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ABSTRACT: Chemical sensing methods based on surface
polaritonic resonances stem from their intense near ﬁelds and
resultant sensitivity to changes in local refractive index. Polar
dielectric crystals (e.g., SiC, hBN) support surface phonon
polaritons (SPhPs) from the mid-infrared to terahertz range
with mode volumes and quality factors exceeding the best case
scenario attained by plasmonic counterparts, making them
strong candidates for resonant surface-enhanced infrared
spectroscopy. We report on the behavior of SPhP resonances
of SiC nanopillars following the incorporation of sub-nanoand nanometric coatings of Al2O3 and ZrO2 obtained by atomic layer deposition. Concurrent anomalous red- and blue-shifts of
SPhP resonances were observed upon deposition of sub-nanometric Al2O3 ﬁlms, with shift direction dictated by the mode
position relative to the ordinary longitudinal optic phonon of Al2O3. These concurrent shifts, which are attributed to coupling to
the Berreman mode of the Al2O3 layer, persist for thicker ﬁlms and are correctly predicted by numerical calculations employing
the measured Al2O3 permittivity. Deposition of ZrO2, whose phonon resonances are detuned from the SPhPs, also led to
anomalous blue-shifts of transverse and longitudinal SPhP resonances around 900 cm−1 for ﬁlms up to ∼1.5 nm, reversing to the
canonical red-shift for thicker layers. These anomalous shifts were not reproduced numerically using the measured ZrO2
permittivity and suggest the existence of a localized surface state, which when modeled as a simple Lorentz oscillator, provides
semiquantitative agreement with experimental results. In addition, predicted shifts for thicker ZrO2 layers may thus provide a tool
for real-time monitoring of ultrathin ﬁlm growth.
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storing photonic energy in coherent oscillations of charges. In
the case of an electronic charge, the resulting modes are termed
plasmons.3 In this case energy exists on an intermediate,
morphologically dependent length scale, potentially orders of
magnitude below that of the free-space photon. Increased
spatial overlap between photons and emitters and the resulting
near-ﬁeld enhancements have yielded drastic eﬃciency
improvements of naturally weak phenomena such as Raman
scattering where single-molecule sensing has been achieved.4 As
the conﬁnement is mediated by the electrons, tighter
localization is always accompanied by increased ohmic losses,5,6

n dielectric photonic systems, the interaction between
nanoscopic quantum emitters and light is inherently weak
as a result of the dimensional mismatch between diﬀractionlimited photonic modes and strongly localized emitters. This
problem is traditionally overcome by exploitation of highquality-factor optical microcavities, allowing photons to transit
an emitter many times before escaping the system. Such tuning
of the light−matter interaction allows for enhanced spontaneous emission via the Purcell eﬀect1 and, where the light−
matter interaction rate exceeds the cavity line width, for a
strong coupling regime with the formation of quasiparticles
termed polaritons.2
An alternative way to achieve strong light−matter
interactions is to circumvent the diﬀraction limit by transiently
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Figure 1. (a) Real component of the ordinary (blue) and extraordinary (red) dielectric function of 4H-SiC measured by ellipsometry. (b) Real
component of the dielectric function of ZrO2 (blue squares) and the ordinary (yellow circles) and extraordinary (red triangles) dielectric functions of
Al2O3. (c) (Left) Cross-section of a nanopillar of diameter 300 nm, height 900 nm, and period 2000 nm showing the near-ﬁeld (color scale) and
electric ﬁeld polarization (white arrows) of transverse dipolar (TD) and monopolar (M) modes. (Right) Respective surface charge density.

