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Fabrication and Optical Characterization of
CMOS-Compatible Honeycomb-Like Large-Scale Lattices of
Near-Field Coupled Plasmonic TiN Nanotriangles

Jon Schlipf,* Maria Alessandra Cutolo, Costanza Lucia Manganelli, Sebastian Reiter,
Götz Seibold, Oliver Skibitzki, Christian Wenger, and Inga Anita Fischer

Honeycomb-like plasmonic titanium nitride nanotriangle arrays defined by
photolithography and fabricated in a modified silicon-germanium
electronic–photonic integrated circuit process in a state-of-the-art pilot line.
The nanotriangle arrays are characterized in experiments and simulations.
The momentum-dependent reflectance spectra exhibit not only features that
are consistent with surface lattice resonances in the honeycomb lattice but
also minima governed by near-field coupling of the individual nanotriangles.
The optical characterization results in combination with simulation-based
predictions indicate that such nanotriangle arrays are capable of supporting
collective plasmonic resonances that can be described as massless Dirac
particles. The fabrication approach opens up the possibility of integrating the
structures into device fabrication processes, and avenues toward
near-infrared sensing and communication applications are predicted.

1. Introduction

Plasmonic excitations in single metallic nanoparticles and
nanoparticle arrays have been widely investigated for their prop-
erties in tuning light-matter interaction at the nanoscale. Metallic
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nanoparticles can support collective oscil-
lations of the electron gas, so-called local-
ized surface-plasmon resonances (LSPR),
upon excitation with light at the reso-
nance frequency. When the nanoparticles
are arranged in ordered lattices, the cou-
pling between particles can lead to the ap-
pearance of collective resonances. In this
case, optical properties such as peak po-
sition and peak width of resonances in
the optical spectra are not only determined
by the geometric properties of the in-
dividual particles but also by the lattice
geometry,[1,2] i.e., lattice symmetry, lattice
pitch, and inter-particle distance. Depend-
ing on inter-particle distance, two regimes
can be identified.[3–5] In the diffractive
regime, i.e., in the case of large inter-
particle distances, collective modes result

from the coupling of LSPR to diffractive orders (DO), propagat-
ing along the lattice surface as a result of the periodic arrange-
ment of the nanoparticles (Rayleigh anomalies). These collective
modes are called surface lattice resonances (SLR). Conversely,
for inter-particle distances far below 𝜆, i.e., in the evanescent
regime, collective effects are dominated by coupling between
neighboring particles via their overlapping evanescent fields.
Tight-binding models that take only nearest-neighbor interac-
tions into account have been employed to simulate, e.g., the re-
sulting band structure.[6–8]

In 2D materials such as graphene, a honeycomb lattice of car-
bon atoms, the presence of fermionic massless Dirac quasipar-
ticles in the band structure leads to a rich variety of uncom-
mon phenomena such as nontrivial Berry phase accumulation.[9]

There is interest in exploring the optical analogies of such hon-
eycomb 2D materials in non-trivial photonic lattices similarly
dominated by nearest-neighbor interactions. Near-field coupled
nanoparticles arranged in plasmonic honeycomb lattices have
been theoretically predicted to support Dirac-like plasmons[6–8,10]

and topological edge states.[11] Furthermore, the optical proper-
ties of vertical stacking of such honeycomb plasmonic lattices as
optical analogs of stacked graphene have been investigated based
on simulation.[12] The nanofabrication of large areas of honey-
comb plasmonic lattices with inter-particle distances low enough
to address the near-field regime, however, remains challenging.
So far, near-field coupled plasmonic nanoparticles in 1D chains
have been experimentally realized, and edge states have been
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investigated in a honeycomb lattice containing comparatively
few (up to 16) near-field coupled metallic nanoparticles.[13–16] Ex-
perimental investigations of extended 2D honeycomb lattices of
metallic nanoparticles have been largely restricted to the diffrac-
tive regime, in which a tight-binding model description is in-
sufficient to describe the system response, and the optical band
structure is dominated by diffractive orders of the lattice.[1,2,4,7]

