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ABSTRACT: This paper reports the observation of band-edge
states at the high-symmetry M-point in the first Brillouin zone of
hexagonal and honeycomb plasmonic nanoparticle (NP) lattices.
The surface lattice resonance at the M-point (SLRy,) of a hexagonal
lattice results from asymmetric out-of-plane dipole coupling
between NPs. In contrast to the hexagonal lattice, honeycomb
lattices support two SLR modes at the M-point because of their
non-Bravais nature: (1) a blue-shifted SLRy; from the coupling of
two distinct out-of-plane dipole LSP resonances, and (2) a red-
shifted SLRy;, from in-plane dipole—dipole coupling. By incorpo-

o
K -
r Y A Y »X
° { M e P
o

X

rating organic dye solutions as gain media with Ag NP lattices, we achieved M-point lasing from both hexagonal and honeycomb
lattices. Understanding coupling mechanisms at high-symmetry points in NP lattices with the same geometry but different unit cells
is important to assess the prospects of topological states in plasmonic systems.
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wo- and three-dimensional periodic dielectric structures

known as photonic crystals can display photonic band
gaps."”” These stop bands at high-symmerty points in the first
Brillouin zone of the reciprocal lattices can trap light” in the form
of standing waves" as well as facilitate single-molecule detection
and fluorescence enhancement.”~” Two-dimensional lattices of
plasmonic metal nanoparticles (NPs) can support surface lattice
resonances (SLRs), hybrid collective excitations that form
between the localized surface plasmons (LSPs) of the NPs in the
array and the diffractive photonic modes of the lattice.””'® At the
resonance condition, the SLR mode strongly localizes light at
subwavelength volumes around the NPs and shows long-range
standing wave characteristics at the band edge.'*~"* The optical
band structure of SLRs can be exquisitely engineered by tuning
NP characteristics (size, shape, and material)'*™'* or lattice
parameters (symmetry and periodicity).*~"”

Experimental studies have focused primarily on SLRs
produced by dipolar plasmon excitations in NPs organized
into arrays such as square'’ and hexagonal lattices.'® Lower
symmetry arrays, including rectangular, rhombohedral, honey-
comb, Lieb, and bipartite lattices are of increasing interest
because their non-Bravais lattice geometries can be used to
modify their photonic band structures and near-field coupling
interactions.'”">"*~*! For example, large NP units can exhibit
out-of-plane quadrupolar plasmons that couple to the lattice to
produce hybrid quadrupole SLRs.'>'¥** Moreover, lattices with
the same reciprocal lattice but different unit cells (e.g,
honeycomb and hexagonal symmetries) can produce distinct
SLRs because of the different coupling mechanisms mediated by
their unit cells."”*>** In a honeycomb plasmonic NP lattice, for
instance, the SLR mode at the I point (SLR- at 8 = 0°, k= 0)
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arises from hybridized in-plane dipole/in-plane quadrupole NP
coupling, while the SLRj mode of a hexagonal lattice emerges
from in-plane dipole/in-plane dipole NP coupling.'

