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ABSTRACT: Epsilon-near-zero (ENZ) media have been very actively
investigated due to their unconventional wave phenomena and
strengthened nonlinear response. However, the technological impact
of ENZ media will be determined by the quality of realistic ENZ
materials, including material loss and surface roughness. Here, we
provide a comprehensive experimental study of the impact of surface
roughness on ENZ substrates. Using silicon carbide (SiC) substrates
with artificially induced roughness, we analyze samples whose
roughness ranges from a few to hundreds of nanometer size scales. It
is concluded that ENZ substrates with roughness in the few nanometer
scale are negatively affected by coupling to longitudinal phonons and
strong ENZ fields normal to the surface. On the other hand, when the
roughness is in the hundreds of nanometers scale, the ENZ band is
found to be more robust than dielectric and surface phonon polariton (SPhP) bands.
KEYWORDS: Epsilon-near-zero (ENZ), Kretschmann-Raether, SPhP, atomic force microscopy (AFM),
Fourier transform infrared (FTIR)

I. INTRODUCTION
Epsilon-near-zero (ENZ) media, i.e., materials and/or
metamaterial constructs with a near-zero permittivity, have
become a very active field of research field due to their
qualitatively different optical behavior.1−4 A variety of wave
phenomena emerge from the different physics of ENZ media,
for example, supercoupling5,6 and ideal fluid flow,7,8 geometry-
invariant resonators,9 directive emission,10,11 photonic dop-
ing,12 nonradiating modes,13−15 and guided modes with a flat
dispersion profile,16−18 just to name a few. Moreover, ENZ
media intrinsically enhances light−matter interactions, as is the
case for nonlinear optics,19−23 electrical24,25 and optical26,27

modulation, spontaneous emission,28−31 magnon-optical pho-
ton coupling,32,33 entanglement generation,34,35 and light
concentration on ultrathin metallic films for thermal
emitters36,37 and optoelectronic38 devices. Additionally, ENZ
systems are currently being used in prototypes of compact
antennas39 and microwave network components,40 as well as
for analog optical computing.41

Due to the scientific and technological interest of ENZ
media, there has been intensive research on material platforms
exhibiting a near-zero permittivity at infrared, visible, and even
ultraviolet frequencies. Similar to plasmonic systems, the
performance of ENZ materials at optical frequencies is limited
by material loss.42,43 A detailed account of materials with an
ENZ response, their frequency of operation, and their ranking

in accordance with material losses can be found in popular
reviews on the topic.2

Beyond material losses, surface roughness is one of the
major challenges in the development of high-performance
nanophotonic technologies. For example, surface roughness
severely affects plasmonic systems,44,45 as they are based on
surface modes tightly confined to a metal interface. Sidewall
roughness is also the major loss mechanism in state-of-the-art
integrated photonic resonators and waveguides.46,47 However,
the impact of surface roughness on ENZ media is far less
studied. Recent experimental studies have investigated the
impact of surface roughness on ENZ media, for example, at a
small scale for indium tin oxide (ITO) nanofilms in the
Kretschmann−Raether configuration, concluding that the
response around the ENZ frequency is dominated by
capacitive plasmons.48 However, there is a lack of additional
experimental data across different material platforms, geo-
metrical configurations, mode of operation, and surface
roughness size scales.
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From the known theory of ENZ media, two apparently
contradictory arguments on the impact of surface roughness on
ENZ media are possible. On the one hand, due to the
continuity of the normal displacement field, D = εE, oblique
incidence over an ENZ interface results in the excitation of
strong longitudinal electric fields (see Figure 1). In fact,
longitudinal modes would be supported in an ideal ENZ
medium.49 Thus, it has been suggested that the response of
ENZ substrates would be particularly affected by surface
roughness,50 due to the excitation of strong longitudinal fields
at a rough boundary. On the other hand, ENZ media are
characterized by an effective enlargement of the wavelength,
λeff = λ0/√ε ≫ 1. Therefore, it might be expected that
variations of the geometry would only lead to small changes in
the response of the system, in line with geometry-invariant
phenomena observed in ENZ media.51

