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ABSTRACT

Polaritons can provide strong optical field enhancement allowing them to boost light–matter interaction. Here, we experimentally observe
enhancement in mid-infrared second-harmonic generation (SHG) using grating-coupled surface phonon polaritons of the 6H-SiC surface.
In our experiment, we measure the SHG along the polariton dispersion by changing the incidence angle of the excitation beam. We observe
hybridization between the propagating surface phonon polaritons and localized plasmon resonances in the gold grating, evidenced by the
modification of the polariton dispersion as we change the area ratio of grating and substrate. Design options for engineering the plasmon–
phonon polariton hybridization are discussed. Overall, we find a rather low yield of polariton-enhanced SHG in this geometry compared to
prism-coupling and nanostructures and discuss possible origins.

VC 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0113000

The sub-diffractional light localization and enhancement in the
local optical fields provided by surface phonon polaritons (SPhPs)1

make them an ideal platform for applications relying on increased
light–matter interaction in the mid- to far-infrared (IR). Typical
examples include improved molecular sensing,2–5 coherent thermal
emission,6–8 or nonlinear-optical signal generation.9–13 Due to their
evanescent nature, exciting and probing SPhPs require specific experi-
mental schemes14 such as nanotip-based near-field mapping,15,16

sub-diffractional nanostructures,17,18 prism coupling,10,19,20 or grating
coupling.3,6 The latter offers several advantages such as extrinsic reso-
nance tuning via the incidence angle,6 far-field access allowing for easy
device integration2,3 with additional design options using the grating
shape,2,6 and material combination of the polaritonic substrate and line
grating.3

In this work, we demonstrate mid-infrared nonlinear-optical
second-harmonic generation (SHG) from SPhPs excited via gold-on-
6H-SiC line gratings. We observe enhancement in the SHG response
at the polariton resonance, which can be spectrally tuned through the
Reststrahlen band of 6H-SiC by changing the incidence angle. We dis-
cuss possible origins for the rather low SHG yield observed. By investi-
gating two different samples with varied Au-to-SiC area ratios, we
further observe a modified polariton dispersion, which we ascribe to

hybridization of the propagating SPhP modes with localized plasmon
resonances at the edges of the gold bars. Finite element simulations
show excellent agreement with our measurements, and we provide a
simple effective medium model qualitatively explaining the plasmon–
phonon polariton hybridization.

The experimental scheme is outlined in Fig. 1(a). The IR laser
pulses generated by the IR free-electron laser (FEL) installed at the
Fritz Haber Institute impinge on the sample, and the reflected IR
intensity as well as the SHG are detected. The FEL provides
high-power, narrow-band (a bandwidth of �0:3%), and wavelength-
tunable IR light and is described in detail elsewhere.21

The IR laser beam was mildly focused onto the sample (spot size
� 600lm) with angle of incidence a, polarized in the x-z plane
(P-polarized) with the lines of the grating along the y-direction, see Fig.
1(a). The reflected fundamental beam as well as the SHG beam emitted
in specular reflection are each detected using home-built pyroelectric
and mercury cadmium telluride detectors (IR associates), respectively,
after spectral separation using IR short-pass filters. SHG and linear
reflectance spectra are acquired by spectral scanning of the FEL wave-
number from 770 to 1020 cm�1 using the motorized undulator gap.

The gold line grating samples were produced on a c-cut semi-
insulating 6H-SiC substrate using 3D two-photon laser lithography
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printing.22 In this technique, a wavelength-dependent photoresist is
uniformly applied to the substrate, and the grating is patterned by
scanning the focus of an illuminating laser across. After a developing
process, a gold layer of h¼ 200nm was deposited with an electron
beam evaporator and a final liftoff was done. Two separate samples
were made, one with grating linewidth d¼ 2:4lm and one with
d¼ 4:8 lm, however, both with the same period p¼ 7:2 lm. An opti-
cal microscope image of the d¼ 4:8 lm sample is shown in Fig. 1(b).

Propagating polaritons can be excited in these structures within the
Reststrahlen band of SiC between the transversal optical (TO) and longi-
tudinal optical (LO) phonon frequencies, where the dielectric permittivity
is negative.9,17,23 The dispersion relation kðxÞ of the extraordinary sur-
face phonon polaritons at the z-cut uni-axial crystal surface is given as24

kSPhP ¼
x
c0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e?ek � ek
e?ek � 1

s
; (1)

where k and x are the in-plane momentum and the wavenumber,
respectively, and e?ðekÞ is the in-plane (out-of-plane) dielectric func-
tion of 6H-SiC.10 The dispersion of forward and backward propagat-
ing surface phonon polaritons at the 6H-SiC surface is plotted as green
solid lines in Figs. 1(c) and 1(d).

