Plasmonic Nanogap Tilings:
Light-Concentrating Surfaces
for Low-Loss Photonic Integration
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ABSTRACT Owing to their ability to concentrate light on nanometer [

scales, plasmonic surface structures are ideally suited for on-chip

functionalization with nonlinear or gain materials. However, achieving

a high effective quantum yield across a surface requires not only strong

light localization but also control over losses. Here, we report on a
particular class of tunable low-loss metasurfaces featuring dense

arrangements of nanometer-sized focal points on a photonic chip with

an underlying waveguide channel. Guided within the plane, the photonic
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wave evanescently couples to the nanogaps, concentrating light in a lattice of hot-spots. In studying the energy transfer between photonic and plasmonic

channels of single trimer molecules and triangular nanogap tilings in dependence on element size, we identify different regimes of operation. We show

that the product of field enhancement, propagation length, and element size is close to constant in both the radiative and subwavelength regimes,

opening pathways for device designs that combine high-field enhancements with large propagation lengths.
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ediated by subwavelength interac-

tions with metallic particles, nano-

plasmonic surfaces can alter the
localization and propagation characteristics
of light at interfaces.' > The steady progress in
lithographic® and self-assembly techniques®’
makes it possible to shape metallic surface
elements with increasing precision, reaching
toward sub-nanometer scales.® In the wake of
this technological development, schemes in-
volving coupled plasmonic particle clusters
and arrays have been designed, fabricated,
and studied, exploring their potential to
slow or stop light,>~"" to nanofocus light in
the gaps between or at the edges of the
nanoparticles,'*'® to resonantly transport
energy along particle chains,'® to control
the phase'>~"” and polarization,'®'® and to
refract light at negative angles.'>"”

As research continues to explore nano-
plasmonic surfaces with engineered optical
properties and their functionalization with
nonlinear and quantum gain'®?° materials
as diverse as gases,21 semiconductors,??
dyes,”® and graphene,® there is a growing
gap between the wealth of potential appli-
cations and practical concepts for on-chip
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integration with photonic technologies. In
fact, until now, plasmonic and metamaterial
surfaces are mostly operated out-of-plane,
i.e., by illumination under normal incidence
or evanescent excitation with near-field
microscope tips,>>~%” two well-established
techniques that are convenient to perform,
yet with limited potential for on-chip inte-
gration. Fundamentally, integration with
photonic circuitry requires keeping light
confined and in interaction with the struc-
tured surface, without inducing uncon-
trolled scattering or excessive dissipative
loss. The usual trade-off is that a stronger
confinement of light to the metallic surface
increases attenuation and heat generation
due to Ohmic losses.”®3° Hybrid metal—
dielectric waveguide structures®' 3% offer
one possibility to break the interdependency
of loss and localization, but require careful
design to achieve good loss performance
and compatibility with established photonic
architectures. Furthermore, from a fabrica-
tion and integration perspective, it is highly
desirable to establish a platform where light
waves, guided within a photonic layer, can
be manipulated on subwavelength scales
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using metallic nanostructures on the surface.3®> Such
hybrid platforms may not only provide well-defined
interfaces for on-chip integration of plasmonic devices
(e.g., sensors or spectroscopic elements) with photonic
signal-processing circuits but also offer practical routes
toward active nanoplasmonic components that exploit
the enhanced surface interaction with fluorescent,3®
magneto-optic,?” or nonlinear materials.?'

In this article we report on a particular class of inte-
grated plasmonic surface structures, plasmonic nano-
gap tilings (NGTs), featuring dense lattices of focal
points (Figure 1). To understand the general properties
of plasmonic NGTs, we theoretically study one of the
simplest structures: triangular surface patches of fixed
orientation arranged in a triangular lattice. The chosen
combination of shape and lattice was guided by our
aim to concentrate light in a dense array of hot-spots to
achieve a strong enhancement of the surface fields.

