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Abstract

Dramatic fluorescence enhancement in two-dimensional (2D) van der Waals materials (vdWMs) coupled to plasmonic
nanostructures has the potential to enable ultrathin, flexible, and high-brightness illumination devices. However,
addressing the limitation of locally scattered small plasmon-enhanced areas remains challenging. Here, we present a
2D plasmonic enhancement of photoluminescence (PL) spanning nearly 800 um? enabled by surface lattice
resonance (SLR) in a 2D vdWM-Au slot lattice hybrid. The Au slot lattice is designed and fabricated using Babinet's
principle and Rayleigh’s anomaly to maximize radiative decay rate and induce non-local photo-excitation in a MoSe,
monolayer. For emitted PL coupled with SLR, enhanced by up to 32-fold, we investigate its in-plane directivity and
long-range propagation using angle- and space-resolved spectroscopic PL measurements. Our experiment reveals
that a nearly 800 um? 2D luminescent sheet can be achieved regardless of the size of the MoSe, crystal, even with a
sub-um? flake. This work provides a new type of ultrabright, large-area 2D luminescent material, suitable for a range of
optical illumination, communication, and sensing devices.

Introduction

Since the first observation of direct bandgap photo-
luminescence (PL) in two-dimensional (2D) van der
Waals materials (vdWMs), they have attracted significant
attention as promising candidates for bright and energy-
efficient illumination devices'~>. Recent advancements in
the growth technology of vdWMs have enabled the fab-
rication of high-quality, large-area crystals, even reaching
up to wafer scale*®. In addition, with their atomically
thin, sub-nanometer thickness, vdWMs exhibit an emis-
sion power per unit volume that far surpasses that of
commercialized light-emitting devices. This extraordinary
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quantum property presents significant potential for next-
generation ultrathin, foldable, large-area displays, espe-
cially for smart phones and watches’”. Despite these
advantages, the industrial application of vdWMs is ham-
pered by their intrinsically low quantum yield, in contrast
to successfully commercialized quantum dot light-
emitting diodes (QLEDs) and organic light-emitting
diodes (OLEDs)'*12,

Recently, to improve fluorescence quantum vyield,
vdWMs-plasmonic nanostructure hybrids have been
extensively studied across various platforms'*~'”. By
exploiting the Purcell effect in these hybrids, the radiative
recombination rate of excitons is significantly increased,
resulting in PL enhancement. However, since the Purcell-
enhancement mechanism originates from the modified
permittivity in nanostructured plasmonic metals and their
localized plasmons, the local enhancement region is lim-
ited to just a few tens of nanometers squared'®. Conse-
quently, most vdWMs-plasmonic nanostructure hybrids
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cannot serve as effective surface sources of luminescence,
failing to fully exploit the potential of 2D vdWMs.
Moreover, in many cases, the field localization and max-
imum Purcell enhancement spots of plasmonic nanos-
tructures are located on the embossed surfaces of metals,
leading to unavoidable ohmic losses in vdWM emit-
ters'”~>". Therefore, a new type of vdWMs plasmonic
nanostructure hybrid that enables large-area lumines-
cence enhancement over a 2D surface with minimal
energy loss is highly desirable.

In this work, we demonstrate a significant 2D plasmonic
enhancement of PL emission over an area approaching
800 um?, achieved through surface lattice resonance (SLR)
in a vdWM-Au slot lattice hybrid. By employing Babinet’s
principle and Rayleigh’s anomaly in the design of the Au
slot lattice, we maximize the radiative decay rate, minimize
ohmic energy loss, and induce non-local photo-excitation in
a MoSe, monolayer (ML). We observe up to a 32-fold
enhancement in PL measurements and examine its in-plane
directivity and long-range propagation through angle- and
space-resolved spectroscopic PL measurements. Notably,
our study demonstrates that a nearly 800 um?* 2D lumi-
nescent sheet can be achieved regardless of the size of the
MoSe, crystal, even with sub—pm2 flakes. We believe that
this work introduces a novel class of ultrabright, large-area
2D luminescent materials, with potential applications in
optical illumination, communication, and sensing devices.

