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Abstract

Localized surface phonon polaritons (LSPhPs) provide an emerging platform to engineer light-matter
interactions through nanoscale patterning for a range of mid-infrared application spaces. However, polar
material systems studied to date have mainly focused on simple designs featuring a single element in the
periodic unit cell. Increasing the complexity of the unit cell can serve to modify the resonant near-fields,
intra- and inter-unit-cell coupling, as well as offering pathways to dictate spectral tuning in the far-field.
In this work, we exploit more complicated unit-cell structures to realize new LSPhP modes with additional
degrees of design freedom, which are largely unexplored. Collectively excited LSPhP modes with distinctly
symmetric and anti-symmetric near-fields are supported in these subarray designs, which are based on
nanopillars that are scaled by the number of subarray elements to ensure a constant unit cell size.
Moreover, we observe an anomalous mode-matching of the collective symmetric mode in our fabricated
subarrays that are robust to changing numbers of pillars within the subarrays, as well as to defects
intentionally introduced in the form of missing pillars. This work therefore illustrates the hierarchical
design of tailored LSPhP resonances and modal near-field profiles simultaneously for a variety of IR
applications such as surface-enhanced spectroscopies and biochemical sensing.

Keywords: localized surface phonon polariton, monopolar resonance, unit cell, strong coupling, mid-
infrared
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Introduction

The sub-diffractional confinement of light can be achieved through the fabrication of sub-wavelength
polaritonic structures, which enable the modulation of light-matter interactions through user-designed
patterns. Such localized confinement of electromagnetic energy, which is on length-scales that are orders
of magnitude shorter than the free space wavelength, find applications in enhanced molecular sensing,*
nonlinear optics,? light generation,® and communications.* Localized surface phonon polariton (LSPhP)
modes provide ideal options to achieve low loss, extreme sub-diffractional photon confinement within
the mid-infrared (mid-IR) spectral region,>’ which coincides with the molecular fingerprint region of the
electromagnetic spectrum and with two atmospheric transmission windows. LSPhPs are induced through
light coupling with oscillating ionic charges (optic phonons) within nanostructures fabricated from polar
crystals within the material Reststrahlen band. This spectral band is bound by the transverse (TO) and
longitudinal optic (LO) phonon frequencies of the polaritonic medium.® These excitations possess narrow
spectral linewidths due to the long lifetime of optic phonons® ° with the LSPhP resonances able to be
tuned through structure design.* 1% However, while some methods towards active tuning have been
reported,'* > direct injection of free carriers remains challenging and induces high losses into the system.
Alternatively, the hybridization of LSPhPs with other polaritonic, plasmonic and vibrational modes through
strong coupling!®?* offers a means to obtain such tuning without dramatic increases in loss, providing a
wide range of functionalities. 23! One example is the hybridization of LSPhPs with propagating modes to
engineer the spatial and spectral dispersion of thermal emission.?” While those objectives can be fulfilled
within periodic structures featuring a single repeated (1x1) element in the LSPhP unit cell, as
demonstrated in previous studies,?? 33 there are limitations resulting from such a simple unit cell design.
For example, while one can periodically space polar nanostructures at distances on the order of the free-
space wavelength of light to induce diffractive coupling between localized and propagating modes,?’ this
necessarily reduces the filling fraction and thereby lacks the stronger field enhancements that are
observed within coupled polaritonic modes observed within nanoscale gaps between structures.3
Moreover, for simple unit cell designs a limited range of LSPhP modes are supported, restricting design
freedom and the ability to work with more complex sensing applications such as chemical fingerprints.
This therefore raises the question: can we modify the LSPhP unit cell to manipulate new polariton
properties and enable additional spectral tunability and near-field pattern design?

By increasing the complexity of the unit cell for subwavelength polaritonic structures, new polaritonic
resonant properties can potentially be engineered. Similar to atoms in different arrangements forming
molecules,® interacting nanostructures in metallic complexes, such as dimers,33® trimers,®
quadrumers,3> 4% can give rise to collective modes, enabling the design of resonant properties. More
importantly, the polaritonic response of these collectively excited polaritonic modes greatly depends on
the spatial arrangement of the nanostructures*® as well as the intrinsic optical properties of individual
elements.*” Similarly, to design new LSPhP resonant properties, more repeatable elements can be added
into the unit cell of the polar nanostructures (Fig. 1a), for example, 2x2, 3x3, 4x4 subarrays of nanopillars
as the unit cell basis. Such unit cells are especially interesting for sensing applications as altering the
composition and subarray structure could allow for additional polaritonic resonances, enhanced spectral
tuning, improved definition of the local near-fields and offer greater control of the field enhancement and
distribution. Further, subarray designs offer the potential to design the localized modes much like
controlling the unit cell in a crystal, while still allowing for unit cell periodicities to be employed for
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exploiting diffractive coupling to induce spatial coherence.?”-*® However, the polaritonic properties for the
LSPhP system with increasing unit cell complexity remain largely unexplored.