The surface structure is fully characterized by the
pitch L = a+/3/2, given by the projection of lattice
vectors 51 and 52 in the propagation direction, the
gap G, and the element corner rounding of diameter D
(Figure 1a). The triangular NGTs borrow symmetry and
light-enhancing properties from the trimer molecule.
As shown in Figure 1a, both the C3, symmetry of the
molecule and two sets of directional axes of excitation
(+z and —2z) are retained in the assembled 2D tiling
(Figure 1c).

We consider 30 nm thick silver (Ag) structures on top
of a planar dielectric stack consisting of a silicon oxide
(SiO,) substrate, a planar w = 220 nm thick silicon (Si)
waveguide, and a SiO, buffer layer of tunable thickness
b (Figure 1b). To maintain the lateral mode profile, we
operate at a fixed wavelength of 1, = 1550 nm where
the guiding Si layer supports only the fundamental
transverse electric (TE) and magnetic (TM) modes.
At this wavelength, the complex permittivity of the
silver®® can be approximated by eag = —127 — 3.38i.

RESULTS AND DISCUSSION

Waveguide Integration. To characterize the funda-
mental properties of the hybrid platform, we first study
modes impinging on the interface between the open
(i.e., uncovered) and closed (i.e., metal covered) wave-
guide sections. For TM polarization (Figure 2a), the
mode hybridizes® with the surface plasmon polariton
(SPP) mode at the metal—buffer interface, concen-
trating the energy in the low-index buffer3?~*' As a
consequence, both the mode profiles and the effective
refractive index (Figure 2¢; light blue lines) between
the two sections mismatch strongly, in particular for
b < 10 nm. In contrast, the TE mode (Figure 2b) retains
its photonic character across the discontinuity and,
while being slightly pushed down into the low-index
substrate, experiences a considerably smaller per-
turbation of its profile and a change in its effective
index (Figure 2c; dark blue lines). More specifically, at
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Figure 1. Triangular nanogap tiling made of C3, symmetric
trimer molecules (a) that are densely arranged on the top
of a dielectric stack (b). The TE-polarized photonic field
propagates with 5 = ngk, inside the silicon waveguide (w)
while being evanescently focused into bright spots on the
surface (c). Both the corner diameter of the elements and
the gaps are set to scale with the pitch L (i.e., G=D =L/10).
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Figure 2. (a and b) z-Component of the Poynting vector
for TM (a) and TE (b) mode scattering at the edge of a 30 nm
thick silver layer separated by a SiO, buffer of height b =
50 nm from the Si waveguide. (c) In directly exciting
a plasmonic mode in the buffer, the TM mode experiences
a strong mismatch of effective indices (light blue lines) and
a consistently lower propagation length (light red lines)
than the TE mode (dark lines) for equivalent buffer sizes b.
Dashed lines correspond to the open; solid lines, to the
closed waveguide sections.

b = 50 nm, the effective refractive index mismatch,
Anes, between the open and closed sections for a TE
excitation amounts to —0.1, compared to +0.45 in the
TM case. We also note that the propagation length /y°
of the TE mode is consistently larger than that of the
TM mode and rises strictly exponentially with increas-
ing buffer height (Figure 2c; red lines, right axis).
This exponential behavior at small buffer heights
indicates that, for TE excitation, losses are induced by
the evanescent tail of the mode profile touching the
metallic surface rather than the direct coupling as in the
case of the TM mode. At b= 50 nm, we record a value of
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Figure 3. (a) Schematic of the backward (R; red), forward
(T; blue), top (t; green), bottom (b; orange), and sideways
(s; gray line) scattering channels of a single trimer antenna.
(b) Electric field amplitude in y—2z plane and z—x plane at
positions indicated by the dashed white lines for an isolated
trimer nanoantenna of dimension L = 200 nm. (c) Scattering
cross sections for the various scattering channels (left axis),
absorption cross-section (black line, left axis), and ratio
between scattering/absorption cross sections (dashed line,
right axis).

I5° ~ 134 um, roughly twice as high as the correspond-
ing TM value, confirming that the TE mode not only
features the better matched mode profile but is also
more favorable in terms of dissipative loss.

