Near-field spectroscopy of cylindrical

phonon-polariton antennas

Andrea Mancini, *f Christopher R. Gubbin * Rodrigo Berté," Francesco
Martini,*'¥ Alberto Politi,¥ Emiliano Cortés,’ Yi Li,} Simone De Liberato,* and

Stefan A. Maier'

1 Chair in Hybrid Nanosystems, Nanoinstitute Munich, Faculty of Physics,
Ludwig-Mazilimians- Universitat Minchen, 80539 Miinchen, Germany
1School of Physics and Astronomy, University of Southampton, Southampton, SO17 1BJ,
United Kingdom
§Istituto di Fotonica e Nanotecnologie - CNR, Via Cineto Romano 42, 00156 Roma, Italy
§School of Microelectronics, MOE Engineering Research Center of Integrated Circuits for
Next Generation Communications, Southern University of Science and Technology,

Shenzhen 518055, China

E-mail: A.Mancini@physik.uni-muenchen.de

Abstract

Surface phonon polaritons (SPhPs) are hybrid light-matter states in which light
strongly couples to lattice vibrations. SPhPs exist inside the Reststrahlen band of po-
lar dielectrics, where the dielectric function of the material becomes negative due to the
presence of optical phonons in the infrared region. SPhPs antennas easily outperform
their plasmonic counterparts in terms of field enhancement and confinement thanks

to the inherently slower phonon-phonon scattering processes governing SPhPs decay.



In particular, SPhPs antennas have attracted considerable interest for thermal man-
agement at the nanoscale, where the emission strongly diverts from the usual far-field
blackbody radiation due to the presence of evanescent waves at the surface. However,
far-field measurements cannot shed light on the behavior of antennas in the near-field
region. To overcome this limitation, we employ scattering-scanning near field optical
microscopy (sSNOM) to unveil the spectral near-field response of 3C-SiC antenna ar-
rays. We present a detailed description of the behavior of the antenna resonances by
comparing far-field and near-field spectra. Furthermore, we investigate the perturba-
tion in the antennas response induced by the presence of the AFM tip with the help

of 3D electromagnetic simulations.

1 Introduction

Concentrating electromagnetic (e.m.) fields on deeply subwavelength scales via metal nanos-
tructures has driven the field of plasmonics in recent decades.' E.m. field confinement is
achieved by the coupling of light with collective excitations of conduction electrons, result-
ing in strongly coupled states named surface plasmon polaritons (SPPs), which exist in the
spectral region where the real dielectric function €;(w) is negative. The most common plas-
monic materials are noble metals, for which the resonance frequency for a small particle
(d < \) embedded in a dielectric environment with permittivity €., lies in the visible range
as determined by the Frohlich condition e(w) = —2€eny- +° Noble metals are characterized by
high losses at optical frequencies due to electron-electron scattering, which limits the typical

lifetime of SPPs to tens of femtoseconds.’® Consequentially, many applications in which low

losses is a necessity, such as waveguides,'%1? metamaterials,* 16 integrated plasmonic cir-

17,18

cuits "8 or quantum information processing systems, %2 have yet to be realized efficiently.?!

At the same time, lossy plasmonic antennas have been successfully employed for applications

in which absorption and its consequent hot-electron generation and temperature increase are

22,23 cancer treatment 2* 25-27

of interest, as in thermoplasmonics, and photocatalysis.



The need for low optical losses and strong field confinement has spurred interest in

28-30 31,32 33,34

doped semiconductors, graphene and conducting oxides as alternatives to noble
metal plasmonics.?!?% These material systems still rely on electrons to mediate photonic
field confinement but have lower electron densities and typical operating frequencies lie in
the near or mid-infrared (MIR). These systems have weaker electron-electron scattering than
noble metals, but both operating frequency and damping rate scale proportionally and the
modal quality factor (Q ~ w/~) is unimproved.?!3¢ At the same time, the infrared (IR)
range is particularly interesting for the interaction with molecular vibrations, allowing the
implementation of chemically selective nanophotonic sensors.3™3® Noble metals themselves
can be successfully employed for IR applications,3”3° however in this limit the photon field
is far from resonance with the electron gas and the field confinement is inefficient.

