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ABSTRACT

Broadband photothermal materials with spectral selectivity and stability in harsh environments are crucial for high-temperature
solar-thermal systems. Additionally, achieving broadband absorption without relying on metamaterials remains a challenge.
Refractory titanium nitride (TiN) and oxynitride (TiON), with their high infrared (IR) reflectance and tunable optical/plasmonic
properties, are promising candidates for such applications. However, their susceptibility to oxidation complicates synthesis.
Here, a straightforward approach is demonstrated to synthesize and tune the optical/plasmonic properties of TiN/TiON thin
films by simply controlling the oxygen pressure during room-temperature pulsed laser deposition. Specifically, it is shown that
highly metallic Ti(O)N films, as well as TiON films exhibiting double-epsilon-near-zero (D-ENZ) behavior in the optical region,
can be obtained. This tunability enabled the design and fabrication of a nitride-based multilayer with optimized solar-selective
absorption. In particular, a highly metallic TiN film was employed as the bottom layer, while a TiON ultrathin film exhibiting
D-ENZ behavior was used as the absorbing layer. The resulting device achieved 91% solar absorption, 80% mid-IR reflectance, and
maintained broadband absorption at incident angles up to 70°. These findings establish a lithography-free, thermally untreated
route to broadband, spectrally selective absorbers, based on tunable Ti(O)N films, opening new opportunities for next-generation
high-temperature energy harvesting applications.

broadband solar-absorbing materials, enabling photothermal
conversion processes [1]. Medium- and high-temperature solar-

1 | Introduction

Solar energy is an abundant, renewable, and clean energy
source that has gained significant attention in recent years
as a promising alternative to conventional fossil fuels. Solar
light can be collected and converted into thermal energy using

thermal systems employ a concentrator to achieve maximum
light intensities of the order of ~100 Suns (where 1 Sun =
1000 W m~2), thus reaching operating temperatures of ~1000 K,
which ensures a high efficiency of electricity generation by a

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly

cited.
© 2026 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

Advanced Optical Materials, 2026; 14:03426
https://doi.org/10.1002/adom.202503426

10of13


http://www.advopticalmat.de
https://doi.org/10.1002/adom.202503426
https://orcid.org/0009-0004-4566-4369
https://orcid.org/0000-0003-3864-5819
https://orcid.org/0000-0001-8997-7018
https://orcid.org/0000-0003-2740-6820
https://orcid.org/0000-0003-2061-2963
https://orcid.org/0000-0001-6167-1084
https://orcid.org/0000-0002-4030-5525
https://orcid.org/0000-0002-1265-4971
mailto:claudiapernilla.hallqvist@polimi.it
mailto:andrea.libassi@polimi.it
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/adom.202503426
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadom.202503426&domain=pdf&date_stamp=2026-03-31

steam engine [2]. Therefore, an effective photothermal material
for high-temperature regimes should exhibit not only exceptional
solar absorptance but also high thermal stability in its optical,
mechanical, and chemical properties. In addition, thermal emis-
sion at elevated temperatures should be minimized to reduce
radiative heat losses and enhance overall efficiency [3].

Stacking alternated metal-insulator (MI) layers, with a typical
thickness of tens nanometers, has proven to be an effective and
low-cost strategy for attaining broadband selective absorption,
particularly when compared to approaches based on plasmonic
metamaterials (PMMAs), which require complex and expensive
fabrication techniques [4]. Each of the MI layers acts as a Fabry-
Perot cavity, where the superposition of the resonant modes
generates wideband absorption [5]. To broaden the resonance
bandwidth of Fabry-Perot resonant cavities and reduce the
number of MI layers, the cavity quality-factor (Q = 1,/A1) can
be lowered with the appropriate choice of geometric design
and metals with high optical losses. Indeed, expensive noble
metals, such as Au and Ag, lead to narrowband MI cavities
in the visible-near infrared (vis-NIR) region [6]. Furthermore,
their low melting points, susceptibility to oxidation, and limited
thermal stability under high solar concentration conditions hin-
der their applicability in high-temperature photothermal systems

[7].

Titanium nitride (TiN) has been largely investigated as a broad-
band solar absorber material [8-13] due to its refractory character
(it possesses a high melting point around 2930°C), which guar-
antees high thermal stability in harsh thermal conditions, and
highly tunable plasmonic-like behavior in the optical region
[10, 14]. The optical response can be controlled by modifying TiN
stoichiometry (i.e., Ti/N ratio), impurities such as oxygen, grain
size, and density/nanoporosity [15-18]. Additionally, TiN exhibits
a high reflectance in the IR region, which has attracted attention
as a selective solar absorber [19-21].

In contrast, the partially oxidized form of TiN -titanium oxyni-
tride (TiOxN,, hereafter referred to as TION)- has been less inves-
tigated as a photothermal material, since finely doping TiN with
oxygen while preserving its metallic character and cubic structure
is challenging due to the high reactivity of Ti with oxygen [22].
Nevertheless, the modulation of oxygen in TiON offers a great
opportunity to tune TiON plasmonic properties from the visible to
the NIR [23] and to obtain the peculiar double-epsilon near-zero
(D-ENZ) behavior, where the real permittivity crosses zero twice.
Thus, multiple plasmonic resonances can be achieved [24, 25],
enabling the realization of tunable plasmonic devices, multimode
optical superlenses, the development of nonlinear effects, and
enhanced light-matter interactions [26]. The latter effect can be
exploited to improve broadband absorption [27]. In this regard,
Kharitonov et al. [26] demonstrated through simulations that a
MIM metasurface employing D-ENZ TiON as the metallic layer
exhibited superior absorptivity compared to an equivalent TiN-
based design, achieving solar-average absorptance values of 89%
and 79%, respectively.

TiON thin films exhibiting the D-ENZ behavior reported in the
literature rely on the work of Braic et al. [24]. They discovered
that magnetron sputtered thin films deposited in a background
vacuum between 5 nTorr (6 X 10~* Pa) and 20 nTorr (2 x 1073

Pa) exhibited two plasma frequencies. However, this approach
strongly depends on the specific deposition process.

The origin of the D-ENZ behavior in transition metal oxynitrides,
such as TiON, TiSiON, and NbON, remains unclear [28, 29].
The most widely accepted hypothesis attributes this dispersion
behavior to the presence of polarizable TiN or NbN inclusions
embedded in a dielectric oxide matrix, which can be modeled
using a linear effective medium approach, specifically employing
the Maxwell-Garnett approximation [24]. Experimentally validat-
ing this theory is challenging due to the inherent difficulties in
characterizing these complex materials at an atomic scale.