Honeycomb plasmonic lattices in the diffractive regime have,
e.g., been explored as open cavities to induce K-point[17] and
M-point[18] lasing. In the diffractive regime, the influence on
SLR peak shapes, in particular width, has been experimentally
found to be negligible in the comparison of honeycomb lattices
with square and hexagonal lattices under illumination at verti-
cal incidence.[1] Other investigations have found increased peak
heights in extinction spectra obtained from honeycomb lattices
compared to hexagonal lattices under illumination at non-vertical
incidence.[2]

Here, we report on the use of optical deep ultraviolet (DUV)
lithography and etching to fabricate a large-scale array of tri-
angular titanium nitride (TiN) nanoparticles arranged on two
interpenetrating hexagonal lattices, which belongs to the same
crystallographic space group p6m as the infinite honeycomb lat-
tice. TiN offers metallic optical properties in the near-infrared
range and has been explored for various plasmonic applications
during the last decade. In contrast to noble metals generally
preferred in plasmonics, TiN is easier to structure, more af-
fordable, and chemically compatible with complementary metal-
oxide-semiconductor (CMOS) processes.[19,20] TiN, thus, is par-
ticularly interesting for the integration of plasmonic nanostruc-
tures into electronic and photonic technologies. Despite lower
carrier concentrations with respect to gold and silver, TiN has
shown similar performance in metamaterials.[19,21] Among other
applications,[20] titanium nitride plasmonic structures have been
investigated for use inmetalenses,[22] waveguiding,[23] and refrac-
tive index sensing.[24,25]

The 3 × 3 mm2 large array investigated here is obtained
from an industrial, CMOS-compatible fabrication process, which
yields interparticle distances of ≈60 nm. We discuss the optical
band structure in the context of SLR as well as a tight-binding
approach. Importantly, we find evidence that strong near-field
interactions between neighboring nanoparticles are at the ori-
gin of collective plasmonic resonances in our arrays. The excel-
lent agreement between experiment and simulation highlights
the advantages of using industrial fabrication processes for the
fabrication of such structures.

2. Results and Discussion

Our TiN nanoparticle arrays with footprints of 3 × 3 mm2 were
obtained by introducing two minor modifications into the pro-
cessing steps used for the top-down fabrication of hexagonal
nanohole arrays with a pitch of 600 nm in a 200 mm wafer
CMOS-compatible silicon (Si) technology processing line. In this
process (see section “Experimental Section” for technical de-
tails), the nanotriangles are structured into a 150 nm TiN layer
on a 200 nm silicon dioxide (SiO2) layer on a Si substrate by
a combination of DUV lithography and dry etching. Our fab-
rication process has previously been shown to yield TiN lay-
ers with low surface roughness and nanostructures with near-

vertical sidewalls.[24] The first modification targeted the mask
used for DUV lithography, where we defined arrays with a con-
stant pitch of 600 nm and varying hole diameters of 390, 450,
and 510 nm. The separation between neighboring holes with di-
ameters of 510 nm on the lithography mask is only 90 nm, this
is already at the resolution limit for the DUV lithography with a
wavelength of 𝜆 = 248 nm used in our process and leads to a dis-
tortion of the shape of the holes via proximity effects. The second
modification targeted the etching time, which was chosen to ex-
ceed the minimum time required to etch a TiN layer with a thick-
ness of 150 nm by a factor of ≈1.5, leading to overetching. As a
result of both modifications, the nanoholes in arrays with a nom-
inal hole diameter of 510 nm grew sufficiently large to touch each
other, and we observed the formation of triangular islands of TiN
(Figure 1). Additional, larger-scale images of the nanotriangle ar-
ray can be found in Figure S1 (Supporting Information). A tran-
sition between hexagonal nanotriangle and nanohole arrays has
previously been reported only for nanosphere lithography,[26–28]

