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thermal emitters enabled by
material-based high-impedance surfaces†

David Navajas, José M. Pérez-Escudero and Iñigo Liberal *

Radiative thermal engineering with subwavelength metallic bodies is a key element for heat and energy

management applications, communication and sensing. Here, we numerically and experimentally

demonstrate metallic thermal emitters with narrowband but extremely stable emission spectra, whose

resonant frequency does not shift with changes on the nanofilm thickness, the angle of observation and/

or polarization. Our devices are based on epsilon-near-zero (ENZ) substrates acting as material-based

high-impedance substrates. They do not require from complex nanofabrication processes, thus being

compatible with large-area and low-cost applications.
1 Introduction

The emission and absorption of infrared radiation by sub-
wavelength metallic bodies is the basic operating principle
behind a variety of technologies including thermal camou-
age,1,2 heat-management,3,4 optoelectronic devices,5 thermo-
photovoltaics,6 novel light sources,7,8 radiative cooling,9

photochemistry10 and bioengineering.11 The advantage of
concentrating the absorption/emission on small metallic
bodies is that they minimize the volume where the process
takes place, leading to faster and stronger modulations with
temperature. Increasing the speed and dynamic range of the
modulation expedites the performance of communication
devices,12,13 the impact of nonequilibrium dynamics,14,15 photo-
thermal modulation16 and metal-to-insulator transitions17,18

empowering negative differential thermal emittance,19

temperature-independent emission,20 and thermal homeo-
stasis.21,22 Furthermore, concentrating the absorption within
a deeply subwavelength region catalyzes basic research on sub-
nanometer and atomically-thin metallic materials,23,24 and their
nonlocal25 and quantum26 response.

Conventional approaches to the design of narrowband and
partially coherent thermal emitters include the use of struc-
tured surfaces supporting leaky modes,7 nanoresonators,27–29

photonic crystals,30,31 resonant multi-layered structures,32–35

metasurfaces,36,37 transformation optics38 and angle selective
lters,39 to name a few. These different strategies could be
adapted to concentrate the absorption/emission within a sub-
wavelength metallic body. However, all these approaches, albeit
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different, share common properties arising from the fact that
they rely on the excitation of resonant modes.

First, their emission spectrum is polarization- and angle-
dependent, following the spatial dispersion of the resonances.
This property is convenient for the design of selective emitters,
but avoids the design of emitters with a stable emission spectrum.
Similarly, the resonant frequency is dened by the geometry of the
nanostructure. Therefore, fabrication tolerances modify the
spectrum via frequency shis and in homogeneous broadening.
Finally, the need of fabricating nanostructures capable of sup-
porting specic resonantmodes limits their applicability for large-
area, large-scale and low-cost thermal emitters.

Here, we propose the use of epsilon-near-zero (ENZ)
substrates, acting as a material-based high-impedance surfaces
(HISs), as a pathway to obtain spectrally stable emitters. HISs
consist of metamaterial constructs that replicate the boundary
conditions of an articial magnetic conductor (AMC). Thus,
HISs enforce a maximum of the electric eld tangential to its
surface, strengthening the interactions with thin metallic lms.
HISs have been successfully employed at microwave frequencies
to develop electromagnetic absorbers,40,41 low-prole
antennas,42,43 recongurable antennas,44,45 anti-radar
surfaces46,47 and suppressing surface waves.48 By contrast,
material-based HISs take advantage of the material properties
of a dispersive medium to implement a HISs without the need
of fabricating a metamaterial construct.49,50 Here, we numeri-
cally and experimentally demonstrate that material-based HISs
exhibit an unusually stable absorptivity/emissivity spectrum,
characterized by a narrow band peak, whose frequency position
is independent of the geometry of the metallic lm, the angle of
observation and polarization.