In this work, despite the challenges associated with stabilizing
TiON thin films, we demonstrated the ability to finely tune the
optical properties of TiN and TiON by directly controlling the
oxygen pressure during pulsed laser deposition (PLD). In partic-
ular, we achieved metallic TiN/TiON films and, to the best of our
knowledge, reported for the first time TiON films exhibiting D-
ENZ behavior synthesized by PLD, solely by regulating the O,
pressure. This tunability was subsequently exploited to design
and fabricate a nitride-based (insulator-metal-insulator-metal
(IMIM) stack with promising selective absorption properties.
The multilayer structure was fabricated by PLD in a single
process. This was achieved by selecting an appropriate target
configuration, without breaking the vacuum between succes-
sive layer depositions. In addition, the deposition times were
extremely short owing to the typically high deposition rates of
PLD. Consequently, the ability to finely modulate the properties
of TiN and TiON thin films by PLD by PLD offers a promising
route for the rapid and reliable fabrication of Ti(O)N-based
multilayer structures for solar-thermal applications.

TiON thin films with variable thickness from 40 to 250 nm were
synthesized via PLD in vacuum and with varying O, partial
pressure, ranging from 0.8 to 2 Pa, at room temperature. The
regulation of O, partial pressure allowed to modulate oxygen
content in TiON thin films, hence, to finely control TiON struc-
tural, compositional, electrical, optical, and plasmonic properties
in a straightforward way. In particular, the ideal pressure range
to obtain the D-ENZ behavior was found to be between 1.5 and
2 Pa for thicker TION samples (about 200 nm), which was reduced
to 1-1.25 Pa for thinner films (40 nm thick samples). TiON thin
films exhibited a broadening of the reflectance minimum in
the UV-vis region and a reduction in reflectance in the NIR
region with increasing O, gas pressure, leading to enhanced solar
absorptance. In addition, TiON films demonstrated high infrared
(IR) reflectance, a desirable feature for selective solar absorption.

We then employed TiN and TiON thin films as building blocks to
realize a simple, lithography-free, and thermally untreated IMIM
structure composed of AIN-TiON-AIN-TiN layers. In this con-
figuration, only the TiON growth conditions exhibiting D-ENZ
behavior were employed, enabling the realization of a multilayer
structure incorporating, for the first time, TiON thin films with
D-ENZ behavior. The thickness of the dielectric AIN and metallic
TiON layers was optimized in order to maximize visible-NIR
absorption with the aid of optical simulations based on a simple
Transfer Matrix Method (TMM). A solar absorber efficiency of
91% and a high mid-infrared (MIR) reflectance of approximately
80% were achieved for the IMIM structure, evidencing the
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Vacuum

FIGURE 1 | Representative SEM cross-sectional images of TiN/TiON thin films deposited in (a) vacuum, and at (b) 1 Pa, (c) 1.5 Pa, and (d) 2 Pa of

0,.

suitability of TiN and TiON thin films as photothermal conver-
sion materials.

2 | Results and Discussion

2.1 | Modulation of Compact TiN and TiON Thin
Film Properties

In order to assess the ability to modulate their plasmonic
properties, TiN and TiON thin films were deposited in vacuum
or in a background O, atmosphere up to 2 Pa; they all exhibit a
compact morphology with a columnar structure, as confirmed
by the SEM cross-sectional images reported in Figure 1. This
structure is typical of TiN deposited by PLD at room temperature
under low-pressure atmospheres [30, 31]. In PLD depositions, the
background pressure strongly affects film morphology. Indeed, in
a vacuum or low-pressure atmosphere, the formation of compact
films is promoted. In contrast, at higher background pressures,
cluster-assembled porous films are produced. Moreover, the use
of a reactive background gas alters the chemical composition
of the films [32-34]. In the case of TiON thin films, the low
O, background pressure is sufficient to react with the highly
energetic ablated species, yet not high enough to alter the
compact and smooth structure of TiON. Since the deposition
time was fixed at 3 minutes, a slight increase in O, deposition
pressure resulted in thicker TiON films. In fact, TiN and TiON
films synthesized in vacuum and at 0.8, 1, 1.5, and 2 Pa, exhibited
average thicknesses 0f 100, 130, 138, 205, and 220 nm, respectively.

The chemical composition of TiN and TiON films was inves-
tigated using EDX microanalysis, which, with respect to other
surface-sensitive techniques, provides elemental concentrations
averaged over the entire film thickness. Ti and N exhibit very
close La and K X-ray transition energies at 0.395 and 0.392 keV,
therefore, the exact stoichiometry of TiON thin films cannot be
extracted [26]. Moreover, O content could be overestimated due
to oxygen present in the environment that can be adsorbed at the
surface [35]. In fact, EDX measurements performed on the TiN
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FIGURE 2 | (a) O-to-Ti and (b) N-to-Ti ratios of TiN and TiON thin
films estimated from EDX spectroscopy.

target revealed the presence of 13% at. O and an apparent under-
stoichiometric composition, i.e., ~36% and ~44.5% at. of N and
Ti, respectively, leading to N/Ti ~0.8 (Figure S1). Nevertheless,
qualitative trends in the N and O content of TiN and TiON thin
films as a function of O, deposition pressure can be extrapolated
by considering the N/Ti and O/Ti measured ratios. The results
are shown in Figure 2. As a general trend, all TiN and TiON films
were sub-stoichiometric in N, and the atomic percentage of N (O)
decreased (increased) by increasing O, deposition pressure.

Focusing on TiN produced in vacuum (1 X 1073 Pa), it is signifi-
cantly sub-stoichiometric, exhibiting a Ti/N ratio lower than that
of the TiN target (~0.63). It is well known that Ti/N ratio depends
on the deposition technique [36]: likely during PLD synthesis, the
lighter N atoms in the target are accelerated more rapidly and
scattered farther than the heavier Ti atoms, resulting in nitrogen-
deficient films [37]. Moreover, the presence of oxygen in TiN
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(a) Grazing incident XRD diffractograms of TiN deposited in vacuum and TiON films synthesized at 0.8-2 Pa of O,. The vertical dashed

line in grey corresponds to the powder reference patterns of TiN. Reference data for TiN taken from [39]. (b) Averaged lattice constant vs. pressure of
TiN and TiON films evaluated from the (111), (200), and (220) XRD reflections. (c) Raman spectra of the film deposited in vacuum and at 0.8-2 Pa. For

the (a) panel, the color legend is reported in (c).

films deposited in vacuum may originate from residual oxygen in
the vacuum chamber as well as from the native thin oxide layer
that typically forms on TiN upon air exposure [38]. Additionally,
part of the detected oxygen may come from surface-adsorbed
oxygen atoms that are not chemically bound to the film. Moving
to TiON thin films, the slight increase of O can be attributed to
the controlled insertion of the O, deposition pressure. Therefore,
the qualitative EDX trends show that modulating the O, partial
pressure is an effective strategy for controlling the oxygen content
in TiON thin films.