Topological edge states in plasmonic systems have the
potential to provide robust transport characteristics while
retaining the high near-field enhancements of LSPs.”*~*
Properties that arise in topological systems, such as unidirec-
tional chiral edge states, are closely related to the interplay
between lattice symmetry and the wave function response at
each lattice site.””>* While studies have indicated the existence
of topological edge states at the I' point of honeycomb
lattices,””>** topological effects are also possible at other
high symmetry points. For example, breaking the mirror and
inversion symmetry of a honeycomb lattice by varying NP sizes
in a 2-NP unit cell can introduce topological states at the K point
of the lattice.”*° In order to design lattices that support
topological effects, an understanding of different high symmetry
points is necessary. Although hierarchical hybridization and
lasing at T' points,"” dispersion relations along the I'—M
direction,”® and lasing at K points of plasmonic honeycomb
lattices has been reported,”” characterization of lasing at the M-
points of plasmonic honeycomb lattices has received limited
attention.
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Here we show that Ag NPs in hexagonal and honeycomb
lattices can support SLRs at their M-points (SLRy). In
hexagonal lattices, SLRy; is formed from asymmetric, out-of-
plane dipole—dipole coupling between NPs. In contrast, the
non-Bravais nature of the honeycomb lattice (i.e., a two-NP unit
cell on a hexagonal lattice) results in two SLRy; modes at its M-
point. We found that the two SLRy; modes (M1 and M2) can be
attributed to dipole—dipole coupling between NPs. The shorter-
wavelength M1 mode results from two different out-of-plane NP
dipoles coupled with each other, while the longer-wavelength
M2 mode is from in-plane dipole/in-plane dipole NP coupling.
The M-point modes can support lasing emission around 60°
relative to surface normal when the hexagonal and honeycomb
plasmonic NP lattices are combined with liquid gain. This work
demonstrates how NP lattices with the same geometry but
different numbers of NPs per unit cell can exhibit distinct optical
properties at off-normal, high symmetry points.

Figure la depicts Ag NPs arranged in a hexagonal lattice on a
fused silica substrate (NP spacing a, = 400 nm, diameter d = 60
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Figure 1. M-point band-edge state in a plasmonic hexagonal lattice. (a)
SEM image of fabricated hexagonal lattice (a, = 400 nm) of Ag NPs
with 60 nm diameter and SO nm height. (b) Reciprocal space of
hexagonal lattice with the 1st BZ. (c) Simulated (left) and measured
(right) dispersion diagram for the lattice in (a) along the '-M
direction under TM-polarized light. The white dashed lines indicate the
light-cone in air.

nm, and height & = S0 nm) patterned by SANE (solvent-assisted
nanoscale embossing)’” and the PEEL process (photolithog-
raphy, etching, electron-beam deposition, lift-off).*** Figure 1b
denotes the reciprocal lattice of a hexagonal lattice (blue dots),
where the gray hexagon represents the first Brillouin zone (BZ),

E}: is a reciprocal vector, and 7C_IT the in-plane wavevector along
the I'=M direction. The simulated and measured optical
dispersion diagrams of Ag NPs in a hexagonal lattice along the
I'—M direction are in excellent agreement (Figure 1c). The

photon energy (E) is defined as E = %la + Tll)l’ where h is

Planck’s constant, ¢ is the speed of light, and n the refractive
index surrounding the NP lattice. Under transverse magnetic
(TM) polarized light, the (001) and (0—10) diffractive modes
are degenerate (black dashed line, Figure 1c). At the M-point (
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), E is at a local minimum and its group velocity

approaches zero (g—: ~ 0). The plasmon mode at the M-point,

SLR,;, emerges at an incident angle of = 60° and a wavelength
of 582 nm (E = 2.13 V) in the simulated dispersion diagram.

The measured and simulated transmission spectra of Ag NP
lattices at the M-point show that the calculated SLR), spectra has
a deeper resonance than experiment (Figure 2a). The lower
intensity of the measured spectra is likely from fabrication
imperfections related to NP uniformity. We used finite-
difference time-domain (FDTD) simulations to calculate the
near-field distribution and phase maps at the SLRy; mode in a
hexagonal lattice (Methods). At the SLRy;, the electric field
intensity plots show that the strongest field enhancement occurs
at the diagonal corners of the NPs in the x—z plane (Figure 2b).
The charge distribution plot also shows accumulation at the NP
diagonal corners due to the off-normal excitation of the SLRy
mode, where the electric field vectors point away from the NPs,
consistent with an out-of-plane dipole excitation (Figure 2c).
The calculated phase maps show an alternating & phase change
between NPs in the x—y plane and signatures of a standing wave
along the y direction (Figure 2d).