Our results resonate with previous works highlighting
geometry-independent phenomena in ENZ media,51 including
supercoupling,52 photonic doping,53 geometry-invariant reso-
nators54 and frequency pinning of nanoantenna resonances.55
© 2023 The Author(s). Published by the Royal Society of Chemistry
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All of these effects are based on wavelength expansion and
spatial delocalization in ENZ media. By contrast, here we take
advantage of the extreme boundary conditions of ENZ media to
induce a stable emission peak in an otherwise nonresonant
metallic lm, thus opening a new route to geometry-invariant
phenomena in ENZ media. We believe that our results intro-
duce a novel class of thermal emitters, and represent an
important step forward in the development of practical ENZ-
based technologies.
2 Theory and numerical results

We start by numerically investigating the spectral performance
of material-based HISs (high-impedance surfaces) against vari-
ations of the geometry, angle of observation and polarization.
As a particular material platform, the absorptivity/emissivity of
a titanium (Ti) thin lm, deposited on top of a silicon carbide
(SiC) substrate is studies. In this doing so, we will nd that
material-based HISs, implemented with ENZ substrates, exhibit
an unusually stable absorptivity/emissivity spectrum. To high-
light that this is not how conventional nanostructured thermal
emitters behave, we provide the comparative case studies with
a Salisbury screen and a grating supporting a leaky mode
(sketches of the geometries can be seen in Fig. 1).
2.1 Material-based HISs

Silicon carbide (SiC) is characterized by a relative permittivity
with a Lorentzian dispersion prole,56 3SiC(u) = 3N(u2− up

2 +
iuuc)/(u

2 − u0
2 + iuuc), with normalized medium impedance

ZSiCðuÞ ¼ 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3SiCðuÞ

p
. The plasma frequency up is located

around a wavelength of lp = 10.3 mm, where SiC behaves as an
ENZ medium, 3SiC(up) / 0. Thus, a SiC substrate acts as
a material-based HIS, ZSiC(up) [ 1, that enhances the
tangential electric elds on its surface, and strengthens the
interaction between electromagnetic elds and ultra-thin
metallic lms. On the other hand, the resonance frequency u0

is located around a wavelength of l0 = 12.55 mm, where the
permittivity of SiC acquires very high permittivity values
j3SiC(u0)j [ 1. Consequently, near the resonance frequency
a SiC substrate acts as a low-impedance surface, ZSiC(u0) / 0,
with a behavior similar to that of metallic mirrors.
Fig. 1 Sketch of comparative case studies for enhancing the
absorptivity/emissivity of an ultra-thin titanium (Ti) film. (Left) Material-
based high-impedance surface (HIS) based on a silicon carbide (SiC)
substrate. (Center) Salisbury screen implemented with a germanium
(Ge) spacer and an aluminum (Al) mirror. (Right) Rectangular corru-
gations on a SiC substrate acting as a grating supporting leaky modes.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Because the high-impedance character of SiC substrates
directly arises from its material properties, it avoids the need of
complex nanofabrication processes, as it is the case in
conventional, metamaterial-based, HISs. Furthermore, here we
demonstrate that material-based HISs exhibit a narrowband but
extremely stable spectral response. First, the strong frequency
dispersion of SiC near its plasma frequency leads to a narrow-
band absorptivity/emissivity response, enabling for the design
of partially coherent thermal emitters without the need of
nanostructuring a high quality-factor resonant structure. Simi-
larly, because the substrate impedance sweeps a wide range of
values around the plasma frequency, changes in the geometry,
angle of observation and/or polarization do not induce signi-
cant frequency shis. In this manner, material-based HISs are
characterized by an unusually stable emission spectrum.