Momentum transfer from a line grating, in the simplest descrip-
tion, can be modeled by adding the grating momentum Gm ¼ m

p with
the grating period p and the diffraction order m to the in-plane
momentum component of the incoming light kxðaÞ. This leads to a
total in-plane momentum kða;mÞ ¼ kxðaÞ þ Gm, as illustrated in Fig.
1(c) for m¼�1, 0, þ1 for a range of incidence angles a of the incom-
ing light. Surface polaritons can be excited if

kSPhP ¼ kkða;mÞ ¼ kxðaÞ þ
m
p
: (2)

Clearly, no coupling is possible for m¼ 0, where kk remains within
the light cone. For the period p ¼ 7:2lm chosen in our work, the

m ¼ þ1 order provides access to large momentum modes with small
dispersion, while a steep dispersion is expected for the m¼�1,
counter-propagating diffraction order. The latter is illustrated in
Fig. 1(d), where a steep dependence of the polariton resonance wave-
number on the incidence angle is predicted.

Experimental SHG and reflectance spectra at various inci-
dence angles for both samples are shown in Fig. 2. The SHG spec-
tra feature several resonances: the peaks at the LO phonon
wavenumber xkLO and the TO phonon wavenumber x?TO are typi-
cal for SHG spectroscopy of SiC and arise due to resonances in the
Fresnel transmission and the nonlinear susceptibility vð2Þ, respec-
tively.10,25,26 These features also mark the edges of the Reststrahlen
band of SiC observed in the reflectance spectra, Fig. 2(b). Notably,
these features are almost unaffected by the incidence angle. In the
reflectance spectra for d¼ 4.8 lm, Fig. 2(d), we find the upper
Reststrahlen band edge significantly modified due to the large total
area of gold on the sample surface.

The strongly dispersive peaks in the SHG spectra and dips in
the reflectance spectra between 810 and 920 cm�1 indicate reso-
nant excitation of counter-propagating surface polaritons via the
m¼�1 grating order, in qualitative agreement with the prediction
in Fig. 1(d). Hereby, the amplitude of the SHG enhancement
correlates with the magnitude of the reflectance dip, reaching
enhancement values of about 10. An additional tenfold SHG
enhancement is observed for the polariton resonance in spectral
proximity of the zone-folded weak modes of 6H-SiC at xzf ¼ 881
and 886 cm�1,25,27 similar to what was observed for localized
polaritons in subdiffractional nanostructures.9

Finally, a weakly dispersive SHG resonance is observed at
940 cm�1. For d¼ 2.4lm in Figs. 2(a) and 2(b), the weak SHG peak
correlates with a small dip in the reflectance, suggesting (relatively
inefficient) excitation of forward-propagating polaritons via the
m¼þ1 grating order. For d¼ 4.8lm, the corresponding SHG peak is
much more pronounced. In the reflectance spectra for this sample,

FIG. 1. Experimental concept for SHG from grating coupled surface polaritons. (a) Experimental geometry: wavelength-tunable IR laser pulses polarized in the x – z plane
impinge on the 6H-SiC sample with gold grating lines along the y-direction, allowing excitation of surface polaritons propagating along the x-direction. The specularely reflected
IR and SHG intensity are detected simultaneously. A dip in reflectance and a peak in SHG indicates resonant surface polariton excitation. (b) Optical microscopy image of the
d¼ 4.8lm sample with a period p¼ 7.2lm. (c) Grating coupling to SPhPs: (red-to-blue) angle-of-incidence dispersion of the in-plane momenta for the m ¼ �1, 0, þ1 grat-
ing orders that allow coupling to the SPhPs at intersections with the SPhP dispersion (green). (d) Zoom into the counter-propagating (kk < 0) SPhP branch, highlighting the
steep dispersion expected from the m ¼ �1 grating order.
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Fig. 2(d), a strong, broad bleach is observed which, however, cannot be
clearly assigned to a polariton resonance.

To corroborate these experimental findings, we performed finite-
element simulations of our structures using Comsol Multiphysics.28

Frequency-domain calculations with periodic Floquet boundary con-
ditions including first order diffraction yielded the frequency-
dependent electric field distributions as well as the reflectance spectra
for various incidence angles, see Figs. 3(a) and 3(b) and Figs. 3(c) and
3(d), respectively, for the two grating geometries studied experimen-
tally. Hereby, we used the isotropic dielectric function of SiC25 and the
Drude model for gold.

For d¼ 2.4lm, the deep dips in the reflectance spectra, Fig. 3(c),
dispersing with incident angle suggest near-optimal sample design
parameters for excitation of the counter-propagating polaritons via the
m¼�1 grating order, in excellent qualitative agreement with the
experiment. Similarly, the shallow dip with small dispersion at
940 cm�1 suggests excitation of forward-propagating polaritons
via the m¼þ1 grating order, though with less efficiency just like
in the experiment. We also note the step-like drop of the reflec-
tance arising at wavenumbers slightly above the m¼�1 polariton
resonance, which corresponds to the onset of first order diffraction
of the sub-wavelength period grating, i.e., the Wood’s anomaly.29

We did not observe clear signatures of the Wood’s anomaly in the
experiment and will, thus, focus on the polariton resonances in the
following.