In this work, we explore subarray designs of subwavelength nanopillars etched into semi-insulating 4H-
SiC substrates, which can support low-loss, LSPhP modes with collective behaviors. In the subarray design,
the unit cell (1x1, 2x2, 3x3, 4x4) is maintained at a constant size and periodicity, inferring that the pillars
comprising the subarrays are scaled to smaller sizes based on the number of elements in the subarray (e.g.
pillars in 2x2 are 50% of the diameter for the 1x1 architecture). By introducing more complex unit cells,
excitation of collective LSPhP modes resulting from near-field interactions between neighboring elements
are observed in our far-field measurements, electromagnetic simulations, and via a tight-binding
theoretical model. Referring to the terminology for the electromagnetic analog of molecular orbital theory
in coupled plasmonic systems,* 3> we report on the observation of collective symmetric and anti-
symmetric modes supported within LSPhP subarrays featuring 2x2 to 4x4 collections of pillars with respect
to the simple 1x1 architecture explored in prior works.> ¥ 2> When the subarray is formed, these new
symmetric and anti-symmetric LSPhPs modes split around the frequency of the original mode supported
by the single resonant antenna in the 1x1 unit cell (Fig. 1a, green and blue). Yet, interestingly, we observe
a quasi-mode-matching of the collective symmetric mode within our subarray designs whereby the
frequency of the resonance is found to be nominally independent of the number of pillars in the subarray
(Fig. 1a, blue and red). In addition, the anti-symmetric mode is found to be primarily dictated by the near-
field interactions within the unit cell, possessing higher polariton confinement. In contrast, the symmetric
mode is observed as an extended excitation with long range interactions between adjacent unit cells, akin
to the monopolar resonance described in previous works.” 1459 Moreover, these previously unexplored
collective LSPhP modes are found to be robust to defects introduced into the unit cell (e.g. removal of
certain pillars within the subarray), opening up possibilities for symmetry-protected states in such
collective LSPhP modes. As such, our subarrays described here represents a modal design platform that
offers the low-loss, subdiffractional confinement of light associated with LSPhPs, but expanding the
precise spectral tuning of the electromagnetic resonances, near-field distributions and potential to be
hybridized with other resonances resulting from the subarray architecture.

Results

In order to explore the polaritonic properties introduced by LSPhP resonator unit cells with increased
complexity, we begin by scaling a unit cell featuring a single nanopillar (1x1 unit cell) to a 2x2 design,
maintaining a constant unit cell size, e.g., for a 1x1 pillar subarray diameter of 2 um, the pillar diameter
used in the 2x2 unit cell is 1 um. In all cases the pillar height (1 um) was maintained. While several unit
cell periodicities were explored, for initial comparisons we consider a group of matched structures where
the periodicity was set to a fixed value of 6 um. For completeness, the 2x2 structure is also compared to
a 1x1 structure with the same pillar diameter (1 um). The schematics of the corresponding unit cells are
provided in Fig. 1a. The nanopillars are fabricated into a semi-insulating 4H-SiC substrate using standard
electron beam lithography (EBL) and reactive ion etching (RIE) processes (details in methods, with SEM
images of the fabricated structures provided in Sl). Due to the sloped sidewall of the pillars introduced by
the RIE (about 82 degrees), we define the gap within the multiple pillar unit cells as the edge-to-edge
distance between the tops of the pillars, which is about 300 nm for the fabricated 2x2 structures discussed
initially. By measuring the far-field reflection spectra of the fabricated structures (methods), collective
behaviors of the LSPhP resonances in subarrays can be probed. Two types of LSPhP modes were identified
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in previous studies of simple 1x1 structure.> %% 51 The first is the monopole resonance that results from
a modified longitudinal dipole where a uniform near-field charge distributed along the height of the pillar
is balanced by an opposing phase on the surface of the substrate between adjacent structures. This mode
can be excited when the impinging electric field has a component orientated perpendicular to the
substrate plane, as in off-normal incidence, p-polarized excitation.> 3! The second, which occurs at
higher energies, is the transverse dipole resonance. This mode can be excited when the impinging electric
field has a component parallel to the substrate plane. For the out-of-plane excitation (oblique
illumination), both p- and s-polarized illumination result in the observation of this mode. In this work, the
monopole mode is of primary interest, as it supports longer range interactions and usually exhibits a
higher quality factor (Q-factor).> * Thus, for this study we maintained the 100 nm Ni hard mask on top of
the 4H-SiC nanopillars (from nanofabrication) in an effort to suppress the excitation of the first transverse
dipole resonance, while maintaining strong in-coupling to the monopole mode.!