We illustrate this point by performing full wave numerical
simulations (see Methods) on a titanium (Ti) thin lm depos-
ited on top of a SiC substrate. Following the local form of
Kirchhoff's law,57 we numerically calculate thermal emissivity
from the metallic lm through its absorptivity (see Methods).
Fig. 2a and d depict the predicted lm absorptivity/emissivity
spectra for transversal magnetic (TM) and transversal electric
(TE) polarizations, respectively, as a function of the lm thick-
ness. It can be concluded from the gure that, for all lm
thicknesses, the lm absorptivity/emissivity is maximized at the
plasma frequency, where the substrate acts as a HIS, while it is
minimized at the resonance frequency, where the substrate
behaves the closest to a metallic mirror. The maximum peak
value 69,4% is obtained for a thin-lm thickness of approxi-
mately 4.5 nm. It represents an enhancement of 2.8 times the
maximum value that could be obtained with Ti, standing in
free-space (24.63%), and an even better performance as
compared to the lm deposited on a nondispersive dielectric
substrate with 3r > 1. Also, we re-emphasize that this gure of
merit corresponds to the absorption taking place only within
the ultra-thin metallic lm. Again, the frequency position of the
maximum peak is extremely stable, remaining xed at l = 10.3
mm in the studied range from 1 nm to 20 nm thickness. Despite
the fact that all studied lm thicknesses are deeply sub-
wavelength, lms with similar characteristics induce important
frequency shis in conventional thermal emitters, as we will
show in the following examples.

The robustness of the emission frequency against variations
of the metallic lm thickness provides with important techno-
logical advantages. For example, accurately controlling the
nanometric lm thickness over a large area is an important
technical challenge. Similarly, producing a high-quality thin-
lm with a small roughness requires from a carefully
controlled fabrication process. Material-based HISs exhibit
a stable spectral response against variations of the thin lm
geometry. Thus, they provide an interesting alternative for
large-area, large-scale applications, as well as for low-cost
nanofabrication techniques.

Due to the rotational symmetry of the system, the response at
normal incidence is the same for both TE and TM polarizations
in Fig. 2a and d, and for all lm thicknesses. However, this
symmetry is broken at oblique incidence, in general leading to
Nanoscale Adv., 2023, 5, 650–658 | 651
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Fig. 2 Impact of the titanium (Ti) film thickness on the absorptivity/emissivity spectrum. Numerical prediction of the film absorptivity for (left
column) a Ti thin film on top of a SiC substrate, (center column) a Salisbury screen composed of the Ti film, a germanium (Ge) spacer, and
a perfect electric conductor (PEC) mirror, and (right column) a Ti film on top of a SiC grating with rectangular corrugations with a 0.55lp pitch and
a lp/40 depth for lp = 11.36 mm. The results are shown for the TM (first row) and TE (second row) polarizations. Insets: sketch of the geometry.
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variations on the emission spectrum as a function of the
observation angle. Fig. 3a and d depict the numerical prediction
of the angular response for the TE and TM polarizations,
respectively, for the lm of 4 nm thickness that maximized the
lm absorptivity/emissivity at normal incidence. Normal inci-
dence corresponds to q = 0° and grazing incidence corresponds
to q = 90°. Our numerical simulations reveal that changing the
observation angle does not induce a frequency shi in the lm
absorptivity/emissivity. In other words, the metal lm will
exhibit a peak of thermal emission at a xed frequency, inde-
pendently of the direction along which it is measured. Because
no geometrical resonance is used to induce a narrow linewidth,
one can simultaneously observe angularly-independent and
narrowband thermal emission.

2.2 Comparison with other structures

It can be concluded from our numerical simulations that
material-based HISs enable thermal emitters with a spectrally
stable response. Importantly, we remark that this is not how
conventional partially coherent emitters behave. To illustrate
this point, we next compare its performance with the spectral
response of Salisbury screens and nanostructured surfaces.

2.2.1 Multi-layered structures: Salisbury screen. The Salis-
bury screen is a popular absorber in microwave engineering58,59
652 | Nanoscale Adv., 2023, 5, 650–658
that recently has gained popularity in the design of thermal
emitters.60,61 A Salisbury screen basically consists of a three layer
structure, formed by a resistive layer, placed on a l/4 spacer on
top of a metallic mirror.

