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ABSTRACT: Plasmonics provides great promise for nanophotonic applications.
However, the high optical losses inherent in metal-based plasmonic systems have
limited progress. Thus, it is critical to identify alternative low-loss materials. One
alternative is polar dielectrics that support surface phonon polariton (SPhP)
modes, where the conﬁnement of infrared light is aided by optical phonons.
Using fabricated 6H-silicon carbide nanopillar antenna arrays, we report on the
observation of subdiﬀraction, localized SPhP resonances. They exhibit a dipolar
resonance transverse to the nanopillar axis and a monopolar resonance associated
with the longitudinal axis dependent upon the SiC substrate. Both exhibit
exceptionally narrow linewidths (7−24 cm−1), with quality factors of 40−135,
which exceed the theoretical limit of plasmonic systems, with extreme subwavelength conﬁnement of (λ3res/Veff)1/3 = 50−200.
Under certain conditions, the modes are Raman-active, enabling their study in the visible spectral range. These observations
promise to reinvigorate research in SPhP phenomena and their use for nanophotonic applications.
KEYWORDS: Optical phonon, polar dielectric, phonon polariton, silicon carbide, nanopillar, subdiﬀraction conﬁnement, plasmonics,
nanoantenna, mid-infrared

O

nce the seminal work of Ritchie1 on surface plasmon
polaritons (SPPs) in thin metallic foils was extended to
local surface plasmon resonators, the realization that optical
conﬁnement was no longer limited by the Abbe diﬀraction limit
helped launch the ﬁeld of plasmonics. The subdiﬀraction
conﬁnement of light has enabled the ﬁelds of nanophotonics,2,3
metamaterials,4,5 and enhanced molecular spectroscopy using
techniques such as SERS6 (surface-enhanced Raman scattering)
and SEIRA7−9 (surface-enhanced IR absorption). Unfortunately, while a great deal of progress has been made, achieving
the full promise of plasmonics is hampered by the short
lifetimes of plasmons associated with electrons in metals at
optical wavelengths (∼tens of femtoseconds), resulting in high
optical losses.10 In recent years, eﬀorts have focused on
identifying potential lower-loss plasmonic materials11,12 with
particular attention paid to transparent conductive oxides13
and, more recently, graphene.14−16 However, these materials
still require free carriers (electrons and/or holes) to support the
localized electromagnetic ﬁelds and thus remain prone to losses
due to the associated fast plasmon decay.
The subdiﬀraction conﬁnement of light can also be achieved
through the stimulation of surface phonon polaritons (SPhPs)
within polar dielectrics, such as SiC,17 III-Ns,18 III-Vs,19 and
SiO2.20,21 SPhP excitations achieve optical conﬁnement in the
© 2013 American Chemical Society

mid-IR to terahertz range through the coherent oscillation of
the charged atomic species on a polar lattice (optical phonons)
within the so-called Reststrahlen band, where the permittivity is
negative. The relevant optical phonons exhibit picosecond
lifetimes, which are orders of magnitude longer than the
scattering times of free carriers that support surface plasmon
modes in metals and doped semiconductors.22 Even taking into
account the relatively low oscillation frequencies of optical
phonons, the ratio of the resonant frequency to the damping
rate is nearly an order of magnitude larger than in any
plasmonic system reported to date. This results in a material
system exhibiting exceptionally low optical losses. Similar to
plasmonic systems, the SPhP oscillation is expected to become
highly localized within conﬁned geometries.22 Initial explorations into SPhP modes were reported in the seminal work of
Mutschke et al.,23 where the infrared spectral properties of
various SiC grains and particles were explored in an eﬀort to
understand spectral features of such particulates within carbonrich stars, and of Hillenbrand et al.,17 where scattering near-ﬁeld
optical microscopy (s-SNOM) measurements of silicon carbide
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Figure 1. (a) Micro-Raman (red solid line) and FTIR reﬂection (blue dashed line) spectra of a 6H−SiC substrate, illustrating the role of the LO and
TO phonons in deﬁning the highly reﬂective Reststrahlen band. (b) Real and imaginary parts of the permittivity determined from ﬁtting of the
reﬂection spectra of the 6H−SiC substrate used for nanopillar fabrication. The spectral range provided coincides with that of the position of the LO
phonon and the observed localized SPhP modes presented in this work. A horizontal dashed/dotted line corresponds to the real permittivity equal to
zero.