The electric field distributions for resonant counter-propagating
m¼�1 polariton excitation under incidence angle a ¼ 30� at
x¼ 884 cm�1 and x¼ 894 cm�1 is plotted in Figs. 3(a) and 3(b),
respectively, for d¼ 2.4lm and d¼ 4.8lm. Very similar field distri-
butions are found at the counter-propagating polariton resonance at
different incidence angles and at the m ¼þ1 resonances (both not
shown). Figures 3(a) and 3(b) suggest two major components of the
polaritonic field enhancement; one being relatively homogeneous
along both sides of the SiC/air interface as expected for a propagating
polariton, and another being largely localized in a much smaller vol-
ume at the edges of the gold grating. These latter hot spots already sug-
gest that the gold grating does not merely serve as a momentum
transducer for SPhP excitation but instead actively contributes to the
formation of the polariton mode.

For d¼ 4.8lm, the reflectance spectra in Fig. 3(d) behave quite
similar to d¼ 2.4lm in terms of the m¼�1 polariton resonance.

FIG. 2. Experimental SHG and IR reflectance spectra. SHG intensity (a) and (c)
and reflectance (b) and (d) at various incidence angles for d¼ 2.4 lm (a) and (b)
and d¼ 4.8lm (c) and (d). Dips in the reflectance with associated peaks in the
SHG strongly dispersing with incidence angle (red-to-blue) are assigned to reso-
nant excitation of surface polaritons via the m¼�1 grating order (light green
shaded area). Non-dispersive features include 6H-SiC substrate resonances at
x?TO and xkLO, and the zone-folded modes xzf previously observed in SHG spec-
troscopy of SiC.9,25 Additionally, a weakly dispersive feature at x � 940 cm�1 is
tentatively assigned to surface polariton excitation via the m¼þ1 grating order
(light orange shaded area). For consistency, reflectance data (b) and (d) were nor-
malized for the value at 797 cm�1, leading to values slightly larger than 1 in some
cases. Please note the logarithmic scale in (a) and (c).

FIG. 3. Simulations of grating coupling to surface polaritons. Electric field distribu-
tions for (a) d¼ 2.4lm and (b) d¼ 4.8lm at the respective m ¼ �1 polariton res-
onance for a ¼ 30�, exhibiting both homogeneous as well as strongly localized
contributions of the polaritonic field enhancement. (c) and (d) Calculated reflectance
spectra for various incidence angles (see legend). (e) and (f) Spectra of the fourth
power of the field enhancement driving SHG integrated over the SiC volume,Ð
VðSiCÞjEj

4. Light green and light orange shaded areas mark the spectral ranges for
the backward-propagating m¼�1 and forward-propagating m¼þ1 grating
orders, respectively.
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However, a clearly different behavior is observed for x > 940 cm�1,
similar to what was found in the experiment. First, the reflectance
drops sharply at x ¼ 940 cm–1 around where the m¼þ1 polariton
resonance is predicted. Second, significantly higher reflectance values
are found above the SiC Reststrahlen band, indicative of an optical
response being strongly modified by the presence of the gold grating
in this range. Specifically interesting is the rapid flip from peak to dip
from a < 30� to a > 30� at the upper edge of the SiC Reststrahlen
band, x ¼ 965 cm–1, yet again in excellent qualitative agreement with
the experimental reflectance.

With overall good agreement of the simulated reflectance spectra
with the experiment, we can confidently use the simulation results to
further analyze the SHG spectra. A microscopic description of SHG9

in this structure is beyond the scope of this work. Instead, we here esti-
mate the contribution of the polaritonic field enhancement to the
SHG yield by integrating the fourth power of the electric field magni-
tude across the SiC volume,

Ð
VðSiCÞjEj

4. By doing so, we neglect any
phase relation between the local sources of nonlinear signal and the
resulting impact on the far-field emission, as well as the tensorial
nature of the nonlinear susceptibility.

The spectral dependence of
Ð
VðSiCÞjEj

4 is plotted in Figs. 3(e) and
3(f). These simulated data resemble the experimental SHG spectra, see
Figs. 2(a) and 2(c), with remarkable precision not only in terms of the
spectral position of the resonances but also in terms of the relative
amplitudes between peaks and background. Even the pronounced
enhancement of the SHG yield at the m¼þ1 polariton resonance
between d¼ 2.4 and 4.8lm is almost perfectly reproduced in the sim-
ulations. Notably, the SHG resonance at the TO phonon frequency
xTO;? ¼ 797 cm–1 arises due to the resonance in the nonlinear suscep-
tibility of SiC25,26 and would, thus, not be expected to appear in the
field enhancement where instead a deep dip reports on the Fresnel
anti-resonance25 at the TO phonon.