nanostructures could have a large impact upon the resonant
behavior.
While prior works have demonstrated that changing the local
environment of a polaritonic nanostructure, such as the SiC
nanopillars discussed here, results in a spectral red-shift of the
resonance due to the increase in the eﬀective local index of
refraction of the ambient,10,24 here we report on the
observation of anomalous red- and blue-shifts in the localized
SPhP resonances using ultrathin alumina (Al2O3) and zirconia
(ZrO2) coatings. These were obtained by atomic layer
deposition (ALD), providing conformal, uniform thickness
ﬁlms on the surface of our nanopillars with strong, covalent
bonding to the surface. We observed concurrent opposing blueand red-shifts with the thinnest depositions of Al2O3, with shift
direction dictated by the spectral position of the bare SPhP
mode relative to the ordinary LO phonon of Al2O3, in the case
of a blue-shift for modes localized at frequencies higher than
the LO phonon and a red-shift for modes localized below it.
The concurrent shifts persisted for thicker deposited ﬁlms and
are interpreted as a consequence of the coupling to the
characteristic transverse mode observed near the LO frequency
of thin dielectric ﬁlms, named the Berreman mode.25 This
behavior is shown to be correctly reproduced by numerical
simulations employing the measured permittivity of the
deposited Al2O3 ﬁlms. On the other hand, the deposition of
ZrO2 leads to blue-shifts of longitudinal and transverse SPhP
resonances spectrally localized around 900 cm−1. The
anomalous shifts persisted for layers up to ∼1.5 nm in
thickness, reversing to the pure red-shift expected for a
dielectric screening of resonances when the nanostructures
were covered with thicker layers. This result cannot be
explained by ﬁnite-element simulations utilizing the measured
dielectric functions of the ZrO2 ﬁlms excluding diﬀractive

necessitating complex architectures to separate the ﬁeld
hotspot from the host metal7 or incorporate external gain
media.8 An emergent alternative is surface phonon polaritons
(SPhPs), modes formed by hybridization of free photons with
coherent lattice oscillations of a polar dielectric crystal,9
supported between the longitudinal (LO) and transverse
(TO) optic phonon frequencies in a narrow, material and
crystalline structure-dependent, spectral region called the
Reststrahlen band. Like plasmons, these modes have characteristic lifetimes determined by that of their matter component;
however, as optic phonons usually possess lifetimes 3 orders of
magnitude longer than collective electron resonances in noble
metals, SPhPs oﬀer beneﬁts commensurate with plasmons (e.g.,
subdiﬀractional conﬁnement of light), while exhibiting
signiﬁcantly lower losses.
The morphologically dependent resonances supported by
polar dielectrics10−12 have been exploited for demonstration of
extraordinary transmission,13 subdiﬀraction imaging,14 hyperlensing,15,16 and surface-enhanced infrared absorption17 and
have been proposed as a platform for mid-infrared nonlinear
optics.18,19 In recent years tailored localized SPhP resonances
with exceptionally narrow line widths were demonstrated in
user-deﬁned arrays of nanopillars on a substrate.20,21 These
narrow line widths permit the strong coupling of localized and
propagating SPhPs, thereby allowing for predictive dispersion
tuning.22 In addition predictions of extreme near-ﬁeld enhancements,23 far exceeding the theoretical limit for plasmonic
systems, would make such localized modes highly sensitive to
very small changes in the local environment. Furthermore, the
phonon-based nature of the SPhPs coupled with the strong
surface sensitivity of the polaritonic near ﬁelds infers that small
changes to the chemical bonding at the surfaces of SPhP
B
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eﬀects,21,23 implying the inﬂuence of some microscopic process.
To quantitatively explain the observed shifts, we introduce a
localized surface state modeled as a Lorentz oscillatorpermittivity which may represent a covalent bonding of the
deposited ﬁlm with the SiC surface, whose response dominates
over the bulk optical response of the layer for suﬃciently thin
ﬁlms. We demonstrate that such a theoretical model does
indeed predict such reversible shifts when the pole of the
surface state oscillator is spectrally located below the SPhP
resonances of the SiC nanostructure. Such an approach results
in interactions that can be interpreted as a consequence of
strong coupling. With SPhPs being a strong candidate for
resonant surface-enhanced infrared spectroscopy (SEIRA)based sensing approaches, our results imply that ultrasensitive
methods can be realized based on the strong surface sensitivity
of the SPhP resonances with even small local changes to the
ambient environment, with the magnitude of the anomalous
spectral blue-shifts we report providing a key feature for
distinguishing the thickness and potentially the chemical nature
of the surface bond associated with the coating layer.

and a blue-shift of the transverse-dipolar (TD) mode were
observed (bare resonances at 895 and 938 cm−1, respectively,
dashed lines in Figure 2b), as shown for a 300 nm diameter and