however, nanotriangle arrays produced in that manner are sus-
ceptible to fabrication imperfections, impacting long-range order
in large arrays. Here, our structures were obtained based on an
entirely CMOS compatible fabrication process[29,30] as the most
cost-effective approach that, at the same time, is able to generate
large-scale arrays in a reproducible and scalable manner. We note
that alternative lithography techniques such as electron beam
lithography and nanoimprint lithography can achieve a better
spatial resolution, and are expected to yield sharper corners and
smaller gaps. This could, in turn, strengthen the near-field cou-
pling effects we intend to study.However,masked lithography de-
livers superior throughput and scalability, which has encouraged
recent efforts in exploiting the advantages in particular of DUV
lithography for metasurface fabrication.[31–34] Furthermore, with
our top-down fabrication approach, we are able to obtain TiNnan-
otriangles with a height of 150 nm, enabling sizeable out-of-plane
dipole moments to be excited. Achieving high spatial resolution
with electron beam lithography often requires the resist thick-
ness to be low, limiting etching times or requiring the structuring
of metal layers with a lift-off process. In both cases, this leads to
metal nanostructures with reduced thicknesses, in which dipole
moments may be largely confined to in-plane orientations.
While the use of DUV lithography for the fabrication of the TiN

nanoparticle arrays nominally limits structural sizes, the corner-
to-corner separation distance of 60 nm is well below the resolu-
tion limit expected for a wavelength of 𝜆 = 248 nm used during
exposure. The limitations of our lithography step as well as of the
plasma etching step, which has small variations over the wafer,
lead to the introduction of defects in the form of imperfect sepa-
rations between adjacent triangles (Figure 1c). We expect further
optimizations in the lithography and etch process parameters to
reduce these defects. However, we do not consider the defects
a major issue in our system, as experiments and simulations –
which neglect defects – show very similar trends.
We consider LSPR of an individual nanotriangle as the start-

ing point of our investigation of the optical properties of our
structures. In order to understand the single-particle LSPR, we
conducted finite-difference time-domain (FDTD) and finite ele-
ment method (FEM) simulations for plane-wave excitation. The
material permittivity used in the simulation was obtained from
spectroscopic ellipsometry measurements of our sputtered TiN
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Figure 1. Scanning electron microscope image of the fabrication results from NHA lithography with constant array pitch of 600 nm and nominal
(measured) hole diameters of a) 390 (391) nm b) 450 (469) nm, and c) 510 (−) nm.

layers and is shown in Figure S2 (Supporting Information). A
detailed analysis has also been reported in ref. [24] For the pri-
mary dipole mode, both absorption and scattering cross-sections
peak at 1125 nm (Figure 2). For increasing corner radius, the
peaks blueshift, toward 1000 nm for the case of 50 nm corner
radius. Simulated electric field distributions (Figure 2) allow us
to attribute these peaks to the dipole mode of the nanotriangles,
with poles at each end of one edge of the triangle in the case of
x-parallel electric field excitation (Figure 2c)). The field distribu-
tion for y-parallel excitation (Figure 2d)) has one pole at one tip
and at the edge opposite to it. Due to the vertical incidence and
the symmetry properties of the triangle, the scattering and ab-

sorption cross-sections are independent of polarization.[35] This
is because any incoming plane wave can be written as a linear
combination of plane waves polarized at 0°, 120°, and −120° rel-
ative to the x-axis of the lattice. As the geometry is invariant un-
der these rotations, so are the wave propagation problem and its
solutions.
It is worth noting that rounding of the corners of the triangle,

which occurs in fabrication, can have a large influence on the
amplitude and position of the dipole-related cross-section peak
(Figure 2a,b). We observed a corner radius of ≈10 nm in our fab-
ricated TiN nanotriangles and used this value in all subsequent
simulations.

Figure 2. FDTD simulated a) absorption and b) scattering cross-sections of single TiN nanotriangles with an edge length of 250 nm for different corner
radii and polarizations. FDTD simulated electric field distribution (absolute value normalized to source excitation amplitude) for plane-wave (total
field/scattered field) excitation at 1124 nm with polarization in parallel with the c) x-axis and d) y-axis of triangles with a corner radius of 10 nm.
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Figure 3. a) Schematic overlay of the unit cell of the honey-comb lattice on a scanning electronmicroscope image of the nanostructures. b) First Brillouin
zone with the critical Γ, K, andM points.