By comparing the experimental reflection spectra of different fabricated structures, we can explore the
different LSPhP modes that are supported. To simplify the discussion we begin by comparing the 2x2 with
the 1x1 structures that have the same pillar diameter of 1 um (Fig. 1b, blue and green). For the 1x1
structure, the monopolar resonance is observed at 849 cm™ and agrees well with previous studies.> ! In
addition, a second weak reflection dip at 838 cm™is identified that corresponds to the zone-folded LO
(ZFLO) phonon mode associated with the 4H-SiC polytype.>? By extending the 1x1 to the 2x2 subarray
architecture, the monopole mode is observed to split into two resonances centered about the frequency
of the 1x1 monopolar mode, with one at a higher frequency at 866 cm™, while the other emerges at 825
cm™ below the ZFLO mode. Yet, if the diameter of the nanopillars in the 2x2 array are halved such that
the total unit cell size is maintained to that of the 1x1 structures (e.g. the 1x1 diameter is double that of
the individual pillars within the 2x2 subarrays; Fig. 1b, red and blue), the higher frequency resonance is
maintained at approximately the same resonant frequency with a similar absorption amplitude as for the
1x1 monopole mode (864 cm™), while another lower frequency mode emerges that is not found in the
1x1 structure. The 2x2 LSPhP modes therefore offer a glimpse into the design flexibilities that such a
subarray design approach can offer in dictating the resultant polariton properties.

To further understand the origin of these modes we performed finite element method (FEM) simulations
of the fabricated structures using CST studio (methods). The simulated unpolarized reflection spectra (Fig.
1c) agree well with our experimental measurements (Fig. 1b) with only slight deviations in the spectral
positions of the modes (polarized spectra are provided in Sl). The simulated electric field (E,) of the 1x1
monopole resonance indeed reveals itself as the anticipated modified longitudinal dipole with the modal
symmetry across the resonator featuring strong inter-unit-cell coupling (Fig. 1d and Fig. 1g). The higher
energy monopole resonance observed from the 2x2 structure (Fig. 1f) exhibits an almost identical electric
field distribution when matching the unit cell size to that of the 1x1 structure (Fig. 1g) and similarly can
only be excited by p-polarized light (Fig. S2 in the Sl). Thus, we can identify this 2x2 localized mode as a
collective monopolar resonance, which is excited by the near-field interaction between neighboring
elements in the unit cell. Since all the neighboring nanopillars exhibit the same phase at the top of the
structures, we term this collectively excited mode as the symmetric (S) monopolar mode. This implies that
the small gap between pillars in the subarray hosts the overlapping evanescent fields between the
adjacent pillars, which will result in the effective lateral dimensions of the nanopillars being increased,
thereby resulting in a slight blue shift in the spectral position (Fig. 1b and Fig. 1c, red and blue) as expected
with increasing pillar diameter.>® On the contrary, the electric field distribution of the newly emerged 2x2
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narrowband resonance at lower energy exhibits opposite phases on neighboring pillars and is strongly
confined to the individual subarray with almost no net dipole moment in the unit cell (Fig. 1e). This mode
can still couple to the far field as the out-of-plane polarization is uniform along the wavefront of the
illumination beam, albeit with reduced in-coupling compared to the symmetric mode. Thus, we refer to
this as the anti-symmetric (A) monopolar mode. The emergence of the S and A modes in the 2x2 structure
is anticipated by the electromagnetic simulations and can be explained using a concept analogous to the
plasmon hybridization reported in plasmonic dimers.3* > By employing a tight-binding model (methods),
we also confirm that when the subarray is formed in the phonon polariton system, the original 1x1
monopole mode splits into new symmetric and anti-symmetric superpositions, with distinct light
confinement for the two new modes. Although all the measurements in the manuscript are taken at 25°
incident angle, we also investigate the S and A modes at normal incidence where only the A mode can be
supported while the S mode cannot be excited (Fig. S3). These collectively excited modes also raise an
obvious question: what is the influence of the spatial arrangement of the elements in the subarray upon
the resonant properties and near-field distributions?
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Figure 1: The symmetric and antisymmetric monopole modes in SiC subarray. (a) Level diagram for the collectively excited
monopole modes. M: bare monopole mode; A: anti-symmetric monopole mode; S: symmetric monopole mode. (b) Experimental
unpolarized reflection spectra for the 1x1 and 2x2 nanostructures with the same unit cell period (6 um) and nanopillar height (1
um). For 1x1, the diameters of the nanopillars are 1 um (green) and 2 um (red), and for 2x2, the diameter of the nanopillars is 1
pum with a 300 nm gap in the unit cell (blue). (c) Simulated reflection spectra (average of p- and s-polarized spectra to mimic the
unpolarized light used in the experiments) for the 1x1 and 2x2 nanostructures with the same geometries in (b). The reflection
spectra in (b) and (c) are shifted by 0.35 for clarity. Simulated field (E,) of the modes in (c): bare monopole mode for 1x1 structure
with 1 um diameter (d); Anti-symmetric mode for 2x2 structure with 1 um diameter (e); Symmetric mode for 2x2 structure with
1 um diameter (f); bare monopole mode for 1x1 structure with 2 um diameter (g). The scale bar is the same for the simulated
fields in (d)-(g).