Polar dielectrics are an alternative material system for MIR light confinement. In these
system, the optic phonon dipole moment leads to a region where the real dielectric function
€1(w) is negative, termed the Reststrahlen band, which lies between the transverse optic
(TO) and longitudinal optic (LO) phonon frequencies.¢*° Inside the Reststrahlen band, as
for conventional plasmonic materials, localised and propagating resonances called surface
phonon polaritons (SPhPs) exist. As SPhPs are collective excitations of polar lattice vi-
brations they are independent of electrons and their lifetime is limited by phonon-phonon
scattering, taking place on the order of picoseconds. These longer lifetimes result in larger
quality factors and smaller mode volumes than comparable plasmonic structures. These
properties make SPhPs-based nanostructures excellent candidates for ultra-sensitive molec-

41743 o1 as antennas to enhance MIR emission. SPhPs have also been used to

ular detection
control thermal emission at the nanoscale, demonstrating very different behavior from black-
bodies.* 8 These applications require knowledge of the near-field spectrum of the system
under study, which cannot be easily inferred from far-field measurements. The near-field

response of an optical system can be found by investigating it with scattering scanning near

field optical microscopy (sSNOM). 4951
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Figure 1: (a) SEM image of a portion of the SiC pillar (h &~ d ~ 1 pm) array with spacing
P =2.5um. (b) Experimental FTIR and (c) simulated spectra of the investigated arrays
with different P. On the lower energy side, marked by blue dots, the monopolar mode
(M) redshifts as P increases due to reduced interpillar mode repulsion. At approximately
wrp1 =920cm ™! and wyps =955 cm ™! the first (TD1) and second (TD2) transverse dipolar
modes are marked by green and red dots, respectively. Spectra are vertically shifted for
clarity. Simulations of the field intensity at the surface for P =2.5pum at the (a) monopo-
lar wy; =897cm™!, (b) first transverse dipolar wrp; =920 cm™! and (c) second transverse
dipolar wrps =954 cm ™! frequencies. Note how the field enhancement is much higher on the
SiC substrate for the monopolar mode than for the transverse modes, leading to interpillar
coupling even at ~ 3 pm distance.



Here, we directly investigate the near-field spectral response of 3C-Silicon Carbide (SiC)
pillars arrays by sSSNOM. We show that the spectral response of the system in the near-field
and far-field differ substantially and investigate to which degree this mismatch is related
to the perturbation induced by the presence of the sSSNOM AFM tip. We directly analyze
the influence of the tip by employing 3D simulations where a metallic sphere modeling the
tip is placed above an isolated SiC pillar. By scanning the tip over the surface we observe
intensity variations of the array resonances both on the pillars and on the substrate between
them. The understanding and control of the spectral near-field response we show in this

paper opens the way to employment of SiC pillar arrays in MIR applications.

2 Results and Discussion

Arrays of SiC pillars®®®® have attracted considerable attention thanks to their ease of fab-
rication and rich e.m. response, with broadly tunable modes,? strong interaction between
propagative and localized resonances,* and nonlinear response.®® % One limitation of SPhPs
is the narrow frequency band in which they can be excited and efforts have been made to ex-
tend it with carrier injection.® SiC is particularly interesting thanks to its wide Reststrahlen
band, extending from wro ~800cm ™! to wro ~970cm~!. The exact values of wro and wro
vary depending on polytype. Additionally, the low optical losses of SiC make it one of the
best materials for fabricating antennas supporting localized SPhPs. 3

As reported in more detail previously,®% SiC pillar structures are fabricated by dry
etching a 3C-SiC layer through a hard mask fabricated by standard e-beam lithography, so
that the pillars are supported by a SiC substrate. The resulting pillar height and diameter are
both around 1pm, while the interpillar spacing P, defined as the distance between adjacent
pillar centers, is varied from 2.5 pm to 6.25 pm. In Figure 1 (a) a SEM image of a portion of
one of the arrays (P = 2.5 pm) is shown.

The far-field optical response of the system is well understood® by considering the res-



onances of a single pillar coupled to the SPhPs of the bare SiC surface. The coupling can
be described by the hybridization model, analogously to what happens for the resonance of
plasmonic particles close to a metallic surface.%% The presence of the array structure also
folds the dispersion of the bare SiC SPhPs, which can then lead to hybridization of localized
and propagating modes.?® Of particular interest is the monopolar mode, arising from the
coupling of the dipolar mode along the pillar height with the bare SiC substrate. The SiC
substrate allows the charge of the monopolar mode to spread around the pillar base, gen-
erating coupling between adjacent pillars even at ~ 3pm distance.’® The modes resulting
from coupling of resonances polarized along the width of the pillar to the SiC surface have
been named transverse dipole modes.??>*

