arXiv:2209.00375v1 [physics.optics] 1 Sep 2022

Second Harmonic Generation from Grating-Coupled Hybrid

Plasmon-Phonon Polaritons

Marcel Kohlmann,®:2 Christian Denker,2 Nikolai C. Passler,® Jana Kredl,2 Martin Wolf,* Markus M'Linzenberg,2

and Alexander Paarmann?

D Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6,14195 Berlin, Germany
Dinstitut fiir Physik, Universitit Greifswald, Felix-Hausdorff-Str. 6, 17489 Greifswald,

Germany
(*Electronic mail: alexander.paarmann@fhi.mpg.de)

(Dated: 2 September 2022)

Polaritons can provide strong optical field enhancement allowing to boost light-matter interaction. Here, we experimen-
tally observe enhancement of 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 polari-
tons 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.

The sub-diffractional light localization and enhancement of
the local optical fields provided by surface phonon polari-
tons (SPhPsY' make them an ideal platform for applications
relying on increased light-matter interaction in the mid- to
far-infrared (IR). Typical examples include improved molec-
ular sensing®™, coherent thermal emission®®, or nonlinear-
optical signal generation”2, Due to their evanescent na-
ture, exciting and probing SPhPs requires specific experimen-
tal schemes!, such as nanotip-based near-field mapping!+12,
sub-diffractional nanostructures'®Z prism coupling!%1812
or grating coupling®®. The latter offers several advantages
such as extrinsic resonance tuning via the incidence angle®,
far-field access allowing for easy device integration®? with
additional design options using the grating shape*® and mate-
rial combination of polaritonic substrate and line grating?.

In this work, we demonstrate mid-infrared nonlinear-
optical second harmonic generation (SHG) from SPhPs ex-
cited via gold-on-6H-SiC line gratings. We observe enhance-
ment of 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 discuss possible
origins for the rather low SHG yield observed. By investi-
gating two different samples with varied Au-to-SiC area ra-
tio, 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. [Th. The IR
laser pulses generated by the IR free-electron laser (FEL) in-
stalled 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 (bandwidth of
~ 0.3%), and wavelength-tunable IR light, and is described
in detail elsewhere 2

The IR laser beam was mildly focused onto the sample

(spot size ~ 600 um) with angle of incidence ¢, polarized
in the x-z plane (P-polarized) with the lines of the grating
along the y-direction, see Fig.[Ih. 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, af-
ter spectral separation using IR short-pass filters. SHG and
linear reflectance spectra are acquired by spectral scanning of
the FEL wavenumber from 770 to 1020 cm~! using the mo-
torized undulator gap.

The gold line grating samples were produced on a c-
cut semi-insulating 6H-SiC substrate using 3D two-photon
laser lithography printingZl. In this technique, a wavelength-
dependent photoresist is uniformly applied to the substrate,
and the grating is patterned by scanning the focus of an illu-
minating laser across. After a developing process, a gold layer
of h=200 nm was deposited with an electron beam evaporator
and a final lift-off was done.. Two separate samples where
made, one with grating line width d=2.4 um and one with
d=4.8 um, however, both with the same period p=7.2 um. An
optical microscope image of the d=4.8 um sample is shown
in Fig. [Tp.

Propagating polaritons can be excited in these structures
within the Reststrahlen band of SiC between the transversal
optical (TO) and longitudinal optical (LO) phonon frequen-
cies where the dielectric permittivity is negative 21922 The
dispersion relation k(@) of the extraordinary surface phonon

polaritons at the z-cut uni-axial crystal surface is given as:%*
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where k and ® are the in-plane momentum and the wavenum-
ber, respectively, and &, (g ) is the in-plane (out-of-plane) di-
electric function of 6H-SiC X The dispersion of forward and
backward propagating surface phonon polaritons at the 6H-
SiC surface are plotted as green solid lines in Fig. |l and d.
Momentum transfer from a line grating, in the simplest
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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 d=4.8 um sample with a period
p =7.2 um. c) Grating coupling to SPhPs: (red-to-blue) angle-of-incidence dispersion of the in-plane momenta for the m=—1,0,41 grating
orders that allow coupling to the SPhPs at intersections with the SPhP dispersion (green). d) Zoom into the counter-propagating (k| < 0) SPhP
branch, highlighting the steep dispersion expected from the m=—1 grating order.

description, can be modelled by adding the grating momen-
tum G, = % with the grating period p and the diffraction or-
der m to the in-plane momentum component of the incom-
ing light k.(ct). This leads to a total in-plane momentum
k(ot,m) = k(ct) + Gy, as illustrated in Fig.[1f for m=—1,0,+1
for a range of incidence angles o of the incoming light. Sur-
face polaritons can be excited if:

kspnp = ki (o, m) = ke(et) + % 2
Clearly, no coupling is possible for m=0 where k| remains
within the light cone. For the period p = 7.2 um chosen in
our work, the m=+1 order provides access to large momen-
tum modes with small dispersion, while a steep dispersion is
expected for the m=—1, counter-propagating diffraction order.
The latter is illustrated in Fig. [Td, where a steep dependence
of the polariton resonance wavenumber on incidence angle is
predicted.