SLR modes at the I" point can provide optical feedback for
plasmon nanolasin§ with emission normal to the surface of the
NP array (6= 0°).">">"* To determine whether the SLRy; mode
could support lasing action, we constructed nanolasing devices
by surrounding hexagonal Ag NP lattices on silica with liquid
gain (20 mM of C540A dye in DMSO) and a glass cover slide.
The C540A-DMSO dye solution has broad photoluminescence
that spectrally overlaps with the SLRy; mode of the hexagonal
lattice (Figure S1). We optically pumped the gain with a 400 nm,
fs-pulsed laser (100 Hz, 35 fs pulses) and collected the emission
of a single lasing spot at an angle of 59 + 1°, which is in good
agreement with that of the predicted M-point (6 = 60°). Above a
pump power of 0.42 mJ/cm?, a narrow lasing peak (FWHM =~/
0.2 nm) emerged at 583 nm, consistent with the SLRy
wavelength (Figures 2a, 3a, and S2). The drop in lasing intensity
above a pump fluence of 0.54 mJ/cm® (Figure S2) can be
attributed to additional energy dissipation channels from
amplified spontaneous emission (ASE) at off-normal angles.***’
The angle-resolved emission map confirms that lasing emerges
at the M-point (Figure 3b). As expected, we observed six lasing
beams because of the 6-fold symmetry at the M-point and
captured the six spots simultaneously on a white sheet of paper
(Figure 3c,d).

Since the NP—NP coupling responsible for forming SLRs in
hexagonal and honeycomb lattices at the I point are different,"”
we examined how the non-Bravais lattice geometry (2 NPs/unit
cell) of the honeycomb lattices affected their SLRy; modes. We
fabricated Ag NP honeycomb lattices (d = 100 nm, & = SO nm)
with a nearest-neighbor NP distance a, = 346 nm (Figure 4a).
The experimentally measured dispersion diagram shows that the

M-point mode is around (ITH)I = 6.1 pm ™, E=1.42 eV), which
corresponds to & = 60° and a wavelength of 871 nm (Figure 4b).
The simulated transmission spectra of the honeycomb lattice at
0 = 60° shows two dips around 871 nm (Figure 4c), unlike the
hexagonal lattice where only a single dip was observed at the M-
point. Simulations determined that the two SLRs (M1 at 868 nm
and M2 at 878 nm) at the M-point of the honeycomb lattice can
be attributed to coupling between different out-of-plane dipole
modes at SLRy;; and in-plane dipole/in-plane dipole modes at
SLRyp.
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Figure 2. Out-of-plane dipole coupling at the SLRy; mode of a hexagonal lattice. (a) Measured and simulated transmission spectra of the Ag NP lattice
(d =60 nm, h = 50 nm) under TM-polarized light at 60° incidence. (b) Calculated electric field magnitude normalized by the magnitude of incoming
field (IEPI/IE,*) at SLRy. (c) Calculated charge distribution plot of Ag NPs at SLRy, shows charge accumulation at the diagonal corners of NPs. (d)
Simulated phase map of SLRy; mode along the x—y and x—z planes of the Ag NP lattice. NPs in the electric field plots and phase maps are outlined in

white or black.
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Figure 3. Out-of-plane dipole coupling supports lasing at the SLRy; mode of a hexagonal lattice. (a) Power-dependent lasing spectra of SLRy in a Ag
hexagonal lattice (C540A dye concentration 20 mM). The lasing signal was detected at 59°. (b) Measured angle-resolved emission shows lasing at the
M-point of a hexagonal lattice. The collection angle of the detector is ~3°. (c) Scheme of SLRy lasing emission from a hexagonal array. (d) Photograph
of lasing emission from a Ag hexagonal lattice showing the 6-fold symmetry of SLRy;. The blue spot at the center is from the 400 nm laser pump source.