In this work, we address the impact of surface roughness on
ENZ substrates by experimentally and numerically investigat-
ing the reflectivity of a silicon carbide (SiC) substrate with
different levels of artificially induced roughness. Silicon carbide
is a polar dielectric, whose response at infrared frequencies is
characterized by a reflective band arising from the coupling to
optical phonons.52 The excellent optical properties of SiC have
facilitated experimental demonstrations of superlensing,53

extraordinary transmission,54 thermal emitters driven by
waste heat,55 and parametric amplification of phonons.56

SiC is also an excellent material platform for investigating
the impact of surface roughness on ENZ media for two
reasons: First, it has a high-quality ENZ response, which has
enabled the experimental demonstration of frequency pinning
of resonant nanoantennas,57 ENZ high-impedance thermal
emitters,36,37 and ENZ waveguide and cavity modes.58,59

Second, its permittivity has a Lorentzian dispersion profile,
including a band of negative permittivity supporting the
propagation of surface phonon polaritons (SPhP), as well as
frequency bands with a dielectric response. As schematically
depicted in Figure 1, a variety of polaritonic phenomena is
excited at a rough SiC substrate, including distinct ENZ field
distributions, propagating and localized SPhP, and coupling to
zone-folded longitudinal phonons (ZFLO). Consequently, SiC
enables a direct comparison of the impact of surface roughness

on ENZ media, plasmonic-like systems, and dielectric media,
all within the same sample.
Previous studies have provided experimental data on rough

SiC60,61 substrates and other polar materials such as gallium
nitride (GaN)62 and cubic-boron nitride (cBN),63 showing
that the coupling to SPhPs leads to a two-peaked spectrum.
Our work provides additional experimental data by studying
samples with roughness scales ranging from a few to hundreds
of nanometers, where the transition between qualitatively
different spectra can be observed. In addition, we perform our
experiments with a high-frequency resolution, which allows for
identifying longitudinal and ZFLO phonon modes whose
excitation is mediated by surface roughness. Furthermore, our
experimental data clarifies the role of surface roughness around
the ENZ frequency.

II. RESULTS
II.I. Experimental Results. Artificial roughness was

created on 220 μm thick 4H-SiC wafers via deep reactive
ion etching (DRIE). Instead of optimizing the fabrication
procedure to minimize roughness and sidewall angle in SiC
substrates,64−66 gas composition, time of exposure, pressure,
and temperature of the chamber were tuned to increase the
root-mean-square (RMS) roughness. Specifically, the selected
parameters were: no helium in the chamber, 80 sccm of SF6
and 10 sccm of O2, 15 mTorr of pressure, temperature of 30
°C, and a time of exposure of 12 min (see Section IV). We
found that the ion bombardment results in the stochastic
generation of significant roughness with large intersample
variability, but low intrasample variability. Atomic force
microscopy (AFM) maps of the samples are shown in Figure
2a−d, providing a more detailed view of the morphology of the
samples. The root-mean-square (RMS) measurements of the
samples are 3.0, 24.0, 68.8, and 298.3 nm. As we will show, this
range of RMSs allows for the investigation of several regimes in
the optical response of rough SiC substrates at infrared
frequencies.
Reflectivity measurements were carried out via Fourier

transform infrared (FTIR) spectroscopy (see Section IV), with
the results gathered together in Figure 2e−h. The reflectivity
spectra provide information about the optical infrared response

Figure 1. Polaritonic phenomena excited with an IR far-field source from 8 to 14 μm in a silicon carbide (SiC) substrate artificially induced
roughness. Strong longitudinal epsilon-near-zero (ENZ) fields and zone-folded longitudinal phonons (ZFLO) are excited at selective wavelengths.
The latter hybridize with propagating and localized surface phonon polaritons (SPhP), which can potentially exist in a continuous band of
frequencies, depending on the geometry of the surface roughness.
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of the samples, including the coupling to different polaritonic
modes, such as propagating and localized surface phonon
polaritons (SPhP), as well as longitudinal (LO) and zone-
folded (ZFLO) optical phonons. Figure 2e−h reports the
average value and data range of the FTIR reflectivity for four
different measurements on each sample. Individual data for
each measurement is available in Supporting Figure 1. While it
is found that the variability in the samples increases along with
the surface roughness, the reflectivity measurements confirm a

low intrasample variability. We note that due to the large
thickness of the samples 220 μm, the transmission is so small
that it can be safely disregarded.
The measurements of Sample I, the commercial wafer

without etching featuring an RMS of 3 nm, are presented in
Figure 2e. Overall, the reflectivity spectrum follows the
theoretical response of a perfectly flat substrate. Specifically,
it is characterized by a highly reflective band, the Reststrahlen
band, taking place between the transversal (TO, λTO = 12.55