■

RESULTS
To determine the sensitivity of SPhPs to changes in the surface
chemistry and local ambient, nanopillar arrays were fabricated
from semi-insulating 4H-SiC substrates, using electron-beam
lithography and reactive ion etching with details provided in the
literature.20,21 The Reststrahlen band of 4H-SiC lies between
the transverse and longitudinal optic phonons. Due to the
crystalline anistropy of 4H-SiC, there are actually two spectrally
overlapping Reststrahlen bands due to the in- and out-of-plane
phonons that occur between 797−969 and 784−964 cm−1,
respectively.10 In this region the real component of the
dielectric function, plotted in Figure 1a, is negative and
nanopillars of the kind studied here support localized
subdiﬀraction resonances. These narrow line width optical
modes, separable into transverse dipole resonances with electric
ﬁeld orientated perpendicular and monopolar modes with
electric ﬁeld orientated parallel to the cylinder axis, demonstrate
huge ﬁeld enhancements at the resonator surface (Figure 1c).20
In order to probe the modes’ surface sensitivity, we employed
Fourier transform infrared (FTIR) reﬂectance specroscopy of
the SiC nanopillar arrays following iterative ALD of either
Al2O3 or ZrO2. This allowed for the spectral shift to be
quantiﬁed as a function of the ALD coating thickness, while
also providing overall trends. In addition, the choice of two
distinct ALD materials oﬀered the demonstration of the
generality of the results.
Crystalline Al2O3 has six Reststrahlen bands in the mid-IR
spectral range, each deﬁned by a Coulomb-split pair of TO−
LO phonons, with zeros in the permittivity at the LO
frequencies.26 The two highest energy bands are delimited by
in- and out-of-plane LO modes at ∼906.6 and ∼881.1 cm−1,
respectively, both deﬁnining positive values for the corresponding ordinary and extraordinary permittivities for frequencies
higher than the LO modes themselves. Measurements of the
permittivity of thin Al2O3 ﬁlms grown on ﬂat 4H-SiC substrates
(Figure 1b) show good agreement with the reported values,
even though ALD provides amorphous layers and the optical
constants may not be invariant for ultrathin ﬁlms (<5 nm).27
Therefore, Al2O3 is not expected to provide the dielectric
screening leading to a red-shift of localized SPhP modes
following the oxide depositon.24 However, upon deposition of a
0.35 nm thick layer of Al2O3, a red-shift of the monopolar (M)

Figure 2. (a) Numerical reﬂectance of an array of 4H-SiC nanopillars
of diameter 300 nm, height 900 nm, and period 700 nm. (b)
Experimental reﬂectance of an array of 4H-SiC nanopillars of diameter
300 nm, height 900 nm, and period 700 nm. All are shown for varying
Al2O3 overlay thicknesses.