The bandwidth and angular dependence of a Salisbury
screen are inversely proportional to the dielectric permittivity.
Therefore, in order to provide the toughest comparison with the
material-based HIS, we consider a Salisbury screen imple-
mented with a germanium (Ge) spacer,62 which exhibits a high
dielectric constant (3Ge x 16) at infrared frequencies. Salisbury
screens implemented with spacers with a lower dielectric
constant feature wider bandwidths and a stronger angular
variability (see ESI Fig. 1†). Because the operating principle of
the Salisbury screen critically depends on the resonant behavior
induced by the spacer, it is well-known that the emission
frequency of the Salisbury screen is very sensitive against vari-
ations of the spacer thickness, thus requiring from precise
nanofabrication processes. Next, it is shown that the emission
frequency of a Salisbury screen also critically depends on the
thickness of the metallic layer. To clarify this point, Fig. 2b and
e depict the numerical prediction of the absorptivity/emissivity
for a Salisbury screen constructed aluminium mirror, a Ge
spacer of 730 nm thickness, and a Ti metallic lm of different
thicknesses, for TE and TM polarizations, respectively. It can be
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Impact of the observation angle on the absorptivity/emissivity spectrum. Numerical prediction of the film absorptivity, as a function of the
incident angle, for (left column) a Ti thin film of 4 nm thickness on top of a SiC substrate, (center column) a Salisbury screen composed of a Ti film
of 6 nm thickness, a germanium (Ge) spacer of 730 nm thickness, and a perfect electric conductor (PEC) mirror, and (right column) a Ti film on
top of a SiC grating with rectangular corrugations with a 0.55lp pitch and a lp/40 depth for lp = 11.36 mm. The selected Ti film thicknesses
correspond to those maximizing the absorptivity at normal incidence. The results are shown for the TM (first row) and TE (second row)
polarizations. Insets: Sketch of the geometry.
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concluded from the gure that the peak emission wavelength
presents a strong dependence on the lm thickness. Speci-
cally, the peak emission wavelength varies from 11.8 mm for
lms with a vanishing thickness, to a peak emission wavelength
of l x 7.8 mm for large thicknesses.

The large variation effect is due to the internal inductance of
the Ti layer. In particular, for vanishing lm thickness, peak
emission occurs at the wavelength where the condition
tanðu=c ffiffiffiffiffiffiffiffiffiffiffiffi

3spacer
p tspacerÞ ¼ N is satised. It corresponds to the l/4

resonance of a conventional Salisbury screen, composed of
a purely resistive layer. However, as the thickness of the lm
increases, the impact of its internal inductance can no longer be
neglected, shiing the resonance to higher frequencies (see ESI
Fig. 2†). For large lm thicknesses, the peak emission occurs at
the wavelength l x 8 mm, decreasing more and more when
reaching the tanðu=c ffiffiffiffiffiffiffiffiffiffiffiffi

3spacer
p tspacerÞ ¼ 0 condition. The approx-

imated thickness for which the highest peak of absorption is
obtained is 6.6 nmwith a peak value of 94.6%. The value is fairly
superior to that obtained with the SiC substrate, where losses
limited the range of the substrate impedance. By contrast, we
modeled Ge with an ideally lossless permittivity, and the
metallic mirror was modeled with an ideal PEC. Moreover, the
© 2023 The Author(s). Published by the Royal Society of Chemistry
superior peak performance comes at the cost of a broader and
less stable spectral performance. The fact that the Salisbury
screen peak emission wavelength depends strongly not only
with the space thickness, but also with nanometric variations of
the metallic lm thickness, might reduce its applicability for
large-area and/or low cost applications.