factors in the range of 40−135, which surpass what is
theoretically possible for localized surface plasmons.10,38−43
These high Q-factors are coupled with modal volumes (λ3res/
Veff)1/3 of the resonant modes that were calculated to be ∼50−
200× smaller than the resonant wavelength, λres, and predict
potential Purcell factors as high as FP = 6.4 × 107. Such large
values of FP imply a dramatic enhancement in the spontaneous
emission rates of nearby emitters, which in this spectral range
could have signiﬁcant implications for tailoring the blackbody
response24,31,44 and enhancing the absorption of IR-active
vibrational modes for the SEIRA eﬀect.7−9 For comparison,
theoretical work on isolated and near-ﬁeld coupled silver
nanospheres predict potential Purcell factors up to 1000,45 and
even with the highest theoretically possible plasmonic Qfactors10 the Purcell factors still do not exceed 10.4
We further show that the transverse and longitudinal
resonances anticipated for isolated subwavelength nanorods22
are transformed by the presence of the underlying SiC substrate
into a higher-energy transverse dipolar and a lower-energy
monopolar resonance with both modes spectrally shifting with
changing nanostructure geometry. The monopolar mode may
be thought of as evolving from the longitudinal dipole
resonance of a free-standing pillar when the underlying SiC
substrate modiﬁes the electric-ﬁeld symmetry of the mode and
can be excited only with oﬀ-normal incident light. The extreme
subdiﬀraction conﬁnement also enhances the intensity of the
incident electromagnetic ﬁeld by more than 5000 times, which
is essential for coupling to and enhancing optical processes of
nearby emitters. Further, we ﬁnd that under certain conditions,
these mid-IR SPhP modes become Raman-active, which
enables their study via Raman scattering in the visible spectral
range with higher spatial resolution than is available in the midIR.
These results demonstrate the potential for a new approach
to nanophotonic resonators using localized SPhP modes in
polar dielectrics. On the basis of the relatively long lifetimes and
low optical loss associated with these phonon-based modes,
SPhP excitations in polar dielectrics open the door to exciting
possibilities such as the realization of epsilon-near-zero46 and
negative index metamaterials34 as well as on-chip nanophotonics47 in the mid- to far-IR regions. These results
promise to reinvigorate basic research studies of SPhP modes

surfaces were employed. In the latter work, the image charge of
a platinum-coated s-SNOM tip in the SiC substrate imitated
the behavior of a localized SPhP resonance. Anderson7 later
used SiC and Al2O3 spherical particles to explore the potential
for SPhP materials for SEIRA applications, reporting enhancements in excess of 100×. Later work by Schuller et al.24
demonstrated both broad dielectric resonance modes as well as
a SPhP resonance at wavelengths within the Reststrahlen band
that are supported by high-aspect-ratio SiC wires with
diameters of 1−3 μm. These experiments, together with the
studies of polar dielectrics utilized for SPhP-based mid-IR
superlensing,25 SPhP propagation26,27 and focusing,28 subwavelength extraordinary transmission gratings,29 and IR
thermal emitting meta-surfaces24,30,31 have demonstrated the
promise of these materials. Furthermore, recent advances in the
material quality of SiC have dramatically reduced the optical
losses in semi-insulating substrates and epitaxial layers due to
reductions in the extended and point defect densities and
improvements in the growth processes.32,33 However, userdeﬁned, fabricated SPhP nanostructures are crucial for the
development of localized resonators for optical antennas and
enhanced molecular spectroscopy at size scales below those
achievable with ordinary dielectric resonators34 and have not