Trimer Surface Antenna: Scattering Spectra. Field concen-
tration in the focal points is achieved via evanescent
interaction of the guided TE mode with surface ele-
ments. To explore this mechanism, we first consider an
isolated trimer molecule®® (Figure 1a) of individual
element size L. The isolated trimer can be understood
as a plasmonic surface antenna that is evanescently
driven by the photonic field, absorbing and scattering
energy into the various in- and out-of-plane channels
(Figure 3a). Figure 3c shows the scattering and absorp-
tion cross sections associated with the different chan-
nels. The ratio of scattered energy to the absorbed
energy (dashed line, right axis) shows that the absorp-
tion is 5—35 times lower than scattering, as the anten-
na cannot be considered small compared to the effec-
tive wavelength of A¢~ 544 nm. For L < 200 nm, in the
subwavelength regime, the scattering cross sections
are smaller than 0.04L2. With increasing L, the various
scattering cross sections (left axis) rise and peak at
L ~ 350 nm, due to the excitation of localized surface
plasmon resonances (LSPRs). Owing to the strong
refractive index mismatch between the air cladding
and silicon waveguide, the top scattering is weakest
while the scattering to the side achieves the highest
cross-section of just above 0.4L2. Beyond the dipolar
resonance L > 400 nm the scattering cross sections
drop, except those related to the out-of-plane scatter-
ing (channels t and b) that exhibit a characteristic
shoulder. This suggests the presence of another radia-
tive resonance at around L = 500 nm. The exceptional
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Figure 4. (a) Surface field enhancement #© at the four
corner points A (red), B (blue), C (green), and D (orange) in
dependence on buffer height b (for fixed L = 200 nm) and
size L (for fixed buffer height b = 50 nm). (b) Color plots
of Iog(n‘E)) in the z—x plane for L =338 nm, L =338 nm, and
L = 503 nm show the distribution of intensities.

stability of the driving photonic field, even at reso-
nance, is one of the characteristics of TE excitation that
makes this configuration inherently suitable for the
optically driven chip-integrated plasmonic antennas.

Trimer Surface Antenna: Field Enhancement. Despite the
weaker evanescent surface interaction, the TE-polarized
photonic field can lead to strong lateral charge
separation within the metallic surface elements. This
can lead to capacitive coupling in the nanogaps be-
tween the elements, inducing strong fields that peak at
resonance.”*** As shown in Figure 3b, the field con-
centrates on the surface into bright spots at the corners
of the antenna, while the propagating field in the
waveguide below remains mostly unperturbed.

To quantify the achieved light concentration, we
measure the relative surface enhancement, 5, of the
electric field at the different corners of the trimer
(Figure 4a; inset) by dividing the field amplitude aver-
aged over a small volume around the respective corner
by the same surface field without the antenna, ie.,
7P = |E(e)/|Eo| (o = A, B, C, D). The results in Figure 4
give a strong indication that the spot enhancements
are largely independent of buffer height (Figure 43; left
panel), as the evanescent surface field is effectively
funneled into the central focus point A without a
significant perturbation of the mode propagating with-
in the waveguide. With increasing size L, the antenna
(Figure 4a; right panel) becomes resonant (at L ~
338 nm) and the field enhancement at the center posi-
tion increases from 7Y ~ 10 to ¥ ~ 20. The position of
the enhancement peaks (and dips) depends critically
on the position of evaluation. The most distinct fea-
tures are the peaks of 72, 7, and ¥ at around L ~
338 nm, the broad peak of 7%’ at L ~ 383 nm, and the
dip of 7% at around L ~ 503 nm (see markers in
Figure 4a). Figure 4b shows the two resonant states
of the antenna, characterized by a strong lateral charge

DAVIES ET AL. VOL.7 = NO.8 = 7093-7100 = 2013 m¥,,,LWj {\) 7095

WL

WWwWW.acsnano.org



e
[ )
T

o
N
1

R
o o
o 00
T

o —
Ll

<)
)
T
1

o
[oed
T

t
o 9
» o
T
-~ o~
T
o

o
N
T

400 60C
L [nm]