Figure 2. Characterization of silicon carbide (SiC) substrates with artificially induced roughness. (a−d) 3D maps of the surface roughness obtained
via atomic force microscopy (AFM). (e−h) Reflectivity spectra obtained via FTIR spectroscopy. Each figure represents the average reflectivity
obtained after four measurements on each sample. The data range expanded by all measurements is shown as a blue band between the minimum
and maximum reflectivity measurements.
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μm) and longitudinal (LO, λLO = 10.3 μm) optical phonon
wavelengths (see Figure 3a). As shown in Figure 3, the

permittivity of SiC approximately follows a Lorentzian
dispersion profile, and the Reststrahlen band corresponds to
the frequency range where the real part of the permittivity of
SiC is negative. The reflectivity also has a minimum at a
wavelength of λ = 9.96 μm, where the real part of the
permittivity approx. equals 1.
Major deviations between the theory for a flat substrate and

the reflectivity measurements for Sample I are the existence of
three resonant dips at λI = 10.63 μm, λII = 10.35 μm, and λIII =
10.17 μm wavelengths. The first resonant wavelength, λI =
10.63 μm, lies near the wavelength at which the real part of the
permittivity of SiC is expected to equal −1. Thus, it aligns the
SPhP resonance (blue band) edge where the band of
propagating SPhP modes starts and the wavelength with a
larger density of propagating SPhP modes. For reference, the
theoretical dispersion of SPhPs is reported in Figure 3c.
Therefore, this dip can be ascribed to the perturbative coupling

to propagating SPhP facilitated by local surface roughness via
the excitation of near fields with large wavenumbers. The peaks
at λII = 10.35 μm and λIII = 10.17 μm wavelengths lie within
the ENZ band. Therefore, they can be ascribed to the coupling
to longitudinal phonons and/or strong normal ENZ fields,
although the Raman spectra did not individually resolve these
features (see Supporting Figure 2). We remark that a high-
frequency resolution is needed to correctly capture these peaks
via FTIR spectroscopy, which explains why peaks λI, λII, and
λIII are not always reported in previous measurements of bare
SiC substrates (see Supporting Figure 3 for a comparative
measurement with different frequency resolutions).
The average reflectivity for Sample II, a processed sample

with 24.0 nm RMS roughness, is reported in Figure 2f. It is
found that the reflectivity of Sample II is qualitatively similar to
Sample I, reflecting the same number and shape of spectral
features. However, the major difference is that the resonant dip
at λI = 10.63 μm is deepened and broadened. It can be then
concluded that an increased surface roughness strengthens the
coupling to propagating SPhPs, making the SPhP band
particularly sensitive to surface roughness. By contrast, the
reflectivity within the ENZ and dielectric bands appears to be
more robust against the increase of the surface roughness,
compared to the SPhP band.
The reduced reflectivity within the SPhP band is even more

acute in Sample III, with an RMS of 68.8 nm (see Figure 2g).
In fact, the significant reduction of the reflectivity in the SPhP
band follows a strong nonlinear trend. We note that structured
SiC substrates are known to support localized SPhP modes
even with deeply subwavelength nanoresonators.67 Therefore,
it should be expected that, as roughness increases, the optical
infrared response of the substrate transitions from the
perturbative coupling of propagating SPhPs to the excitation
of localized SPhP resonances.67 Sample III is also characterized
by the appearance of an additional spectral feature at λDS =
11.92 μm, which can also be weakly appreciated in the Raman
spectrum (see Supporting Figure 2). For our 4H-SiC polytype,
this wavelength is associated with the zone-folded longitudinal
optical phonon (ZFLO),68,69 whose coupling to infrared
radiation has been previously observed in SiC substrates
structured with gratings and pillars.70 The coupling of infrared
far-field radiation to longitudinal optical phonons is techno-
logically relevant as the latter can be driven with an electric
bias, opening a pathway toward electrically driven polaritonic
sources.70,71 Our results demonstrate that surface roughness is
capable of facilitating the coupling between SPhPs, ZFLO, and
far-field infrared radiation.
Sample IV presents the highest roughness, with an RMS of