yet been reported experimentally with results being limited to
theory.8,35,36
Up until the work reported here, eﬀorts to fabricate localized
SPhP resonators with deﬁned resonant response were held back
by the knowledge that ion implantation via focused ion-beam
(FIB) into a SiC surface led to signiﬁcant damping of the SPhP
response in s-SNOM.37 While in that work the implantation
was designed to “turn-oﬀ” the SPhP response for the
development of patterned SPhP surfaces, this observation also
led to the anticipation that the use of standard fabrication
processes such as FIB or reactive ion etching (RIE) for
nanostructure formation in SiC would lead to similar damping
and preclude the observation of localized SPhP modes. Here,
we demonstrate the contrary by reporting on the ﬁrst
experimental observations of nanofabricated, localized SPhP
resonant modes using standard RIE processing to fabricate
periodic arrays of 6H−SiC nanopillars with diameters 40−75×
smaller than the incident wavelength (D = 150−260 nm). The
resultant localized resonances exhibit exceptionally narrow
linewidths of 7−24 cm−1. This corresponds to quality (Q)3691
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within polar dielectric materials and should lead to dramatic
advancements in the ﬁelds of nanophotonics and metamaterials.
At wavelengths between the longitudinal (LO) and transverse (TO) optical phonon modes, the charged atomic species
of a polar lattice can be optically induced to oscillate coherently
in the form of SPhPs. Analogous to coherent free carrier
oscillations in metals (plasmons), this results in a screening of
incident photons through the motion of the underlying charged
lattice, which produces a spectral region of high reﬂectivity that
is referred to as the “Reststrahlen” band.17,22 This phenomenon
is visualized in Figure 1a by overlapping the optical phonon
energies as revealed by Raman scattering (red solid line) onto
the reﬂection spectrum within the Reststrahlen band (blue
dashed line) of the 6H−SiC substrate used for these studies.
Within this spectral range, the SiC resembles a metal with the
reﬂectivity approaching 100%. This corresponds with the real
part of the permittivity crossing through zero near the LO
phonon energy and becoming increasingly negative as the
energy is decreased (red, solid line in Figure 1b). This behavior
extends to the TO phonon energy at which point the
permittivity reaches a minimum before becoming positive
once again. It is within this Reststrahlen spectral range that SiC
and other polar dielectric nanostructures can support localized
SPhP resonant modes that are analogous to those of plasmonic
nanostructures.22 In addition, over much of this range optical
losses are low as illustrated by the small imaginary part of the
permittivity (blue dashed line in Figure 1b).
In order to explore the possibility of inducing localized SPhP
resonant modes and to identify their characteristics, we
fabricated a series of periodic arrays of 6H−SiC nanopillars
with diameters varying between 150 and 260 nm. Doing so
enables comparisons with plasmonic nanostructures to identify
if the formalisms are directly analogous, as was anticipated by
Bohren and Huﬀman.22 To reduce the presence of residual
surface-bound ﬂuorine and surface damage induced by the RIE
process used for fabrication, a subsequent etch in H2 gas at
1400 °C was employed, which rounded the top of the
cylindrical nanopillars and resulted in some variability in the
nanopillar shape (SEM in inset of Figure 2), while reducing the
SPhP resonance line width by a factor of 2−4×. Presented in
Figure 2 is the IR reﬂection spectrum from the 6H−SiC
substrate (green dashed line) and the same substrate with a
periodic array of 800 nm tall, 250 nm diameter nanopillars (red
solid line) on a pitch of 400 nm (interpillar gap of 150 nm).