Figure 5. Absorption and scattering coefficients of the
triangular NGT recorded over pitch length L. (a) Absorption
coefficient A of the NGT for in-plane (solid) and out-of-plane
(dashed) excitation; (b) in-plane transmission T (blue) and
reflection R (red) coefficients; and (c) coefficients for out-of-
plane scattering into the SiO, substrate b (yellow) and air
superstrate t (green) and the sum t + b (dashed). The colors
of the lines match those of Figure 3a.

separation (L ~ 338 nm; left panel) and an additional
longitudinal charge separation (L ~ 383 nm; middle
panel). With increasing size L, additional nodal planes in
the longitudinal direction become visible (L ~ 503 nm;
right panel) as a signature of wave retardation. As the
element size becomes comparable to the effective
wavelength of the waveguide mode, the polarizing
electric field changes orientation across the antenna,
exciting higher order (subradiant) modes. This retarda-
tion effect also illuminates the otherwise dark corner
D and causes, in weakening the lateral resonance, a
decrease of the enhancement in the center.

Nanogap Tiling: Scattering Spectra. Having established
how light is focused and scattered by a single trimer
molecule on the surface, we proceed to study the
optical characteristics of the triangular nanogap tiling,
which can be understood as a dense array of coupled
trimer molecules. These structures are of particular
practical interest, as they allow for in-plane excitation
of a dense array of bright spots accessible from the
surface. For the following we chose a laterally periodic
array of N = 25 triangular elements in the propagation
direction. To gain an understanding of the photonic
and plasmonic resonances of integrated NGTs, we
first compare the change of absorption of the tri-
angular NGTs for out-of-plane excitation (via total
internal reflection) and in-plane excitation (from the
waveguide) with varying element pitch L.

Figure 5a (solid black line) shows the calculated
absorption spectrum for in-plane excitation for buffer
and waveguide heights of b =50 nm and w = 220 nm,
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respectively. The absorption spectrum shows two dis-
tinct peaks, marking, as can be seen from the spectra
in Figure 5b, the edges of a transmission stop-band.
To understand the origin of the hybridization in the
waveguide-integrated configuration, we compare the
in-plane absorption spectrum with the absorption of
the NGT under out-of-plane excitation. We place the
NGT on a thick buffer of SiO,, thereby isolating the NGT
from the influence of the silicon layer. To recreate the
same conditions of excitation as for in-plane excitation,
we inject a plane wave from a semi-infinite Si substrate
(prism) below the buffer at an incident angle of 6;,. =
arcsin(neg/ns;). At this angle, the injected plane wave
experiences total internal reflection at the Si/SiO,
interface and can evanescently couple to the surface
tiling only with an in-plane projection of the wave
vector that precisely matches the propagation con-
stant 5 = negko of the waveguide mode. The result,
plotted as a dashed line in Figure 5a, shows a single
broad plasmonic resonance at around L =~ 340 nm
centered between the two in-plane absorption peaks.
The splitting of the plasmonic resonance and the
emergence of a transmission stop-band is a result
of the interaction between the plasmonic resonances
of the tiling with the propagating mode in the wave-
guide. When the trimer molecules are coupled in a
dense array, the LSPRs couple to a plasmonic band
that supports propagation of SPPs along the chain of
nanoparticles.' The mutual coupling of the propagat-
ing plasmonic and photonic modes leads to the for-
mation of waveguide—plasmon polaritons, which, due
to the strong coupling (low buffer height), anticross
at the point where the frequencies and k-vectors of
the plasmonic and waveguide modes match.*® As a
consequence of the mode hybridization, the observed
mode splitting increases with decreasing buffer size as
the coupling parameter between the waveguide and
the surface plasmonic modes becomes exponentially
stronger.