To further understand the polariton properties within our subarray platform, we studied how the
geometries of the structures within the 2x2 unit cell dictate the spectral tuning of the S and A modes. We
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therefore examined the impact of the interpillar gap within the 2x2 subarray while maintaining the
nanopillar diameter and periodicity of the unit cell of the fabricated structure in Fig. 1. By plotting the
experimental reflection spectra of the structures featuring different gaps into a contour plot, we can track
the dispersion of the collectively excited modes (Fig. 2a). From these dispersion plots a clear blue shift of
the A mode toward the ZFLO with increasing gap size is observed. With further increased gap these modes
become coupled, resulting in a hybridization between the A and ZFLO modes.?® Further, as the lower A
branch shifts to lower frequencies below that of the ZFLO, another polariton emerges to the high
frequency side as a result of strong coupling between these two modes. However, as the interpillar gap
continues to grow, the absorption amplitude of this mode is reduced (this is more visible using a different
color scale in the contour plot featuring only the A mode, which is presented in Fig. S4a). For the A mode,
the interpillar coupling within the subarray is weak as the electric field is confined within the nanopillars
(Fig. 1e). The coupling between the A mode and the ZFLO can also be determined by the comparison with
simulated structures made of 3C-SiC, where the isotropic crystal structure precludes the presence of the
ZFLO phonon(s) (see Fig. S4 in the SI). The gap dependence of the A mode can be explained using
electromagnetic hybridization theory by referring to its near-field energy distribution (Fig. 1e). The
Coulomb attraction between the fields supported on neighboring pillars in the unit cell will increase with
decreasing gap. This in turn will lead to a reduction in the energy of the A mode and confirms it as a
collectively excited resonance inside the unit cell. In contrast, the S mode only slightly blue-shifts (about
1 cm?), exhibiting almost the same resonant frequency as the 1x1 monopole mode in Fig. 1b (red). This
is due to its long-range interactions with adjacent unit cells that dominates its behavior over the interpillar
coupling within the unit cell. By extracting the spectral position of the reflection dips in the experimental
dispersion plot we can track the measured absorption amplitude with increasing gap (Fig. 2b). Here,
absorption is defined as 1 — reflection, as there is no transmission inside the Reststrahlen band of 4H-SiC,
and scattering is ignored. There is a slight decrease in absorption for the S mode when increasing the gap,
with its amplitude approaching 0.5 under the unpolarized illumination, which implies near-unity
absorption of p-polarized light. As for the A mode, the absorption amplitude drops significantly as the gap
inside the unit cell increases due to the reduction in interpillar coupling.

The linewidths of the collective modes can also be extracted by performing Lorentzian line-shape fitting
of the experimental spectra (Fig. 2c). The FWHM (full width at half maximum) of the S mode remains
consistent as the gap is increased, yielding a Q-factor ranging from 136 to 148. This range is consistent
with that of the 1x1 structure with a 2 um diameter (148; Fig. 1b). For the A mode, the FWHM at small
gaps is comparable to that of the S resonance, however, a dramatic reduction in the linewidth results as
the resonance shifts towards and couples to the ZFLO mode. The coupling to the extremely narrow ZFLO
mode that occurs upon increasing the gap greatly enhances the Q-factor of the hybrid ZFLO/A mode,
which is shown to approach 500. Even though we are limited by the resolution of our spectrometer (2 cm"
1), this Q-factor is comparable with the record-high far-field Q-factor (501) recently reported,> however,
we reiterate that this is the result of strong coupling and not indicative of the inherent linewidth of the
uncoupled A mode.