The structure of the deposited films was investigated by XRD to
gain insights into TiN and TiON crystalline structure and phase
composition. The XRD patterns acquired in a grazing incident
configuration are presented in Figure 3a. All the diffractograms
exhibit the same characteristic diffraction peaks of cubic TiN
with a space group Fm 3 m. TiN synthesised under vacuum
conditions and TiON deposited at 0.8 and 1 Pa present a prefer-
ential orientation along the (111) direction, as evidenced by the
presence of an intense and sharp (111) diffraction peak. Moreover,
their diffraction peaks in the (111), (200), and (220) directions
progressively shift to higher angles with increasing background
deposition pressure, yet remain at lower angles (or very close
to) those of the reference TiN [39]. For TiON deposited at 1.5
and 2 Pa, the diffraction peaks shift further to higher angles,
particularly the (200) and (220) reflections, whose diffraction
angles exceed the angular position typical for TiN. Additionally,
these more oxidized TiON samples exhibit an intensity reduction
and broadening of the diffraction peaks, indicating a substantial
loss of crystallinity and disappearance of preferential orientation,
which suggests a significant disordering and possibly partial
amorphization. The peak shifts can be employed to evaluate
the cubic lattice parameter a (Figure 3b), calculated as the
average value derived from the (111), (200), and (220) reflections
using Bragg’s law. TiN in vacuum exhibits the highest a value
(~4.274 A), which steeply decreases (~4.248 A) by increasing
the deposition pressure to 0.8 Pa, while TiON deposited at 1 Pa
exhibits similar a values to the latter. Thus, small modifications in
the order of 0.2 Pa do not significantly affect the lattice parameter.

However, a pressure jump to 1.5 Pa again results in an abrupt
reduction of the lattice parameter to ~4.229 A, further reduced
to ~4.226 A for 2 Pa. Interestingly, the film deposited at a P <
1 Pa exhibits a lattice parameter higher than the reference TiN
(apin~4.24 A), while TiON in the 0.8-1 Pa range it is very close
to the TiN reference. In contrast, the samples at P > 1 Pa possess
a lattice constant lower than ar;y. Finally, the crystalline domain
size (7) of the samples was calculated using the Scherrer formula
from the (111) reflection. The corresponding plot with the (7)
values is reported in Figure S2a. TiN sample in vacuum exhibits
an average domain size equal to ~7.3 nm, while TiON at 0.8 Pa
shows a slightly larger size around 9.5 nm. For higher O,
deposition pressures, T progressively decreases to lower values,
down to ~6 nm at 2 Pa. Thus, all the samples exhibit a 7 < 10 nm,
suggesting the presence of an amorphous fraction in all the films,
although in different amounts, as also suggested by the low-angle
background.

To gain information on TiN and TiON intrinsic stresses, macro-
strain was evaluated as &yacro = ~(Qexp-arin)/amin (Figure S2b)
[40, 41], where ayy = 4.24 A is the reference value for bulk
TiN. For moderate 20 angles, in a grazing incident configuration,
the scattering vector is nearly aligned along the vertical (out-
of-plane) direction, meaning that the measured a.,, are (quasi)
perpendicular to the substrate. Under these conditions, the
sample deposited in vacuum, along with TiON films deposited at
0.8 and 1 Pa, exhibits in-plane compressive strain, in agreement
with typical compact TiN thin films deposited by physical vapor
deposition techniques [16, 31, 42, 43]. In contrast, the more
oxidized samples show in-plane tensile strain.

TiN synthesized in vacuum conditions exhibits a preferential
orientation along the (111) direction, the highest lattice parameter,
and a smaller 7 value compared to TiON at 0.8-1 Pa. Additionally,
it exhibits the highest macrostrain (g,,,.,,~-0.71%). By moderately
increasing the O, deposition pressure (0.8-1 Pa), the ablated
species from the target react with O, gas, reducing their kinetic
energy, therefore resulting in less compressed TiON thin films
(Emacro<0.1%) with a lattice parameter closer to the reference
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bulk TiN, while still maintaining the preferential (111) orientation.
The high macro strain present in TiN film deposited in vacuum
can also be caused by the reduced thickness (~100 nm), which
relaxes for thicker TiON samples (~150-200 nm). Conversely, the
increase of the O, background pressure to 1.5-2 Pa leads to less
oriented TiON samples with a reduced grain size and a lattice
parameter lower than the bulk TiN reference. The increased O,
gas pressure further reduces the kinetic energy of the ablated
species, thereby increasing the reaction time between TiN and
0O, and promoting the formation of oxidized species within the
plasma plume, as well as films with a smaller domain size.
In this particular condition, oxygen could simultaneously be
incorporated into the TiN cubic lattice by substituting nitrogen
atoms, forming cubic Ti(O)N, or contribute to the formation of
amorphous TiO,/TiO, domains, resulting in a TiON film with
a mixed composition. Titanium monoxide (TiO) represents the
extreme case of complete substitution of nitrogen atoms with
oxygen. It exhibits the same rocksalt crystalline structure as
TiN but with a slightly smaller lattice constant (~4.182 A) [23],
owing to the smaller ionic radius of oxygen (1.0 A) compared
to that of nitrogen (1.32 A) [44]. Taking TiO as a reference,
the observed decrease in the TiON lattice parameter, falling
below that of bulk TiN for films deposited at 1.5 and 2 Pa,
may indicate partial (not complete) substitution of nitrogen by
oxygen within the TiN structure. This hypothesis is consistent
with the optical and plasmonic properties of the TiON films
(discussed below), which exhibit characteristics distinct from
those of vacuum-deposited TiN, yet not fully dielectric (i.e., not
fully transformed into crystalline TiO or amorphous TiO,/TiOy
structures). Additionally, the XRD measurements did not reveal
any characteristic peaks of TiO,, suggesting that, if present, TiO,
domains are either sparse, very small, or disordered. Finally,
for completeness, it should be noted that the high nitrogen
deficiency in TiON thin films (also suggested by Raman spectra,
see below) can lead to the formation of nitrogen vacancies (Vy),
which in turn contribute to a reduction in the lattice parameter.
In fact, the absence of nitrogen atoms in the FCC crystalline
structure decreases the local coordination number, causing the
surrounding chemical bonds to contract. This results in smaller
interplanar spacings, a reduced lattice constant, and a shift of the
diffraction peaks toward higher angles [41].