A fundamental difference between in-plane and
out-of-plane excitation concerns the number of avail-
able scattering channels. While plane-wave ATR spec-
troscopy measurements record energy transfer into
absorption (A), transmission (T), and reflection (R) chan-
nels, one must, for integrated designs, also consider the
scattering into the superstrate (t; top) and the substrate
(b; bottom). In Figure 5b/c we show the scattering
coefficients of the triangular NGT over L in the range
200 to 650 nm. With the structure becoming resonant to
the effective wavelength (L 2 Aeq/2), it acts as a plas-
monic crystal.**~*® Both plasmonic and photonic scat-
tering are mediated by the triangular lattice of the NGT.
In the propagation direction, the projections of the
incident wave vector (the propagation constant 3) on
the reciprocal lattice vectors (51 and 52) are equal. The
k-matching condition ks = § - m2s/L dictates that the
in-plane projection of the scattered wave vector equals
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the incident wave vector 3 plus multiples m of the
effective lattice vector 27/L. Using ks = ngko sin(6s)
we associate ks with the scattering angle 6; relative
to the surface-normal and the refractive index ns of
the scattering channel. Resolving this condition with
respect to L gives
Ao

L=m Nt — Ns Sin(6s) @

Apart from the plasmonic stop-band between Lp,
and Lp, (Figure 5a), there are two more stop-gaps
(at Lg; and Lg,) in the spectrum (see Figure 5b), which
can be explained by resonant backscattering. Setting
0s = —m/2 and ng = nein eq 1 gives L = mAo/(2nes), the
Bragg conditions for the first- and second-order (m=1, 2)
reflection peaks at Lg; ~ 280 nm and Lz, ~ 559 nm,
which are in excellent agreement with Figure 5b. In
contrast, out-of-plane scattering into the SiO, sub-
strate (ny = 1.44) and air (n; = 1.0) can occur over the
whole lower and upper half-space. Again using eq 1,
we mark the points for 6, = —m/2 as L. and L. for
scattering to the top and bottom, respectively. We also
note that the second Bragg peak at Lg; ~ 559 nm
always coincides with normal-to-plane scattering into
the substrate and superstrate, reducing the proportion
of energy transmitted into these channels.

Nanogap Tiling: Surface Field Enhancement. Changing
the pitch L of the NGT not only affects the scattering
of energy into the various channels but has a strong
impact on the concentration of energy on the surface
as the plasmonic resonance and localization of fields in
the waveguide change. To investigate the enhance-
ment of fields, we (as before) inject a waveguide mode
into an NGT with N = 25 elements and record the
laterally (along x-direction) averaged intensities on
the surface |Ey(2)|* = |E(y,2)|* and in the center of the
waveguide |E,g(@)|* = |E(ywg2)| To obtain the relative
field intensities on the surface and inside the wave-
guide, we divide by [E” = [E9y,)]> and |Eo* =
[E9ywg)’, the bare intensities without the NGT on
the surface (Figure 6; left panels). Finally, to quantify
the net enhancement of the field, we average the
normalized intensities on the surface and inside the
waveguide along the propagation direction (Figure 6;
right panels). The results show that the normalized
surface intensities peak at the hybrid resonances at Lp,
and Lp,. Both the plasmonic stop-gap and the Bragg
resonances inhibit propagation in the waveguide,
leading to strong attenuation of the fields in the
propagation direction. However, owing to the excita-
tion of SPPs, energy keeps propagating in the form of
SPPs on the surface with less attenuation, leading to an
elevated surface field enhancement in these spectral
regimes (compare Figure 6a and b).

For pitch lengths above the plasmonic resonances,
the surface intensities weaken due to the onset of out-
of-plane scattering. In contrast, below the first Bragg
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Figure 6. Log plots of the laterally (along x-direction)
averaged field intensities (a) at the surface (y = y;) and (b)
in the center of the waveguide (y = y,,4) for an NGT structure
with N = 25 elements. The corresponding longitudinally
averaged intensities are plotted on the right-hand panels.

resonance, in the subwavelength regime, the strength
of the surface intensities settles at an average value
of ~10, while the average intensity in the waveguide
remains ~1 across the length of the NGT. This off-
resonant enhancement of surface intensities can be
attributed to the lightning rod effect,*® which leads to
a concentration of field strength into the focal points
of the NGT without inducing high plasmonic losses.