Results
MoSe;, ML-slot lattice hybrid for large-area PL
enhancement

Figure la shows a conceptual illustration of a MoSe,
ML coupled to the Au slot lattice. The lattice structure
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with slot antennas of size 25 x 80 um” was prepared by
e-beam lithography on an Au layer deposited onto a SiO,
substrate, and an exfoliated MoSe, ML was subsequently
transferred onto it. When we excite the antenna-vdWM
hybrid with a linearly polarized continuous wave laser (A
= 594 nm), strong field localization at each slot antenna is
induced by the localized surface plasmon resonance
(LSPR) effect. Subsequently, the scattering of localized
fields at slot antennas produces diffracted waves on the
2D lattice plane. In addition, surface plasmon polaritons
(SPPs) at the lattice produce strong surface fields through
constructive interference. Hence, the resulting SPP-
assisted SLR facilitates a drastic field enhancement over
the 2D area®??. This SLR then couples with the vdWM
exciton PL and spreads out widely over the 2D surface,
enabling a large-area PL enhancement with the local
optical excitation. This is a distinctive advantage of the
SLR-enhanced PL approach, compared to the previous
local PL enhancement approaches using the LSPR effect
of single plasmonic antennas.

In Fig. 1b—d, we show illustrations for the expected PL
intensity (Ipr) distributions on a MoSe, ML coupled with
a single rod antenna (b), a single slot antenna (c), and a
slot lattice (d). Based on Babinet’s principle, the dis-
tribution of field localization shows complementary
behavior for the rod and slot antenna®*~*°. For the rod
antenna-coupled vdWM hybrid (Fig. 1b), the direct con-
tact between the crystal and the metal surface at the
antenna mode causes ohmic energy losses, giving rise to
PL quenching””*®, By contrast, for the slot antenna-
coupled vdWM hybrid (Fig. 1c), the localized optical field
at the slot antenna mode can efficiently excite the excitons
of the MoSe, ML, leading to larger PL enhancement.

pro

optical fields in a slot lattice for large-area PL enhancement
(.

Fig. 1 MoSe;, ML-slot lattice hybrid for large-area PL enhancement. a Conceptual illustration of SLR-enhanced PL of the MoSe, ML on the Au slot
lattice. b, ¢ Comparison of the expected PL intensity (/».) enhancement for a MoSe, ML on a rod (b) and a slot (c) antenna. d Expected SLR-enhanced
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Fig. 2 Design and characterization of a single-rod and slot antenna. a, b Simulated field distributions for the designed rod (a) and slot (b)
antenna under the optimal excitation polarization (yellow). ¢ Simulated transmittance spectra of the antennas exhibiting Babinet's principle.
d, e Simulated distribution of radiative decay rate enhancement (y,.4/yo) for the in-plane emitters distributed at the rod (d) and slot (e) antenna.
f, g Horizontal line traces of a radiative (green) and nonradiative (black) decay rate enhancement at the center of the rod and slot antenna, derived
from (d) and (e), respectively. h, i Measured PL spectra of a MoSe, ML coupled to the rod (h) and slot (i) antenna for different excitation polarization
(Peyo) conditions

Furthermore, by extending it into an optimal slot lattice
(Fig. 1d), the emitted PL coupled with SLR is distributed
over a wide 2D area.