The nanostructure fabrication resulted in the observation of
two primary localized SPhP resonant modes that provide for
low-albedo surfaces that are useful for resonant spectral
response. These localized SPhP absorption peaks are superimposed upon the broad, highly reﬂective Reststrahlen band
and in many cases exceed 90% extinction. These are similar to
the resonances observed by Urzhumov et al.29 within
extraordinary transmission gratings of 1−2 μm diameter holes
in 3C-SiC membranes. The additional two modes observed
near 882 and 888 cm−1 can be attributed to a splitting of a
doubly degenerate, axial bulk optical phonon (2A1 symmetry),
and while only observed in the IR reﬂection spectra from the
nanopillar arrays, they are not due to localized SPhP modes.48
Since these modes are not observed within the surrounding
unpatterned substrate, they are not incorporated within the
derived optical constants and not observed within the simulated
spectra in Figure 2.
In order to understand the localized SPhP modes in greater
depth, we modeled the local electromagnetic ﬁelds by

Figure 2. FTIR reﬂectance spectrum of a periodic array of 250 nm
diameter, 6H−SiC nanopillars (red solid line) on a 400 nm pitch
compared to a COMSOL-simulated spectrum (blue solid line). “M”
and “TD” denote the spectral positions of the monopole and
transverse dipole resonances, respectively. For comparison, the
reﬂection spectrum of the surrounding 6H−SiC substrate is also
provided (dashed green line). An SEM image collected at 45° is
provided in the inset.

numerically solving Maxwell’s equations with the COMSOL
Multiphysics software. Also presented in Figure 2 is the
calculated reﬂectance spectrum (blue solid line) for a 6H−SiC
substrate patterned with nanopillars matching those from the
experiment. The calculated spectra reproduce the two modes
well. It was experimentally observed that the higher-energy
resonance varied with the nanopillar diameter and was only
weakly dependent on the incidence angle and interpillar gap.
These observations along with the calculated cross-sectional
and top-view electromagnetic ﬁeld proﬁles depict this as a
dipolar, transverse resonance, analogous to modes observed in
plasmonic nanorods (Figure 3a,c, respectively; see also Figures
S4 and S5 in the Supporting Information).22 The second,
lower-energy resonance was observed experimentally to be
strongly dependent upon the nanopillar diameter and interpillar
gap and to increase in intensity at larger incident angles. This
dependence on interparticle gap is likely due to interpillar
coupling, as discussed in depth in the literature,42,49 and will be
the subject of subsequent work. Modeling of this mode
determined that it can only be stimulated with oﬀ-normal
excitation. This behavior is supportive of its identiﬁcation as a
longitudinal mode, as is expected for isolated nanorods.
However, the simulations (Figure 3b) demonstrate a signiﬁcant
concentration of the electric ﬁeld near the base of the
nanopillar, which is not characteristic of a longitudinal dipole
mode. The plan-view Ez/E0 proﬁle calculated for a plane just
below the substrate surface (Figure 3d), indicates that this
mode is instead a lower-order, monopolar resonance. While
monopoles cannot be excited in isolated nanopillars, chargeneutrality in this case is achieved by the opposing ﬁeld located
near the surface of the SiC substrate in the region between the
nanopillars. For comparison, subdiﬀraction monopole resonances have been recently reported in plasmonic nanorods with
metal ground planes,50,51 similar to an RF monopole antenna.