Notably, we observe a blue-shift of the dispersive m¼�1 polari-
ton resonance between the d¼ 2.4 and 4.8lm geometries, both in the
experiment and in the simulations. This is shown in Fig. 4(a), where
we plot the polariton resonance positions we extracted from the dips
in the reflectance spectra. For each grating linewidth, experiment and
simulations agree very well. For reference, we also plot the theoretical
dispersion, Eq. (2).

For d¼ 2.4lm, the experimental and simulated dispersion agree
almost perfectly with the theoretical prediction, suggesting that here
the polariton mode is dominated by the SiC properties and the influ-
ence of the gold is rather weak. In contrast, for d¼ 4.8lm, the disper-
sion is stretched to higher wavenumbers, i.e., the blue-shift increases
for larger jkkj, reaching values of >15 cm�1 at a ¼ 15�. Clearly, the
simple model of momentum transfer by the grating coupler, Eq. (2),
fails to accurately describe the dispersion, which we ascribe to mode
hybridization between the SPhP and the local response of the free
charge carriers at the gold grating etches, i.e., localized plasmons.

A similar behavior of plasmon–phonon polariton hybridization
has been observed recently in studies of surface polaritons in heavily
doped semiconductors,31,32 van der Waals heterostructures,33–35 and
metallic nanostructures placed on polar crystals slabs36–38 with varying
degrees of coupling strength. For the case of doped semiconductors,
the plasmon–phonon coupling can be described analytically.31

Inclusion of a Drude term in the dielectric function of the polar crystal
describing the free charge carrier response results in an additional pole

in the dielectric function, while the pole at the LO phonon frequency
is blue-shifted. In consequence, the Reststrahlen-band broadens, and
the polariton dispersion is stretched.31,32 Qualitatively, this behavior is
independent of where exactly the charge carriers reside in the hybrid
structure as long as they can participate in the polariton mode.

We can, thus, attempt to use this simple analytical model for
an effective medium description of the Au grating-induced plas-
monic contribution to the polariton dispersion. For simplicity, we
assume that the charge carriers reside inside SiC and can, thus, be
accounted for by adding a Drude term to the dielectric function of
SiC as

eeff?ðkÞðxÞ ¼ eSiC?ðkÞðxÞ � eSiC1;kð?Þ
x2

p

x2 þ icx

 !
; (3)

where eSiC?ðkÞðxÞ and eSiC1;kð?Þ are the in-plane (out-of-plane) intrinsic

dielectric function and high-frequency permittivity of SiC, respectively,
xp is the plasma frequency, and c is the plasma damping. The result-
ing polariton dispersion is plotted in Fig. 4(b) for xp¼ 350 cm�1 and
xp¼ 850 cm�1 with c¼ 0:1xp. While the former matches the simu-
lated dispersion for large momenta (small a), the latter better describes
the initial slope of the dispersion (larger a). Thus, the effective medium

FIG. 4. Hybridization of grating-coupled surface polaritons. (a) Experimental
(circles) and simulated (dashed lines) dispersion of m¼�1 grating coupled polari-
tons extracted from the dip positions in the reflectance spectra for d ¼ 2.4lm
(blue) and d ¼ 4.8 lm (red). The data for d ¼ 2.4lm agree well with the theoreti-
cal dispersion, Eq. (2), while a systematic blue shift is observed for d ¼ 4.8lm. (b)
Comparison of the simulated d ¼ 4.8 lm dispersion with effective medium model-
ing using Eq. (3) with xp¼ 350 cm–1 (lower gray edge) and xp¼ 850 cm–1 (upper
gray edge), matching the simulated m¼�1 dispersion at a¼ 15� and for
a > 25�, respectively. This can be interpreted as a change in the effective plasma
frequency xp required to reproduce the simulation along the dispersion. This
behavior correlates well with the effective mode length30 LAueff within the gold shown
in (c), such that the number of charge carriers participating in the mode reduces for
larger momenta (smaller incidence angles).
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description using a single plasma frequency cannot sufficiently
describe the plasmon–phonon polariton hybridization.

One possibility to explain this discrepancy could be the different
magnitude of the plasmon contribution to the hybrid mode along the
dispersion. To test this hypothesis, we evaluated the effective mode
volume30 within Au from the finite-element simulations, Fig. 3. In this
picture, the different spatial extent of mode penetration into the gold
results in a different effective number of charge carriers actively partic-
ipating in the mode, leading to a different effective plasma frequency
in Eq. (3). Indeed, the extracted effective mode lengths LAueff shown in
Fig. 4(c) agree very well with our observations: For d¼ 2.4lm, we
find only a mild change of LAueff along the dispersion. For d¼ 4.8lm,
however, LAueff increases significantly with a, i.e., the mode penetrates
deeper and deeper into the gold as the polariton momentum is
reduced toward the light line. We note, though, that such an effective
medium description, while qualitatively describing the changes in the
polariton behavior, does not provide a microscopic picture of the
polariton interaction. More elaborate analytical theory would be
required to accurately describe the hybrid polariton properties
microscopically.