As demonstrated above, the interpillar gap plays a strong role in dictating the spectral dispersion of the A
mode, while having a limited impact upon the S resonance, however, the role of the nanopillar diameter
within a subarray unit must also be understood. As the diameter is a principal parameter driving the
resonant frequency of both the A and S modes, here we explore the diameter dependence of the
polaritonic dispersion to investigate the behavior of the S (A) resonance as it spectrally approaches (moves
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away from) the ZFLO. Keeping the interpillar gap (300 nm) and other geometric parameters the same as
the fabricated 2x2 structure in Fig. 1, we plot the experimental reflection spectra as a dispersion plot in
Fig. 2d. Both modes are found to redshift with decreasing pillar diameter, with the S mode approaching
the ZFLO at smaller diameters, giving rise to an anti-crossing similar to what was observed for the A mode
above. This in turn results in the formation of an upper (UB) and lower branch (LB), which is a hallmark of
polaritonic strong coupling.1®1® 2527 On the contrary, the spectral overlap of the A with the ZFLO is reduced,
resulting in the ability to quantify the behavior of this resonance without the complications of the strong
coupling effects. The absorption amplitudes of the S(UB) and A branches are both shown to decrease with
decreasing nanopillar diameter (Fig. 2e), consistent with the reduction in surface area. The higher
absorption amplitude of the S mode in comparison to the A resonance also suggests that the former is
more accessible from the far-field as predicted based by its near-field distribution. However, the A mode
consistently exhibits a narrower linewidth (Fig. 2f) even in the absence of strong coupling with the ZFLO
phonon, thus providing a higher Q-factor than the uncoupled S mode (uncoupled Q=208 for A mode and
Q=148 for S mode). The behavior of the collectively excited S and A modes with decreasing pillar diameter
is analogous to the red shifting of the individual monopole resonances supported by a 1x1 structure,® %
0 implying further that the subarray resonances offer a mechanism towards achieving an anomalous
mode matching between the individual and subarray nanopillar architectures.
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Figure 2: Tuning of the symmetric and antisymmetric modes in 2x2 subarray. Experimental dispersion plot made of reflection
spectra for 2x2 structure with different gaps in the unit cell (a) and different nanopillar diameters (d). Peak positions from Lorentz
fitting of the experimental spectra are plotted on top of the dispersion plots in (a) and (d) to better illustrate. Absorption
amplitude of the investigated modes for 2x2 structure with different gaps in the unit cell (b) and different pillar diameters (e).
Linewidth (FWHM) of the investigated modes for 2x2 structure with different gaps in the unit cell (c) and different pillar diameters
(f). Inset in (b) illustrates the tuning parameters (gap: G and diameter: D). The error bars in (c) and (f) are the uncertainty from
the Lorentz fitting of the reflection dips. For the 2x2 structure with different gaps, the period of the unit cell is 6 um and the pillar
diameter is 1 um. For the 2x2 structure with different diameters, the period of the unit cell is 6 um and the gap in the unit cell is
0.3 um.

To further investigate the anomalous mode matching of these collectively excited modes, we extended
this subarray concept from 2x2 to 3x3 and 4x4 unit cells, again maintaining a constant unit cell size, with
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subarrays featuring pillars that are scaled to smaller sizes based on the number of elements (Fig. 3 a-d) as
discussed previously. Maintaining the interpillar gap at 300-nm for each subarray, we explore the role of
the unit cell periodicity to examine the experimental dispersion of the collective modes (Fig. 3a-d) as a
function of subarray structure. Again, we observe the expected redshift in the monopole resonance for
the 1x1 structure (Fig. 3a, M), as increasing the period translates into a reduced interpillar coupling.
Similarly, the 2x2, 3x3, 4x4 S modes (Fig. 3b-d, S) follow an almost identical dispersion. Thus, despite the
dramatic difference in unit cell geometry, the anomalous mode matching of the S mode is maintained,
illustrating the generalized nature of this effect.

