be tuned with growth
conditions, a narrowband absorber can be achieved by reducing the
optical loss of the metallic TiN. Also, it is known that the cavity mode
can be tailored by ultrafast optical pumping, which increases the local
permittivity and results in a redshift in the resonance mode [64]. This
approach can be useful for the TiN/Alg 755¢0.2sN/TiN MDM multilayer
structure as well, which will further the progress in ultrafast manipu-
lation of optical nonlinearities, such as high harmonic generation and
other ultrafast light-driven technologies.

Besides demonstrating tunable absorption in the visible spectral
range, optical resonance engineering is performed through multi-cavity
interactions. An additional 50 nm Alg 725¢o.2sN spacer layer and 15 nm
thick TiN layer are deposited on the existing MDM structure with 50 nm
Alp 79S¢ 25N spacer layer (see Fig. 3(a)). The first-order mode at 580 nm
splits into two at — 440 nm (4;) and — 690 nm (1) (see Fig. 3(c)). Such
splitting of the modes due to multi-cavity interactions [58,65] is an
effective way to achieve tailored absorptions in the desired spectral
ranges and is well-supported by the simulation results (see Fig. 3(d)).
Simulation results show that corresponding to the first split peak at
~440 nm, the electric field is highly confined in cavity 2 (or the bottom
cavity spacer layer). Whereas the electric field is found to be maximum
at the Alp79Sco.08N spacer layer inside cavity 1 for the second peak
located at —~690 nm (see Fig. 3(e) and (f)). Similarly, most of the energy
is absorbed in the top and middle TiN layers as well as at the
TiN/Alg 79Sco.28N interfaces as Fig. 3(g) and (h) show. Higher-order
cavity mode splitting experiments and simulations are further
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performed, and the results are presented in the SI section-8. This split-
ting of optical modes due to the interactions among multiple cavities is
analogous to the formation of bonding and antibonding orbitals in the
molecular orbital theory [66,67].

Having demonstrated super absorbers in the visible spectral range
with MDM Fabry-Pérot cavities, we focus on achieving selective ab-
sorption at the mid-IR frequencies. The absorption spectrum of the
cavity structures in the mid-to-long wavelength IR is measured with a
Fourier Transform Infrared spectrometer (FTIR). Since the bottom 100
nm TiN is optically opaque for light transmission in the entire mid-to-
long wavelength IR, reflectivity (R) measurements and subsequent uti-
lization of the A = 1-R relationship are used to obtain the absorption.
MDM cavity with 100 nm Alg75Scg 25N spacer layer exhibits an ab-
sorption peak at 891 cm ™! (see Fig. 4(a)) corresponding to the Berreman
mode excitation near the Alg72Scg2gN’s LO phonon frequency (dis-
cussed in detail subsequently). The FWHM of the absorption peak is 62
em™?, which results in a measured Q-factor of 14. Similarly, cavities
with 50 nm and 150 nm Alg75Scq 2N spacer layers exhibit selective
absorption due to the Berreman mode excitations (see SI Fig. S10). Tt is
important to note that the Berreman mode mid-IR absorption is visible
in these MDM metamaterials despite the presence of a 15 nm TiN on top
of the Alg.72Scg 2gN spacer layer. Removal of the top TiN layer increases
the absorption coefficient slightly (as shown in Fig. 4(a). These results,
therefore, show that the MDM Fabry-Pérot cavities exhibit simultaneous
visible and mid-IR light absorption (as shown in Fig. 4(b)).

Detailed experiments and modeling are performed to determine the
absorption mechanism. Reflectivity measurement (R) of (001) MgO
substrates show a clear and well-defined Reststrahlen band with more
than 90% of the incident light reflected within the band. From the fitting
of the reflectivity spectrum with the Fresnel equation, TO and LO
phonon frequencies of 395 cm ™! and 795 cm ™~ are determined for MgO
(see Fig. 5(a)) which is consistent with literature reports [68]. Similarly,
when a thick 200 nm AIN (parent polar dielectric Alg75Scq 2gN) layer is
deposited on (001) MgO substrate, two distinct Reststrahlen bands are
observed in the reflectivity spectrum. One of the Reststrahlen bands
corresponds to MgO, while the other results from light reflection from
the AIN Reststrahlen band. Fitting the spectrum with the Fresnel equa-
tion further shows that an LO and TO phonon frequency of 673 em™! and
896 cm ! for AIN is consistent with previous reports [69]. With the
demonstration of the Reststrahlen bands, 200 nm AIN layer is deposited
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metal/polar-dielectric structures are known to support leaky modes
known as Berreman modes. Though these optical modes were initially
attributed to the excitation of LO phonon modes [56], later research
showed that these modes correspond to phonon-polariton in
polar-dielectrics that fall within the light cone and a surface mode
beyond the light cones that are characterized with a real wave vector
and complex frequency [44].

