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ABSTRACT: We report on the strong enhancement of mid-infrared
second-harmonic generation (SHG) from SiC nanopillars due to the
resonant excitation of localized surface phonon polaritons within the
Reststrahlen band. A strong dependence of the SHG enhancement upon
the optical mode distribution was observed. One such mode, the
monopole, exhibits an enhancement that is beyond what is anticipated
from field localization and dispersion of the linear and nonlinear SiC
optical properties. Comparing the results for the identical nanostructures
made of 4H and 6H SiC polytypes, we demonstrate the interplay of
localized surface phonon polaritons with zone-folded weak phonon modes
of the anisotropic crystal. Tuning the monopole mode in and out of the
region where the zone-folded phonon is excited in 6H-SiC, we observe a further prominent increase of the already enhanced
SHG output when the two modes are coupled. Envisioning this interplay as one of the showcase features of mid-infrared
nonlinear nanophononics, we discuss its prospects for the effective engineering of nonlinear-optical materials with desired
properties in the infrared spectral range.
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Light localization in subwavelength volumes is a core of
nanophotonics. Conventional methods for achieving

strong confinement of the electromagnetic fields extensively
utilize unique properties of surface polaritons. A remarkable
variety of objects and materials supporting these excitations
ensures the key role of plasmonics in a broad range of
applications.1−5 Apart from unparalleled sensitivity of plas-
monic structures to the optical properties of the environment,
strong light localization facilitates nonlinear-optical effects.6−8

Owing to the spectral tunability of the localized plasmon
resonances and their sizable nonlinearity, metallic nanostruc-
tures of different shapes and sizes have earned their place in
nonlinear photonics.
Despite the obvious advantages of plasmon-based nano-

photonics, metallic nanoobjects exhibit significant optical
losses, which lower the quality factor of the localized surface
plasmon modes. Fast plasmon damping (typically on the order
of 10 fs) due to ohmic losses9,10 thus inhibits nonlinear-optical
conversion. An alternative, promising metal-free approach has
been suggested, utilizing polar dielectrics such as SiC11−15 or
BN16−21 for high-quality light confinement in the mid-infrared

(IR). There, the subdiffractional confinement of electro-
magnetic radiation relies upon surface phonon polaritons
(SPhP) in the Reststrahlen band. In these material systems,
electric polarization is created due to coherent oscillations of
the ions instead of the electron or hole densities, as is the case
in surface plasmons. Due to the significantly longer scattering
times associated with optical phonons as compared to those of
surface plasmons, the lifetimes of SPhPs tend to be on the
order of picoseconds, orders of magnitude longer than their
plasmonic counterparts.21,22 In addition, due to energies
associated with optical phonons, SPhPs with typical frequencies
within the mid-IR (>6 μm) to the THz domain hold high
promise for spectroscopic and nanophotonic applications.23−25

In this Letter, we undertake a first step toward the largely
unexplored domain of mid-IR nonlinear nanophononics. We
study the nonlinear-optical response of localized SPhPs using
nanostructures made of different polytypes of SiC. Employing

Received: July 20, 2016
Revised: September 26, 2016
Published: October 21, 2016

Letter

pubs.acs.org/NanoLett

© 2016 American Chemical Society 6954 DOI: 10.1021/acs.nanolett.6b03014
Nano Lett. 2016, 16, 6954−6959

pubs.acs.org/NanoLett
http://dx.doi.org/10.1021/acs.nanolett.6b03014


free electron laser (FEL) radiation in the mid-IR spectral
range,26 we probe second-harmonic generation from periodic
arrays of subdiffractional, cylindrical SiC nanopillars. The SHG
yield in the Reststrahlen band of SiC demonstrates prominent
enhancement at the wavelengths associated with the excitation
of the SPhP eigenmodes of the pillars. Depending on both the
size and the spatial periodicity of the pillars, the SHG-probed
eigenmode exhibits a spectral shift accompanied by strong
variations of the SHG intensity. Analyzing different SiC
polytypes, we demonstrate the interplay of the localized
SPhPs with the zone-folded optical phonon modes. We further
conclude that strong coupling of the two modes allows for a
significant additional modulation of the SPhP-enhanced SHG
output.
The schematic of our experimental approach is outlined in