We note that frequency shifts of the polariton resonances can
additionally occur due to radiative coupling, which typically results in
a broadening and simultaneous red-shift of the polariton resonances.10

Figure 3(d) indeed suggests increasing radiative coupling with decreas-
ing a (increasing jkkj) for them¼�1 resonance, where the reflectance
dip amplitudes decrease while the dip widths increase. Such a behavior
is in fact identical to the critical coupling effect in the Otto-type prism
coupling configuration.10 These red-shifts cannot, however, explain
the blue-shift of the hybrid polariton resonance observed in Fig. 4(a).
Careful design of the grating structure might allow to simultaneously
optimize, e.g., plasmon hybridization and radiative coupling across the
dispersion. For instance, a thickness gradient in the gold film across
each grating stripe would provide an additional design parameter to
independently control both quantities.

Overall, the polaritonic SHG enhancement we find here using
the grating coupling configuration is much less than what we previ-
ously observed in subdiffractional nanostructures9 and using Otto-
type prism coupling,10 where in both cases the polariton resonances
dominated the SHG spectra, and where we generally observed larger
SHG signal amplitudes. In fact, we expect that formation of hot spots
would boost the SHG in contrast to homogeneous polariton field dis-
tributions typical for prism coupling10 because of the fourth order
electric field scaling of the nonlinear signal, in contrast to our observa-
tions. In principle, interference between the hot spot emissions as well
as shadowing by the gold could reduce the far-field coupling of the
SHG. However, excellent agreement of the simulations in Figs. 3(e)
and 3(f) with the experimental SHG spectra suggests that the reduced
yield occurs already in the generation process. Further experiments
and simulations, including SHG far-field coupling, are needed to clar-
ify the lack of efficiency of the SHG in the grating geometry.

In summary, we demonstrated infrared SHG from grating-
coupled polaritons using gold gratings on 6H-SiC. We show that the
polariton resonance can be widely tuned using the incidence angle in
the counter-propagating m¼�1 grating order. Unfortunately, we
find the yield of the polaritonic enhancement of the SHG to be rather
small, compared to previous works using prism-coupled or localized
phonon polaritons. Furthermore, we find that the polariton dispersion

can be significantly modified using different width-to-gap ratios of
the grating, which we ascribe to hybridization of the propagating
phonon polariton modes with localized plasmon resonances in the
gold grating. We qualitatively describe the modification of the
hybrid mode dispersion with a simple effective medium model
and identify the variation in the effective mode volume within the
gold along the dispersion as a potentially critical parameter for the
plasmon–phonon polariton hybridization. We propose that this
platform is ideal to engineer the hybrid mode dispersion.
Conveniently, gold gratings can be employed for any polar crystal
surface, providing a versatile tool for probing hybrid polaritons in
a wide range of polariton materials.

The authors wish to thank S. Gewinner and W. Sch€ollkopf for
operating the FEL.

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

Marcel Kohlmann: Conceptualization (equal); Formal analysis
(equal); Investigation (lead); Methodology (equal); Writing – original
draft (lead); Writing – review & editing (equal). Christian Denker:
Methodology (equal); Resources (equal); Writing – review & editing
(equal). Nikolai C. Passler: Conceptualization (equal); Data curation
(equal); Methodology (equal); Writing – review & editing (equal).
Jana Kredl:Methodology (equal); Resources (equal); Writing – review
& editing (equal). Martin Wolf: Funding acquisition (equal); Project
administration (equal); Supervision (equal); Writing – review & edit-
ing (equal). Markus M€unzenberg: Funding acquisition (equal);
Project administration (equal); Supervision (equal); Writing – review
& editing (equal). Alexander Paarmann: Conceptualization (equal);
Data curation (equal); Formal analysis (equal); Investigation (lead);
Methodology (lead); Project administration (lead); Supervision (lead);
Writing – original draft (lead); Writing – review & editing (lead).

DATA AVAILABILITY

The data that support the findings of this study are openly avail-
able in Zenodo at http://doi.org/10.5281/zenodo.6880979, Ref. 39.

REFERENCES
1J. D. Caldwell, L. Lindsay, V. Giannini, I. Vurgaftman, T. L. Reinecke, S. A.
Maier, and O. J. Glembocki, “Low-loss, infrared and terahertz nanophotonics
using surface phonon polaritons,” Nanophotonics 4, 44–68 (2015).