Design and characterization of a single-rod and slot
antenna

Before the design and fabrication of the Au slot lattice,
we first design, fabricate, and characterize the optimal
single rod and slot antennas. Specifically, we design
complementary rod and slot antennas with dimensions of
30 nm in width and 120 nm in length. The optimal height
slightly varies, with the rod antenna set at 40 nm and the
slot antenna at 30 nm. These dimensions are chosen to
achieve spectral resonance, overlapping with the PL
spectrum of a MoSe, ML (1.48-1.64eV). Figure 2a, b
shows the simulated optical field distribution in the yz
plane (y-axis along the longitudinal axis of both antennas)
for the rod and slot antenna at the excitation photon
energy of 1.96 eV. To maximize field enhancement, dif-
ferent excitation polarizations are set for each antenna.
Specifically, polarization is aligned parallel to the long-
itudinal axis for the rod antenna and parallel to the
transverse axis for the slot antenna. Following Babinet’s
principle, the complementary rod and slot antennas
exhibit a similar energy range in optical resonance
(Fig. 2c), despite differences in their field distribu-
tions®**°. A slight deviation in resonance energy is

observed due to the finite thickness of the rod and slot
antennas, as well as the plasmonic effects of gold, causing
deviations from the ideal conditions assumed by Babinet’s
principle. However, the strong spectral overlap and
complementary spatial distributions of the enhanced field
suggest that Babinet’s principle remains robustly applic-
able to our system. The optical fields of the rod antenna
primarily localize at the corners of the Au rod. Conse-
quently, the close proximity of the metal surface to the 2D
semiconductor can reduce the radiative decay rate due to
ohmic energy losses. Conversely, the localized optical
fields at the slot predominantly distribute across the
suspended MoSe, ML, facilitating effective coupling to
excitons and resulting in a high radiative decay rate.

We then simulate the maps exhibiting the increased
radiative decay rate (y..q4/yo) for in-plane dipole emitters
positioned near the rod and slot antennas, as shown in
Fig. 2d, e (see Figure S1 for corresponding nonradiative
decay rate (Vnonrada/Yo) maps). The emission energy of the
emitters is set to 1.57 eV, tailored for exciton resonance
within the MoSe, ML. Line profiles of y,.q/yo (green) and
Ynonrad/Yo (black), derived from these maps, along the
longitudinal axis of the antennas are shown in Fig. 2f, g.
We confirmed that free-standing dipole emitters posi-
tioned at the slot antenna exhibit a quantum yield more
than 2 times larger than those positioned at the rod

antenna, attributed to smaller ohmic losses. For
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experimental validation, we acquire excitation polariza-
tion (Pey.)-dependent PL spectra for the MoSe, ML
placed on the rod and slot antennas, respectively. Under
optimal P, condition for each antenna (blue), the MoSe,
ML shows PL signals >2 times stronger when using the
slot antenna compared to the rod antenna, as shown in
Fig. 2h, i, owing to reduced PL quenching effects.

Surface lattice resonance characteristics of the Au slot
lattice

We then design, fabricate, and characterize the Au slot
lattice to collectively couple the multiple slot antennas,
eventually to exploit it for the large-area PL enhancement
of the MoSe, ML. Figure 3a shows the scanning electron
microscope (SEM) image of the fabricated Au slot lattice
with a period of 400 nm. When plasmonic antennas are
arranged in a lattice configuration, they act as coupled
dipoles and exchange energy. Figure 3b illustrates the
generation of LSPR and SPPs at a single slot structure
(top) and subsequent creation of SLR at the slot lattice
(bottom) as a consequence of their interaction. Specifi-
cally, when a single slot antenna is optically excited, LSPR
induces field localization at the slot, while SPPs launched
from the slot propagate and decay within a limited
range”. In contrast, when the slot antennas are periodi-
cally arranged and optically excited, the counter-
propagating SPPs launched at different slots con-
structively interfere on the lattice plane, forming a 2D
standing wave of SPPs’’. When the anti-nodes of the
resulting standing wave mode are periodically matched to
the LSPR spots (slots), the coupling between SPPs and
LSPR gives rise to a large-area field enhancement over the
slot lattice, known as the SLR effect®' ~**, Figure 3c shows
the simulated optical field distribution on the slot lattice,
demonstrating the coherent non-local field enhancement
by SLR, differentiated from the field localization in the
single antennas (Fig. 2a, b).