For functionalization of the surface (e.g., with poly-
mers, dyes, etc.) we are interested in the effective
enhancements of the linear and nonlinear susceptibil-
ities of the material deposited. To find the enhance-
ment for a particular process, we divide the nth power
of the normalized surface field by the normalized
electric field within the waveguide and integrate over
the area of the NGT. For example the effective intensity
enhancement (n = 2) is given by

o _ 1[Iyl

n x dz (2)
eff A |ECX, Yug, 2)|

The fact that we divide the surface intensities at
every point by the intensity in the waveguide under-
neath allows us to eliminate propagation effects such
as attenuation, back-reflection, and standing wave
patterns. This approach is valid as the evanescent
interaction of the waveguide fields with the surface
structure does not involve significant retardation ef-
fects. The so-obtained effective enhancement of the
surface intensity is plotted in Figure 7a (red line)
together with the unitless effective propagation length
Io/L (blue line) over the pitch L. One notices that, in the
off-resonant regime, the per element propagation length
decreases exponentially for decreasing pitch values,
while the effective enhancement of the surface intensity
asymptotically approaches a value of ~10. When the
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Figure 7. (a) Propagation length of the TE mode in the
waveguide (blue line) relative to the element pitch and the
effective surface intensity enhancement (red line). (b) Effec-
tive attenuation cross-section oe¢ = 7%klL (black line) and
the equivalent gain coefficients (green lines) required for
full loss-compensation. The results for gain on the surface
(solid green line) and in the waveguide (dashed green line)
differ due to the impact of the confinement factor and field
enhancement.

pitch approaches the plasmonic resonance of the NGT at
around L ~ 340 nm, the effective propagation length is at
a minimum as the plasmonic stop-gap prevents propa-
gation of the wave. The effective intensity enhancement
is strongest in this regime as the NGT is excited reso-
nantly, leading to high-field concentrations (relative to
the waveguide fields) in the gaps that propagate in the
form of SPPs along the surface. For pitch values larger
than L ~ 400 nm, where out-of-plane scattering dom-
inates, the values of #%and Io/L change only slightly with
the pitch.

Nanogap Tiling: Equivalent Gain. Although the achieved
intensity enhancement in the subwavelength regime
is comparably low, the propagating photonic field
experiences low attenuation and remains in interac-
tion with the NGT. To quantify the trade-off between
field concentration and attenuation, we introduce an
effective attenuation cross-section:

Oett = NloL (3)

which is shown in Figure 7b (black line). Strikingly, this
cross-section is close to constant in the subwavelength
regime (below L = 250 nm) and in the radiative regime
before the second Bragg resonance (L = 400—550 nm).
In these regimes

-1

e =<5 (2) @
which means that the ability of the NGT to concentrate
energy on the surface is proportional to the density
of hot-spots (~1/L%) and the normalized attenuation
(L/1,). This relation is of particular relevance in the con-
text of device functionalization with nonlinear’® and gain
materials.>' 3 As an application, we imagine an active
material deposited on the surface. To fully compensate
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the dissipative and radiative losses, we require an equiva-
lent gain of