In the case described here, additional simulations imply that the
monopole resonance originates from a modiﬁed longitudinal
mode and that expanding the periodicity of the array enables
the observation of higher-order monopole resonance modes,
3692
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previously reported for a SPhP mode in SiC nanowires,24 where
a Q-factor value of 16 was reported for TE±1 mode, which can
be compared to the transverse dipolar resonant mode discussed
in this work. Our results are also consistent with ongoing work
performed independently by Wang et al.52 in which s-SNOM
measurements ﬁnd Q-factors of 50−65 for SPhP resonances
inside of holes fabricated in a gold ﬁlm on top of a SiC
substrate. These experimental Q-factors are by no means the
upper limit for what can be realized in these systems. Instead,
calculations based on optical constants derived from
ellipsometry measurements of SiC epitaxial layers predict Qfactors in excess of 250. Further, the variable sizes of the
nanopillars within any given array likely contributed to a
reduction of the apparent Q-factor from such theoretical values,
although further work to separate the eﬀect of surface damage
from other inhomogeneities is needed. While the Q-factor
provides a good ﬁgure of merit, it does not consider the modal
volume, and hence does not incorporate the conﬁnement of the
electromagnetic energy. This latter point is especially important
for the development of resonators for nanophotonic
applications, which exclude wavelength-scale or larger resonators such as photonic crystals or whispering-gallery
resonators. In order to compare nanophotonic structures of
diﬀerent sizes, shapes, and frequencies that result from diﬀerent
optical phenomena (e.g., plasmonic, SPhP, or dielectric cavity),
we can employ the Purcell factor, deﬁned as FP = [3/
(4π2)](λres/n)3(Q/Veff) with Veff, λres, and n denoting the
eﬀective modal volume,53 the resonant wavelength, and the
refractive index of the ambient, respectively. Using the
experimental linewidths and the modal volumes calculated for
these nanostructures, it was determined that on average the
transverse dipole and monopole resonances within the arrays
studied exhibit potential Purcell factors of FP = 4.8 × 106 and
5.2 × 107, respectively, which are lower only by a factor of 2.5−
5× within the ambient. By incorporating the theoretical
linewidths for these modes (6.5 and 4.8 cm−1), the FP values
for such structures are estimated at approximately 1.6 × 107 and
1.3 × 108. To our knowledge, these are the highest reported
experimental and theoretical FP for nanoscale resonators,
exceeding the best reported values for even plasmonic/
dielectric hybrid resonators by at least an order of
magnitude38,39,54,55 with these systems designed to limit optical
losses by conﬁning the ﬁelds within the low-loss dielectric
regions. Yet the results reported here were achieved without
any design optimization. Such large values of FP imply the
potential for such localized SPhP resonators for modifying the
thermal blackbody emission and nearby emitters (molecular
vibrational modes or potentially quantum emitters).
By analogy with subwavelength plasmonic nanorods, varying
the diameter of these 6H−SiC nanopillars modiﬁes the
resonance spectral position while maintaining a fairly constant
line width. For the transverse dipole mode, we observed about
4% variation in the line width over the range of diameters
investigated (150−260 nm) for a constant interpillar gap of
∼150 nm. This relative insensitivity of line width to nanopillar
size is presumably due to the short mean-free-path of the
optical phonons, which reduces the importance of boundary
scattering. In contrast, plasmonic systems are susceptible to
boundary-scattering losses because of large free-carrier meanfree paths. The short mean-free path of these long-lived, optical
phonons are due to their slow group velocity and inherently
leads to lower scattering and thus enables the longer lifetimes
and low optical losses associated with these modes to be

Figure 3. Calculated electromagnetic intensity proﬁles, log (I/I0) for
the (a) transverse dipolar and (b) monopolar modes. The
corresponding top-view electromagnetic ﬁeld proﬁle (Ez/E0) of the
(c) transverse dipolar mode and the corresponding plan-view proﬁle of
the (d) monopolar mode at 5 nm below the substrate surface (to avoid
interface eﬀects and to clearly depict the role of the substrate). In all
cases, the incident plane wave in the calculations was directed toward
the sample at 25° oﬀ normal from right to left, as depicted by the
schematic in (a) and (b).