Placing the TiN nanotriangles in arrays of two interpenetrat-
ing hexagonal lattices can be expected to modify optical proper-
ties. While limited to far-field excitation, measuring and simulat-
ing the reflection of plane waves by the structure as a function
of wavelength and angle of incidence provides insights into the
dispersion relation and, thus, the nature of interactions between
the elements of the lattice. Far-field probing of modes is possi-
ble if the incident light can couple to a dipole moment, as in our
case. Substrate effects tend to play a role in the mediation of the
coupling.[18,36–38] We investigated the dispersion relations in both
simulation and experiment. To this end, we simulated the re-
flectance of our device geometry under transverse-magnetic (TM)
polarized incidence by rigorous coupled-wave analysis (RCWA)
as a function of photon energy E and the in-plane component of

the wave vector k|| = |||k⃗||| sin 𝜃. k||. k|| was set in parallel with the
Γ-K and Γ-M lines of the first Brillouin zone of the lattice, respec-
tively (Figure 3).
We compared the simulated data with interpolated experimen-

tal reflectance spectra measured under TM polarized grazing
incidence at angles of incidence between 5° and 50° in incre-
ments of 5°. The experimental data were interpolated numeri-
cally in order to plot a map of measured reflectance on the recti-
linear momentum-energy grid. For K- andM- oriented incidence
(Figure 4), we see agreement between the heatmaps of simu-
lated (left) and measured (right) reflectance. This corroborates
our simulation approach. Experimental data are only available for
angles of between 5° and 50°, bordered by the red lines. Orange
lines show the maximum possible angle of incidence at 90°.

Figure 4. Simulated (left) and experimentallymeasured (right) reflectance (0th diffraction order) of a honeycomb-like TiN nanotriangle array as a function
of photon energy and in-plane wavenumber. k|| was set in parallel with a) the Γ-K line and b) the Γ-M line of the first Brillouin zone. The triangles have

a center-center distance of 600∕
√
3 nm, and an edge length of 250 nm. The corners are rounded with a radius of 10 nm. The green lines show where

the momentum matching condition required for SLR excitation is fulfilled, with indices i and j denoted in brackets for each line. The blue lines mark the
dispersion resulting from a tight-binding model for the coupled nanotriangles.
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The heatmap plots also show the SLR dispersion lines related
to several critical points of the Brillouin zone G⃗i,j, of a honeycomb
lattice, with the momentum matching condition

E
(
k⃗||
)
= ℏ

|||k⃗|| + G⃗i,j
||| cn (1)

here, ℏ is the reduced Planck’s constant, c is the speed of light in
vacuum, n is the refractive index of the superstrate (free space in
this case), and k⃗|| is the projection of the wave vector on the array
plane. For photon energies above 2.5 eV, one can observe con-
tours and extrema in reflectance matching the dispersion lines.
We note that the real part of the permittivity of TiN is negative
only for wavelengths above 650 nm (see Figure S2, Supporting In-
formation), i.e., the material is no longer metallic in this regime.
We nonetheless take thematch as confirmation of the correspon-
dence of our lattice to the honeycomb lattice.
For photon energies below 2 eV, the observed spectral fea-

tures cannot be fully explained with the SLR lattice dispersion.
In a previous investigation of the transition from nanohole ar-
rays to nanotriangle arrays by Murray et al.,[26] spectral positions
of resonances in spectra obtained from the nanotriangle arrays
showed only negligible dependence on k⃗|| and were attributed
to the presence of LSPRs of uncoupled triangles. By contrast,
our spectra show a clear dependence of the spectral positions
of reflectance minima on k⃗|| in that wavelength range. As we
discuss in the following, we take this as evidence for the exis-
tence of collective plasmonic modes originating from the near-
field coupling between the nanoparticles as a result of both the
small separation between individual triangles and the structural
homogeneity of the 3 × 3 mm2 large array. Indeed, placing the
nanoparticles in an array configuration as shown in Figure 3a,
with separations of 60 nm between corners of adjacent nano-
triangles, ensures coupling between neighboring dipole modes
via their overlapping evanescent fields. The following disper-
sion was obtained by Weick et al.[6] for a honeycomb lattice
of near-field coupled metallic nanospheres described by point
dipoles:

E
(
k⃗||
)
= ℏ𝜔0

√√√√1 ± Ω
𝜔0

[
3∑
j=1

Cje
ik⃗||⋅e⃗j

]
(2)

here, e⃗j are the connection vectors to the three nearest neighbor
atoms in the lattice. 𝜔0 is the resonance frequency of individ-
ual nanoparticles andΩ describes the coupling strength between
triangles. The coefficients Cj are direction-dependent coupling
terms corresponding to the three nearest neighbors of a nanotri-
angle. As the shape of our nanoparticles differs from the spheres
discussed by Weick et al.,[6] we used the following, modified ex-
pression for Cj

Cj = 1 − 3a sin (𝜃)2 cos
(
𝜑 − 2𝜋

j − 1
3

)2

(3)

here, 𝜃 is the angle of incidence,𝜑 is the azimuthal angle, and the
parameter a is used to empirically take into account the out-of-
plane anisotropy of the nanotriangles. We chose a = 0.2 in order
to obtain a good fit between the dispersion curves and theminima

in the simulated and experimental reflectance spectra. A more
detailed discussion can be found in the Supporting Information.
The dispersion curves obtained from a tight-binding approach

provide a good match to the minima in both the simulated and
the experimental reflectance spectra for photon energies between
0.5 and 2 eV. As a consequence of our choice of parameters, the
presence of Dirac-like, massless collective plasmonic resonances
is predicted at the K point inmomentum space, while a gap is pre-
dicted to open up at theM point. We emphasize that the presence
or absence of gaps depends on numerical values for the parame-
ters and should be verified by a more detailed calculation, which
we do not present here. Our results nonetheless strongly indicate
that nanotriangle array configurations obtained from our CMOS-
compatible fabrication process are capable of supporting collec-
tive plasmonic resonances originating from near-field coupling
of the nanotriangles. It should also be mentioned here that the
presence of massless collective plasmonic resonances requires a
thickness of the TiN layer (150 nm in our case), which allows
for the existence of non-negligible out-of-plane dipoles in the
nanotriangles
To facilitate quantitative comparison between measurement

and simulation as well as dispersion relations from SLR reso-
nances and the tight-binding model the measured and simu-
lated reflectance spectra for an angle of incidence of 35° toward
the K point of the lattice are shown in Figure 5a. The vertical
black lines show the positions of surface lattice resonances (see
Equation 1). The blue lines show the wavelengths correspond-
ing to the dispersion of the near-field coupled lattice. Peaks in
the experiment and simulation match qualitatively. As can be
clearly seen in the simulated reflectance spectrum, the derivative
of the spectrum shows a discontinuity at 𝜆 = 750 nm, coinciding
with the SLR dispersion. The dispersion relation obtained from a
tight-binding approach, however, provides a better match for the
lowest-energy minimum in the reflectance spectrum, thus cor-
roborating our claim that optical properties of the honeycomb-
like lattice of TiN nanotriangles are dominated by near-field in-
teractions between neighboring nanoparticles. It has to be noted
that for wavelengths above ≈2000 nm (corresponding to pho-
ton energies below ≈0.62 eV) the nanotriangles do not support
strong electric dipoles (Figure 2a,b), whereas for wavelengths be-
low ≈650 nm (corresponding to energies above ≈1.9 eV) the real
part of the permittivity of TiN becomes positive (Figure S2, Sup-
porting Information) – as a result, a description of the dispersion
relation of the honeycomb-like lattice of TiN nanotriangles in
terms of near-field interaction between electric dipoles in metal-
lic nanoparticles can only be valid at intermediate wavelengths.
Further insight can be obtained by comparing the reflectance