298.3 nm. The measurements reveal an even larger degradation
of the reflectivity in the SPhP band, further confirming the
nonlinear trend and great sensitivity against the roughness of
this frequency band Figure 2h. As the roughness geometrical
features are comparable to state-of-the-art localized SPhP
resonators in SiC,67,72 the reduced reflectivity can be
understood as the superposition of many randomly shaped
resonators. It is also noticed that the dip in reflectivity in the
SPhP band extends toward the ENZ band so that the feature at
λII = 10.35 μm is hidden. At the same time, there is a small
variation of the reflectivity at the ENZ wavelength, λLO = 10.3
μm, which now appears as a peak of maximum reflectivity.
Sample IV also reflects a significant reduction of the reflectivity
in the dielectric bands. This effect is ascribed to the scattering
by dielectric bodies of a sufficiently large size.

Figure 3. Silicon carbide (SiC) theoretical dispersion properties. (a)
Theoretical reflectivity from a perfectly flat silicon carbide (SiC)
substrate, and measurement of the Raman spectrum exhibiting
phonon lines on both sides of the high-reflectivity band. (b) Real and
imaginary parts of the SiC permittivity following a Lorentzian model.
(c) Surface phonon polariton (SPhP) dispersion in the case of a
smooth surface of SiC. The red highlighted zone represents the part
where the phonon dispersion modes are still propagating. At εSiC = −1
(blue zone), the surface waves start to be evanescent, and the SPhP
phenomena start.
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Overall, the reflectivity becomes a two-peaked spectrum,
with one peak centered at the ENZ wavelength, and the other
one centered at the TO wavelength. The first peak evidences
the robustness of the ENZ band against roughness in the
hundreds of nanometers scale, possibly related to the
enlargement of the wavelength and inhibition of geometrical
resonances. The second peak takes place at wavelengths where
the real part of the permittivity of SiC is negative but very
large. Thus, it hints toward the robustness of good conductors
against surface roughness on the nanometer scale. We note
that similar two-peaked spectra were reported for porous SiC
layers.73,74 However, these works do not provide experimental
data of the transition from small to large surface roughness
effects and do not discuss the coupling to different polaritonic
modes, the relevance of the response around the ENZ region,
and the behavior in the dielectric bands.
Figure 4 represents the measured evolution of the reflectivity

as a function of RMS roughness for five representative

wavelengths of λ = 8 μm (dielectric band), λLO = 10.3 μm
(ENZ and LO wavelength), λ = 10.56 μm (SPhP resonance), λ
= 12 μm (within the SPhP band) and λ = 12.55 μm (TO
wavelength). The reflectivity is normalized to its maximum
value to better appreciate relative changes induced by the
increase of the surface roughness. As previously discussed, the
wavelengths at the SPhP resonance and within the SPhP band
present the fastest decrease of the reflectivity, where now the
nonlinear trend with the RMS can be clearly appreciated. The
normalized reflectivity in the dielectric band is also found to
exhibit a strong decrease in surface roughness, an effect that
could not be easily identified in the measured spectra due to its
low initial value. By contrast, the ENZ (LO) wavelength and
TO wavelengths are shown to be particularly robust to the
increase of the RMS roughness from a few to hundreds of
nanometers.
Our experiments clarify the impact of surface roughness on

ENZ substrates, and its comparison with other material
responses. It is found that, for small surface roughnesses,
ENZ is sensitive to surface roughness as it facilitates the
coupling to longitudinal phonons and/or strong normal fields

in the ENZ band, as suggested by previous theoretical
reports.50 At the same time, such coupling does not seem to
significantly decrease the reflectivity and it does not severely
increase along with the RMS roughness. In fact, for RMS
roughnesses in the range of tens and hundreds of nanometers,
the ENZ band appears to be particularly robust, compared to
the SPhP and dielectric bands, in connection with the
enlargement of the wavelength and the geometry-invariant
phenomena observed in ENZ media.9 Our experimental data
also shows the transition from surface roughness to
pseudorandom nanostructuring.