similar to the modes of nanorod plasmonic antennas50,51 on
conductive substrates. The calculated spatial proﬁles of the local
SPhP ﬁelds for the transverse dipolar and monopolar
resonances indicate that these modes provide deeply
3
subwavelength ﬁeld conﬁnements of approximately (λres
/
1/3
Veff) = 50−200 with values of 115 and 199 calculated for
the transverse dipolar and monopolar modes, respectively,
within an array of 250 nm diameter nanopillars on a 400 nm
pitch. As illustrated by the logarithmic plots of the electric ﬁeld
intensities presented in Figure 3a,b, enhancements well in
excess of 5000× are predicted by these simulations (maximum
intensities of 27 700 and 15 700 were calculated for the
transverse dipole and monopole modes, respectively). These
enhanced local ﬁelds are positioned on the surface of the
nanostructure and for the most part are excluded from the
volume of the nanopillar. This is similar to the surface ﬁelds in
localized surface plasmon structures and is important for
downstream applications, where only those ﬁelds outside of the
nanostructure volume can be harnessed for enhancing optical
processes in nanoscale emitters or molecular vibrational
signatures. On the other hand, owing to the strong dispersion
of SiC in this spectral range, the electric energy density is larger
inside the pillar.
As in the case of any damped oscillator, the ratio between the
resonant frequency and the resonance line width ωres/Δωfwhm
res ,
or quality factor Q, represents the rate of energy lost with
respect to the stored energy within the resonator. The
measured Q-factors for the transverse dipole and monopole
resonances within this sample set ranged from 40 to 50 and 70
to 135, respectively. As stated above, these experimental results
exceed values reported for single plasmonic nanoparticles with
silver having a theoretical limit of about 40,10 as well as a value
3693
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Figure 4. (a) FTIR reﬂection spectra of 800 nm tall, 6H−SiC nanopillars as a function of diameter and for the unpatterned substrate. The arrows
designate the direction of the peak shifts for the two modes with decreasing diameter. (b) Corresponding peak positions for the two modes (red
circles and blue squares) as a function of diameter in comparison to the computed values using the COMSOL software (open symbols; lines are a
guide to the eye). The cross-hatched area corresponds to the spectral region where the monopolar resonance shifts through the peak positions of the
LO phonons as discussed in the text.

maintained even within nanostructures on the nanometer-scale
and underpins the promise of the SPhP phenomena.
Similar to their plasmonic counterparts, the localized SPhP
resonances were observed to shift with changing nanopillar
diameter, as shown in Figure 4a. A plot of the corresponding
experimental (solid symbols) and calculated (open symbols)
spectral position of the transverse dipolar (red symbols) and
monopolar (blue symbols) resonances as a function of diameter
is presented in Figure 4b. Despite the inevitable complexities
associated with structural variations in the experimental
nanostructures that are unaccounted for within the COMSOL
calculations, the general trends in the diameter dependences of
the experimental resonances are semiquantitatively reproduced.
However, there are clear deviations between the calculated and
experimental spectral positions for the monopolar resonance
when the resonance position approaches and crosses the
spectral range of ∼878−892 cm−1 (cross-hatched region in
Figure 4b; further details in Supporting Information). Within
this region, interference between the A1 (LO) phonon lines and
the monopole resonance is observed. This results in a
broadening and asymmetry developing within the line shape
of the monopole resonance that resembles Fano interference.
The Fano eﬀect results from an interference between a discrete
optical transition and a much broader continuum mode56 in
this case resulting from the discrete LO phonon modes and the
broader monopole SPhP resonance. Similar eﬀects in 4H−SiC
nanopillar arrays fabricated in both semi-insulating and highly
doped substrates were also observed by our group and will be
the subject of a subsequent report. Consequently, this
interference eﬀect, while quite interesting, also makes the
accurate extraction of the monopolar resonance spectral
position problematic and is responsible for the apparent
discrepancy between the experiment and theory.
Because the localized SPhP modes observed here are derived
from optical phonons, an additional investigation using microRaman spectroscopy was undertaken using 532 nm excitation.
In many cases, the transverse dipolar and monopolar collective
modes were found to be Raman-active. This is demonstrated in
Figure 5, which presents both FTIR reﬂection and microRaman spectra collected from a 200 nm diameter nanopillar
array (350 nm pitch, 800 nm height). Surface optical phonon

Figure 5. FTIR reﬂection (blue dashed line) and micro-Raman (red
solid line) spectra from a periodic array of 6H−SiC nanopillars (200
nm diameter, 800 nm tall, 350 nm pitch). The double-headed arrows
correspond to the positions of the two SPhP resonances as labeled.