Fig. 3b and e depict the absorptivity/emissivity of the Salis-
bury screen with Ti lm of 6.6 nm thickness, for TM and TE
polarization, respectively, and as a function of the incident
angle. The gures show that, despite featuring a wider band-
width, the peak wavelength of the Salisbury screen shis as
a function of the observation angle. For the TM polarization, the
peak shis from l = 10 mm at normal incidence, to l = 10.5 mm
at q = 80 °. For the TE polarization, the peak shis from l = 10
mm at normal incidence, to l = 8.4 mm at q = 80 °. Here, we re-
emphasize that a Ge-based Salisbury screen was selected as
a competitive test, and that Salisbury screens based on spacers
with a lower permittivity will lead to a larger angular variability.

2.2.2 Nanostructured surfaces: gratings supporting leaky
modes. Another approach towards the design of partially-
coherent thermal emitters is to provide the substrate with
a structure at the nanoscale, either by sculpting
Nanoscale Adv., 2023, 5, 650–658 | 653
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Fig. 4 Comparison of bandwidth performance. Numerical prediction
of the film absorptivity spectra, normalized to its maximum value, for
a Ti thin film of 4 nm thickness on top of SiC substrate, a Salisbury
screen composed of a Ti film of 6.6 nm thickness, a germanium (Ge)
spacer of 730 nm thickness, and a perfect electric conductor (PEC)
mirror, and a Ti film on top of a SiC grating with rectangular corru-
gations with a 0.55lp pitch and a lp/40 depth for lp = 11.36 mm.
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nanoresonators, nanoantennas and/or gratings. All these cases
are characterized by reduced mode volumes and strong
coupling to electromagnetic elds, albeit at the cost of more
accurate nanofabrication processes. As an example of a nano-
structured thermal emitters, we consider the spectral perfor-
mance of metallic thin-lms on top of gratings. Gratings are
characterized by a periodic modulation of the surface, which
modies the dispersion properties of surfaces modes, reducing
its propagation constant and thus allowing the coupling to free-
spacemodes.7 Surface modes provide strong connement of the
eld near the surface of the substrate, and they can strongly
couple to a metallic thin-lm deposited on top of the substrate.
To illustrate this point we consider a grating consisting of
rectangular rods etched on a SiC substrate, with a 0.55lp pitch
and a lp/40 depth for lp = 11.36 mm.

Fig. 2c and f depict the numerically predicted variation of the
lm absorptivity/emissivity as a function of the lm thickness,
for both TM and TE polarizations, respectively. In this case, the
system no longer has rotational symmetry, and it presents
a different behavior for TM and TE elds. In fact, the grating
mode only effectively couples to TM radiation, and the response
for the TE polarization is very similar to that of the bare SiC
substrate. For the TM polarization, the lm absorptivity/
emissivity presents a strong dependence of the lm thickness.
In fact, the results presented in Fig. 2c reveal that peak
absorptivity/emissivity range from l = 11 mm for lms with
a vanishing thickness, to l = 10.3 mm for a thickness of only
3 nm. For thicknesses greater than 3 nm, the grating mode
merges with the response of the SiC substrate acting as
a material-based HIS at the ENZ frequency. In the region where
leaky mode is well-dened, a local maximum lm absorptivity/
emissivity of 47.95% is found for a lm thickness of 0.5 nm.
Strong coupling of SiC nanoresonators to dielectric sub-
nanometer lms has been experimentally demonstrated in
previous works.63 Consequently, our numerical simulations
show that sub-nanometer metallic lms already exhibit strong
absorption efficiencies, and a large variability on the emission
spectrum. The strong variability of the absorptivity/emissivity of
the metallic lm arises from the strong electric eld conne-
ment provided by resonant nanostructures. While this property
is very convenient for the design of high-sensitivity sensors, it
directly leads to inhomogeneous broadening for small varia-
tions of the lm geometrical properties. In fact, our numerical
simulations predict that small variations of the lm thickness,
comparable the dimension of typical roughness, induce
a signicant variation on the peak wavelength and/or might
provoke the disappearance of the leaky mode.