2T. G. Folland, G. Lu, A. Bruncz, J. R. Nolen, M. Tadjer, and J. D. Caldwell,
“Vibrational coupling to epsilon-near-zero waveguide modes,” ACS Photonics
7, 614–621 (2020).

3G. Zheng, L. Xu, X. Zou, and Y. Liu, “Excitation of surface phonon polariton
modes in gold gratings with silicon carbide substrate and their potential sens-
ing applications,” Appl. Surf. Sci. 396, 711–716 (2017).

4M. Autore, P. Li, I. Dolado, F. J. Alfaro-Mozaz, R. Esteban, A. Atxabal, F.
Casanova, L. E. Hueso, P. Alonso-Gonz�alez, J. Aizpurua, A. Y. Nikitin, S.
V�elez, and R. Hillenbrand, “Boron nitride nanoresonators for phonon-
enhanced molecular vibrational spectroscopy at the strong coupling limit,”
Light: Sci. Appl. 7, 17172 (2018).

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 121, 191105 (2022); doi: 10.1063/5.0113000 121, 191105-5

VC Author(s) 2022

http://doi.org/10.5281/zenodo.6880979
https://doi.org/10.1515/nanoph-2014-0003
https://doi.org/10.1021/acsphotonics.0c00071
https://doi.org/10.1016/j.apsusc.2016.11.013
https://doi.org/10.1038/lsa.2017.172
https://scitation.org/journal/apl


5R. Berte, C. R. Gubbin, V. D. Wheeler, A. J. Giles, V. Giannini, S. A. Maier,
S. D. Liberato, and J. D. Caldwell, “Sub-nanometer thin oxide film sensing
with localized surface phonon polaritons,” ACS Photonics 5, 2807–2815
(2018).

6J.-J. Greffet, R. Carminati, K. Joulain, J.-P. Mulet, S. Mainguy, and Y.
Chen, “Coherent emission of light by thermal sources,” Nature 416,
61–64 (2002).

7T. Wang, P. Li, D. N. Chigrin, A. J. Giles, F. J. Bezares, O. J. Glembocki, J. D.
Caldwell, and T. Taubner, “Phonon-polaritonic bowtie nanoantennas:
Controlling infrared thermal radiation at the nanoscale,” ACS Photonics 4,
1753–1760 (2017).

8G. Lu, C. R. Gubbin, J. R. Nolen, T. Folland, M. J. Tadjer, S. D. Liberato,
and J. D. Caldwell, “Engineering the spectral and spatial dispersion of ther-
mal emission via polariton–phonon strong coupling,” Nano Lett. 21,
1831–1838 (2021).

9I. Razdolski, Y. Chen, A. J. Giles, S. Gewinner, W. Sch€ollkopf, M. Hong, M.
Wolf, V. Giannini, J. D. Caldwell, S. A. Maier, and A. Paarmann, “Resonant
enhancement of second-harmonic generation in the mid-infrared using local-
ized surface phonon polaritons in subdiffractional nanostructures,” Nano Lett.
16, 6954–6959 (2016).

10N. C. Passler, I. Razdolski, S. Gewinner, W. Sch€ollkopf, M. Wolf, and A.
Paarmann, “Second-harmonic generation from critically coupled surface pho-
non polaritons,” ACS Photonics 4, 1048–1053 (2017).

11N. C. Passler, I. Razdolski, D. S. Katzer, D. F. Storm, J. D. Caldwell, M. Wolf,
and A. Paarmann, “Second harmonic generation from phononic epsilon-near-
zero Berreman modes in ultrathin polar crystal films,” ACS Photonics 6,
1365–1371 (2019).

12R. Kiessling, Y. Tong, A. J. Giles, S. Gewinner, W. Sch€ollkopf, J. D. Caldwell, M.
Wolf, and A. Paarmann, “Surface phonon polariton resonance imaging using
long-wave infrared-visible sum-frequency generation microscopy,” ACS
Photonics 6, 3017–3023 (2019).

13R. Niemann, S. Wasserroth, G. Lu, S. Gewinner, M. De Pas, W. Sch€ollkopf, J.
D. Caldwell, M. Wolf, and A. Paarmann, “Long-wave infrared super-resolution
wide-field microscopy using sum-frequency generation,” Appl. Phys. Lett. 120,
131102 (2022).

14T. G. Folland, L. Nordin, D. Wasserman, and J. D. Caldwell, “Probing polari-
tons in the mid- to far-infrared,” J. Appl. Phys. 125, 191102 (2019).

15S. Dai, M. Tymchenko, Y. Yang, Q. Ma, M. Pita-Vidal, K. Watanabe, T.
Taniguchi, P. Jarillo-Herrero, M. M. Fogler, A. Al�u, and D. N. Basov,
“Manipulation and steering of hyperbolic surface polaritons in hexagonal boron
nitride,” Adv. Mater. 30, 1706358 (2018).