Further insight in the films structure and oxygen content can
be obtained by Raman spectroscopy. Crystalline, stoichiometric
TiN, due to its NaCl symmetric crystalline structure, does not
have first-order Raman active modes at the center of the Brillouin
zone. However, the presence of defects, impurities, and vacancies
activates localized vibrational modes that reflect the vibrational
density of states of TiN and result in broad bands in the Raman
spectrum. More information on TiN Raman theory can be
found elsewhere [45]. TiN and TiON Raman spectra, shown in
Figure 3c, exhibit a broadband at low wavenumbers, which is a
convolution of two bands at ~200-220 cm ™! and at ~300-330 cm™!
corresponding to the transverse acoustic (TA) and longitudinal
acoustic (LA) modes, respectively, generated by the vibrations of
Ti** ions in presence of N~ vacancies. Instead, the transverse
optical TO band at ~500-600 cm™ associated with the oscillation
of the N3~ ions in proximity of Ti** vacancies is not present.
The strong predominance of the acoustic band over the optical
band is an indication of highly N sub-stoichiometric TiN and
TiON thin films [16], in agreement with the EDX analysis. The

acoustic bands shift to higher wavenumbers and become broader
as the O, deposition pressure increases. To quantitatively evaluate
these two effects, Gaussian fittings of the LA and TA bands were
performed. As an example, the fitting curves for TiN deposited
in vacuum are shown in Figure S3, along with the LA and TA
band shifts and their full widths at half maximum (FWHM). TA
band exhibits a linear blueshift from 203 cm™ for TiN in vacuum
to 242 cm™ for TiON at 2 Pa (Figure S3b), while the LA band
shifts from 291 to 320 cm™! over the same pressure range (Figure
S3c). Simultaneously, the TA band gradually broadens, with its
FWHM increasing by 50% at 2 Pa (Figure S3d). In contrast, the
LA band shows a reduction in FWHM, decreasing from 88 cm™
for TiN in vacuum to 72 cm~! at 0.8 Pa, and further narrowing to
63 cm™ at higher pressure (Figure S3e). Nevertheless, the sum of
the FWHMs of the LA and TA bands indicates that the acoustic
bands as a whole broaden with increasing oxygen background
pressure (Figure S3f). The blueshift and broadening of the
acoustic band are associated with a progressive oxidation and
amorphization of the film [23]. In addition, the samples deposited
at 1.5 and 2 Pa exhibit two weak bands centered at about 500 and
650 cm™!, which can be correlated again to the presence of more
oxidized amorphous TiO, species [46].

2.2 | TiN and TiON Thin Films Electrical
Properties

TiN and TiON electrical properties were investigated in a van
der Pauw configuration by performing Hall measurements. The
corresponding resistivity, carrier density, and electron mobility
are shown in Figure 4. TiN in vacuum exhibits typical TiN
resistivity values on the order of 10™* Q cm [24, 47, 48], as do the
TiON samples at 0.8 and 1 Pa. On the other hand, the samples at
1.5 and 2 Pa exhibit an increase in resistivity, reaching 10~ and
1072 Q cm, respectively. Additionally, TiN in vacuum exhibits a
high carrier density ~6 x 102 cm~3. Conversely, TiON samples
show a carrier density of the order of 10?2 cm~3, except for TION
at 2 Pa, which has a carrier density of 10? cm~3. Finally, TiN
in vacuum and TiON films exhibit a small electron mobility u
in the order of ~5 x 1072 and 1 x 107! cm? V! s7!, respectively.
The measured Hall mobilities are in accordance with p reported
for nano-polycrystalline TiN thin films [49, 50]. The reduction
in carrier density and the increase in resistivity observed in
TiON thin films provide evidence of the loss of metallicity due
to the incorporation of oxygen. Moreover, the severe increase
in resistivity and drastic reduction of carrier concentration for
TiON at 2 Pa could also be caused by the presence of oxidized
amorphous TiO, inclusions, as suggested by XRD diffractograms
and Raman spectra.

2.3 | TiN and TiON Thin Films Optical Properties

The dielectric functions of TiN and TiON retrieved from ellip-
sometric measurements are reported in Figure 5a,b. To gain
information on the model used to fit the raw ellipsometric data
(i.e., P and A), see Note S3. The real part of the permittivity for
TiN deposited in vacuum and TiON samples grown at 0.8 and 1
Pa exhibits the characteristic behavior of metallic materials [51].
Specifically, they show a steeply negative slope in the NIR region
and a crossover point (¢, = 0) in the vis range. This crossover
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FIGURE 4 | Log-plot of (a) resistivity, (b) carrier density, and (c)
scalar plot of Hall mobility vs. pressure of TiN (vacuum) and TiON (0.8-2
Pa), respectively.

corresponds to the screened plasma wavelength (4,,) or frequency
(@), which is influenced by both interband and intraband
absorption processes [15]. The screened plasmon arises from the
collective oscillation of a reduced charge density, as only a fraction
of the total valence electrons behave as free carriers, while
the remaining electrons are effectively screened by the crystal
field [52]. The sample deposited in vacuum exhibits the most
pronounced metallic behavior, with 1,; = 394 nm, which is well
below the typical crossover wavelength for stoichiometric TiN
(~470 nm) and comparable to highly under-stoichiometric TiN
[53]. Upon introducing O, during deposition, 4, slightly red-
shifts. The permittivity curves of TiON deposited at 0.8 Pa and 1
Pa nearly overlap in the visible region, with comparable 1,,; values
at 442 and 460 nm, respectively. However, in the NIR region,
the two curves diverge, with the TiON film deposited at 1 Pa
displaying a more pronounced curvature. A completely different
behavior is observed for the most oxidized TiON samples. The
permittivity curves of TiON deposited at 1.5 and 2 Pa exhibit
minima in the NIR region at approximately 1100 and 924 nm,
respectively. Notably, the TiON sample at 2 Pa shows a valley-
type dispersion with a double crossover point, indicative of the
exotic double epsilon-near-zero (D-ENZ) behavior, occurring at
718 and 1128 nm. In contrast, the TiON film deposited at 1.5 Pa
shows a first crossover at 556 nm and likely a second one in the
near-infrared (NIR) spectral range not covered by our vis-NIR
ellipsometry. Regarding the imaginary part of the permittivity,
the TiON samples display similar behavior in the vis region,
while showing slight divergence in the NIR range. TiN deposited
in vacuum exhibits the highest optical losses, which gradually
decrease with increasing oxygen content. Notably, the samples

grown at 1 and 1.5 Pa present nearly overlapping loss curves, con-
trasting with the real permittivity trends, where the 0.8 and 1 Pa
samples showed similar behavior. The TiON sample deposited
at 2 Pa exhibits the lowest optical losses, indicating a reduced
metallic character.