Fig. 3c and f depict the numerical prediction of the lm
absorptivity/emissivity for a Ti lm thickness of 0.5 nm as
a function of the observation angle, for both TM and TE polari-
zations, respectively. Again, the grating mode can only be
observed for the TM polarization, while a response similar to that
of the bare substrate is observed for the TE polarization. For the
TM polarization, the wavelength of the peak absorptivity/
emissivity shis from l = 11 mm at normal incidence to l =

12.45 mm for q = 80 °. The strong dependence of the lm
absorptivity/emissivity with the angle of observation is a common
654 | Nanoscale Adv., 2023, 5, 650–658
property of gratings, where the peak wavelength follows the
dispersion of the leaky mode. For this reason, thermal emitters
based on gratings supporting leaky modes exhibit a different
spectrum as a function of the observation angle.

To nalize our comparative study, Fig. 4 reports a compar-
ison of the bandwidth performance for the three different
classes of thermal emitters studied above, for the Ti lm
thicknesses that maximized the peak absorptivity/emissivity on
each case. It can be concluded from the gure that material-
based HISs provide a bandwidth much smaller than that ob-
tained with the competitive Ge-based Salisbury screen. The
gure also reveals that material-based HISs provide a band-
width comparable to that obtained with the grating supporting
a leaky mode, despite the fact that the fabrication of a high
quality factor resonator was not needed.

In conclusion, ENZ substrates acting as material-based HISs
enable the design of narrowband thermal emitters whose
spectral response is unusually stable against variations of the
geometry, observation angle and polarization. In addition, such
properties are obtained even without the need of complex
nanofabrication processes. It is worth noting that we have
theoretically modelled the titanium layers with a size-
independent permittivity model (see Methods). However, for
lms in the deep nanometer scale size-dependent effects might
affect the results.64–66 We expect that such corrections will not
change the conclusions of our analysis, since the same effect
will affect all three congurations, and our conclusions extend
beyond the few nanometer regime.
3 Experimental results

We experimentally demonstrate the spectral stability of
material-based HISs by fabricating several samples of titanium
(Ti) metallic lms deposited on top of a silicon carbide (SiC)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Fabricated samples. (a) Photos of the samples with increasing Ti
film thickness, deposited on top of a 220 mm SiC wafer. (b) Detail of
a 25 mm2 roughness of the selected sample (20 nm Ti thin film)
measured via AFM. The RMS roughness is 2.188 nm,mean roughness is
1.635 nm, maximum peak height is 16.05 nm, maximum pit depth is
7.73 nm and the maximum height is 23.78 nm.

Fig. 6 Reflectivity difference. Representation of reflectivities involved
in the subtraction: thin film plus substrate (RTiSiC) and the substrate
itself (RSiC), for a determined incidence angle (q).
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substrate, and characterizing them via FTIR spectroscopy. First,
we demonstrate the robustness against variations of the thick-
ness of the metallic lm by fabricating six samples with
different Ti lm thicknesses (5 nm, 10 nm, 15 nm, 20 nm, 25 nm
and 35 nm) deposited on top of 4H-SiC substrates with 220 mm
thickness via e-Beam evaporation. Photographs of the fabri-
cated samples are reported in Fig. 5a, showing that the samples
become more opaque in the visible as the Ti lm thickness
increases. Fig. 5b reports the atomic force microscopy (AFM)
scan for the sample of 20 nm thickness, with an average
roughness of 1.63 nm.

We characterize the spectral response of the samples via
FTIR spectroscopy (see Methods). Unfortunately, the lm
absorptivity/emissivity cannot be directly measured from FTIR
reectivity measurements, which provide the collective
response of lm plus substrate system. Therefore, the lm
absorptivity/emissivity was retrieved by measuring the reec-
tivity difference, i.e., by subtracting from the reection of a bare
SiC substrate the reection from a SiC substrate with the thin
lm placed on it: ATi x RSiC − RTiSiC (see Fig. 6). The reectivity
difference provides an accurate estimation of the lm
absorptivity/emissivity within the high-reectivity Reststrahlen
band of SiC, and a pessimistic estimation of the lm
absorptivity/emissivity near the ENZ frequency (see ESI Fig. 4†).
Therefore, it is a pessimistic estimate of the spectral perfor-
mance of our devices.