Experimental SHG and reflectance spectra at various in-
cidence angles for both samples are shown in Fig. 2] The
SHG spectra feature several resonances: the peaks at the LO
phonon wavenumber w‘L‘O and the TO phonon wavenumber
a)TLO are typical for SHG spectroscopy of SiC and arise due to
resonances in the Fresnel transmission and the nonlinear sus-
ceptibility x (2, respectively. These features also mark
the edges of the Reststrahlen band of SiC observed in the re-
flectance spectra, Fig. Zp. Notably, these features are almost
unaffected by the incidence angle. In the reflectance spectra
for d=4.8 um, Fig. 2|4, 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 cm~! and 920 cm™!
indicate resonant excitation of counter-propagating surface
polaritons via the m=—1 grating order, in qualitative agree-
ment with the prediction in Fig. [[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 @,; =881,886 cm™' 2420 similar
to what was observed for localized polaritons in subdiffrac-
tional nanostructures

Finally, a weakly dispersive SHG resonance is observed at
940 cm™!. For d=2.4 um in Fig.[2a and b, the weak SHG peak
correlates with a small dip in the reflectance, suggesting (rela-
tively inefficient) excitation of forward-propagating polaritons
via the m=+1 grating order. For d=4.8 pum, the corresponding
SHG peak is much more pronounced. In the reflectance spec-
tra for this sample, Fig. Q;i, a strong, broad bleach is observed
which, however, cannot be clearly assigned to a polariton res-
onance.

To corroborate these experimental findings, we performed
finite-element simulations of our structures using Comsol
Multiphysics. Frequency-domain calculations with periodic
Floquet boundary conditions including first order diffraction
yielded the frequency-dependent electric field distributions as
well as the reflectance spectra for various incidence angles,
see Fig.[Bp,b and c,d, respectively, for the two grating geome-
tries studied experimentally. Hereby, we used the isotropic
dielectric function of SiC@y and the Drude model for gold.

For d=2.4 um, the deep dips in the reflectance spectra,
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FIG. 2. Experimental SHG and IR reflectance spectra. SHG
intensity (a,c) and reflectance (b,d) at various incidence angles for
d=2.4 um (a,b) and d=4.8 um (c,d). Dips in the reflectance with
associated peaks in the SHG strongly dispersing with incidence an-
gle (red-to-blue) are assigned to resonant excitation of surface po-
laritons via the m=—1 grating order (light green shaded area). Non-
dispersive features include 6H-SiC substrate resonances at leO and

a)lll‘o, and the zone-folded modes @,y previously observed in SHG

spectroscopy of SiC 224 Additionally, a weakly dispersive feature at
® ~940 cm~! is tentatively assigned to surface polariton excitation
via the m=+1 grating order (light orange shaded area). Please note
the logarithmic scale in a) and c).

Fig. Bk, dispersing with incident angle suggest near-optimal
sample design parameters for excitation of the counter-
propagating polaritons via the m=—1 grating order, in excel-
lent qualitative agreement with the experiment. Similarly, the
shallow dip with small dispersion at 940 cm~! suggests exci-
tation of forward-propagating polaritons via the m=+-1 grating
order, though with less efficiency just like in the experiment.
We also note the step-like drop of the reflectance arising at
wavenumbers slightly above the m=—1 polariton resonance
which corresponds to onset of first order diffraction of the sub-
wavelength period grating, i.e., the Wood’s anomaly?® We did
not observe clear signatures of the Wood’s anomaly in the ex-
periment, and will thus focus on the polariton resonances in
the following.