Figure 1a. We employed tunable FEL radiation (3 ps pulse
duration, 1 μJ micropulse energy, spot size ∼200 μm) split into
two beams to perform two-pulse correlated SHG excitation
spectroscopy measurements.26,27 The noncollinear SHG
configuration with the two beams incident at 28 and 62
degrees was used to suppress the undesirable intrinsic SHG
signal generated inside the FEL cavity. Along with the SHG
output, the intensity of the reflected beam incident at 62
degrees was recorded. The samples studied were square arrays
of 1 μm tall 4H-SiC and 6H-SiC pillars with the main axis of
the arrays in the xz plane of incidence. Both 4H- and 6H-SiC
samples were c-cut so that the c-axis of the crystals was parallel
to the surface normal.
Typical SHG and linear reflectivity spectra collected using

the FEL radiation for the two incident polarizations are
presented in Figure 1b−e. There, the respective spectra of the
bare substrate are shown for comparison. For p-polarized
fundamental radiation (Figure 1d), the SHG response features
two pronounced peaks located at the zone-center frequencies of
transverse and longitudinal optical phonons in SiC,27,28 around
797 and 965 cm−1, respectively. The corresponding SHG
spectrum from the nanopillars demonstrate a much stronger
SHG signal at around 900 cm−1. Due to the absence of this
peak in the SHG spectrum when the fundamental radiation is s-
polarized, we attribute this SHG feature to the excitation of the
monopole SPhP mode in the nanopillars, as this mode has
previously been demonstrated to require an out-of-plane
incident polarization and disappears at near-normal excita-
tion.15 Furthermore, the multiple peaks in the SHG spectrum at

920−960 cm−1 are related to the excitation of the dipolar SPhP
modes. Contrary to the monopole mode, these modes are
observed under both p- and s-polarizations of the fundamental
radiation and do not feature a strong enhancement of the
normal to surface projection of the electric field Ez. This
assignment of the modes is corroborated by the calculated
electromagnetic field distributions, which are presented and
discussed elsewhere.14,15

In general, the outgoing SHG field E⃗2ω is related to the
incident electromagnetic fields Ei

ω via the so-called local field
factors Li

ω:

χ∝ =ω ω ω ω ω ωE L E L E: ( )( )i i ijk j j k k
2 2 (2)

(1)

where ω
i
2 is the nonlinear polarization and χijk

(2) is the
nonlinear susceptibility tensor. The excitation of the SPhP
monopole mode leads to strong localization of the z-projection
of the fundamental electric field Ez (normal to the surface
plane)15 and, thus, a resonant enhancement of Lz

ω. The latter
results in a pronounced increase of the SHG output when the
fundamental radiation is p-polarized. However, the SPhP dipole
modes observed in the range of 920−960 cm−1 rely on the
resonant enhancement of the in-plane electric fields described
by the local field factors Lx,y

ω and thus can be excited with both
p- and s-polarized fundamental radiation. The total SHG
response is given by a vector sum of the terms on the right-
hand side of eq 1 originating from various tensor components
of the nonlinear susceptibility χ(2). Because the strength of χzzz

(2)

is the largest in this spectral range,28 the SPhP monopole mode,
with an enhancement of Lz

ω, naturally results in a higher SHG
output than the dipole modes.
The results of the systematic studies of the SHG response of

various arrays of nanopillars are summarized in Figure 2 for the
4H-SiC (a,c) and 6H-SiC (b,d) samples. The a and b panels
illustrate the evolution of the SHG spectra upon varying pillar
diameter D. It is seen that upon decreasing D, the SPhP
monopole-driven SHG peak exhibits a clear red-shift.
Remarkably, although the SPhP monopole mode shifts in the
range of about 890−910 cm−1, the SHG enhancement factor
associated with the excitation of the SPhP monopole mode
varies strongly with D. The c and d panels offer a zoomed-in
view of the evolution of the SPhP monopole mode-driven SHG
for a large variety of nanopillar arrays, indicating that the
variations of the SHG enhancement are observed for both 4H

Figure 1. (a) Schematic of the experimental approach. The inset shows an electron microscopy image of the nanopillar array. (b,c) Linear reflectivity
spectra for p- and s-polarized incident radiation obtained on the array of 4H-SiC nanopillars (red) and on the 4H-SiC substrate (black). (d,e) SHG
excitation spectra from the 4H-SiC nanopillars (blue) and the 4H-SiC substrate (black). The vertical dashed lines indicate the excited eigenmodes of
the pillars.
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and 6H samples. The dependences of the SPhP monopole-
driven SHG output on the spectral position of the SPhP
monopole mode for the two SiC polytypes are shown in Figure
3a with open red squares (4H) and blue circles (6H).
Clear differences between the data obtained for the 4H- and