16W. Ma, G. Hu, D. Hu, R. Chen, T. Sun, X. Zhang, Q. Dai, Y. Zeng, A. Al�u, C.-
W. Qiu, and P. Li, “Ghost hyperbolic surface polaritons in bulk anisotropic
crystals,” Nature 596, 362–366 (2021).

17J. D. Caldwell, O. J. Glembocki, Y. Francescato, N. Sharac, V. Giannini, F. J.
Bezares, J. P. Long, J. C. Owrutsky, I. Vurgaftman, J. G. Tischler, V. D.
Wheeler, N. D. Bassim, L. M. Shirey, R. Kasica, and S. A. Maier, “Low-loss,
extreme subdiffraction photon confinement via silicon carbide localized surface
phonon polariton resonators,” Nano Lett. 13, 3690–3697 (2013).

18J. D. Caldwell, A. V. Kretinin, Y. Chen, V. Giannini, M. M. Fogler, Y.
Francescato, C. T. Ellis, J. G. Tischler, C. R. Woods, A. J. Giles, M. Hong, K.
Watanabe, T. Taniguchi, S. A. Maier, and K. S. Novoselov, “Sub-diffractional
volume-confined polaritons in the natural hyperbolic material hexagonal boron
nitride,” Nat. Commun. 5, 5221 (2014).

19B. Neuner, D. Korobkin, C. Fietz, D. Carole, G. Ferro, and G. Shvets, “Critically
coupled surface phonon-polariton excitation in silicon carbide,” Opt. Lett. 34,
2667–2669 (2009).

20N. C. Passler, X. Ni, G. Hu, J. Matson, G. Carini, M. Wolf, M. Schubert, A. Al�u,
J. Caldwell, T. Folland, and A. Paarmann, “Hyperbolic shear polaritons in low-
symmetry crystals,” Nature 602, 595–600 (2022).

21W. Sch€ollkopf, S. Gewinner, H. Junkes, A. Paarmann, G. von Helden, H.
Bluem, and A. M. M. Todd, “The new IR and THz FEL facility at the Fritz
Haber Institute in Berlin,” Proc. SPIE 9512, 95121L (2015).

22J. K. Hohmann, M. Renner, E. H. Waller, and G. von Freymann, “Three-
dimensional l-printing: An enabling technology,” Adv. Opt. Mater. 3,
1488–1507 (2015).

23Y. Chen, Y. Francescato, J. D. Caldwell, V. Giannini, T. W. W. Maß, O. J.
Glembocki, F. J. Bezares, T. Taubner, R. Kasica, M. Hong, and S. A. Maier,
“Spectral tuning of localized surface phonon polariton resonators for low-loss
mid-IR applications,” ACS Photonics 1, 718–724 (2014).

24A. Otto, “Excitation of nonradiative surface plasma waves in silver by the
method of frustrated total reflection,” Z. Phys. 216, 398–410 (1968).

25A. Paarmann, I. Razdolski, S. Gewinner, W. Sch€ollkopf, and M. Wolf, “Effects
of crystal anisotropy on optical phonon resonances in midinfrared second har-
monic response of SiC,” Phys. Rev. B 94, 134312 (2016).

26A. Paarmann, I. Razdolski, A. Melnikov, S. Gewinner, W. Sch€ollkopf, and M.
Wolf, “Second harmonic generation spectroscopy in the Reststrahl band of SiC
using an infrared free-electron laser,” Appl. Phys. Lett. 107, 081101 (2015).

27J. Bluet, K. Chourou, M. Anikin, and R. Madar, “Weak phonon modes observa-
tion using infrared reflectivity for 4H, 6H and 15R polytypes,” Mater. Sci. Eng.:
B 61–62, 212–216 (1999).

28COMSOL, COMSOL Multiphysics 5.6 (2020).
29R. Wood, “XLII. On a remarkable case of uneven distribution of light in a dif-
fraction grating spectrum,” London, Edinburgh, Dublin Philos. Mag. J. Sci. 4,
396–402 (1902).

30S. A. Maier, “Effective mode volume of nanoscale plasmon cavities,” Opt.
Quantum Electron. 38, 257–267 (2006).

31V. A. Shalygin, M. D. Moldavskaya, V. Y. Panevin, A. I. Galimov, G. A.
Melentev, A. A. Artemyev, D. A. Firsov, L. E. Vorobjev, G. V. Klimko, A. A.
Usikova, T. A. Komissarova, I. V. Sedova, and S. V. Ivanov, “Interaction of sur-
face plasmon–phonon polaritons with terahertz radiation in heavily doped
GaAs epilayers,” J. Phys.: Condens. Matter 31, 105002 (2019).

32V. Janonis, S. Tum_enas, P. Prystawko, J. Kacperski, and I. Ka�salynas,
“Investigation of n -type gallium nitride grating for applications in coherent
thermal sources,” Appl. Phys. Lett. 116, 112103 (2020).