We investigate the far-field optical response of the arrays with FTIR spectroscopy using a
Bruker Infinion microscope in reflection mode with a 15-magnification Cassegrain objective,
which illuminates the sample with a weighted average incident angle of 25°. All spectra
are normalized with a reference spectrum obtained on a clean gold surface. In Figures 1
(b), (c) experimental and simulated far-field spectra of arrays with different P are reported.
Simulated spectra were obtained with a commercial solver (CST Studio Suite) and result
from averaging TM and TE polarizations, as in experiments the light source is unpolarized,
and have been smoothed in order to account for resonance broadening related to fabrication
inhomogeneities. All spectra feature an increase in reflectivity corresponding to the SiC
Reststrahlen band, while the resonances of the system appear as dips in this high-reflectivity
wavelength range. The lower energy resonance, marked by blue dots in Figure 1 (b) and (c),
can be identified as the monopolar mode, which redshifts with increasing P due to reduced
pillar repulsion.®® By green and red dots at wyp; =920 cm ™! and wrps =955 cm ™! the first
(TD1) and second (TD2) transverse dipole modes are marked respectively. In Figures 1
(d-f) field enhancements at the surface for the three main resonances are reported. The
field distribution for the transverse dipole modes is much more confined at the pillar edges

than for the monopolar mode. For this reason we do not see any significant shift for TD1



and TD2 with varying P. The transverse dipole modes can also shift due to interpillar
coupling,® but only for values of P much smaller then the one analyzed in this study. The
small shoulder around w =935 cm ™! can be attributed to a higher order transverse resonance,

almost spectrally overlapped with the TD1 resonance.
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Figure 2: Near-field measurements of the spectral response for different array periodicity P.
The spectra are collected either on (a) the center of a pillar, or (b) on the substrate inside
the array at =~ 800 nm from a pillar center as illustrated. The different modes are indicated
with dots, using the same color code as in Figure 1: green for transverse dipole 1, red for
transverse dipole 2, blue for the monopole and yellow for the dark monopole. Simulated
near-field enhancement spectra at 5nm above the surface on top of a pillar (¢) and on the
substrate between pillars (d), matching the measurement geometry. Spectra are vertically
shifted for clarity.

The near-field response of the system was studied with a commercial SSNOM (Neaspec



GmbH, Germany) equipped with a Michelson interferometer. The presence of the inter-
ferometer enables the measurement of IR spectra as in conventional FTIR. In the sSSNOM
(or nano-FTIR) arrangement, one of the two arms of the interferometer is comprised of a
parabolic mirror which focuses and collects light backscattered from the AFM tip,°° while in
the other a periodically moving mirror is used to produce interferograms from which spectra
are obtained by Fourier transform. The resulting spatial resolution is much smaller than
the diffraction limit, down to roughly the size of the tip radius of curvature (usually in the
range of 20nm to 40nm). To suppress far-field background contributions, the tip is verti-
cally modulated at a tapping frequency 2 ~ 250 kHz and the optical signal demodulated at
higher harmonics nf2, being n an integer number. The light source is a broadband pulsed

laser (Toptica, Germany), emitting in the range 600 cm~' to 1300 cm™?

, covering the full
extent of the SiC Reststrahlen band. The beam is incident at 6 =~ 45° with respect to the
sample surface normal direction and is TM polarized to enhanced near-field scattering.%! In
the following all measurements are demodulated at the fourth harmonic 42 and normalized
to a reference spectrum obtained on a flat silicon surface Eys|. We will indicate this in the
near-field measurements label as |Eq/Eq si|. Since it is well known that the presence of the

62 we do not use

AFM tip can perturb the optical response of strongly resonating antennas,
standard nano-F'TIR tips, instead choosing more conventional metal-coated AFM tips with
smaller radius of curvature (Arrow-NCPt, r < 25nm). Uncoated (dielectric) tips were also
considered, but the signal was too low for efficient normalization by a reference spectrum,
leading to unreliable results (see Supporting Information).

To understand the near-field response of the system we probed with the AFM tip po-
sitioned either on the center of one of the pillars (position A) or on the substrate between
the pillars at approximately 800 nm from the pillar center (position B), as illustrated in the
sketch at the top of Figure 2. Results are reported in Figure 2 (a) and (b) for positions A

and B, respectively. Spectra in Figure 2 (a) show that the response on the pillars is inde-

pendent of the array spacing, since we can identify two peaks, marked with green and red



dots, at 920cm™! and 945cm™! for all the arrays. These match well with the frequencies
of the first (red) and second (green) transverse dipole modes measured in the far-field at