In the presence of SLR, the polarizability of each
antenna is significantly increased, resulting in an effective
polarizability aee=1/(1/a — S)***°. Here, a represents
the polarizability of an individual antenna, and S denotes
the dipole sum, which is determined by the cumulative
contribution from surrounding antennas, including their
respective distances, angles, and orientations, in addition
to the incident optical field. As a.¢ increases, the extinc-
tion cross-section also increases, giving rise to enhanced
light-matter interaction across a wide range’*””. To
determine the optimal a.g inducing resonant coupling
between the lattice and the MoSe, ML, we calculate the
field intensity (|E,|*) as functions of the period (p) and
wavelength (1) for slot and rod lattices, as shown in Fig.
3d, e (see SI Section 2 for length- and thickness-
dependent field intensity and transmittance spectra for
slot and rod lattices). In lattice structures, Rayleigh’s
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anomalies (RAs) also significantly influence SLR proper-
ties’*?”. We indicate the plasmon resonance (black line)
and RAs (white lines), A, ,,) = ﬁ p, where n, is the

refractive index of a medium (ny;=1) and (1, m) are
integers defining the diffraction order, in the contour
plots of Fig. 3d, e. Through strong coupling between
plasmons and RAs, spectrally detuned p-dependent SLR
energies are observed’” as shown in Fig. 3d. This
resonance splitting behavior is not observed for the
complementary rod lattice due to the weak interaction
between the plasmons and RAs (Fig. 3e). We attribute the
strong SLR feature in the slot lattice to the interference of
SPPs on the Au surface, a factor absents in the rod lattice,
indicating the advantage of this platform for enhancing PL
signals of 2D vdWMs in a large area.

We then calculate dispersions of the slot Ilattice
(p =400 nm), exhibiting anti-crossing curves resulting
from the interaction between two dispersive SPPs and a
non-dispersive LSPR, as shown in Fig. 3f (see SI Section 3
for details of the model). This expected feature is well-
measured in our angle-resolved reflectance spectroscopy
experiment, as shown in Fig. 3g. Note that a ~1 nm thick
polycarbonate film coated on the slot lattice to reduce the
PL quenching of the MoSe, ML causes a slight redshift of
the lattice resonance (see SI Section 4 for more details). A
thicker dielectric layer would more effectively prevent PL
quenching. However, the primary focus of our work is to
investigate the coupling properties between SLR and
excitons, even though there is PL quenching, we employ a
thin dielectric layer. This observed angle dependency is
clear evidence of the induced SLR in our fabricated slot
lattice (see SI section 5 for more results of control
experiments). Note that a dark mode emerges at k=0
with an energy of ~1.9 eV, probably originating from the
non-radiative and coherent nature of bound states in the
continuum (BIC) in the nanostructure®. We believe that
exploring BIC-PL coupling would be an interesting
direction for future study. Figure 3h shows the reflectance
spectrum at k,/k=0.38, extracted from Fig. 3g. The
narrow linewidth of SLR (~65meV), compared to the
linewidth of LSPR (generally >200 meV), indicates the
low-loss plasmonic system, in terms of damping,
dephasing, and absorption®'~**, Thus, the 2D vdWM-slot
lattice hybrid can address the existing challenges asso-
ciated with low-Q plasmonic systems while facilitating
enhanced light-matter interactions in a large area.