700 nm period array, a behavior that persisted for thicker ﬁlms.
Notably, the ordinary LO phonon of the Al2O3 ﬁlm lies
between both resonances, shown as a vertical dotted line in
Figure 2b. Numerically calculated reﬂectance of a pillar array of
the same diameter and pitch incorporating the ordinary
permittivity of Al2O3 as the ALD coating shows the same
trend in monotonic shifts as the bare resonator modes (Figure
2a), with direction dependence on whether the bare mode lies
above or below the ordinary Al2O3 LO phonon frequency at
∼906.6 cm−1 (vertical dotted line).26 The additional resonance
at ∼902 cm−1 observed in simulations corresponds to a
longitudinal mode of the pillar, which, lying below the ordinary
Al2O3 LO phonon, also red-shifts upon the ﬁlm deposition.
Experimentally this mode is merged with the TD mode, being
spectrally resolved for larger pitches (see Supplementary Figure
S2).
It is known that crystalline and amorphous thin ﬁlms of
dielectric materials exhibit sharp resonances in transmission/
reﬂection of p-polarized light near their TO and LO phonons,
the former due to TO modes being IR-active and the latter due
to a phenomenon named the Berreman eﬀect.25,31 The
C
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consequence of the reduced mode volumes and larger surface
conﬁnement provided by those.23 Also noteworthy in these
data is the strong coupling achieved between the resonator
monopolar mode and the zone-folded LO phonon of the 4HSiC substrate, near 837 cm−1 (P1 mode, vertical dashed line in
Figure 3a), an example of the hybridization observed between
localized SPhP and modes of the patterned substrate,28 which is
also inﬂuenced by the shifts induced by the ﬁlm deposition.
The results for modes lying above and between the
extraordinary and ordinary LO phonons of the ﬁlm shown in
Figure 3b are less clear, as the resonator arrays support many
spectrally overlapping modes in this region. Nonetheless it is
clear that modes lying below the ordinary LO phonon
frequency at ∼906.6 cm−1 (vertical dotted line in Figure 3b)
red-shift, while those lying above blue-shift, inferring that the
dominant hybridization is to the leaky mode near the ordinary
LO phonon, again being more prominent for pillars of smaller
diameter. Notably, the monopolar mode of the 500 nm
diameter, 700 nm pitch resonator array, whose bare energy lies
slightly above the LO phonon mode, also red-shifts. This might
indicate a shifted epsilon-near-zero condition of the Berreman
mode to higher frequencies due to a change in the eﬀective
permittivity of the thin ﬁlm, induced by a chemical mechanism,
by a substrate roughness comparable to the layer thickness, or
even by a shift of the ordinary LO phonon due to mechanical
stresses generated from the thermal expansion coeﬃcient
mismatch between Al2O3 and 4H-SiC.29 However, due to the
amorphous nature of ALD growth, the impact of stresses can be
considered minimal. This should be considered in systems
where epitaxial growth is included, for instance in thin ﬁlms
grown via molecular-beam epitaxy or chemical vapor
deposition. It is important to note that the transverse, photonic
modes of the resonator cannot directly hybridize with the
longitudinal mode of the ﬁlm in the absence of hydrodynamic
eﬀects, which are not included in our numerical simulations.30
These further corroborate the hybridization between the SPhP
and the leaky Berreman mode of the ﬁlm, resulting from surface
charges induced in the ﬁlm by the out-of-plane component of
the electric ﬁeld provided by the localized modes.25
Contrasting with Al2O3, measurements of ZrO2 ﬁlms (>3
nm) deposited on a 4H-SiC substrate have shown that ZrO2
has a relatively ﬂat and uniformly ≥1 permittivity across the
Reststrahlen band of 4H-SiC (illustrated by the blue squares in
Figure 1b), which should provide a pure dielectric screening
and shift to lower energies of all SPhP resonances upon thin
ﬁlm coating. However, contrary to prior work, following the
deposition of ultrathin ZrO2 ﬁlms (5 cycles, 0.37 nm) an
anomalous blue-shift is observed for SPhP resonances of both
longitudinal and transverse-dipolar character near 900 cm−1, as
illustrated for diﬀerent SiC nanopillar arrays in Figure 4b−d.
With subsequent depositions, the resonances initially continue
this anomalous shift; however, after 20 deposition cycles (∼1.5
nm thick ﬁlm) this shift is reversed and the anticipated red-shift
is induced and continues with further ﬁlm growth. For an array
of nanopillars of diameter 300 nm and period 400 nm (Figure
4b), a monotonic red-shift is observed for the resonance at 873
cm−1, while the anomalous reversible blue-shift is observed for
the one at 900 cm−1. The small periodicity for this array does
not allow a unique assignment of a monopolar or transversedipolar character to these resonances, due to mode overlapping
and hybridization at small gaps.21 Figure 4c shows the
anomalous behavior for both the monopolar (872 cm−1) and
the transverse-dipolar (905 cm−1) resonances of a 300 nm

corresponding Berreman mode is a dispersive, leaky (wavevectors within the vacuum light cone) transverse mode in
nature, excited by the normal compontent of the electric ﬁeld
relative to the ﬁlm at frequencies slighly above the LO phonon
of the material, where its positive dielectric function vanishes.32
Although being able to propagate to the far ﬁeld, the near-zero
permittivity of the ﬁlm allows this mode to provide huge
subdiﬀractional conﬁnement of the incident radiation. Thus, as
a consequence of the extreme conﬁnement of the resonator
SPhP near the 4H-SiC surface, it is reasonable to interpret that
the observed mode shifts occur due to their hybridization with
the Berreman mode excited at frequencies slightly higher than
the ordinary LO phonon of Al2O3.
Further evidence of the coupling to the Berreman mode is
shown in Figure 3a, which illustrates the eﬀect of a 0.35 nm

Figure 3. (a) Experimental reﬂectance from an array of 4H-SiC
nanopillars of indicated diameter, height 900 nm, and period 2000 nm.
(b) Experimental reﬂectance from an array of 4H-SiC nanopillars of
the diameter and period indicated and height 900 nm. All are shown
for the bare array (solid lines) and for a 0.35 nm Al2O3 coating
(dashed). Ordinary LO phonon of Al2O3 shown as a vertical dotted
line.