Finally, to test the robustness of the resonant S and A modes to the presence of defects in the subarray
design, we fabricated similar subarray structures, but with some of the pillars removed. In addition to the
square subarray designs discussed above, we also patterned a 3x3 structure missing the center pillar (Fig.
3e), an ‘X-shape’ (Fig. 3f), and a ‘cross-shape’ (Fig. 3g), as well as a related 4x4 structure without the center
pillars (Fig. 3h). In all cases a similar dispersion of the S mode is reported, thereby illustrating the
remarkable robustness of the far-field resonances to changes in the subarray structure. However, the non-
dispersive A mode was found to be substantially stronger in square subarrays (Fig. 3 b-d, A) than in those
where defects are present (Fig. 3e-h, A). Additionally, we note that two A modes emerge in structures
with broken symmetry for the 3x3 structure (Fig. 3e, A; and A;). Yet, neither shifts appreciably over the
range of periods probed as they are more strongly confined to the individual subarrays and thus, do not
exhibit significant evanescent extension over the substrate surface between subarrays. On the other hand,
the magnitude of the frequency shifts of the S mode increased with an increasing number of pillars in the
square subarray (Fig. 3 a-d). This could be attributed to the increased charge density at the array edge as
the number of pillars grows. Smaller frequency shifts are reported for the cross and X-shape arrays (Fig.
3f and Fig. 3g), which we attribute to the removal of pillars from the array edges, thereby decreasing the
coupling between subarrays. However, despite these small variations, these results imply that a
significantly expanded set of design principles can be realized to dictate the near-field patterns without
substantially modifying the far-field spectrum.
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Figure 3: The experimental dispersions of symmetric and antisymmetric modes in the complex subarrays. Experimental dispersion
plots made of reflection spectra with different unit cell periods for (a) 1x1 structure, (b) 2x2 structure, (c) square 3x3 structure,
(d) square 4x4 structure, (e) 3x3 structure without the center pillar, (f) 3x3 structure features as X-shape, (g) 3x3 structure features
as cross-shape, (h) 4x4 structure without center 2x2 pillars.

To quantitatively study the quasi-mode-matching of the S and A modes in these complex subarrays,
Lorentz fitting of the experimental spectra is used to extract the modal information from the reflection
spectra. As an example, the extracted values for all patterns with the same unit cell period (7 um) are
plotted in Fig. 4. For the square subarrays a consistent blue shift of the collective S mode is observed when
increasing the number of pillars in the subarray (dashed blue line in Fig. 4a), which is a result of multiple
effects. First, as the pillar diameter is decreased, the bare monopole mode red shifts. The S mode is blue
shifted from this bare monopole frequency (1x1 resonant condition) partially compensating the diameter-
induced red-shift, although this shift is reduced in arrays containing more pillars. Secondly, as discussed
above and in our theoretical model (methods), there is an increased interaction between adjacent
subarrays when it contains more pillars as more charge resides at the edges of the subarray. Introducing
defects into the unit cell results in a red shift of the frequency of the collective mode (Fig. 4a). This again
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is a result of two things. First, as there are less pillars in the array, the blue shift of the S mode from the
bare monopole frequency is reduced. Second, for the cross and X-shape arrays, there is less repulsion
between adjacent subarrays. As for the absorption amplitude of the S mode, we observe that it increases
with increasing number of pillars (Fig. 4b). Interestingly, we identified a similar Q-factor for the S mode of
all our fabricated structures independent of diameter or gap, however, it is enhanced with the
introduction of defects (Fig. 4c). This could be explained by reference to previous studies of single pillars,
where the quality factor was observed to increase with decreasing end facet dimension.>® As for the A
mode, the resonant frequency remains consistent for the square subarrays and independent of the
number of pillars, while the presence of defects in the unit cell modifies the resonance frequency, as
observed for the symmetric mode (Fig. 4d). The absorption amplitude also increases with pillar number
for the square arrays (Fig. 4e), while the presence of defects results in a decrease in the absorption. As for
the Q-factor of the A mode, the presence of defects in the unit cell resulted in an enhancement, albeit
with the exception of the lower energy mode (A;) of the 3x3 structure that is missing the center pillar (Fig.
4f).
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Figure 4: The comparison of symmetric and antisymmetric monopole modes in complex subarrays. Peak positions of the
symmetric (a) and anti-symmetric (d) modes for fabricated structure in Fig. 3. Absorption amplitude of the symmetric (b) and
anti-symmetric (e) modes for the fabricated structure in Fig. 3. Q-factor of the symmetric (c) and anti-symmetric (f) modes for
fabricated structure in Fig. 3. All the results are extracted from the Lorentz fitting of the spectra for the structure with a 7 um
period. Note there are two anti-symmetric modes in the 3x3 structure without center pillar (A; and A;), and Q-factor for the anti-
symmetric mode of the 3x3 structure featuring X-shape is not plotted in (f) because the mode is weak with a large error bar.