modes have been observed in Raman spectra for nanowires of
various polar dielectric materials57 but have not been correlated
with the localized SPhP phenomenon until now. In all arrays
measured, a broad resonance at approximately 934 cm−1 was
observed. The localized SPhP resonance modes were observed
within the Raman spectra when their resonance position was
near the peak position of this aforementioned surface optical
mode, implying that their observation is due to a resonant
enhancement of the localized SPhP response with these surface
optical modes. It should be noted that as the localized SPhP
resonances were spectrally shifted away from the surface optical
mode, their intensity decreased and in many cases they were no
longer observable. In most cases, the surface optical phonon
modes and the localized SPhP transverse dipole resonances
overlapped, thus it is unclear whether the surface optical mode
is observed within the FTIR measurements from the nanopillar
arrays. However, a slight dip in the reﬂection spectra of the bare
SiC substrate (Figure 4a) is also observed near 934 cm−1 and
may be related to optical phonons conﬁned to the SiC/air
surfaces. The direct correlation between these Raman-active
modes and the localized SPhP resonances will be explored in
more detail in subsequent work. The correlation between these
surface optical phonon modes with the localized SPhP
3694
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was removed in wet chemical etchants. To remove any surface
damage induced via the RIE process and remove any surfacebound ﬂuorine a subsequent surface etch in hydrogen
atmosphere was performed in the growth cell of an Aixtron
VP508 growth reactor at 1400 °C for 3 min. Calibration of this
process demonstrated that this etch removed approximately 8
nm of SiC surface material. The localized SPhP resonances
were characterized using both FTIR and micro-Raman
spectroscopy. Mid-IR reﬂectance measurements were undertaken using a Thermo Scientiﬁc, Nicolet FTIR Continuum
Microscope with a 15×, 0.58 NA objective, which illuminates
the sample with a standard glow bar at incident angles between
10 and 35° oﬀ normal with a weighted-average of 25°. This oﬀangle excitation enabled excitation of both transverse dipolar
and monopolar modes within the nanopillars. The spectra were
collected with a 0.5 cm−1 resolution with 128 scans averaged for
the ﬁnal spectra, which were collected from a spatial area
deﬁned by the internal aperture that was set to 50 × 50 μm. To
improve the signal-to-noise, an initial background reﬂection
spectrum from a gold ﬁlm was collected at the same spectral
resolution but was signal averaged for 1024 scans. MicroRaman spectra were collected using a commercial, Thermo
Scientiﬁc DXR Raman Microscope using a 10 mW, 532 nm
laser line focused onto the sample surface using a 100×, 0.9 NA
objective. The signals were collected in confocal mode using a
25 μm pinhole and an acquisition time of 5 s.
Electromagnetic Modeling. In order to take into account all
the eﬀects involved in these deeply subwavelength highly
dispersive nanostructures, full-wave 3D electrodynamic calculations using the RF module of the ﬁnite-element package
COMSOL were performed. The SiC optical constants were
determined from ellipsometry and reﬂectance data obtained
from the sample used and the geometric dimensions
determined from SEM images. While the optical response of
6H−SiC is anisotropic, that is, the permittivity is diﬀerent when
light is polarized parallel or perpendicular to the basal plane, the
derived optical constants demonstrated that this provided only
a minor perturbation to the resultant resonant response and
thus for simplicity were not included in the calculations. In an
eﬀort to closely match the experimental conditions, the
simulations were undertaken using the incident optical ﬁeld
at 25° to match that of the 15× Cassegrain objective (0.58 NA)
on the FTIR microscope. For the simulations, p-polarization
was employed as it provides access to both transverse and
longitudinal components of the electric ﬁeld relative to the
pillars within a single simulation. We also used normal
incidence and compared that with the 25° polarization
simulation results to identify the features of the spectra
exhibiting transverse and longitudinal components.