Normal incidence experiments were conducted with unpo-
larized light and a FTIR infrared microscope (see Fig. 7a and
Methods), and the results are reported in Fig. 7b. The measured
reectivity difference conrms that the peak lm absorptivity/
© 2023 The Author(s). Published by the Royal Society of Chemistry
emissivity takes place in the vicinity of the plasma frequency
of the substrate for all fabricated samples. The reectivity
difference is maximized for a lm thickness of 20 nm, with
a peak value of 81.5%. Therefore, the measured sample maxi-
mizes the absorptivity/emissivity for a lm thickness larger than
that predicted by the theory, and it also provides a higher peak
value. We ascribe this behavior to the surface roughness of the
lm, which effectively increases the resistivity of the metallic
lms. In order to test this hypothesis, we model the rough Ti
layer with an effective Drude model: 3lm = 1 − up

2/(u(u + iuc))
with tted values up = 3.93 × 1015 rad s−1 and uc = 1.06 × 1015

rad s−1. Numerical predictions based on this tted lossier
Drudemodel match well with the experimental results as shown
in Fig. 7.

The fact that the experimental data can be explained with
a material with increased losses with respect to the theory,
supports the conclusion that the fabricated lms have a more
resistive character. The only major difference between
measurements and updated theory takes place for the lm of
5 nm thickness, for which the measured reectivity is much
smaller than even that predicted by the corrected model (see
Fig. 7b, and ESI Fig. 4a†). This effect can be justied by the fact
that for this sample the surface roughness is comparable to the
lm thickness, as well as for size-dependent effects associated
with electron connement and boundary effects in lms with
few nanometer thickness. However, the fact the absorptivity/
emissivity spectrum is still characterized by a peak at the
plasma frequency even for a low quality lm, with a roughness
comparable to its thickness, supports the conclusion that
material-based HISs support an stable spectral response, quite
independent of the geometry of the metallic lms deposited on
top of it.

Following the theory, we next analyze the angular response
of the 20 nm thick sample that maximized the absorptivity at
normal incidence. To this end, we used a two movable mirror
system (see Fig. 8a and Methods) that allows for measuring the
Nanoscale Adv., 2023, 5, 650–658 | 655
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Fig. 7 Normal incidence measurements. (a) Photograph of the FTIR microscope. Comparison between (b) measurements and (c) numerical
predictions of the reflectivity difference as a function of the titanium (Ti) film thickness at normal incidence. Measurements were performed on
six samples with Ti film thicknesses of 5 nm, 10 nm, 15 nm, 20 nm, 25 nm and 35 nm.

Fig. 8 Oblique incidence measurements. (a) Photograph of the moving mirror setup for adjusting the incident angle. Comparison between (b)
measurements and (c) numerical predictions of the film absorptivity as a function of the incidence angle, for the sample of 20 nm film thickness.
Measurements were performed from 15° to 80° with a step of 1°.
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reectance at variable angle of incidence. Measurement results,
between 15° and 80°, with a step of 1°, are reported in Fig. 8b as
compared to the theory in Fig. 8c. The results demonstrate that
the absorptivity/emissivity spectrum of material-based HISs is
robust against variations of the observation angle. Moreover,
the theoretical comparison of the lm absorptivity and the
reectivity difference as a function of the observation angle (see
ESI Fig. 5†), reveal that the reectivity difference is a pesimistic
estimation of the angular robustness of the lm absorptivity/
emissivity.
4 Methods
4.1 Simulations

Numerical calculations of the lm absorptivity/emissivity were
carried out with the full-wave solver Comsol Multiphysics™.67

In particular with the frequency domain solver of the Wave
Optics module. The lm is represented as a transition boundary
condition and its absorptivity is calculated via integration of the
dielectric losses. Limits of the unit cell were dened with
656 | Nanoscale Adv., 2023, 5, 650–658
periodic boundary conditions. In the case of the SiC substrate,
the bottom limit is presented as scattering boundary condition.