Large-area ultrathin 2D luminescent sheet enabled by
surface lattice resonance

Figure 4a shows the angle-resolved PL spectra of the
MoSe; ML on the Au slot lattice, measured along the k,
direction, exhibiting emission behaviors affected by SLR
(see SI Section 6 for kj-resolved PL spectra). In this
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Fig. 3 SLR characteristics of the Au slot lattice. a SEM image of the fabricated Au slot lattice. Effective polarizability aef is induced by the dipole
coupling of periodically arranged slot antennas, while each individual antenna has a polarizability a. b Illustrations of LSPR and SPPs in a single slot
antenna (top) and SLR in a slot lattice (bottom) resulted from the coupling between the LSPR and counterpropagating SPPs. ¢ Simulated nonlocal
field distribution on the slot lattice attributed to the SLR. Pe,c aligns parallel to the x-axis (yellow). d, e Calculated field intensity as a function of the
period (p) and wavelength (A) for slot (d) and rod (e) lattices. Rayleigh’s anomalies (RAs) are indicated by white lines, and plasmon resonance is
indicated by black lines. f Simulated SLR dispersion (solid lines) for the fabricated Au slot lattice, attributed to the coupling of SPPs (dotted lines) and
LSPR (dotted lines). g Measured angle-resolved reflectance spectra for the slot lattice. Polarizations for excitation and detection on the slot lattice are
indicated in the top-right corner. h Reflectance spectrum at k,/k = 0.38, extracted from Fig. 3g, showing sharp SLR and broad LSPR peaks
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measurement, excitation polarization (E.,) is aligned
along the diagonal axis, while detection polarization (Ege)
is along the «x or y axis, as shown in Fig. 4a. At ky/k= +
0.56, the SLR matches with the PL peak energy (1.57 eV),
resulting in significant PL enhancement, as shown in Fig.
4a—c. On the other hand, in the angle-dependent PL
measurement along the k, direction, a slightly weaker PL
enhancement is observed at k,/k= +0.35 (Fig. S6). This
difference arises from the geometric anisotropy of the slot
lattice, leading to different standing wave modes of SPPs
in the x and y directions. Furthermore, LSPR of the slot
lattice is more effectively induced along the x-axis, facil-
itating efficient LSPR-SPP coupling and resulting in sub-
stantial PL enhancement.

SLR-induced PL enhancement is affirmed through
experimental comparison of PL spectra of MoSe, ML on
SiO,, at Au, and Au slot lattice. As shown in Fig. 4d, PL of
MoSe, ML on Au substrate typically undergoes intensity
reduction, peak redshift, and linewidth broadening com-
pared to MoSe, on a SiO, substrate due to the following
reasons: enhanced non-radiative energy transfer, changes

in the dielectric environment, charge transfer, and possi-
ble strain effects. Despite these collective factors modify-
ing the optical properties, emitted PL coupled with SLR
shows ~32-fold enhancement compared to the PL on the
Au surface, as shown in Fig. 4e.

The standout characteristic of the 2D vdWM-slot lattice
hybrid is the remarkable long-range propagation of the
emitted PL across a substantial 2D area enabled by SLR.
In our sample configuration, half of the MoSe, ML resides
on the Au slot lattice, while the other half rests on the flat
Au surface, as shown in Fig. 4f (See SI Section 7 for optical
microscopy and atomic force microscopy images of the
sample). To quantify the propagation length of the
emitted PL, we maintain a fixed local excitation spot (PL
generation area in Fig. 4f) on the sample and measure the
PL signal by scanning the detection lens as a function of
distance (d) from the excitation spot along the +x and +y
axes, as illustrated in Fig. 4g. The local PL generation area
is estimated to be ~550 nm in diameter, using a high NA
(0.8) objective lens. The spatial resolution of the detection
setup is also ~550 nm, employing the same objective lens
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with confocal optics. Typically, in-plane excitons in 2D
semiconductors exhibit short diffusion length with an
emission direction perpendicular to the 2D surface™ .
On the other hand, the emitted PL coupled with SLR
propagates across the 2D plane with distinct direction-
ality, as also confirmed in the angle-resolved PL mea-
surement (Fig. 4a). Therefore, we can significantly extend
the PL emission area in our 2D vdWM-slot lattice hybrid.