The electric field distributions for resonant counter-
propagating m=—1 polariton excitation under incidence angle
a =30° at ©=884 cm~! and ©=894 cm~! is plotted in Fig.
and b, respectively, for d=2.4 um and d=4.8 pm. Very similar
field distributions are found at the counter-propagating polari-
ton resonance at different incidence angles and at the m=-+1
resonances (both not shown). Fig.[3h and b suggest two major
components of the polaritonic field enhancement; one being
relatively homogeneous along both sides of the SiC/air inter-
face as expected for a propagating polariton, and another be-
ing largely localized in a much smaller volume at the edges
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FIG. 3. Simulations of grating coupling to surface polaritons.
Electric field distributions for a) d=2.4 um and b) d=4.8 um at the
respective m=—1 polariton resonance for & = 30°, exhibiting both
homogeneous as well as strongly localized contributions of the po-
laritonic field enhancement. c,d) Calculated reflectance spectra for
various incidence angles (see legend). e.,f) Spectra of the fourth
power of the field enhancement driving SHG integrated over the SiC
volume, [y (sic) |E |*. Light green and light orange shaded areas mark
the spectral ranges for the backward-propagating m=—1 and forward-
propagating m=+1 grating orders, respectively.

of the gold grating. These latter hot spots already suggest that
the gold grating does not merely serve as a momentum trans-
ducer for SPhP excitation, but instead actively contributes to
the formation of the polariton mode.

For d=4.8 um, the reflectance spectra in Fig. Bd behave
quite similar to d=2.4 yum in terms of the m=—1 polariton res-
onance. However, a clearly different behavior is observed for
® > 940 cm™!, similar to what was found in the experiment.
First, the reflectance drops sharply at @ =940 cm™~' around
where the m=+1 polariton resonance is predicted. Second,
significantly higher reflectance values are found above the
SiC Reststrahlen band, indicative of an optical response be-
ing 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 & > 30° at the upper edge of the SiC
Reststrahlen band, ® =965 cm ™!, yet again in excellent qual-
itative agreement with the experimental reflectance.
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FIG. 4. Hybridization of grating-coupled surface polaritons a)
Experimental (circles) and simulated (dashed lines) dispersion of
m=—1 grating coupled polaritons extracted from the dip positions
in the reflectance spectra for d =2.4 um (blue) and d =4.8 um (red).
The data for d =2.4 um agrees well with the theoretical dispersion,
Eq. |2} while a systematic blue shift is observed for d =4.8 um. b)
Comparison of the simulated d =4.8 um dispersion with effective
medium modelling using Eq. with ©p=350 cm~! (lower grey edge)
and ©,=850 cm™! (upper grey edge), matching the simulated m=—1
dispersion at o=15° and for o >25°, respectively. This can be in-
terpreted as a change in the effective plasma frequency @), required
to reproduce the simulation along the dispersion. This behavior cor-
relates well with the effective mode length®? L?;ff within the gold
shown in c), such that the number of charge carriers participating in
the mode reduces for larger momenta (smaller incidence angles).

With the overall good agreement of the simulated re-
flectance spectra with the experiment, we can confidently use
the simulation results to further analyze the SHG spectra. A
microscopic description of SHG? in this structure is beyond
the scope of this work. Instead, we here estimate the contri-
bution of the polaritonic field enhancement to the SHG yield
by integrating the fourth power of the electric field magnitude
across the SiC volume, [y sic) |E|*. By doing so, we neglect
any phase relation between the local sources of nonlinear sig-
nal and the resulting impact on the far-field emission, as well
as the tensorial nature of the nonlinear susceptibility.

The spectral dependence of [ysic)|E[* is plotted in
Fig. Bg.f. These simulated data resemble the experimental
SHG spectra, see Fig. @1 and 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 m=+1 polariton resonance between d=2.4
and 4.8 um is almost perfectly reproduced in the simulations.

Notably, the SHG resonance at the TO phonon frequency
oro, 1 =197 cm~ ! arises due to the resonance in the nonlin-
ear susceptibility of SiC2#2 and would, thus, not be expected
to appear in the field enhancement where instead a deep dip
reports on the Fresnel anti-resonance* at the TO phonon.