Vand wrps =955 cm ™!, The monopolar mode is absent when measuring at

wrp1 =920 cm™
position A, while it is detected when measuring on the substrate and it appears as a lower
energy peak which redshifts with increasing P, as shown in Figure 2 (b). The frequency of
the monopolar mode in the near-field is also found to closely match that reported in far-field
measurements. Surprisingly at higher energies we see an additional mode, subject to similar
redshifts, which cannot be associated with any far-field resonance. This is illustrated by
yellow dots in Figure 2 (b). We associate this with a dark version of the monopolar mode
which, as it has no net dipole moment, can be excited only in the presence of the near-field
illumination provided by the tip. The broad peak below 850 cm™! in Figure 2 (a) can be
identified as a non suppressed far-field contribution, as can be inferred from from investi-
gation of its amplitude as a function of increasing harmonic demodulation order nf) (see
Supporting Information). Interestingly, the signal from transverse dipoles is also detected
when measuring on position B, as shown by the presence of peaks above the monopolar mode
in Figure 2 (b). Even though the frequency of the transverse modes is similar in Figure 2
(a) and Figure 2 (b), in the latter there is a small redshift with increasing P especially for
TD1 (green dot), indicating some weak interpillar coupling for the transverse modes when
measured on the substrate. This feature is absent in the spectra collected at position A,
indicating that this effect is mediated by the interaction with the tip.

In Figure 2 (c), (d) we report simulated spectra of the near-field amplitude at positions A
and B, 5nm above the pillar center and the SiC substrate respectively. In these simulations
the incident angle of the light is set to 45° to better represent the experimental conditions, but
no modeling of the AFM tip is attempted. To take into account the finite spectral resolution
of the interferometer, related to the maximum distance of 800 pm traveled by the moving
mirror (see Supporting Information), simulated spectra shown in Figures 2 (c), (d) have

been smoothed with a FFT filter. Spectra simulated in this way only partially reproduce



the measured spectra due to interaction between the AFM tip and the SPhP antennas.
Nevertheless, we can see that for both simulations on and off pillars in Figures 2 (¢) and (d),
the TD1 and TD2 transverse modes, marked by green and red dots, lie close in frequency to
the corresponding experimental data. Their relative amplitudes differ from the experimental
values, and this could be attributed to the different illumination geometry and collection
efficiencies, as the AFM tip predominantly backscatters the out-of-plane component of the
field F,. Strikingly, simulations do not show at all the dark monopole, marked with yellow
dots in Figure 2 (b). This further suggests that this resonance is active only in the presence
of the AFM tip, which acts as a near-field source, allowing the excitation of modes with no

net dipole moment. We investigate this further by 3D simulations, as follows.
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Figure 3: (a) Simulated scattering cross section of a single isolated pillar on a SiC substrate.
The different colors separate the scattering contribution from modes with different azimuthal
symmetry m. (b) Simulated tip-induced scattering cross section obtained by subtracting the
far-field background. This procedure highlights the excitation of the dark monopole (DM,
indicated with yellow dots in Figure 2) activated by the introduction of the tip (modeled by
a small metallic sphere). Map of the surface normal field at the frequency of the monopole
(c) and of the dark monopole (d).

Accurately simulating the experimental system is a complex task. Simulating the local
illumination from the tip and the periodic nanopillar array would come at high computational
expense. The exact shape of the AFM tip is a relative unknown, affecting both excitation

of nanopillar modes and how they radiate to the far-field detector. In order to qualitatively
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investigate the effect of the tip in inducing the dark monopole mode observed in Figure 2
(b) we model the tip as a gold sphere with radius » = 30nm, placed 5nm above a single
isolated pillar. To simulate the demodulation procedure at higher harmonics of the tapping
frequency nf) (which ensures that only light which has interacted at least once with the tip is
recorded in the far-field), we first solve for the pillar in the absence of the sphere with plane
wave excitation. We then we use this field as a background for the full simulation including
the sphere. Doing this we isolate the tip-induced scattering from the far-field. In Figure
3 (a) the far-field scattering cross section of a single pillar is shown, while in Figure 3 (b)
the tip-induced scattering cross section resulting from the background subtraction procedure
is reported. Spectra in Figures 3 (a), (b) are normalized to the maximum of the isolated
pillar scattering cross section. The scattering contributions are divided by their azimuthal
symmetry order, so that it is easy to distinguish the monopolar mode with m = 0 symmetry
from the transverse dipolar modes with m = 1 symmetry. The spectra in Figure 3 (b) show
that on the red side of the monopolar mode, another peak with m = 1 symmetry appears,
which is absent in far-field measurements. We associate this peak with the dark monopolar
mode indicated by yellow dots in the experimental data of Figure 2 (b). In Figure 3 (c), (d)
the normal component of the field in the presence of the metallic sphere is shown for the
monopolar and dark monopolar modes, respectively. The dark monopole is polarized out of
plane like the monopolar mode, but switches polarization along the pillar axis, meaning it
has zero net dipole moment and does not couple to the far-field. From Figure 3 (b) it can be
seen that another peak, slightly redshifted from the first transverse dipole, is also induced
by the presence of the tip. This additional resonance arises from the coupling of the first
transverse dipolar mode with the dipole induced by the tip, but it seems to have a lesser
impact on the measured spectra, as no clear additional resonance close to the first transverse
dipolar mode is seen experimentally in Figure 2 (a) or 2 (b).