The progressive redshift of the real part of the permittivity,
particularly the screened plasma frequency (@), is associated
with the gradual decrease in carrier concentration in TiON
samples, induced by the increasing incorporation of oxygen [23].
Moreover, the TiON sample grown at 2 Pa, and the one at
1.5 Pa, exhibits the peculiar D-ENZ behavior, probably induced
by the mixture of metallic TiN/TiON and dielectric amorphous
TiO, present in the samples. This observation is consistent with
previous works [24, 26], in which TiON thin films deposited with
mixed TiN and TiON/TiO, compositions, synthesized by reactive
magnetron sputtering in an N,-Ar atmosphere with residual
background O,, displayed similar dielectric permittivity and D-
ENZ behavior. Additionally, Braic et al. [24] proposed through
Maxwell-Garnett simulations that the D-ENZ behavior observed
in TiON films originates from a metal-dielectric nanocompos-
ite consisting of TiN inclusions embedded in a TiO, matrix.
Under these conditions, the TiN inclusions exhibit plasmonic
polarizability within the surrounding dielectric matrix. However,
the Maxwell-Garnett model assumes that spherical inclusions
are non-interacting and spatially separated. As a result, it is
not suitable for films with compositions near the percolation
threshold, where metallic inclusions begin to form continuous
electrical conduction pathways, as the one shown in this work
[25]. Therefore, the morphology and composition of the TiON
thin films exhibiting D-ENZ behavior are considerably more
complex than those assumed by the Maxwell-Garnett theory.
Indeed, we chose to fit the raw ellipsometric data of TiON
films deposited at 1.5 and 2 Pa using the B-spline model, which
accurately reproduced the ¥ and A curves (see Figure S4)
rather than using a physical approach based on an effective
medium approximation. Additionally, a simple Drude-Lorentz
model could not fit the data, evidencing the complexity of their
composition. In contrast, the simple Drude-Lorentz model—
with the addition of a 1-2 nm TiO, layer to account for surface
oxidation—successfully fitted the 1 and A raw data of TiN and
TiON samples deposited in vacuum and at a pressure of 0.8-1
Pa (see Figure S5), suggesting a simpler crystalline TiN-Ti(O)N
composition.

The reflectance spectra of TiN and TiON films in the UV-vis-NIR
and MIR regions are reported in Figure 5c,d, respectively. TiN in
vacuum exhibits the typical reflectance curve of bulk TiN, char-
acterized by a well-defined and sharp minimum in the UV region
at approximately 322 nm, corresponding to light absorption by
the free-electron gas, well accounted for by the Drude model, and
increased reflectance above 500 nm. The reflectance minimum
marks the threshold for interband transitions (occurring above
2.5 eV), while intraband transitions dominate at lower photon
energies [17]. TiON samples exhibit an increase in the value of
the reflectance minimum, along with a progressive broadening
and redshift of its position compared to TiN deposited in vacuum,
as the O, deposition pressure increases. In the NIR and MIR
regions, TiON samples at 0.8 and 1 Pa display reflectance behavior
similar to vacuum-deposited TiN, with high reflectance values of
approximately 90% in the NIR and 80% in the MIR. Conversely,
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FIGURE 5 | (a) Real and (b) imaginary dielectric permittivity of TiN (vacuum) and TiON (0.8-2 Pa). (c) Optical reflectance in the UV-vis-NIR
region of TiN and TiON thin films. Spectra smoothed in the 800-900 nm range due to the detector switch at 870 nm. (d) Optical reflectance in the MIR

region evaluated from FTIR measurements.

the more oxidized films deposited at 1.5 and 2 Pa demonstrate
decreased reflectance in the NIR region, reaching approximately
80% and 70%, respectively, and a slightly decreased reflectance in
the MIR range, though remaining higher than 75%.

In the literature, the redshift and broadening of the reflectance
minimum in TiON samples, as well as the decreased reflectance
in the NIR region, are attributed to the loss of metallic character
in TiN films due to increased oxygen content, [16, 23] consistent
with the electrical measurements performed on our samples.
Furthermore, the redshift of the minimum position is associated
with a decrease in plasma energy, which also aligns with our
ellipsometric data. The TiON samples deposited at 1.5 and 2 Pa
exhibit the lowest reflectance and reduced metallic character.
Since all TiON films have a thickness greater than 100 nm,
transmission is negligible; consequently, these samples show the
highest absorptance, despite exhibiting the lowest values of the
imaginary part of the dielectric permittivity, which is associated
with intrinsic material losses. However, reflectance at normal
incidence depends on both the real and imaginary parts of the
permittivity. For the TiON samples synthesized at 1.5 and 2 Pa,
the real permittivity crosses the zero value twice, a behavior that
deviates from that of a conventional metal. Indeed, the reflectance
can be expressed as:

3 1-n)+k?