Notably, we observe a blue-shift of the dispersive m=—1
polariton resonance between the d=2.4 and 4.8 um geome-
tries, both in the experiment and in the simulations. This is
shown in Fig. fh where we plot the polariton resonance po-
sitions we extracted from the dips in the reflectance spectra.
For each grating line width, experiment and simulations agree
very well. For reference, we also plot the theoretical disper-
sion, Eq.[2]

For d=2.4 um, the experimental and simulated dispersion
agree almost perfectly with the theoretical prediction, suggest-
ing that here the polariton mode is dominated by the SiC prop-
erties and the influence of the gold is rather weak. In contrast,
for d=4.8 um the dispersion is stretched to higher wavenum-
bers,i.e., the blue-shift increases for larger |k|[, reaching val-

ues of >15 cm~! at & = 15°. Clearly, the simple model of
momentum transfer by the grating coupler, Eq. [2] fails to ac-
curately 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 hybridiza-
tion has been observed recently in studies of surface polari-
tons in heavily doped semiconductors”?>L, van der Waals
heterostructures. 2234 and metallic nanostructures placed on
polar crystals slabs®>“®, with varying degrees of coupling
strength. For the case of doped semiconductors, the plasmon-
phonon coupling can be described analytically>? Inclusion of
a Drude term in the SiC dielectric function describing the free
charge carrier response results in an additional pole in the di-
electric function, while the pole at the LO phonon frequency is
blue-shifted. In consequence, the Reststrahlen-band broadens
and the polariton dispersion is stretched 2031

We can use this simple model for an effective medium de-
scription of the Au grating-induced plasmonic contribution to
the polariton dispersion, by adding a Drude term to the dielec-
tric function of SiC:

2
fi _SiC Sic w,
el (@) = el (@) — e, <w2+iyw SN C)

where Eiﬁ) (@) and £fj;ﬁ( ) are the in-plane (out-of-plane) in-
trinsic dielectric function and high-frequency permittivity of
SiC, w, the plasma frequency and y the plasma damping.
The resulting polariton dispersion is plotted in Fig. @p for
®,=350 cm~! and ®,=850 cm~! with y=0.1®,. While the
former matches the simulated dispersion for large momenta
(small ), the latter better describes the initial slope of the
dispersion (larger ). Thus, the effective medium description
using a single plasma frequency cannot sufficiently describe
the plasmon-phonon polariton hybridization.

One possibility to explain this discrepancy could be the dif-
ferent magnitude of the plasmon contribution to the hybrid
mode along the dispersion. To test this hypothesis, we eval-



uated the effective mode volume® within the Au from the
finite-element simulations Fig. E} In this picture, the differ-
ent spatial extent of mode penetration into the gold results in
a different effective number of charge carriers actively partici-
pating in the mode, leading to a different effective plasma fre-
quency in Equ.|3| Indeed, the extracted effective mode lengths
L?f}l shown in Fig. Yt agree very well with our observations:
For d=2.4 um we find only a mild change of L?f‘f’ along the dis-
persion. For d=4.8 yum, however, L?ff“ increases significantly
with a, i.e., the mode penetrates deeper and deeper into the
gold as the polariton momentum is reduced towards the light
line.

We note that frequency shifts of the polariton resonances
can additionally occur due to radiative coupling, which typ-
ically results in a broadening and simultaneous red-shift of
the polariton resonances'' Fig. 3d indeed suggests increas-
ing radiative coupling with decreasing o (increasing |k |) for
the m=-1 resonance, where the reflectance dip amplitudes de-
crease while the dip widths increase. Such a behavior is in
fact identical to the critical coupling effect in the Otto-type
prism coupling configuration 1? These red-shifts cannot, how-
ever, explain the blue-shift of the hybrid polariton resonance
observed in Fig. fp. Careful design of the grating structure
might allow to simultaneously optimize, e.g., plasmon hy-
bridization and radiative coupling across the dispersion. For
instance, a thickness gradient in the gold film across each grat-
ing stripe would provide an additional design parameter to in-
dependently control both quantities.

Overall, the polaritonic SHG enhancement we find here us-
ing the grating coupling configuration is much less than what
we previously observed in subdiffractional nanostructures®
and using Otto-type prism coupling!?, 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 distributions typical
for prism coupling!? because of the fourth order electric field
scaling of the nonlinear signal, in contrast to our observations.
In principle, interference between the hot spot emissions as
well as shadowing by the gold could reduce the far-field cou-
pling of the SHG. However, the excellent agreement of the
simulations in Fig. B,f with the experimental SHG spectra
suggests that the reduced yield occurs already in the genera-
tion process. Further experiments and simulations including
SHG far-field coupling are needed to clarify the lack of effi-
ciency 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 in-
cidence angle in the counter-propagating m=—1 grating or-
der. Unfortunately, we find the yield of the polaritonic en-
hancement of the SHG to be rather small, compared to pre-
vious work using prism-coupled or localized phonon polari-
tons. Further, we find that the polariton dispersion can be sig-
nificantly 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 an effective medium de-
scription which also accounts for the variation of the effective
mode volume within the gold along the dispersion. We pro-
pose 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.
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