Al2O3 coating on the monopolar mode, which lies at lower
frequencies than the Berreman mode, for a variety of nanopillar
diameters. The bare reﬂectance is illustrated by the solid lines,
and the coated by the dashed lines. In all cases deposition of an
Al2O3 ﬁlm results in red-shifted modal frequencies of the
monopole. The larger shifts for smaller diameter pillars are a
D
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Figure 4. (a) Numerical reﬂectance of an array of 4H-SiC nanopillars of diameter 300 nm, height 900 nm, and period 700 nm. (b) Experimental
reﬂectance of an array of 4H-SiC nanopillars of diameter 300 nm, height 900 nm, and period 400 nm. (c) Experimental reﬂectance of an array of 4HSiC nanopillars of diameter 300 nm, height 900 nm, and period 700 nm. (d) Experimental reﬂectance of an array of 4H-SiC nanopillars of diameter
500 nm, height 900 nm, and period 1500 nm. All are shown for varying ZrO2 overlay thicknesses.

diameter and 700 nm period array. Similar results are observed
for an array of nanopillars of diameter 500 nm and array period
1500 nm, as shown in Figure 4d. Here monotonic red-shifts are
observed for the modes with bare energies of 922 and 938
cm−1, correspoding to higher-order transverse modes induced
by corners and edges of the pillars,28 as well as a reversible blueshift seen for the lowest order transverse-dipolar mode with a
bare energy of 900 cm−1. This anomalous behavior was not
reproduced by employing the measured permittivity of ZrO2
ﬁlms deposited on ﬂat 4H-SiC substrates. This is illustrated in
Figure 4a, which shows the numerically calculated reﬂectance of
the same pillar array considered previously, whose three
dominant modes red-shift monotonically as thicker coats of
ZrO2 are applied.
The shift of resonances with the thinnest ZrO2 deposition
layer was further investigated by exploring the tunability of
localized SPhP with the array periodicity. The resultant spectral
shifts for 300 nm diameter nanopillar arrays are plotted as a
function of the original peak position of the uncoated structure
in Figure 5a and for 500 nm diameter nanopillar arrays in
Figure 5b. From this it is clear that regardless of the array
geometry, anomalous shifts are spectrally localized around 900
cm−1.
To eliminate the eﬀect of altered diﬀractive coupling as a
result of the presence of the ZrO2 layer, the blue-shift of the
transverse dipolar mode for a 0.37 nm thick coating was
calculated for each lattice period and is shown as a function of
gap size (equal to the array period minus the pillar diameter) in

Figure 5. Relative shift as a function of original peak position for a
0.37 nm thick ZrO2 layer deposited on arrays of nanopillars of (a)
diameter 300 nm and height 900 nm; (b) diameter 500 nm and height
900 nm for varying array pitch.