To further understand the influence of defects on the subarray, we calculated the field distributions of
the eigenmodes supported (methods), using the 3x3 structure as an example (Fig. 5). We can categorize
the modes of the subarrays into three subsets based on the symmetry of the out-of-plane electric field
(E;) with respect to the two symmetric axes of each resonator array. For the S modes, the out-of-plane
field is polarized in the same direction in each quadrant, and these modes are indicated in panels a-k of
Fig. 5. The first S mode exhibits fields that are polarized symmetrically (Fig. 5a-d), akin to the monopolar
(M) resonance in the simple 1x1 system.> 13 This mode was observed in experiments even when defects
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are introduced (Fig. 5 b-d). The other higher-order S modes are modes not uniformly excited (Fig. 5e-k)
and have characters more consistent with quadrupoles (Q: and Q), but those high-order symmetric
modes are not observed in the experiments. This is most likely due to the in-coupling depending upon the
net polarization of the pillars along the wavefront of the incident field, therefore in-coupling to the non-
M S and A modes is reduced in comparison to the M mode. The A modes we observed are the first type
of the A modes (type I) as the out-of-plane field switches polarity across one of the central planes of the
subarray, with these modes illustrated in panels I-q of Figure 5. There are also type Il A modes where the
out-of-plane field switches polarity across both resonator array’s central planes, which are illustrated in
Fig. S7. Note that the behavior of each type of A mode is similar. Regardless of whether they are of type |
or type Il symmetry each has zero net charge on the pillar end facets, meaning they do not couple strongly
to the propagating SPhPs supported on the substrate surface. As for the type | A mode illustrating in Fig.
51-0, only the left and right edges in the unit cell exhibit strong field confinement featuring opposite phase,
leaving the middle pillars with a minimal electric field magnitude. A second A mode emerges for the
square 3x3 (Fig. 3p) and 3x3 without center pillar structure (Fig. 5q), yet only the mode in the 3x3 structure
without the center pillar is observed in our experimental data. This is probably because the three central
pillars screen the array dipole moment. Therefore, removing the central pillar breaks the symmetry,
enabling it to couple to free space. These calculated field profiles demonstrate the intrinsic role that
symmetry plays in the resultant collectively excited LSPhP modes and dispersion.
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Figure 5: Field profiles of the symmetric and anti-symmetric modes in the complex unit cell. Calculated fields (E,) of the symmetric
mode with uniform excitation (M) for the square 3x3 structure (a), 3x3 structure without center pillar (b), 3x3 structure features
as cross-shape (c), 3x3 structure features as X-shape (d). Simulated fields (E;) of the second symmetric mode (Qy) for the square
3x3 structure (e), 3x3 structure without center pillar (f), 3x3 structure features as cross-shape (g), 3x3 structure features as X-
shape (h). Calculated fields (E,) of the third symmetric mode (Qy) for the square 3x3 structure (i), 3x3 structure without center
pillar (j), 3x3 structure features as cross-shape (k). Calculated fields (E;) of the first anti-symmetric mode (A;) for the square 3x3
structure (1), 3x3 structure without center pillar (m), 3x3 structure features as cross-shape (n), 3x3 structure features as X-shape
(o). Calculated fields (E,) of the second anti-symmetric mode (A;) for the square 3x3 structure (p), 3x3 structure without center

pillar (q).
Conclusion

In this work, we demonstrated subarray designs of subwavelength nanopillars to support collective low-
loss, subdiffractional LSPhPs modes, enabling the roughly independent design of the near-field patterns
and far-field resonance condition. Within these results we provided experimental evidence of phonon
polaritons splitting into S and A modes when a subarray is formed. By exploring the gap, diameter and
unit cell size dependences, as well as the influence of local defects within the subarray structure, we were
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able to demonstrate that the dispersion of the monopolar-like resonances remains similar for all
structures, despite significant modifications to the underlying field profiles. Moreover, the collectively
excited modes are robust even to defects introduced into the unit cell and the symmetry inside the unit
cell plays a role in the light confinement. Future studies to investigate the near-field response of these
collective modes via nano-FTIR and/or s-SNOM techniques promise to be specifically valuable.®
Additionally, the role of symmetry breaking in the unit cell promises to be an additional fruitful direction.
Our work represents complex hierarchical phonon polaritonic near-field design with the tailored
responses for a wide range of IR applications such as surface-enhanced spectroscopy and IR barcoding or
nanophotonic narrow-band thermal emitters.

Methods

Device fabrication

All the SiC nanopillar arrays (100 um x 100 um array size) are fabricated into semi-insulating 4H-SiC
substrates using standard electron beam lithography (EBL) process. A 250 nm PMMA 950 A4 layer was
spin-coated at 3000 rpm followed by deposition of 10 nm-thick chromium as the conduction layer using
thermal evaporation. The patterns were then defined using EBL followed by depositing 100 nm-thick
Nickel as a dry etch mask using electron beam evaporation. The SiC nanopillars were etched using
reactive ion etching (RIE) using a mixture of O, and SF¢ at an etching rate of 375 nm/min, and all the
nanopillar structures are etched to 1 um.