II.II. Numerical Results. We use full-wave numerical
simulations to provide additional insight into the impact of
surface roughness in SiC substrates. Theoretical modeling of
surface roughness is a challenging task. On the one hand, the
interaction of infrared radiation results in complex electro-
magnetic excitations and resonant effects, which cannot always
be captured by effective medium theories (EMT).75−78 On the
other hand, numerical simulations can fully capture the wave
effects introduced by the geometry, but the computational
burden required to reproduce the geometrical details of
random roughness can be too demanding. In the following, we
use full-wave numerical simulations with a simplified geometry
(see Section IV), a technique that has been successfully
employed to address the impact of surface roughness in
plasmonic cavities.79,80

The simulation setup is schematically depicted in Figure 5. It
consists of a periodic two-dimensional (2D) model, where the

surface roughness is built from the sum of sinusoidal functions
according to the following equation: yR(x) = ∑n=1

3 A cos-
πxnP−1), where A is the amplitude of the sinusoidal functions,
x is the displacement along the X axis, and P is the length or
pitch of the periodic unit cell. The configuration is excited with
a normally incident plane wave with transversal magnetic
(TM) polarization, i.e., with an in-plane electric field, as such
polarization provides a stronger interaction with nanometer
changes in the geometry of the surface. Our 2D periodic model
is clearly an approximation, but it qualitatively captures the
main physics of the configuration while substantially reducing
the computational burden. In turn, the reduction of the
computational burden allows for extensive parameter sweeps
mimicking the stochastic nature of surface roughness.
Specifically, we estimate the electromagnetic response of
surface roughness by sweeping the period of the unit cell
from 10 to 900 nm, with a step of 20 nm, and then averaging
the resulting reflectivities. Within our model, SiC is modeled

Figure 4. Normalized reflectivity values R/Rmax as a function of RMS
roughness for representative wavelengths, including the dielectric
band (λ = 8 μm, Re(ε) = 3.83), the ENZ point (Re(ε) ≃ 0, λLO =
10.3 μm), the SPhP resonance Re(ε) ≃ −1, λ = 10.56 μm, within the
SPhP band (λ = 12 μm), and at the TO phonon point (λTO = 12.55
μm). Figure 5. Simplified geometrical model for surface roughness. The

geometry of the rough surfaces with mimicked in a unit cell of length
P with the superposition of three sinusoidal functions with the same
amplitude A, and spatial frequencies n1 = 1/P, n2 = 2/P, and n3 = 3/P.
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with an isotropic permittivity following a Lorentzian dispersion
profile (see Section IV). Therefore, the numerical simulations
cannot predict responses not contained within such material
model, e.g., the coupling to ZFLO phonons.
The predicted reflectivities are gathered together in Figure 6,

including the average reflectivities for unit-cell periods ranging

from 10 to 900 nm with a 20 nm step, and the data range
expanded by all individual simulations (shown as a blue band
between the minimum and maximum values). The reflectivity
data for all individual simulations is reported in Supporting
Figures 4 and 5. We report the results for four different
amplitudes A = 5, 25, 50, and 300 nm, corresponding to RMSs
of 6.1, 30.6, 61.2, and 289 nm, on the same range as the
fabricated samples. Overall, it is found the numerical
simulations qualitatively agree with the experiments. The

simplifications of the numerical model (2D vs three-dimen-
sional (3D) geometry and use of a periodic and subwavelength
unit-cell) do not allow for a quantitative matching between
theory and experiments. However, the predictions from the
numerical model qualitatively reproduce the measured spectra
(existence and positioning of the peaks), thus supporting the
main conclusions drawn in the previous section. For example,
the predicted reflectivities for the two first samples with
amplitudes of A = 5 and 25 nm (see Figure 6a) are
predominantly characterized for a dip near the SPhP resonance
frequency, where Re(εSiC) = −1, confirming the sensitivity of
the SPhP resonance frequency against surface roughness. On
the other hand, the numerical simulations do not predict the
dips experimentally observed in the ENZ band. However, a
small ripple in the reflectivity can be appreciated at a
wavelength of λII = 10.35 μm, consistent with one of the
measured dips in the ENZ band.
The dip in the SPhP band deepens and extends its frequency