R 2
Q+n) +k2

@

where n and k are the refractive index and extinction coefficient,
respectively, with k given by:

@

Therefore, the observed high absorption arises from the com-
bined contribution of both ¢ and ¢,. Thus, in the particular
condition of thin films exhibiting DENZ behavior, the ¢, alone
cannot be used to assess the absorption degree of the material.
Furthermore, the TiON samples deposited at 1.5 and 2 Pa exhibit
a broad wavelength range over which ¢ approaches zero, a
condition known to favor enhanced optical absorption. Indeed,
in ENZ materials, absorption can be further enhanced due to the
strong amplification of the normal electric field component (E,)
near the ENZ wavelength [54], particularly under non-normal
incidence [55, 56]. Additionally, the presence of segregated amor-
phous oxidized domains, suggested by our measurements, within
the film may act as scattering centers which, together with
the reduced grain size, enhance light scattering and internal
reflections, thereby promoting absorption [41]. Thus, oxygen
incorporation in TiON thin films is an effective approach to
enhance light absorption. Furthermore, the oxygen content mod-
ulation enables the fine control of TiON optical (and plasmonic
properties), producing metallic and D-ENZ thin films, whose
tunable response can serve as building blocks for selective solar
absorbers.
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2.4 | Insulator-Metal-Insulator-Metal (IMIM)
Design and Fabrication

One strategy to achieve broadband absorption is to build a metal-
insulator-metal (MIM) structure, approximated as a Fabry-Perot
cavity. Its performance depends on both material properties—
especially the top metallic absorber—and geometry, including
layer thicknesses [57]. The metallic layer should nearly match
the impedance of free space, achieving a reflection coefficient
(R) close to zero in the targeted electromagnetic range [58, 59].
This is attainable by selecting a metal with a good combination of
low real and non-zero imaginary part of permittivity, facilitating
strong field penetration and high optical losses to promote
absorption. The metal lossy nature also lowers the cavity quality
factor, enabling broadband absorption [6]. Finally, to minimize
thermal losses by radiation and enhance solar-thermal efficiency
in solar applications, such as solar thermophotovoltaics, the
metallic absorber should selectively absorb light in the UV-vis—
NIR range (i.e., the solar irradiance spectrum) while reflecting IR
radiation.

Among the TiON thin films as potential metallic selective
absorber materials in MIM structures, the one showing the D-
ENZ behavior (i.e., TION at 2 Pa) represents the best compromise
between optical performance and spectral selectivity. This film
combines a near-zero real permittivity over a wide wavelength
range with a moderately high imaginary permittivity, together
with a relatively high MIR reflectance. Although it exhibits the
lowest optical losses among the TiON samples, these losses
remain significantly higher than those of conventional metals
such as gold. Moreover, a low real permittivity allows a stronger
penetration of the incident radiation into the multilayer stack,
which coupled to a high enough imaginary permittivity enables
repeated absorption via cavity resonances. In contrast, TiON thin
films deposited at lower O, pressures (0.8-1 Pa) would reflect
most of the incident light, limiting absorption. Finally, as previ-
ously discussed, TiON thin films exhibiting D-ENZ behavior—
owing to the combined contribution of ¢; and £,—show enhanced
absorption, confirming TiON deposited at 2 Pa as the most
suitable absorbing layer for a MIM architecture. Therefore, a
nitride-based MIM structure composed of (D-ENZ)TiON-AIN-
TiN was designed, where TiN acted as a metallic back reflector
(TiN-BR), AIN as a dielectric spacer (AIN-DS), and TiON-DENZ
as an absorbing top layer. However, for this MIM structure,
the maximum average solar absorptance, calculated from the
thickness optimization using Equation S6, was approximately
83% (see Figure S6), which remains below the typical values
expected for broadband absorbers-likely due to the relatively
high reflectance of the TiON-DENZ layer (for the dielectric
permittivity of the AIN layer used for the calculations see Figure
S7). Therefore, an AIN capping layer (AIN-C) was added to the
MIM structure, resulting in an insulator-metal-insulator-metal
(IMIM) configuration. This implementation had a twofold pur-
pose: first, to improve impedance matching and thereby reduce
light reflection while potentially enhancing field confinement
within the underlying TiON-DENZ metal layer; and second, to
introduce an additional cavity resonance. Moreover, the AIN-C
layer may also serve as a protective barrier, preventing oxidation
of the TiON layer under harsh environmental conditions. The
optimization of the IMIM structure-calculated according to the

approach described in Note S2-revealed that the addition of
the AIN-C layer effectively enhanced the theoretically expected
maximum solar absorptance to approximately 93% (see Figure
S8). The optimal configuration consisted of an 80 nm AIN-C, a
30 nm TiON-DENZ absorber, a 62 nm AIN dielectric spacer (AIN-
DS), and a 100 nm TiN back reflector (TiN-BR), see Figure S9.
These results highlight the critical role of the ultrathin TiON-
DENZ layer in achieving high-performance solar absorption.
Indeed, we noticed that the range of O, pressure to obtain the
D-ENZ behavior in the vis-NIR region for TiON ultrathin films
with a thickness of ~40 nm was reduced from 1.5-2 Pa to 1-
1.25 Pa (see Figure S10). Therefore, the 30 nm thick TION-DENZ
metal absorber material of the IMIM structure was deposited
at an O, pressure of 1 Pa. Instead, the 100 nm thick TiN-BR
was synthesized in vacuum to ensure high vis-NIR and MIR
reflectance. Finally, AIN-DS and AIN-C layers were produced
from an Al target at 1 Pa of N,-H,.

The IMIM multilayer with optimized geometrical dimensions
was successfully fabricated, as shown in the SEM cross-sectional
image in the inset in Figure 6a. The absorptance spectrum of
the deposited IMIM structure in the UV-vis-NIR is reported
in Figure 6a. Additionally, the absorptance A(1), reflectance
R(A), and transmittance T(1) spectra in the MIR region are
shown in Figure 6b. The IMIM structure exhibits a broadband
absorptance spectrum in the UV-vis-NIR region, with a near-
unity absorption in the 470-900 nm range, characterized by
a local maximum at ~500 nm, close to the peak of solar
emission, and an absolute maximum at 780 nm. The experimental
absorptance shows a qualitatively similar trend to the simulated
spectra (see Figure 6a), performed using the permittivity of
both the bulk and ultrathin D-ENZ TiON thin films deposited
at 2 and 1 Pa, respectively, as absorbing layers with optimized
thickness. The simulated absorptance spectrum using ultrathin
TiON-DENZ overestimates and redshifts the experimental peaks
at approximately 500 nm and 800 nm, respectively. In contrast,
the simulation using bulk TION-DENZ more accurately predicts
the experimental peaks, although the maximum at 800 nm
remains slightly redshifted. Differences in absolute values of the
peak positions can be attributed to variations in layer thick-
nesses, surface roughness at the TION-AIN-C films interface (not
included in the TMM), and slight shifts in the dielectric crossover
points of the sandwiched TiON-DENZ material compared to the
single film. Nonetheless, the good qualitative agreement between
the experimental and simulated results suggests the effective
presence of D-ENZ behavior in the ultrathin TION-DENZ absorb-
ing layer. Simulations performed using TiON thin films with
a pronounced metallic character yield a markedly different
absorptance spectrum (see Figure S11), characterized by lower
absorption in the NIR region. In the MIR region, from 7500 nm,
the IMIM multilayer exhibits a high reflectance (> 80%), resulting
in a low IR absorptance (see Figure 6b). The FTIR measurements
were performed without an integrating sphere; therefore, only
the specular component of light was detected, possibly leading to
an underestimated reflectance. Nevertheless, the IMIM structure
exhibits a good spectral selectivity. Finally, the IMIM structure
exhibits good omnidirectional vis-NIR absorptance, as shown
in Figure 6¢c, where absorptance was measured at incidence
angles ranging from 45° to 80°. Angle-insensitive performance is
particularly important for solar thermal applications.
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FIGURE 6 | (a) Experimental optical absorptance in the UV-vis-NIR region (380-1750 nm) of the IMIM structure fabricated compared to the
spectral solar irradiance (ASTM AM 1.5). Additionally, simulated absorption spectra of the optimal IMIM structure with both bulk and ultrathin D-ENZ
TiON thin films as absorbing metal are reported. The inset of panel (a) report the SEM image of the cross-sectioned IMIM stack. (b) Optical reflectance,
absorptance, and transmittance in the MIR region (4000-22500 nm) evaluated from FTIR measurements of the IMIM stack. (d) Measured absorptance