resonances reported here, raises the possibility of using microRaman with its submicrometer spot and sensitive detectors
unavailable in the mid-IR, to explore single Mie resonators. In
addition, one might exploit the resonant electromagnetic ﬁeld
enhancements within these SPhP resonators to enhance Raman
spectra from nearby molecules, similar to eﬀorts using dielectric
Mie resononators 58 or the SERS eﬀect in plasmonic
nanostructures59 and thus may provide a complementary
means to perform enhanced spectroscopy using the same
nanostructure.
In summary, we have reported on the experimental
observation of localized surface phonon polariton (SPhP)
resonances by using nanofabricated, periodic arrays of
cylindrical, 800 nm tall, 150−260 nm diameter 6H−SiC
nanopillars. This nanostructuring of the SiC substrate induced
two localized SPhP resonances, which can be described as
transverse dipolar and monopolar resonant modes. The latter
results from a modiﬁcation of the longitudinal dipole resonance
due to the underlying SiC substrate. Similar to their plasmonic
counterparts, changes in the nanopillar geometry shift the
resonances, demonstrating that predictable tuning can be
achieved through nanostructure size, shape and selection of
polar dielectric material. As the SPhP modes are derived from
long-lived optical phonons, they exhibit exceptionally narrow
linewidths (fwhm of 7−24 cm−1). Such linewidths correspond
to quality factors of 40−135, which when coupled to the very
small modal volumes of the SPhP modes (λ3res/Veff)1/3 ∼ 50−
200, result in potential Purcell factors between 1.9 × 106 and
6.4 × 107. These values well exceed what is theoretically
achievable in plasmonic nanoparticles and what has been
reported for plasmonic/dielectric hybrid resonators and thus
present a glimpse of the potential of localized SPhP modes in
polar dielectric materials.
That localized SPhP modes can be stimulated within
nanostructures formed via standard lithographic procedures
opens up an entirely new approach of employing low-loss, polar
dielectrics as an alternative to plasmonics for nanophotonic and
metamaterial applications. The observation that these localized
SPhP resonances are in many cases Raman-active also enables
the study of the modal properties with higher spatial resolution,
potentially enabling single-resonator studies. Further, the high
ﬁeld enhancements (>5000×) computed for these SPhP
resonators, coupled with their spectral position within an
atmospheric transmission window featuring an extensive
number of molecular vibrational modes, promise advancements
in molecular sensing, both in the lab and at stand-oﬀ distances,
as well as potentially contributing to the development of
components for mid-IR free-space communications. These
resonators may also enable improved eﬃciency and/or reduced
pixel-size infrared photodetectors, emitters and imagers. Finally,
the inherently long lifetimes (low-loss) and short mean-free
paths associated with these resonant modes will provide
opportunities to explore the fundamental limits of optical
conﬁnement and interparticle coupling that are out of reach for
plasmonic nanostructures.
Methods. SiC Nanopillar Fabrication and Characterization. The silicon carbide nanopillars were fabricated in semiinsulating 6H−silicon carbide substrates approximately 350 μm
thick using an Al/Cr hard mask that was deﬁned using standard
electron beam lithography, electron beam metal evaporation,
and liftoﬀ processes. Nanopillars were fabricated via reactive ion
etching (RIE) in equal partial pressures of SF6 and Ar at 150 W
power and room temperature for 38 min. The metal hard mask
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Reﬂection spectra detailing the inﬂuence of the reactive ion
etching and subsequent hydrogen etching process upon the
localized surface phonon polariton resonance linewidths and
those illustrating the Fano-like interference eﬀect between the
LO phonon absorption with the monopolar SPhP resonance
are provided. Further simulations from COMSOL illustrating
the role of the angle of the incident electromagnetic ﬁeld in
coupling to the monopolar resonance and modifying the spatial
proﬁle of the transverse dipolar resonance are also presented.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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