range for the numerical simulations with an amplitude of A =
50 nm, qualitatively following the measurements of Sample III.
At the same time, the numerical simulations are found to
quantitatively underestimate the impact of the surface
roughness in the SPhP band. Numerical simulations for this
sample correctly recover the dip in the ENZ band measured at
λII = 10.35 μm, suggesting that the measured dip could be
related to the optical response in the ENZ band of SiC.
However, the dip at λIII = 10.17 μm is not captured by the
numerical simulations. Thus, its origin can be ascribed to the
coupling to additional longitudinal phonons and/or as a
signature of anisotropy in the sample, both effects not included
in our isotropic permittivity model (see Section IV). Similarly,
the numerical simulations are not capable of reproducing the
coupling to the ZFLO phonon at λ = 11.92 μm. Finally, the
numerical simulations for an amplitude of A = 300 nm
correctly predict a two-peaked spectrum as experimentally
observed for Sample IV. The numerical simulations further
confirm that the peaks of maximal reflectivity are exactly
centered at the LO (ENZ) and TO phonon wavelengths,
supporting the robustness of both frequency points toward
roughness effects in the tens and hundreds of nanometers
scale.
Similar to the experiments, the data range expanded by the

numerical simulations increases along with the surface
roughness and within the SPhP band. In the case of the
simulations, the effect is stronger and it has a clear physical
origin. Resonant effects associated with localized SPhP
resonances appear for a sufficiently large roughness, which
take place in discrete points that shift its wavelength for each
simulated length of the unit cell P (see also Supporting Figure
4). These spectral features disappear when averaging the
reflectivities for many P values, but their presence is evidenced
by an extended data range. Therefore, the extended data range
supports the prevalence of localized resonance for substrates
with a large roughness, and the interpretation of the broadened
dip in the SPhP band as a continuum distribution of
subwavelength resonators.
Another advantage of full-wave numerical simulations is that

they give access to the field distributions excited in the
structure, providing additional physical insight. Figure 7
represents the electric field distributions for a few selected
examples that confirm the nature of the polaritonic phenomena
discussed in previous sections and schematically depicted in
Figure 1. The reflectivities predicted for these examples are

Figure 6. Numerical results. Comparison between the reflectivity
predicted by the numerical simulations (blue line) and the measured
reflectivity spectra (black line). The data range expanded by all
numerical simulations is shown as a blue band between the minimum
and maximum values recorded on each individual simulations.
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reported in Supporting Figure 4. For example, at the SPhP
resonance (Re(εSiC) = −1), the predicted field distribution
confirms the excitation of propagating SPhP resonances for
small roughnesses. Specifically, the field is concentrated along
the entire surface, evidencing the perturbative excitation of a
propagating SPhP at the interface (see Figure 7a). By contrast,
the propagation of the SPhP along the interface is interrupted
as the surface roughness amplitude increases. This effect leads
to the formation of localized SPhP resonances, as it is most
clearly appreciated in the configuration shown in Figure 7b,
where the roughness geometry conforms to a nanoresonator.
As shown in Supporting Figure 4, the excitation of this
localized SPhP is associated with a narrowband dip in the
prediction of the reflectivity.
At the ENZ wavelength, the electric field distribution is

confirmed to be dominated by strong electric fields within the
SiC substrate (see Figure 7c). As anticipated, this effect arises
from the fact that the normal displacement vector must be
continuous across the interface, Dair,n = DSiC,n, such that εairEair,n
= εSiCESiC,n. Therefore, when the permittivity of SiC
approaches zero, εSiC ≃ 0, the electric field on the SiC side
of the interface must be much larger than that on the air side
ESiC,n ≫ Eair,n. Another interesting example takes place when λ
= 9.96 μm, and the permittivity of SiC approaches unity
(Re(εSiC) ≃ 1, as shown in Figure 7d). In such a case, all
scattering effects at the surface are suppressed, and the incident
wave is smoothly transferred into the substrate, justifying the
dip in reflectivity observed in all experimental samples at this
wavelength. Finally, at the TO wavelength (λ = 12.55 μm,
Figure 7e), the large value of the permittivity repels the fields
outside the SiC substrate so that SiC behaves similarly to a
good conductor. In fact, for small amplitudes of the surface
roughness, the electric field if predominantly transversal and a
local minimum appears close to the SiC interface, further
confirming a response analogous to a good conductor.

Simulations for oblique incidence angles can be found in the
section Oblique Incidence Reflectivity Results in the
Supporting Material, demonstrating that the conclusions
drawn here do not critically depend on normal incidence
and can be extended to a wide range of incident angles.