Figure 4h-k shows the measured PL intensity as a
function of distance d along the +x and *y axes from the
PL generation area spot (See SI Section 8 for measured PL
spectra as functions of distance d). The strong SLR effect
in our slot lattice with the dominant resonance char-
acteristics along the x-axis (Fig. 4h, i) facilitates longer PL
propagation lengths compared to those along the y-axis
(Fig. 4j, k). For comparison, we also performed the same
propagation experiment with the MoSe, ML on an Au
substrate (SI Section 9). Notably, we suggest that a small
piece of vdWM, approximately at the diffraction limit,
may be used instead of a larger-size crystal to achieve this
2D luminescent sheet. This is supported by our findings,
which demonstrate that the emitted PL coupled with SLR
can propagate over long distances on the slot lattice, even
in the absence of the MoSe, ML (Fig. 4i).

In addition, PL propagation is observed on the flat Au
surface without the slot lattice, extending up to several
micrometers, as shown in Fig. 4k. Based on our

2268 | Light Sci Appl | 2025 | Vol 14 | Issue 8

experimental data, we estimate and indicate the PL
emission area in the optical microscopy image (Fig. 4f).
Assuming full coverage of the slot lattice, the emission
area is ~800 um? calculated using (dpmp)z, where dpyop
represents the measured PL propagation distance along
+x axis. This represents a new type of 2D luminescence
device covering a large area, with local excitation at the
diffraction-limit scale. Notably, achieving this 2D lumi-
nescent sheet does not require a large-sized 2D semi-
conductor. Instead, a small piece of vdWM crystal,
approximately at the diffraction limit, suffices since this
unique feature is facilitated by the long-range propagation
of emitted PL on the slot lattice. This platform has the
potential to be utilized in energy-efficient 2D illumination
devices suitable for integration into portable electronics,
such as smartphones and smartwatches. Multiple colors
or white light illumination in these devices can be easily
achieved using various pieces of vdWM crystals. In
addition, by designing and fabricating diverse slot lattice
structures, a range of optical devices, e.g., waveguides,
splitters and couplers, multiplexers, and focusing devi-
ces’® ™!, can be fabricated, enabling optical integrated
circuits and communications. Another intriguing aspect
of our device is the ability to control the ballistic transport
of electrically-neutral photons, facilitated by the direc-
tionally propagating characteristics induced by SLR.
Consequently, this approach has the potential to address
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heating problems in electronic devices, particularly in this
era of semiconductor miniaturization, by substituting
electrons with non-electrically controllable photons.
Furthermore, by utilizing the generated luminescent
sheet, it becomes feasible to engineer expansive 2D
fluorescence resonance energy transfer (FRET) devices
tailored for swift chemical and biomedical sensing
applications®>”*,

Discussion

In summary, we achieve a ~800 um” 2D luminescent
sheet enabled by an Au slot lattice vdWM hybrid. By
converting a rod antenna into an inverted slot antenna, we
address the challenges of plasmonic antenna coupled
vdWMs, specifically reduced ohmic loss and non-
radiative decay enhancement. We then scale up to the
slot lattice to induce the non-local photo-excitation of the
coupled MoSe, ML and long-range PL propagation. We
validate the high in-plane momentum of the emitted PL
coupled with SLR, and the extended PL emission area is
measured as ~800 um?, even beyond the MoSe, ML flake.
This work provides a significant step towards the next-
generation optoelectronic devices, not only limited to
ultra-bright wide displays, but potentially extended to
quantum optical transportation applications with long
coherence time and distance by coupling with optical
communication devices.