33S. Dai, Q. Ma, M. K. Liu, T. Andersen, Z. Fei, M. D. Goldflam, M. Wagner, K.
Watanabe, T. Taniguchi, M. Thiemens, F. Keilmann, G. C. A. M. Janssen, S.-E. Zhu,
P. Jarillo-Herrero, M. M. Fogler, and D. N. Basov, “Graphene on hexagonal boron
nitride as a tunable hyperbolic metamaterial,” Nat. Nanotechnol. 10, 682–686 (2015).

34A. Woessner, M. B. Lundeberg, Y. Gao, A. Principi, P. Alonso-Gonz�alez, M.
Carrega, K. Watanabe, T. Taniguchi, G. Vignale, M. Polini, J. Hone, R.
Hillenbrand, and F. H. L. Koppens, “Highly confined low-loss plasmons in gra-
phene–boron nitride heterostructures,” Nat. Mater. 14, 421–425 (2015).

35M. A. Huber, F. Mooshammer, M. Plankl, L. Viti, F. Sandner, L. Z. Kastner, T.
Frank, J. Fabian, M. S. Vitiello, T. L. Cocker, and R. Huber, “Femtosecond
photo-switching of interface polaritons in black phosphorus heterostructures,”
Nat. Nanotechnol. 12, 207–211 (2017).

36C. Huck, J. Vogt, T. Neuman, T. Nagao, R. Hillenbrand, J. Aizpurua, A. Pucci,
and F. Neubrech, “Strong coupling between phonon-polaritons and plasmonic
nanorods,” Opt. Express 24, 25528 (2016).

37P. Pons-Valencia, F. J. Alfaro-Mozaz, M. M. Wiecha, V. Biolek, I. Dolado, S. V�elez,
P. Li, P. Alonso-Gonz�alez, F. Casanova, L. E. Hueso, L. Mart�ın-Moreno, R.
Hillenbrand, and A. Y. Nikitin, “Launching of hyperbolic phonon-polaritons in h-
BN slabs by resonant metal plasmonic antennas,” Nat. Commun. 10, 3242 (2019).

38S. R. Kachiraju, I. Nekrashevich, I. Ahmad, H. Farooq, L. Chang, S. Kim, and
M.-H. Kim, “Coupled surface plasmon–phonon polariton nanocavity arrays
for enhanced mid-infrared absorption,” Nanophotonics 11, 4489–4498 (2022).

39M. Kohlmann, N. C. Passler, M. Wolf, and A. Paarmann, “Second harmonic
generation from grating-coupled hybrid plasmon-phonon polaritons –
Experimental and simulation data,” Zenodo (2022).

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 121, 191105 (2022); doi: 10.1063/5.0113000 121, 191105-6

VC Author(s) 2022

https://doi.org/10.1021/acsphotonics.7b01482
https://doi.org/10.1038/416061a
https://doi.org/10.1021/acsphotonics.7b00321
https://doi.org/10.1021/acs.nanolett.0c04767
https://doi.org/10.1021/acs.nanolett.6b03014
https://doi.org/10.1021/acsphotonics.7b00118
https://doi.org/10.1021/acsphotonics.9b00290
https://doi.org/10.1021/acsphotonics.9b01335
https://doi.org/10.1021/acsphotonics.9b01335
https://doi.org/10.1063/5.0081817
https://doi.org/10.1063/1.5090777
https://doi.org/10.1002/adma.201706358
https://doi.org/10.1038/s41586-021-03755-1
https://doi.org/10.1021/nl401590g
https://doi.org/10.1038/ncomms6221
https://doi.org/10.1364/OL.34.002667
https://doi.org/10.1038/s41586-021-04328-y
https://doi.org/10.1117/12.2182284
https://doi.org/10.1002/adom.201500328
https://doi.org/10.1021/ph500143u
https://doi.org/10.1007/BF01391532
https://doi.org/10.1103/PhysRevB.94.134312
https://doi.org/10.1063/1.4929358
https://doi.org/10.1016/S0921-5107(98)00504-2
https://doi.org/10.1016/S0921-5107(98)00504-2
https://doi.org/10.1080/14786440209462857
https://doi.org/10.1007/s11082-006-0024-7
https://doi.org/10.1007/s11082-006-0024-7
https://doi.org/10.1088/1361-648X/aafada
https://doi.org/10.1063/1.5143220
https://doi.org/10.1038/nnano.2015.131
https://doi.org/10.1038/nmat4169
https://doi.org/10.1038/nnano.2016.261
https://doi.org/10.1364/OE.24.025528
https://doi.org/10.1038/s41467-019-11143-7
https://doi.org/10.1515/nanoph-2022-0339
https://doi.org/10.5281/zenodo.6880978
https://scitation.org/journal/apl

	d1
	d2
	f1
	f2
	f3
	d3
	f4
	l
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39