The reflectivity (R) spectrum of the 200 nm AIN deposited on 100 nm
TiN, indeed, shows the coupling of incident light with the Berreman
modes with a sharp dip in the reflection at 891 cm™! that is very close to
AlIN’s LO phonon frequency (see Fig. 5(b)). The FWHM of the absorption
peak corresponding to the Berreman peak is 32 em™?, resulting in a Q-
factor of 28. The reflectivity (R) spectrum also shows a dip at 673 cm !
that is close to the TO phonon frequency of AIN and represents the direct
light coupling to the TO mode of AIN. The Fresnel equation is modified
to model the reflectivity spectrum, and a Berreman term [56] is

(2)
.
riy 4 rpelikod

R = Riresenal X Rperreman = |7———————
1+ ro ngezmﬂd

T‘ _45( #ﬂ
Re (epp)” + Im (epp)

(2

where the first termi (Rpsena) represents reflectivity for the three-layer
system by utilizing the Maxwell’s equation, rjj is the complex reflec-
tion coefficient between layers i and j (with layers 1, 2, and 3 referring to
air, AIN, and TiN, respectively), and k; is the wavevector component of
light in the ith layer. The second term (Rgememan) is Berreman’s term to
explain light absorption near to the LO mode of AIN, and &pp is the
permittivity of AIN

Do — @
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Here the @y (wro) is the LO (TO) phonon frequencies of AIN
respectively, I is the damping of the phonons, and §/2x is the thickness
of the dielectric film, measured in vacuum wavelengths of the incident
radiation. Fig. 5(b) show that the modeled reflectivity spectrum matches
well with the experimental results.

Further, Alg73ScoosN layers with thicknesses of 100 nm and 1000
nm (1 pm) are deposited on 100 nm TiN, respectively and their reflec-
tion spectra are measured. For both Alg 72S¢q 2gN films, light coupling to
the Berreman modes is observed at ~895 cm ™! (see Fig. 5(c)), which is
close to AIN’s LO phonon frequency. As mentioned previously, the in-
clusion of scandium inside AIN does not impact the high-frequency LO
modes due to the higher atomic mass of scandium atoms. The absorption
measurements, therefore, confirm it. Reflection spectra of 1 pm
Alp 72Sco.2sN film also show the light coupling to the TO optical phonon
mode at 565 em ™! at a slightly smaller frequency than AIN. Optical
phonon modes in AlS; xcN have been studied in detail and similar
consequence has been seen in the previous reports [70]. The broadening
and shift of the mode frequencies can unambiguously be attributed to an
elongation of Al (Sc)-N bonds because of Sc doping. Contrary to that,
100 nm Alg755co2sN film show almost no reflection dip at the TO
phonon frequency. This behavior was also observed previously for thin
AIN layers deposited on metallic Mo layers [71] due to the small optical
path length for the light to couple with the sample’s TO phonon. It is
important to note that though the absorption peaks in AIN and
Alg 79Sco0sN are located near to one another, the FWHM of the
Alp.725¢0.0sN peaks is much broader than that of AIN’s absorption peak.
Compared to the AIN absorption peak FWHM of 14 cm ™ (for TO) and
32 em ™! (for LO), Alg72Sco2sN exhibits a much larger FWHM of 103
em ! (for TO) and 102 em ! (for LO). Such higher FWHM results from
higher damping constant of Aly 755¢q 26N with respect to AIN, leading to
Alg 79S¢0.28N’s smaller resonance Q-factor. Since the inclusion of scan-
dium inside AIN is necessary to achieve rocksalt-Alg 79Scg2sN with
lattice-matched interfaces, there seems to be a tread-off between the
structural requirements for stable epitaxial film and high-quality optical
resonance.

The spectral response of the Berreman modes can be further calcu-
lated [71] in the limit of optically thin Alg75Scg.2sN layers.

eppky +idk}, =0 4)

The dispersion spectrum (see Fig. 5(d)) shows that the thin 100 nm
Alp 72Sc.28N layer exhibits close to angle independent Berreman mode
frequencies. Whereas 1 pm Alg72ScgasN exhibits a much dispersive
Berreman mode spectral response. Though the experiments are per-
formed for a fixed angle of incident, the Berreman mode frequencies in
the experiment and in the dispersion spectrum martch with each other.

Therefore, this study demonstrates that the metal-polar dielectric-
metal multilayer structures can provide dual optical resonances at two
different spectral regimes. The cavity resonance governs the optical
absorption in the visible-to-NIR spectral range, while excitation of the
TO phonon and the Berreman modes leads to light absorption in the mid-
to-long wavelength infrared regime. In addition, we achieve both of
these resonances utilizing refractory epitaxial and CMOS-compatible
TiN as the plasmonic and Alg72ScgogN as the polar-dielectric layer
that overcomes many of the material challenges that noble metal-based
optical structures encounter. Though the present work exhibit optical
resonances in the 580 nm-1200 nm for the visible-to-NIR and 10.5
pmi-13 pm in the mid-to-long wavelength IR spectral ranges, the struc-
tures could be further optimized to achieve the resonances at specific
wavelengths necessary for radiative cooling and thermophotovoltaic
applications.

In conclusion, we show simultaneous light-matter interaction and
optical resonance in the visible and mid-IR spectral range with a
lithography-free planar wide-angle TiN/Alp72Sc2sN/TiN metal-
(polar)-dielectric-metal (MDM) Fabry-Pérot cavity. Tunable super ab-
sorption with absorptivity exceeding 99% is achieved in the 580
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nm-1200 nm spectral range by varying the dielectric layer thickness
inside the MDM cavity. Splitting of the cavity modes through in-
teractions between multiple cavities is also demonstrated as a method to
tailor the oprical absorption in the visible-to-near-IR spectral region. The
MDM mietamaterials are shown to exhibit mid-to-long IR light absorp-
tion due to the direct light coupling not only to the transverse optical
(TO) phonon modes but also to the leaky polaritonic Berreman modes.
Detailed analysis of the Reststrahlen bands in AIN and Alg75ScgosN
along with the spectral response of the Berreman mode is further
demonstrated. Demonstration of optical absorption and simultaneous
light-matter coupling in the visible and in the mid-to-long wavelength IR
spectral range with a single metamaterial mark important progress in
the quest to design functional optical materials that can be used for
energy conversion, sensing, healthcare, security and other applications.
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