III. CONCLUSIONS
Our results provide a comparative view of the impact of surface
roughness on the reflectivity of SiC substrates across different
size scales. It was found that the interplay between the complex
roughness geometry and the dispersive material response of
SiC gives rise to a variety of polaritonic effects. These include
propagating and localized SPhP resonances, strong normal
fields emerging from ENZ boundary conditions, as well as
coupling to zone-folded and longitudinal optical phonons. The
experimental results were theoretically supported with full-
wave numerical simulations with a simplified geometry and
extended parameter sweeps. The results provided by the
numerical simulations qualitatively match the measurements,
providing further confirmation of the conclusions drawn from
reflectivity measurements, and provide additional physical
insight into the polaritonic phenomena associated with the
interaction of infrared radiation with a rough SiC substrate.
The dispersive material response of SiC contains dielectric,

SPhP, and ENZ bands with the same sample, which allowed us
to compare the sensitivity of different material responses in a
controlled experiment. It was found that the ENZ band is
negatively affected by the coupling to longitudinal phonons
and strong normal electric fields in the presence of nanometric
surface roughness. At the same time, it was concluded that for
roughnesses with size scales in hundreds of nanometers, the
ENZ band is more robust than the dielectric and SPhP bands.
We believe that these results provide an important step
forward in understanding the robustness and limitations of
realistic ENZ materials for nanophotonic technologies. In

Figure 7. Examples of computed field distributions for the polaritonic phenomena excited at a rough a silicon carbide (SiC) substrate. (a−e)
Magnitude (colormap) and vectorial field (arrows) of the electric field distribution for selected examples corresponding to: (a) coupling to
propagating SPhPs, (b) the excitation of localized SPhPs, (c) strong longitudinal fields and the ENZ wavelength, (d) suppression of the scattering
at εSiC ≃ 1, and (e) approximate good conductor response at the TO wavelength. The wavelength λ, amplitude A, and unit-cell length P values for
each example are indicated on top of the figures.

ACS Photonics pubs.acs.org/journal/apchd5 Article

https://doi.org/10.1021/acsphotonics.3c00476
ACS Photonics 2023, 10, 3105−3114

3111

https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c00476/suppl_file/ph3c00476_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c00476/suppl_file/ph3c00476_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c00476/suppl_file/ph3c00476_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00476?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00476?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00476?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00476?fig=fig7&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.3c00476?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


addition, our results demonstrate that artificially induced
surface roughness enables the coupling between ZFLO
phonon, SPhP, and far-field radiation, which might be useful
for the design of electrically driven sources without the need of
fabricating nanoresonators.70,71 Moreover, it was shown that
engineering artificially induced roughness controls the coupling
to both propagating and localized SPhP polaritons, pointing
toward the design of lithography-free thermal emitters.81

IV. METHODS
IV.I. Theory and Numerical Simulations. The calcu-

lations had been carried out with the frequency domain solver
of the Wave Optics module of the full-wave solver Comsol
Multiphysics.82 The roughness then is defined as the sum of
three waves in order to simulate a periodic structure (periodic
boundary conditions). The bottom limit is set as a scattering
boundary condition. Silicon carbide was modeled with a
permittivity following the Lorentzian dispersion profile
reported in Figure 3b, with εSiC(ω) = ε∞(ω2 − ωp2 + iωωc)/
(ω2 − ω02 + iωωc), with fitted values ωp = 3.93 × 1015 rad/s,
ω0 = 1.5 × 1015 rad/s, and ωc = 1.06 × 1015 rad/s.52
In Figure 3c, the SPhP dispersion profile was calculated

following the equation: ( )k
cSPhP

SiC air

SiC air
=

+
, while bulk

propagating modes followed k c/ SiC= .52

IV.II. Samples Fabrication and Measurement. The
samples were fabricated in the ISO7 cleanroom at UPNA
facilities, via deep reactive ion etching (DRIE). The normal
incidence reflection was measured with a Fourier transform
infrared (FTIR) Hyperion 3000 microscope.
Surface roughness characterization is achieved by atomic

force microscopy (AFM) in areas of 20 μm × 20 μm of 256
lines, and the latter data was subjected to a polynomial
correction due to a natural mismatch created by the
microscope.
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