1

— (5)
F’?‘e’#/p

Gequiv =

introducing the confinement factor

+ o0
| wewiewr
D=2 (6)
[ aieowr

which quantifies the proportion of energy that interacts
with the gain region (©(y) = 1 in the gain-filled section
and 0 elsewhere). For the given structure we find that
I' ~ 0.0143 for a layer of 30 nm gain medium deposited
on the buffer in between the elements of the plasmonic
NGT. The retrieved equivalent gain values are plotted
asagreen line in Figure 7b. In the subwavelength regime,
where the attenuation cross-section reaches a value
of ~(4—5) x 108 nm? there is a linear increase of the
equivalent gain with L from gequv &~ 150 cm 'at L =
100 NM t0 Gequiy & 300 cm ™" at L = 250 nm. At the first
Bragg resonance (L &~ 270 nm), the gain values peak at
Gequiv ~ 2000 cm ™! before they drop again to values of
only gequiv & 200 cm™ " in the plasmonic stop-gap, where
the propagation constant is lowest but the effective
enhancement highest (see Figure 7a). Beyond the plas-
monic resonances, radiative loss dominates and the field
enhancement is low. This leads to high equivalent gain
values of ~10% cm™' that would be required to com-
pensate attenuation losses. The results illustrate that
loss-compensation in the proposed hybrid structure is
a realistic prospect even in the resonant plasmonic
regime. Finally, we note that using epitaxially grown
InGaAsP-based semiconductor structures, gain can also
be introduced directly into the waveguide structure. In
this case (keeping the geometric dimensions), the con-
finement factor is I ~ 0.82, but there is no plasmonic
field enhancement, resulting in the dashed green line in
Figure 7b. While the required gain for loss-compensation
is generally lower, this is particularly not true in the
regime where the waveguide mode couples to the sur-
face plasmon resonances of the surface.

CONCLUSION

In conclusion, we reported on a new class of low-loss
integrated surface structures, plasmonic nanogap til-
ings (NGTs), which can concentrate light on the surface
of a photonic chip in a dense lattice of bright spots. To
understand their unique properties, we investigated
triangular trimers in an integrated configuration, show-
ing their potential to scatter and concentrate light
on the surface of the chip in dependence of their size.
For the assembled NGT, we identified different regimes
of operation depending on the pitch length: the off-
resonant regime, where the NGT acts as true light-
concentrating metasurface, and regimes dominated
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by in-plane (back) scattering, excitation of plasmonic
modes, and out-coupling of radiation. Using a novel
technique for the extraction of the field enhancement,
we were able to define an effective attenuation cross-
section, which plateaus in the off-resonant and radia-
tive regimes. The equivalent gain required for loss-
compensation on the surface and in the waveguide
illustrates that loss-compensation in these structures
is realistically possible. The triangular structure that
forms the basis of this work is one of many possibilities
to cover a surface with a regular 2D tiling. The chosen
combination of particle shape (triangles) and crystal
lattice (hexagonal) was guided by our aim to concen-
trate light in a dense array of hot-spots on the surface.
Tilings with higher symmetry, such as a checkerboard
tiling (diamonds on a square lattice), are possible but
do not achieve the same surface field enhancement,
as, for a given propagation direction, only half of the

METHODS

Numerical Simulations. All numerical simulations were per-
formed in the frequency domain using the full-vectorial finite-
element method. To calculate the spectra of the isolated trimer
elements, we carried out scattering simulations with COMSOL
using a two-step process: First we solved for the background
field of the waveguide without the antenna using a combina-
tion of port boundary conditions (at the front and back) for
waveguide mode injection, perfect electric conductor (PEC)
boundary conditions (on the left and right), and perfectly
matched layers (PMLs) on top and bottom. The calculation of
the background field was followed by scattered-field calcula-
tions where the antenna was placed onto the waveguide. For
this second step, the PEC boundaries have been replaced by
PMLs, enabling outward propagation of the scattered fields in
all directions to determine the scattered energy flux. For the
simulation of the finite NGT, we performed single-step simula-
tions using JCMwave. Periodic boundary conditions were used
for the sides of the structure to simulate a laterally infinite tiling.
PMLs were used for the continuation of the sub- and superstrate
layers and the continuation of the forward and backward
waveguide stack. The distance of the PMLs from the structure
was chosen to be sufficiently large to avoid spurious back-
reflections and to accurately resolve the out-of-plane energy
flow and the in-plane transmission and reflection coefficients.

The simulations were carried out for perfectly periodic
structures and for a fixed direction of excitation by injection
of a TE waveguide mode along the z-axis. To investigate off-axis
propagation and the impact of imperfections, such as spatially
varying gap sizes or corner radii, one would need to conduct
systematic studies on laterally and longitudinally large (and
finite) structure samples, which are the subject of future work.
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