Finally, to obtain the spatially resolved near-field distribution we perform a point by

point measurement by continuously scanning the tip, either on top of a pillar or off pillar.
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Figure 4: Colorplots of the near-field spectra collected as a function of tip position when
scanning on top of a pillar (a), or on the substrate between pillars (b). In (i) three selected
spectra showing variations of spectral response in different positions are shown. In (ii) sketch
of the line along wich the data where collected. The stars represent the positions at which
the spectra in (i) are taken.

We report in Figure 4 measurements obtained in this way for the array with P = 3.25 um.
In the insets (ii), the scan direction, highlighted with a green dashed line, is plotted on top
of a sketch of the corresponding portion of the sample. In (i) we plot three spectra obtained
at different positions, marked with three stars of different colors in both AFM images and
colorplots. From Figure 4 (a), we see that the TD2 mode (red dot) is efficiently excited only
when the tip is in the middle of the pillar, while as we expect, the TD1 mode (green dot)
shows higher intensity when measuring on the edges of the pillar and completely disappears
close to the center, in the point marked by the red star. Referring to the simulated field
enhancements of Figures 1 (d-f), the monopole is expected to have high intensity only on the

very edge of the pillar, which is hard to experimentally probe due to the high geometrical
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curvature of the region, leading to difficult sample-tip mechanical interaction. The TD2
resonance is not expected to have a maximum at the center of the structure (see Figure
1 f) as experimentally reported, showing that the tip interaction heavily modifies the field
distribution of this mode. The asymmetry of Figure 4 (a) with respect to the pillar center
can be attributed to the tilted illumination, which breaks the symmetry of the structure.
Interestingly, we detect the presence of an additional mode only when measuring close to the
side of the pillar. By comparing its frequency with the off pillar measurements of Figure 2
(b), we can identify this peak as the dark monopolar mode. This resonance is detected only
on the side facing towards the illumination direction (from the right top in the colorplot and
in (ii)). This asymmetry is consistent with previous studies of the perturbation introduced
by the presence of an AFM tip on top of resonating antennas. % To further confirm the spatial
pattern of the modes measured in Figure 4 (a), we also perform hyperspectral imaging on
top of one of the pillars (see Supporting Information). We find that integrating the signal
over two different frequency ranges confirms that the TD1 mode shows higher response on
the edges, while TD2 is stronger in the center.

The colorplot in Figure 4 (b) shows that the response of the substrate in between pillars
varies weakly with small intensity modulations. The response of the TD1 and TD2 modes is
found to be stronger when scanning close to the base of a pillar, on the side facing towards
the illumination source. The intensity of the monopolar mode follows instead an opposite
trend, peaking for points equidistant from adjacent pillars. As expected from the simulated
field distributions of 1 (d-f), the response of the monopolar mode is stronger than that of the
TD1 and TD2 modes when measuring off pillar. The weak frequency shifts seen at different
positions in both Figures 4 (a), (b) can be at least partially attributed to coupling with the
tip, as the use of conventional nano-FTIR tips with larger curvature radius increases these

shifts (see Supporting Information).
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3 Conclusions

In conclusion, we report on the near-field study of the SPhPs spectral response of SiC pillar
resonators in the mid-IR by means of sSSNOM. These results are of critical importance for
enhancing the efficiency of mid-IR emitters or for manipulation of thermal emission at the
nanoscale with phonon-polariton antennas. As the near-field spectral response of a system
supporting surface wave excitation can be in general different from the response measured
in the far-field, this study will help in the understanding of further experiments where SiC
resonators are coupled to other systems through near-field interaction. We further employ
3D electromagnetic simulations to understand the effect of the sSSNOM tip in modifying the
response of the SPhPs antennas. Even though such effects are not related purely to the
near-field response of the antennas, similar perturbations can be expected to occur when

coupling the SPhPs resonators with other strong IR emitters or resonators.
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