of the IMIM structure with different angles of incidence ranging from 45 to 80 degrees.

To assess the IMIM performance as a broadband solar absorber,
the spectrally averaged solar absorptance (&) in the 280-1700 nm
range was calculated using Equation S5. The calculation revealed
that the fabricated IMIM structure exhibits & of approximately
91%, a value comparable to those typically achieved by TiN-
based broadband absorbing materials [60, 61]. Furthermore, to
investigate IMIM behavior as a selective solar absorber (SSA), the
spectrally averaged emittance & was calculated at room tempera-
ture (25°C) and at different typical operating temperatures (i.e.,
100°C, 250°C, 500°C, and 700°C). The ¢ was calculated as:

25 000

f1330 & (ﬂ" Tamb)Eb (/L Toperating ) da
(T"P”“””&') = 25 000 ©)
/1330 Eb (’1’ Toperating ) d/l

(Q]

All of the quantities are referred to the NIR-MIR range investi-
gated by FTIR measurements, which corresponds to the typical
range for thermal emission. According to Kirchhoff’s law of
thermal radiation, evaluated at room temperature, ¢; (1,T,,,;) =
Aprir 4, T,,p)- Therefore, the spectral emissivity was calculated
based on the measured FTIR absorptance measured across the
entire NIR-MIR range (1330-25000 nm). The notation E;,(4, T4 )
corresponds to the spectral irradiance of a black body given in
Equation S7. Although using room-temperature FTIR data to
estimate the average spectral emissivity is an approximation, the
high thermal stability of transition-metal nitrides suggests that
temperature-induced changes in optical properties are minimal.
Therefore, the calculated ¢ is shown in Figure S12. As expected,
¢ gradually increases with rising operating temperature, from
20% at 25°C to 53% at 700°C. Nevertheless, at 700°C, the IMIM
structure exhibits a spectral selectivity of 1.72—evaluated as the
ratio between & and é—which is comparable to that of other SSAs
reported in the literature [62]. This confirms the suitability of the
IMIM design for high-temperature photothermal applications.

3 | Conclusions

In this work, we demonstrated a straightforward approach to
tune the structural, electrical, and optical/plasmonic properties

of titanium nitride (TiN) and titanium oxynitride (TiON) thin
films by simply varying the oxygen pressure during pulsed
laser deposition (PLD). Furthermore, direct control of the O,
deposition pressure enabled the realization of TiON films exhibit-
ing exotic plasmonic behaviors—such as double-epsilon-near-
zero (D-ENZ)—for the first time by PLD, without the need
to regulate the background pressure. The ability to tune the
optical/plasmonic properties of TiN and TiON films enabled the
design and subsequent fabrication of a nitride-based insulator-
metal-insulator-metal (IMIM) stack with optimized selective
absorption properties, achieved by accurately selecting the most
suitable TiN/TiON thin films with precise optical/plasmonic
properties.

Specifically in this work, nanocrystalline TiN and TiON thin films
with compact morphology and varying thickness (40-220 nm)
were deposited by PLD at room temperature, either in vacuum
or under controlled O, pressure in the range 0.8-2 Pa. All the
TiON films exhibit the FCC crystalline structure typical of TiN;
therefore, the full oxidation of TiON films to the most oxidized
TiO, structure was avoided. Additionally, all TiON films exhibit
high reflectance in the vis-NIR range, which extends into the
MIR region, indicating that they retain a metallic character.
The fine control of the O, deposition pressure allowed tuning
of the optical and plasmonic properties of TiON thin films.
Indeed, bulk-like TiON samples (100-220 nm thick) deposited
at 0.8-1 Pa exhibit a redshift of the plasma frequency, while
those synthesized at higher O, pressures (1.5-2 Pa) display the
characteristic D-ENZ behavior in the vis—-NIR region. Ultrathin
TiON samples with a thickness of 40 nm show the D-ENZ
behavior at lower pressure (1-1.25 Pa). The reduced metallic
character in the less oxidized TiON samples is likely due to partial
oxidation of the TiN structure, possibly involving substitution
of N with O. Instead, the appearance of D-ENZ behavior in
more oxidized samples may result from the formation of a
mixed composition, comprised of TiO,/TiO, amorphous domains
dispersed in a TiN/TiON crystalline structure. TiON samples
exhibiting the D-ENZ peculiarity evidenced the most favorable
optical properties to be used as a metallic absorbing material (i.e.,
low real and high imaginary dielectric permittivity) along with
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good MIR reflectance, making them ideal for the design of an
IMIM multilayer for selective solar absorption.

The IMIM structure, composed of AIN-TiON DENZ-AIN-TiN
(with TiN serving as back reflector), was designed with layer
thicknesses optimized through a simple code based on the
Transfer Matrix Method (TMM) to maximize solar absorptance.
The fabricated IMIM multilayer exhibits a high average solar
absorptance of approximately 91%, maintaining strong perfor-
mance across incident angles from 45° to 80°. Additionally, it
demonstrates high reflectance in the MIR region (~80%). Finally,
the spectrally averaged emittance of the IMIM structure was
calculated, showing an expected promising performance across
a wide operating temperature range from 100°C to 700°C. Thus,
a lithography-free and thermally untreated broadband selective
absorbing multilayer was successfully realized. This work demon-
strates that the optical properties of TiON thin films can be
effectively tuned to design and fabricate multilayer structures
with efficient broadband and spectrally selective absorption.