Silicon carbide was modeled with a Lorentzian permittivity,56

3SiC(u)= 3N(u2 − up
2 + iuuc)/(u

2 − u0
2 + iuuc), with normalized

medium impedance ZSiCðuÞ ¼ 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3SiCðuÞ

p
. In the Theory and

numerical results section, titanium and aluminum were
modeled with tabulated data.68,69 In the Experimental results
section, titanium was modelled with an effective Drude model:
3lm = 1 − up

2/(u(u + iuc)) with tted values up = 3.93 × 1015

rad s−1 and uc = 1.06× 1015 rad s−1. We note that the validity of
the numerical predictions and calculations extend until the
deep nanometer scale, where size dependent effects should be
included.64–66

4.2 Samples fabrication and measurement

The samples were fabricated in the ISO7 cleanroom at UPNA
facilities evaporating Ti on 4H-SiC wafer with an Angstrom
Engineering e-Beam evaporator. The six samples are shown in
the Fig. 5a. Normal incidence measurements of the samples
reection were performed via Fourier Transform Infrared
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Spectroscopy (FTIR) with a microscope Hyperion 3000, and the
oblique incidence measurements with the coupled accessory
A513/Q in the Bruker Vertex 80v spectrometer.
5 Conclusion

Our results numerically and experimentally demonstrate that
material-based HISs, implemented via ENZ substrates, exhibit
an unusually stable and narrowband emission spectrum. By
contrast with conventional partially coherent emitters, it was
demonstrated that the peak emission frequency is very robust
against variations on the system geometry (i.e., the thickness of
the metallic lm and/or the presence of roughness), the angle of
observation, and polarization. In addition, this unique property
is achieved without the use of complex nanofabrication
processes, opening the pathway to large-area, large-scale and
low-cost applications. Our study has focused on samples
composed of Ti metallic layers deposited on top of SiC
substrates. However, we expect that similar conclusions hold
for other material choices both for the metallic lms (e.g.,
chromium, platinum), and ENZ substrate (e.g., AZO, CdO, ITO).
We believe that our study reveals a new class of emitters, which
might be of interest for a variety of technologies build around of
heat and energy radiative management. Beyond thermal emit-
ters, the absorption of infrared radiation by ultra-thin metallic
lms is the basis of optoelectronic devices, photothermal
modulation and basic research on atomically-thin materials, for
which a narrowband emitter with an exceptionally stable spec-
trum might also be of interest.
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and M. Soljačić, Nat. Nanotechnol., 2016, 11, 320–324.

9 S. Fan and W. Li, Nat. Photonics, 2022, 1–9.
10 S. Mukherjee, F. Libisch, N. Large, O. Neumann, L. V. Brown,

J. Cheng, J. B. Lassiter, E. A. Carter, P. Nordlander and
N. J. Halas, Nano Lett., 2013, 13, 240–247.

11 N. N. Shi, C.-C. Tsai, F. Camino, G. D. Bernard, N. Yu and
R. Wehner, Science, 2015, 349, 298–301.

12 E. Sakat, L. Wojszvzyk, J.-P. Hugonin, M. Besbes, C. Sauvan
and J.-J. Greffet, Optica, 2018, 5, 175.

13 L. Wojszvzyk, A. Nguyen, A.-L. Coutrot, C. Zhang, B. Vest and
J.-J. Greffet, Nat. Commun., 2021, 12, 1–8.

14 C. S. Park and S. S. Lee, Sci. Rep., 2020, 10, 17727.
15 T. Inoue, M. D. Zoysa, T. Asano and S. Noda, Nat. Mater.,

2014, 13, 928–931.
16 E. J. Dias, R. Yu and F. J. Garćıa de Abajo, Light: Sci. Appl.,
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