Figure 6a. No clear dependence of the blue-shift upon the
interpillar distance was observed, implying that the anomalous
blue-shift is not mediated by near-ﬁeld interaction between
neighboring pillars and originates from some other mechanism.
The magnitude and rate of shifts of the monopolar and
transverse-dipolar modes of the 300 nm diameter and 700 nm
period array as a function of Al2O3 and ZrO2 thickness are
shown in Figure 6b, corresponding to the spectra in Figure 2b
and Figure 4c, respectively. A steady red-shift of both modes
from the initial ∼1 cm−1 blue-shift can be observed for thicker
ZrO2 deposited layers, while opposite shifts of larger
magnitude, especially for the monopole, are obtained from
E
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The blue-shifts observed for ZrO 2, however, remain
anomalous, not being explained by our simple model
employing the measured permittivity of the 4H-SiC-deposited
ZrO2 and suggesting the inﬂuence of external eﬀects. Studies on
ultrathin SiO2 ﬁlms have shown the formation of a transition
layer of diﬀerent stoichiometry (SiOx, x ≠ 2), shape, and
mechanical stress between the substrate and the deposited
oxide, leading to an overall increase in the dielectric function in
the visible range of the ﬁlm when reducing its thickness,33 a
phenomenon that could lead to substantial deviations of the
permittivity of sub-nanometric layers of ZrO2 in the mid-IR.
The presence of a native SiO2 layer and its inﬂuence on the
ALD growth of the Al2O3 and ZrO2 ﬁlms was evaluated
experimentally through X-ray photoelectron spectroscopy
(XPS) and also through numerical simulations (Supplementary
Figure S4 and Figure S5). Although reported in the literature,34
XPS analysis shows no indication of a native layer on the
surface of the 4H-SiC. In addition, no mixing between the
substrate with the ALD ﬁlms is observed. Calculated eﬀects of
an eventual 1 nm SiO2 layer show a pure red-shift of modes due
to dielectric screening and also no alteration in the induced
behavior by a second 0.5 nm cover layer of either ZrO2 or
Al2O3 (Supplementary Figure S5). Coordination defects in
incomplete deposited layers could lead to a rearrangement of
atoms in the structure of the thin ﬁlm in the form of surface
reconstructions, leading to properties diﬀerent than displayed
by the bulk material. This could inﬂuence the propagation of
phonons in the underlying crystal and to shifts of the SPhP
modes. However, the deposition of amorphous ﬁlms through
ALD and the random distribution of coordination defects in the
layer are not expected to generate a well-deﬁned reorganization
of the ﬁlm and to unidirectional SPhP mode shifting, an eﬀect
that could be more prominent if epitaxial growth techniques for
crystalline layers were employed.35 In addition, surface
reconstructions in 4H-SiC would occur for temperatures
above 900 °C, much higher than the 200 °C used here for
ALD. Nevertheless, in order to explain experimental results, we
introduce a process analogous to that observed for Al2O3,
namely, hybridization with a spectrally interstitial resonance.
The source of this resonance is assumed to be microscopic and
localized to the interface between the 4H-SiC and the initial
deposition of ZrO2. Physically such a resonance could stem
from either a vibrational bond between the 4H-SiC and either
the ZrO2 or residual precursor constituents,36 a vanishing
eﬀective permittivity induced by surface roughness of the
substrate leading to a leaky-mode coupling, or an interface
dipole.37 The elucidation of the nature of such surface state
may be properly addressed by ab initio techniques and is
outside the scope of this work. Regardless of its microscopic
origin, the interstitial resonance can be eﬀectively modeled by
an additional homogeneous layer, characterized by the isotropic
dielectric function

Figure 6. (a) Blue shift as a function of gap for nanopillars of diameter
300 nm (circles) and 500 nm (squares). (b) Relative shifts of the
monopole (M) and transverse-dipole (TD) of the 300 nm diameter
and 700 nm period pillar array as a function of the thickness of Al2O3
and ZrO2 layers.

the initial Al2O3 deposition. Although the high reﬂectivity of
Al2O3 within its Reststrahlen bands might prevent the accurate
determination of peaks, the large initial shifts and the relative
invariance with thicker layers might indicate that mechanisms
other than the dielectric function of Al2O3 and the coupling to
the Berreman mode may inﬂuence the shift behavior, such as
the aforementioned coupling to longitudinal modes of the thin
ﬁlm. Nevertheless, the opposite trend relative to the ordinary
LO phonon as qualitatively obtained with calculations is
maintained for thicker ﬁlms. To determine the role of the Zr
precursor (zirconium(IV) tert-butoxide) utilized in the ALD
process, additional spectra were recorded after ﬁve deposition
cycles, but without incorporating the iterative exposure to the
oxygen precursor, resulting in monotonic red-shifts. This
resulted only in a small red-shift in the resonance frequencies
(Supplementary Figure S1a,b). The potential of nonuniform
pillar coverage or modiﬁed ﬁlm morphology as the primary
cause for the anomalous spectral shifts was also eliminitated, as
control samples with zirconia layers of each of the same
thicknesses were also grown in a single ALD deposition and
provided quantitatively similar results to the those from the
iterative depositions described above (Supplementary Figure
S1c). This is further evidenced through atomic force
microscopy (AFM) analysis of ZrO2 ﬁlms deposited on a
4H-SiC substrate, where conformal coating occurs even over
substrate imperfections, leading to a smooth surface (RMS
roughness <0.5 nm) for thicker ALD layers (Supplementary
Figure S3).