Optical characterization

The room-temperature reflection spectra for the fabricated samples are collected using a Hyperion 2000
IR microscope attached to a Bruker Vertex 70v Fourier transform infrared (FTIR) spectrometer with a
liquid-nitrogen-cooled HgCdTe (MCT) detector. The microscope objective used is a 36x Cassegrain
objective (Pike Technologies), which illuminates the sample along the array axis with an average incident
angle of 25°.

Numerical simulations

Finite element method (FEM) simulations were performed in CST studio suite 2018 using the structure
mentioned in the main text. The unit cell boundary conditions and a perfectly matched layer for the
substrate are used in the simulations. The dielectric function used for 4H-SiC was derived from that
presented in Ref °°,

Tight-binding theoretical model

The eigenmodes of a single, isolated nanopillar on same-material substrate satisfy the electromagnetic
wave equation

2
w3
VXVX El = eo(r)c_zEl,

where E; is the electric field, €, is the dielectric function of the single-resonator on substrate system
and w; is the mode frequency. As discussed in the main text single nanopillar system supports a single,
bright, out-of-plane polarized mode termed the monopole, or M mode. The M mode extends over the
substrate, allowing for long-range interactions between adjacent nanopillars.
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In an isolated subarray, comprised of a finite array of nanopillars on substrate the M modes of closely
spaced pillars interact forming new eigenmodes which are linear superpositions of the M modes of the
individual nanopillars. These modes satisfy the electromagnetic wave equation

2
wj
VXV X Ei = El(r)c—in,

where E;j is the electric field, w; is the mode frequency and ¢; is the dielectric function of the sub-array
system, which differs from € in Eqg. 1 as it accounts for more than one pillar. As shown in Fig. 5 this
leads to modes which are linear superpositions of the M modes. This can be understood in the context
of a tight-binding hybridization model, where each pillar couples with the other pillars comprising the
subarray. For an N X N subarray this leads to N2, possibly degenerate modes. The modal composition
can be qualitatively understood considering the Hamiltonian problem

f]-[xl- = hwixl-,

where # is the Hamiltonian containing the bare mode energies and interpillar couplings and x; is the
vector of modal amplitudes within each pillar. Considering only nearest neighbor couplings this leads to
one eigenmode where all pillars have the same polarization (the M mode) and N? — 1 other
eigenmodes.

Going forward we consider the electric field to be real and normalized to unity
deT Ei(T)Ei . Ei =1.

The eigenmodes of the infinite square lattice of sub-arrays studied in this work satisfy electromagnetic
wave equation

where € is the dielectric function of the infinite system with contribution €, in each unit cell and k;
labels the wavevector component parallel to the substrate. In the periodic system the solution is a Bloch
wave, which is just a linear superposition of the modes in each sub-array, labelled n

Ey,i(r, t) = Ege ki z e~ (MBTNRE, (7 — (M + nP)R).
mn
where R is the array period. Substituting this into the full-system wave-equation yields the dispersion

relation

—iky(mx+ny)R
2 2 1+ Zmn:to e I 9) an,i

Wi i = W; - — .
fat ' 1+ Arli + Zmnio e—tk||(mx+ny)ann,i

where the Greek letters represent overlap integrals between the resonator labelled 00 and that at mn
and are given by

an = [ @riet) - e OIEE - B
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Nt = f &1 e(ME(r) - E(r — [m# + n]R),

Bmni = f d3r e (r — [m® + nP]R)E;(r) - E;(r — [mR + nP]R).

In the limit of nearest-neighbor coupling between adjacent subarrays, small inter-array coupling in
comparison to the bare mode frequency, and equal coupling to subarrays along each axis we find for
small in-plane wavevector

An;
Wk, i ~ 0; [1+2(Bor,i —MNowi — ik

The An; term represents a self-interaction. Other terms arise from interactions between adjacent sub-
arrays. As illustrated in Fig. 5, only the bright mode of the subarray, where all the individual pillars are
polarized in the same direction, extends far across the substrate. As the signs of the interacting fields are
equal, and the dielectric function of the resonators is large and negative in the Reststrahlen region, this
leads to a repulsive blue shift in mode frequency for these modes. The non-symmetric modes only
interact weakly as they are confined to the individual subarrays, as illustrated in Fig. 5.

Eigenmodes calculations

The eigenmodes of the individual nanopillar subarrays (Fig. 5) are calculated utilizing the modal analysis
tool QNMEig, which allows for the calculation of the quasi-normal modes of open photonic systems *’.
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