Materials and methods
Fabrication of the Au slot and rod antenna lattices

The rod antenna was fabricated by using a high-
resolution electron beam lithography (EBL) system on a
SiO, substrate. First, the 250 nm-thick MMA (Micro-
chem, MMA (8.5) MAA EL-8) positive tone resist was
spin-coated (5000 rpm, 60s) on the SiO, substrate and
baked at 150°C for 5min on the hotplate. Then, the
60 nm-thick PMMA (Microchem, 950 PMMA A2) posi-
tive tone resist was spin-coated (2000 rpm, 60s) on the
MMA layer and baked at 180 °C for 5 min on the hotplate,
leaving the MMA/PMMA bilayer structure. Using the
EBL system (Elionix ELS-7800, acceleration voltage:
100 kV, beam current: 100 pA), the designed rod antenna
array was exposed on the MMA/PMMA bilayer with
respective different development rates to define a clear
deposition area by a T-shaped profile after a subsequent
development process. The MMA/PMMA bilayer was
developed in MIBK:IPA = 1:3 solutions at 4 °C for 20 min.
After being rinsed with IPA for 30s and blown with air,
the developed patterns were deposited with Cr (3 nm) and
Au (30 nm) by an electron beam evaporation (KVT KVE-
ENS4004), followed by the standard lift-off process. The
slot antenna was fabricated by using a high-resolution
focused ion beam (FIB) milling system on a 30 nm-thick
Au layer, which is ready on the SiO, substrate. First,
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30nm Au was deposited on the SiO, substrate by the
electron beam evaporation system (KVT KVE-ENS4004).
Then, the FIB milling system (Helios G3 CX, acceleration
voltage: 5kV, beam current: 1 pA) carved slot antenna
arrays on the Au layer by drawing lines with the length of
the designed slot antenna.

Fabrication of the MoSe, ML-plasmonic structures hybrids

The hybrid of the MoSe, ML and the Au slot antenna
lattice is prepared with a polyethylene terephthalate (PET)
stamp through the dry transfer technique. The thickness
of the MoSe, ML crystal is identified by the optical con-
trast of a microscope image, followed by the detailed
spectroscopic characterization. The MoSe, ML is exfo-
liated onto a silicon substrate with a 90 nm oxide layer. To
fabricate the MoSe, ML on the slot lattice, we employ the
polyethylene terephthalate (PET) stamp to pick up the
MoSe,; ML, ensuring accurate alignment using an optical
microscope. The PET stamp with the MoSe, ML is then
stamped onto the prepared Au slot lattice. The polymer
and samples are heated up to 70 °C for the pick-up and
130°C for the stamp process, respectively. Finally, the
PET is dissolved in dichloromethane for 12h at room
temperature.

Angle-resolved reflectance and PL spectroscopy setup

For angle-resolved reflectance measurements, the sam-
ple was illuminated by white light from a halogen lamp
(AvaLight-HAL-S-mini, Avantes) through an infinity-
corrected 50x microscope objective with NA 0.65 (Plan
Apo NIR HR, Mitutoyo). Reflected spectra were collected
through the same objective in the back-reflection geo-
metry. The back focal plane of the objective was projected
onto the entrance slit of a spectrometer coupled to a
liquid nitrogen cooled CCD camera (Princeton Instru-
ments SP2500+PyLoN), which allowed simultaneous
registration of reflected spectra for all angles within the
collected NA. A spatial filter based on a rectangular
double-slit mask in a 4f optical scheme was used to select
light reflected from the Au lattice array and block
unwanted background. Polarization was selected via thin-
film polarizers placed in the excitation and detection
channels. For PL measurements, the sample was illumi-
nated by 632.8 nm HeNe laser, and angle-resolved spectra
were collected in the same setup with an additional long
pass filter (FELHO0650, Thorlabs) placed in front of the
spectrometer.

PL propagation length measurement setup

The excitation laser (594 nm) was focused onto the
sample using a bottom illumination scheme with a 100 x
objective lens (NA 0.8). The excitation polarization was
set diagonally relative to the slot antenna’s short (x) and
long (y) axes. PL responses were collected at the opposite
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side of the sample by a 100x objective lens (NA 0.8). The
objective lens for the collection was scanned in the x and y
directions by piezoelectric inertia actuators (Thorlabs,
PIA25) while maintaining the focal length from the
sample surface. The PL signals were then directed
through a confocal setup and coupled to a multimode
fiber to transmit signals to a spectrometer (f=328 mm,
Kymera 328i, Andor). An edge filter (600 nm cut off) was
used in the detection line to remove the fundamental
laser. The signals were finally imaged on a thermoelec-
trically cooled charge-coupled device (CCD, iDus 420,
Andor) to obtain PL spectra.
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