■

DISCUSSION
The experimental data for Al2O3 qualitatively follows the results
of our simple numerical calculations, utilizing the measured
bulk-like dielectric function to describe the oxide ﬁlm, even
though its optical constants are expected to change for subnanometric thick layers.27 The observed hybridization between
the resonator modes and the leaky mode at frequencies of
vanishing dielectric function near the ordinary LO phonons of
the ﬁlm presents a method to predictively tune the spectral
landscape of a SPhP resonator system. In addition it
demonstrates the potential of the strong near-ﬁeld conﬁnement
of SPhP for sensing applications as large spectral shifts are
observed for oxide ﬁlm thicknesses of just 0.35 nm for which
the sensitivity of macroscopic sensing methods such as
ellipsometry is insuﬃcient, especially for absorbing ultrathin
ﬁlms where a strong correlation between the ﬁlm thickness and
permittivity prevent their unique determination.27

⎤
⎡
fω02
⎥
ϵ(ω) = ϵ∞⎢1 + 2
2
ω0 − ω + iγω ⎦
⎣

(1)

where ϵ∞ is the high-frequency dielectric constant, ω0 is the
transverse frequency of the proposed resonance, and f is the
resonance oscillator strength.
To model the eﬀect numerically, we consider a thin
boundary layer of thickness 0.5 nm with resonant dielectric
function of form eq 1 parametrized as ϵ∞ = 2, f = 1.2, ω0 = 580
cm−1, γ = 2 cm−1, whose longitudinal resonance therefore lies at
F
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860 cm−1, placed between the 4H-SiC resonator and the
deposited ZrO2 ﬁlm, which are both described by their bulk
dielectric functions. Numerical reﬂectance, for the same pillar
array considered previously, is shown in Figure 7 for SPhP

Figure 7. Numerical reﬂectance of a 300 nm diameter, 900 nm height,
and 700 nm nanopillar array of 4H-SiC coated with a 0.5 nm layer of
resonant dielectric parametrized by ϵ∞ = 2, f = 1.2, ω0 = 580 cm−1, γ =
2 cm−1 and a layer of ZrO2. The total coating thickness is indicated.

resonances above the interstitial layer LO frequency,
reproducing the blue-shifts of all modes after the ﬁrst ﬁve
deposition cycles as a result of coupling to the interstitial
resonance, followed by weaker monotonic red-shifts as a result
of the bulk ZrO2 ﬁlm. This denotes a transition in the overall
optical response from the one dominated by anomalous shifts
that can be interpreted as a strong coupling between the SPhP
resonances with the LO resonance of the interstitial layer to the
one where the dielectric screening provided by thick ZrO2
overwhelms the interstitial layer eﬀect. This behavior is
consistent with that reported for the decreased interaction
between interface phonons with thicker layers in heterostructures. A localized surface state stemming from a vibrational
bond or an interface dipole might also be present in the case of
Al2O3 deposition, but its eﬀect may be overshadowed by the
interaction with the Berreman and longitudinal modes of the
thin ﬁlm.
Finally we investigated the ability of full 3D ﬁnite-element
method (FEM) calculations to predict spectral shifts as a
function of the deposited ﬁlm thickness. Raw spectra for
selected peaks of nanopillars of diameter 500 nm and period
1300 nm are shown in Figure 8a. For thicker ﬁlms the
monotonic red-shifts predicted by numerical calculations are
observed, allowing for comparison with experimental results.
The squares in Figure 8b track the shifts of the higher-order
pillar mode, whose bare frequency is indicated by the dashed
line in Figure 8a as a function of ﬁlm thickness. Circles indicate
the corresponding numerical prediction. Both show a
monotonic red-shift, and good agreement is reached considering the nominal fabrication values used for the geometry in
numerical calculations. This given array period was chosen
following a better correspondence observed by FEM
predictions for larger pitches, where the pillar modes are
spectrally separated.

Figure 8. (a) Experimental reﬂectance from an array of 500 nm
diameter nanopillars of 1300 nm period for the labeled thickness of
ZrO2 encapsulation. Dashed line indicates the bare frequency of the
mode, whose shift is plotted as a function of ZrO2 thickness as squares
in (b). Circles indicate predictions from ﬁnite-element simulations.