6H-SiC samples seen in (Figure 2c,d and Figure 3a) indicate an
important role of the crystalline anisotropy for the SPhP-
enhanced SHG output. The hexagonal SiC polytypes are
known to exhibit zone-folded weak phonon modes in the
Reststrahlen region29 originating from the particular stacking of
the atomic layers along the c-axis of the crystal.30,31 These
weakly IR-active zone-folded modes can be visualized in the
reflectivity measurements at oblique incidence.32 Additional
periodicity of the crystals results in folding of the large Brillouin
zone, thus modifying the phonon dispersion and making the
excitation of phonons with nonzero wavevectors (q ≠ 0)
possible. Although zone-folded modes exist in both 4H and 6H

polytypes, different stacking of the SiC atomic layers is
responsible for them having different frequencies, as illustrated
in Figure 3c,d. It is seen in Figure 3d that the zone-folded mode
in the 6H-SiC polytype with the reduced wave vector q = 2/3
π/a can be excited in the range of 880−890 cm−1, which is
close to the typical monopole SPhP resonant frequency of the
SiC nanopillars discussed above.33 In particular, the interaction
of the SPhP and zone-folded mode, which shifted the apparent
spectral positions of the monopole SPhP eigenmode in the
linear response,14 is seen as responsible for the complex
structure of the resonant SHG output in our experiments
(Figure 2d). The weak IR activity of the zone-folded modes is
related to the large negative dielectric permittivity of SiC in the
Reststrahlen band. As such, the out-of-plane component of the
electromagnetic field Ez remains small, which inhibits the
coupling of incident light to the zone-folded phonon mode.
However, the excitation of the SPhP monopole mode in the
nanopillars drives a strong increase of Ez, which facilitates the
SPhP monopole interaction with the zone-folded phonon
(Figure 3,c).
The effect of the crystalline anisotropy in SiC is summarized

in Figure 3,a. The open symbols depict the SHG intensity
obtained at the SPhP monopole (resonant) frequencies, and
the dashed lines illustrate a clear correlation between the
maximum SHG output and the spectral position of the SPhP
monopole peak. When the SPhP monopole and the zone-
folded mode start to spectrally overlap, an additional
enhancement of the SHG output produced at the monopole
resonance in 6H-SiC samples is observed. Moreover, the
magnitude of the SHG output at the frequency of the zone-
folded mode (884 cm−1, green triangles) exhibits a much-faster
increase when the two resonances are in close spectral
proximity (dotted line), indicating an efficient interplay
between the SPhP monopole and the zone-folded mode in
the 6H-SiC samples. Due to the crystalline anisotropy, in 4H-
SiC, the zone-folded mode is excited in a different spectral
region (838 cm−1), and the aforementioned mechanism
remains inactive.
The strong dispersion in the SiC Reststrahlen band suggests

that the observed increase of the resonant SHG enhancement
upon red-shift of the SPhP resonance (common to both the 4H

Figure 2. (a,b) Experimental p in SHG spectra for three different
values of the pillar diameter D for the 4H-SiC (a) and 6H-SiC (b)
samples. (c,d) Zoomed-in detail of the SHG spectra in the vicinity of
the SPhP monopole resonance. Here, the colors are the same as in
(a,b), and solid, dotted, and dashed lines represent P = 1200, 1100,
and 1000 nm, respectively.

Figure 3. (a) Variations of the resonant SHG output with the fundamental frequency of the SPhP monopole mode. The data for both 4H-SiC (red
squares) and 6H-SiC (blue circles) demonstrate enhancement of the SPhP monopole resonance-driven SHG when the frequency of the SPhP mode
is red-shifted. The full black circles indicate the expected SHG output modulation, as obtained from the numerical simulations (b). The green
triangles demonstrate the increase of the SHG output driven by the excitation of the zone-folded mode in 6H-SiC samples. (b) Numerically
simulated SHG output spectra in the vicinity of the SPhP monopole mode for the pillar diameter D = 500 nm and four different array periodicities, P
= 900, 1000, 1100, and 1200 nm. (c,d) Sketch of the dispersion of the longitudinal optical phonon modes in the full Brillouin zone and the
emergence of the zone-folded modes in 4H- and 6H-SiC polytypes. Here, qmax = π/a, where a is the lattice period. (e) Illustration of the coupling
mechanism of the zone-folded and the monopole SPhP modes via the enhanced normal to surface projection of the electric field Ez. The false color
map in the background represents the calculated distribution of the electric charge when the SPhP monopole mode is excited.
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and 6H systems) could be captured in numerical simulations.
We calculated SHG response using both linear and nonlinear
SiC dispersion,14,27,28 the results of the simulation of the linear
optical response,15 and nonlinear polarization ω2 from eq 1
spatially integrated over the SiC volume (see the Supporting
Information for details), with the following nonzero compo-
nents of the nonlinear susceptibility: χzzz

(2), χzxx
(2), and χxxz

(2) = χxzx
(2).