4 | Methods

4.1 | TiN/TiON Thin Films and Multilayer
Preparation

PLD depositions were carried out in a stainless steel vacuum
chamber, comprising a primary pump and a turbomolecular
pump in series, reaching a base vacuum of 1-3 x 1073 Pa. The
partial gas pressure during deposition was regulated with a mass
flow controller. The laser used in this work is a ns-pulsed laser
(Nd:YAG, second harmonic, 1 = 532nm) with a pulse duration
in the 5-7 ns range and a repetition rate of 10 Hz. The laser was
focused on a roto-translational target with an incident angle of
45°, generating an elliptical spot on the surface with a fixed size
of ~6 mm?.

Regarding TiON thin films deposition, a stoichiometric TiN target
with a diameter of 2 inches (99.9% purity, Mateck Gmbh) was
ablated with a laser fluence of 8.3 J/cm? at different O, deposition
pressures, specifically at 0.8, 1, 1.5, and 2 Pa. The deposition time
was fixed to 3 min, thus increasing the thicknesses ranging from
100 to 220 nm were obtained. Additionally, another set of TION
ultrathin films with a fixed thickness of 40 nm was deposited at
0.8, 1, and 1.25 Pa of O,. Finally, a 100 nm-thick TiN film was pro-
duced in vacuum (1 x 1073 Pa) with a laser fluence of 3.5J/cm?. All
the samples were deposited on both Si (100) and soda-lime glass
substrates placed on a rotating sample holder at a target-substrate
distance of 50 mm. All morphological, optical, and structural
characterizations were conducted on samples deposited on Si
substrates (chosen for the good adhesion of TiN/TiON on Si).
Electrical measurements, however, were performed on samples
grown on highly resistive glass to avoid any substrate-induced
electrical contributions.

Concerning the synthesis of the TiON-based IMIM structure,
composed of a AIN (60 nm)-TiON (30 nm)-AIN (80 nm)-TiN (100
nm) layer sequence (architecture is presented here from top to
bottom, indicating that AIN is the top layer), a customized, home-
made target configuration was optimized to prevent vacuum
breakage between successive layers: a 1-inch TiN target was

stacked over a 2-inch Al target, both with a purity of 99.9%.
The bulk-like 100 nm TiN at the bottom and the sandwiched
30 nm TiON were synthesized in vacuum and at 1 Pa of O, partial
pressure, respectively. On the other hand, the dielectric AIN
thin films were synthesized in a N,/H, (95%/5%) atmosphere at
1 Pa.

4.2 | Material Characterizations

The thin films and multilayer thickness and morphology were
investigated by cross-sectional images acquired by a field emis-
sion scanning electron microscopy (FE-SEM, Zeiss SUPRA 40).
A qualitative estimate of atomic percentage (atom%) of Ti, N, and
O in TiN and TiON thin films was evaluated by energy-dispersive
X-ray spectroscopy (EDXS) with an accelerating voltage of 10 kV
using an Oxford Instruments silicon drift detector (SDD) incor-
porated in SEM microscope.

Raman spectroscopy was used to gain additional information on
the structure (stoichiometry, composition, and state of oxidation)
of TiON thin films by a Renishaw InVia micro-Raman spectrom-
eter with a laser wavelength of 514.5 nm produced by an Ar* laser.
The laser was focused on the sample with a 50x objective with a
power energy of 0.39 mW. The Raman spectra were acquired with
a Peltier-cooled CCD camera, allowing a spectral resolution of ~3
cm™.

The crystalline structure of TiN and bulk-like TiON thin films was
investigated by X-ray diffraction (XRD) in grazing incident config-
uration, with an incidence angle of w = 2°. XRD measurements
were performed using a HRD3000 diffractometer (Ital Struc-
tures, Riva del Garda, Italy) equipped with a curved position-
sensitive multichannel gas-filled detector (20 range 0°—-120°,
resolution 0.029°, Inel CPS-120). The diffractometer operates
with a monochromated Cu Ko« radiation with a wavelength of
0.1541 nm.

TiN and TiON thin film resistivity, carrier density, and mobil-
ity at room temperature were evaluated by a NanoMagnetics
Instrument Hall Effect Measurements system (ezHEMS) with a
magnetic field of 0.6 T in a 4-probe van der Pauw configuration.

The optical reflectance of TiN/TiON thin films and the IMIM
structure in the 250-2000 nm range was measured using a
PerkinElmer Lambda 1050 spectrophotometer equipped with a
150 mm integrating sphere, capturing both diffuse and specular
components. In the 1330-25000 nm range, reflectance and trans-
mittance were measured using a Vertex 70v Fourier-transform
infrared (FTIR) spectrophotometer operating under vacuum. All
optical measurements were conducted under normal incidence.
For the IMIM, the absorptance was calculated as: A(1)=1-T(1) -
R(4), where T(1) was set to zero, as the thick TiN bottom layer
prevents electromagnetic waves from transmitting through the
multilayer.

The optical and plasmonic responses of TiN and TiON thin films
were further characterized by spectroscopic ellipsometry, using a
J.A. Woollam Co. M2000 ellipsometer in the vis—-NIR range (370-
1700 nm), with measurements performed at variable angles of
incident (55°, 65°, and 75°). Ellipsometry data of TiON films with
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a low O content were modeled with a two-layer model composed
of a TiN film covered with a thin nanometric (1-3 nm) TiO,
layer. Specifically, TiN was fitted using a Drude-Lorentz model,
with two Lorentz oscillators to account for the two interband
transitions characteristic of TiN; TiO, was fitted using a Tauc-
Lorentz model, which effectively describes the typical optical
behavior of semiconductors: strong absorption above the bandgap
(~3.2 eV) and transparency below it [63]. Instead, the raw
ellipsometric data of high-O content TiON films were modeled
with a B-Spline fitting method. The B-Spline model employs
polynomial functions that can accurately model the complex
refractive index while ensuring Kramers-Kronig consistency. See
Note S3 to gain more information on the used equations.

4.3 | Simulations

The reflectance, transmittance, and absorptance of the IMIM
sandwich structure were simulated by exploiting a simple code
based on the Transfer Matrix Method (TMM), which is briefly
introduced in Note S1. Additionally, the TMM was employed to
optimize the thicknesses of each layer in the IMIM structure,
aiming to maximize solar absorptance. The optimization was
performed using the experimentally retrieved permittivity of the
constituent layers as input parameters (see Note S2).
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