■

CONCLUSIONS
In this paper we investigated the interaction of SPhPs
supported by 4H-SiC nanopillar arrays with ultrathin oxide
ﬁlms deposited by ALD. The results for Al2O3 suggest
hybridization between the tightly conﬁned resonator modes
and the leaky Berreman mode at frequencies slightly above the
ordinary LO phonon of the oxide layer, in accordance with
trends observed in numerical modeling results. For ZrO2 ﬁlms
the anomalous spectral shifts observed for ﬁlms of up to ∼1.5
nm in thickness could not be explained by macroscopic
electrodynamic calculations utilizing the measured dielectric
function. The anomalous shifts may be explained as a result of
hybridization of the SPhPs with a phenomenological phononic
or electronic interface mode, which semiqualitatively reproduced the experimental results. Surface eﬀects at the ZrO2−air
interface, such as dangling bonds from incomplete ALD
reactions, leading to surface reconstructions of the thin ﬁlm,
could also be the cause of the observed anomalous shift, but are
currently indistinguishable from the proposed interfacial
mechanism. Thus, a deeper understanding of the phenomenon
G
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necessitates the use of ab initio methods such as density
functional theory. The strong spectral shifts observed, even for
atomically thin ﬁlms, demonstrate the potential of tightly
conﬁned SPhP modes for sensing applications. Moreover the
predictable nature of the shifts for thicker ﬁlms, which are in
accordance with numerical expectations for thicknesses greater
than 3 nm, may present an alternative for real-time thin ﬁlm
deposition monitoring. This work oﬀers new prospects to the
ﬁeld of nanophotonics, exploring new light−matter interaction
regimes of vibrational and optical modes and oﬀering a new
sensing platform in the mid-IR using low-loss plasmonic-like
materials.

Plane-wave illumination was set at 25° (corresponding to the
weighted-average illumination angle of the objective used in
experiments) for a p-polarized incident ﬁeld (transversemagnetic mode). Bloch-periodic boundary conditions were
applied to represent the periodicity of the arrays. Calculations
were performed using the permittivities of 4H-SiC, ZrO2, and
Al2O3 as determined by ellipsometry.
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■

METHODS
Nanofabrication of SiC Nanopillar Arrays. Silicon
carbide pillar arrays were etched into semi-insulating 4H-SiC
substrates. Al/Cr hard masks deﬁning the geometry of the pillar
array were deposited on the substrate through electron-beam
lithography, lift-oﬀ, and evaporation techniques. The pillar
height was deﬁned by the exposure time of a subsequent
reactive ion etch, where the masked substrate was exposed for
38 min at 150 W utilizing SF6 and Ar in equal partial pressures,
followed by a chemical wet etch. In order to remove any
residual ﬂuorine, a commercial PlasmaSolv treatment was
performed.
Atomic Layer Deposition. Conformal and highly uniform
oxide ﬁlm growth was performed in an Ultratech Savannah 200
reactor with a chamber temperature of 200 °C and a base
pressure of 0.1 Torr prior to precursor injection. Sequential
pulsing and purging of individual precursors was optimized to
allow a homogeneous coverage of the high-aspect-ratio
nanostructures. Zirconium(IV) tert-butoxide and trimethylaluminum were utilized as precursors for zirconia and alumina
ﬁlms, respectively, while deionized water acted as the oxygen
source in both cases. Cation and oxygen precursors of oxide
ﬁlms were injected alternately in the ALD chamber, deﬁning
one deposition cycle and providing the self-limiting reactions
leading to ﬁlm growth. Linear growth rates were obtained for
both oxides, with average deposition rates of 0.074 nm/cycle
for ZrO2 and 0.108 nm/cycle for Al2O3. To monitor the ALD
process, a p-type Si witness sample was placed along the SiC in
the reaction chamber for subsequent ﬁlm thickness evaluation
by ellipsometry.
Ellipsometry. Ellipsometry was employed to characterize
the optical constants and thicknesses of deposited ﬁlms. A J.A.
Woollam alpha-SE spectrographic ellipsometer was utilized to
collect the spectra across three diﬀerent angles. Refractive index
and ﬁlm thickness were obtained by ﬁtting the data with a
Cauchy model. Film growth was obtained from measurements
on the aforementioned Si witness sample. To reduce changes in
optical properties due to lattice mismatch, oxide ﬁlm spectra
used for calculation were obtained from layers deposited over
ﬂat 4H-SiC substrates.
Fourier Transform Infrared Spectroscopy. Infrared
measurements were performed in reﬂectance mode using a
Thermo Scientiﬁc, Nicolet FTIR Continuum microscope. A
15×, 0.58 NA reverse Cassegrain objective provided illumination at angles of 10−35° oﬀ-normal, with a weighted average of
25°. Spectra were taken as an average of 32 scans with 0.5 cm−1
resolution acquired from a 50 μm2 area.
Numerical Calculations. Frequency-domain, full-wave
solutions of Maxwell’s equations were obtained using the RF
module of the ﬁnite-element solver Comsol Multiphysics.
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