The resultant SHG spectra simulated with COMSOL multi-
physics software (www.comsol.com, shown in Figure 3b)
demonstrate a qualitative agreement with the experimental
data. However, it is seen that the steep experimental
dependence cannot be quantitatively described within the
simple local model used in the calculations, which yields only a
moderate increase of the SHG output when the SPhP
monopole mode frequency is decreased.
We note that a large mismatch between the spatial period of

the nanopillars, P ≈ 1 μm, and the resonant light wavelength, λ
≈ 10 μm, rules out the excitation of propagating surface
polaritons,34 which are known to enhance the SHG out-
put.35−39 Furthermore, Capretti et al.40 thoroughly examined
plasmon-induced SHG enhancement from arrays of Au
nanoparticles as a function of the interparticle distance b. In
the regime of b < λ (as it is here), the dependence of the SHG
output on b was explained in terms of the changing filling factor
(and thus the associated number of active nanoemitters). For
very small interparticle gaps (b/λ ∼ 10−2), a modulation of the
SHG output has been attributed to the modification of the
electromagnetic field localization in the gaps.41 Because all
these effects are included in our simulations, we conclude that
the origin of the observed disagreement is related to the
intrinsic limitations of the employed model. As such, the
apparent discrepancy between the experimentally observed
trend and the results of numerical simulations suggests the need
for a novel theoretical description. The latter could profit from
taking into account terms in the multipole expansion of the
nonlinear polarization ω2 beyond the bulk electric dipole one.
In particular, this theory could include (i) surface SHG
contributions arising from the additional symmetry breaking at
the SiC−air interface and (ii) modifications of the nonlocal
SHG contributions. The importance of the nonlocal SHG,
already demonstrated in a number of works on subwavelength
plasmonic nanoobjects,41−48 relies on the large gradients of the
strongly localized electric field ∇E. Furthermore, intrinsic
excitations capable of coupling to SPhPs, such as zone-folded
modes, need to be accounted for as well to provide an accurate
description of the SHG output from different SiC polytypes.
The development of such calculational framework, which is
beyond the scope of this publication, could provide a significant
boost to the emerging field of mid-IR nonlinear nano-
phononics.
We note that the interaction of the localized SPhP

eigenmodes and the intrinsic excitations of the medium is a
unique fingerprint of mid-IR nanophononics. Indeed, surface
plasmon excitations in metals rely on the free electron gas,
which is essentially isotropic. As such, the SHG output of
plasmonic nanostructures is (i) largely determined by the metal
of choice, usually Au, (ii) exhibits only weak spectral
dependence,40,49 and (iii) is limited by robust phase relations
in the likely case of multiple SHG sources.47,50−53 On the
contrary, the flexibility of the SPhPs is provided by the coupling
of the surface phonon polariton excitations to the intrinsic bulk
phonon modes. The latter can be engineered by designing

artificial metamaterials based on hybrid multilayer struc-
tures,54,55 thus allowing for an effective control of their optical
properties.
To summarize, we have observed SHG output enhancement

associated with the excitation of the SPhP eigenmodes in an
array of nanopillars grown from SiC of different polytypes. The
strongest SHG output is associated with the excitation of the
monopole SPhP mode characterized by strong localization of
the normal to surface projection of the electric field Ez. The
spectral positions of the SHG peaks shift according to the
geometric parameters of the nanophononic structures. We
found a strong dependence of the magnitude of the SHG
enhancement on the resonant frequency. This experimentally
observed dependence cannot be quantitatively described by
simply taking into account the subdiffractional field localization
and the dispersion of the linear and nonlinear optical properties
of SiC. Furthermore, we discuss the interplay of the SPhPs and
the intrinsic crystalline anisotropy for an efficient nonlinear-
optical conversion. This mechanism is supported by the SHG
spectral measurements on the 6H-SiC nanopillars, where
excitation of the SPhP monopole mode interacting with the
weak zone-folded phonon resulted in an additional enhance-
ment of the SHG output. The presence of intrinsic resonances
strongly alters the phase relations in their vicinity, providing a
natural way of optimizing the SHG response in a relatively
narrow spectral range. Our findings demonstrate the high
potential of mid-IR nonlinear nanophononics as a novel and
promising platform for nonlinear optics and illustrate the rich
opportunities it provides for efficient control over nonlinear-
optical response.
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