heat maps of the honeycomb-like nanotriangle arrays (Figure 4)
with reflectance heat maps of hexagonal nanohole arrays with a
pitch of 600 nm (Figure 6). This transition leads to marked dif-
ferences in reflectance spectra for photon energies below 2 eV.
These differences can also be clearly observed in Figure S3 (Sup-
porting Information), where results for nanohole and nanotrian-
gle arrays are shown in the same graph. Not only is there a clear
difference in the wavelength-dependent position of reflectance
minima, but the presence of pronounced reflectance minima at
positions defined by Equation (1) in the case of the nanohole array
is a clear indication of the strong influence of Rayleigh anomalies
on optical properties in these arrays. Plots of the electric fields
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Figure 5. a) Simulated and measured reflectance spectra (0th diffraction order) of the nanotriangle array under illumination with TM polarized light for
an angle of incidence of 35°, toward the K point of the first Brillouin zone. b) Simulated near fields for a section through the tips of triangles for vertical
incidence, 𝜆 = 2μm.

at wavelengths corresponding to reflectance dips under vertical
incidence are shown in Figure 5b and Figure S6 (Supporting In-
formation).
Simulation results for the cases of both floating (substrate-

free) nanostructures and a bulk silicon substrate without oxide
film can be found in Figures S4 and S5 (Supporting Information).
Importantly, the dispersion relations close to the K and M points
of the floating nanostructures and the samples discussed here
have very similar shapes. While the influence of a Si substrate
on the reflectance spectra is strong, owing to its large refractive
index, the reflectance spectra of the honeycomb-like lattice of
nanotriangles and those of hexagonal nanohole arrays nonethe-
less remain very dissimilar in all cases. Again, we emphasize that
a description based on near-field interactions is only valid in the
range between 0.62 and 1.9 eV.
Finally, we note that our nanotriangle array also belongs to the

class of geometrically frustrated structures, in which competing
dipole-dipole interactions between adjacent particles cannot be
satisfied simultaneously.[39,40] Extending the description of near-
field coupling between individual triangles, we briefly discuss an
approach in analogy with a Potts model in the Supporting Infor-
mation to describe the nearest-neighbor interactions between tri-
angles in a finite array when illuminated with unpolarized light.

3. Conclusion

We have demonstrated the fabrication of large honeycomb-like
arrays of plasmonic nanotriangles using aCMOS-compatible fab-
rication process. Our characterization, based on measured and
simulated reflectance spectra, strongly indicates that the optical
properties of those arrays are shaped by near-field interactions
of electric dipoles induced in the individual nanotriangles. Such
arrays can potentially support Dirac plasmonic excitations at se-
lected points of the Brillouin zones.
Combined with the mature silicon photonics fabrication pro-

cess, robustness with respect to fabrication tolerances makes the
arrays showcased here ideal candidates for the application of
near-field coupled plasmonic honeycomb-like lattices and their
unique properties. With the fabrication process established, it is
also possible to investigate smaller-scale arrays, especially with
respect to edge modes[11,41] with the aim of employing the re-
sulting optical effects together with integrated photonic devices.
Wafer-scale fabrication also allows for the accurate fabrication of
large-scale, multilayer structures, enabling additional degrees of
freedom in analogy, e.g., to bi- or multilayer graphene. Also, the
precision of the foundry process can be exploited for the fabrica-
tion of two or more stacked plasmonic metasurfaces with a well-
defined twist relative to each other. Such twisted stacks, known

Figure 6. Simulated (left) and measured (right) reflectance (0th diffraction order) of a hexagonal TiN nanohole array as a function of photon energy
and in-plane wavenumber. k|| was set in parallel with a) the Γ-K line and b) the Γ-M line of the first Brillouin zone. The nanoholes have a center-center
distance of 600 nm and a diameter of 510 nm. See the caption of Figure 4.
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as moiré metasurfaces, have recently attracted interest, showing
several effects as a photonic analogy to twisted bilayers of 2D
materials.[42,43]

In order to efficiently predict the properties of fabricated ar-
rays, further refinement, numerical verification, and application
of the tight-binding model is required. We also note that, while
this fabrication process makes use of well-established deposition
and etching processes for TiN, which results in vertical sidewalls
and low roughness, TiN is known to exhibit strong damping com-
pared to several other CMOS-compatible metallic materials such
as, e.g., aluminum and it would be interesting to apply this fabri-
cation process to aluminum and leverage its superior plasmonic
properties for applications.

4. Experimental Section
The nanotriangle array was dry etched into a layer stack of 150 nm of

TiN on 200 nm of SiO2 on a silicon substrate, in a slightly modified version
of IHP’s silicon-germanium electronic-photonic integrated circuit (EPIC)
technology and described elsewhere[24,29,30] The relevant steps and thick-
nesses of the TiN and SiO2 layers were identical to the ones used in our full
foundry process, where TiN nanohole arrays were combined with germa-
nium (Ge) photodetectors for future applications in biosensing.[29] Fabri-
cation of the samples investigated here started from a p-doped (100) Sili-
con (Si) wafer with dopant concentration NA = 1015 cm−3 as a substrate,
onto which a SiO2 layer with a thickness of 200 nm was deposited us-
ing a plasma-enhanced chemical vapor deposition (PECVD) process with
tetraethyl orthosilicate (TEOS) as a precursor. As a next step, a 150 nm
thin TiN film was deposited by DCmagnetron sputtering. Lithography was
performed using a spin-coated positive resist with a thickness of 325 nm,
without anti-reflective coating. After patterning the resist with a deep UV
stepper, the TiN was etched in an inductively coupled plasma reactive ion
etch (ICP-RIE) system using a Cl2/Ar mixture and an etching time of 100
s. This etching time exceeded the minimum time required for the etching
of the full TiN layer (70 s). As a result, the hole diameters were slightly
increased to the point where the holes touch in hexagonal arrays with a
pitch of 600 nm and nominal hole diameter of 510 nm, leaving behind the
triangular islands of TiN, as shown in Figure 1c).

Vertical-incidence reflectance of the samples was studied by Fourier
Transform Infrared Spectroscopy using a Bruker Vertex 80 with Bruker Hy-
perion 2000 microscope. Grazing-incidence reflectance was measured in
a PerkinElmer LAMBDA 1050 UV/VIS/NIR with a total absolute measure-
ment system (TAMS) accessory and an InGaAs detector. Reflectance was
measured for both TE and TM polarization in a wavelength range of 400–
2500 nm.

5. Modeling and Simulation

The FEM simulations in COMSOL Multiphysics[44] were per-
formed with the Electromagnetic Waves model in the frequency
domain. To reduce the computational domain, exploiting the
symmetry of the system, the simulated structure consists of the
unit cell of the nanoantenna array. All refractive index data was
taken from measured experimental values. We simulated with a
triangular mesh with an average quality factor of 0.63. For the
simulation of arrays, the structure was illuminated with a linear
polarized source (E||x), and we applied Floquet boundary condi-
tions in the lateral dimensions in order to match experimental
data. For the simulation of individual triangles, we applied scat-
tering boundary conditions.
We use FDTD simulation[45] both for additional modeling of

the polarizability of single nanotriangles along with FEM and for

the simulation of infinite arrays. For all simulations, we worked
with a uniform 2 nmmesh and uniaxial perfectly matched layers.
Permittivity data for Si and SiO2 were supplied with the software
tools, and we used a dispersive model extracted from our own
data for TiN.
We model the dispersion of the honeycomb lattice with the

rigorous coupled wave analysis (RCWA).[46] We consider a maxi-
mum order of 12 for the discrete 2D Fourier series in spatial fre-
quency. We use literature permittivity data for Si[47] and SiO2,

[48]

and inhousemeasured permittivity data for TiN. TiN permittivity
spectra can be found in Figure S2 (Supporting Information).
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