Although honeycomb lattices can be defined as hexagonal
lattices with a two-NP unit cell, they can also be considered a
superposition of two identical but inequivalent hexagonal
sublattices.'”*® The latter can be visualized in electric-field
intensity plots of the M1 mode (Figure Sa), where the different
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field localization patterns on adjacent NPs in the x—z plane
indicate the presence of two inequivalent hexagonal sublattices.
The phase maps at the M1 mode show that a phase change
occurs at the diagonal corners of the NPs along the x—z plane
that are characteristic of out-of-plane LSPs (Figure Sb); the
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Figure 4. Mode splitting at the M-point of a plasmonic honeycomb
lattice. (a) SEM image of fabricated honeycomb lattice (a, = 346 nm)
of Ag NPs with 100 nm diameter and S0 nm height. (b) Measured
dispersion diagram for the lattice in (a) along the '—M direction. (c)
Measured and simulated transmission spectra of lattice in (a) under
TM-polarized light at 60° incidence shows two SLR resonances, M1
and M2, at the M-point.

charge distribution plot at the M1 mode confirms the presence
of out-of-plane LSPs (Figure Sc).

At the M2 mode, the electric-field enhancement patterns are
strongest along the x-direction, and the relative intensity of the
hotspots depends on their corresponding hexagonal NP
sublattice (Figure Sd). The phase map of the M2 mode shows
that NPs from both hexagonal sublattices are in-phase along the
x-direction (Figure Se), and the charge distribution plot
confirms the in-plane dipole excitation (Figure 5f). To examine
how the intensities of the M1 and M2 modes depend on NP
dimensions, we conducted a parameter sweep. Taller NPs
exhibit more intense M1 modes since taller NPs show stronger
out-of-plane LSPs (either dipole or quadrupole) (Figure S3a),
and NPs with larger diameters show stronger in-plane LSPs that

lead to stronger M2 modes in the transmission spectra (Figure
S3b).

To test whether the M1 and M2 modes could support lasing,
we covered a honeycomb Ag NP lattice with a IR140-DMSO
solution (1 mM) that spectrally overlapped with both SLR
modes. We pumped the gain using an 800 nm, fs-pulsed laser (1
kHz, 35-fs pulses) and observed lasing emission at 868 nm at an
angle of 58 + 1° with a threshold of ~0.2 mJ/cm?* (Figures 6a
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Figure 6. M-point lasing from a plasmonic honeycomb lattice. (a)
Power-dependent lasing spectra of the M1 mode (IR140 dye
concentration 0.1 mM). The lasing signals were detected at S8°
incidence angle. (b) Measured angle-resolved emission mapping shows
lasing at the M-point of a Ag NP honeycomb lattice. The collection
angle of the detector is ~3°.

and S4). The lasing wavelength matched the wavelength of the
M1 mode, which suggests that this mode is responsible for lasing
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Figure 5. Near-field interactions at the M-point of a plasmonic honeycomb lattice. (a) Simulation of electric field distribution (IEI?/IEgl*) at SLRyy;. (b)
Phase map of SLRy;; mode. (c) Calculated charge distribution plot at M1 mode shows out-of-plane dipole—dipole coupling. (d) Simulation of electric
field distribution at SLRy,. (e) Phase map of SLRy, mode. (f) Calculated charge distribution plot at M2 mode shows in-plane dipole—dipole coupling.
Simulations were calculated using a TM-polarized plane wave source. NPs in the electric field plots (a, d) and phase maps (b, e) are outlined in white.
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at the M-point in a honeycomb lattice. Interestingly, we did not
observe any lasing signals from the M2 mode despite its
relatively stronger near-field and far-field SLR intensities, which
is possibly due to the larger Q-factor of the M1 mode (Q ~ 620
in simulation and ~109 in experiment) compared to the M2
mode (Q ~ 319 in simulation and ~52 in experiment). The
angle-resolved emission map shows that lasing is directional
around the M-point (Figure 6b). The broad, slightly dispersive
shape of the lasing emission can be attributed to contributions
from amplified spontaneous emission around the M-point since
the angle-resolved emission map shows a similar flat band
feature (Figure 4b).

In conclusion, we investigated the different coupling
mechanisms of SLRy; from Ag NP arrays in hexagonal and
honeycomb lattices. A single SLRy; mode was observed in
hexagonal NP lattices, and the non-Bravais nature of the
honeycomb lattice introduced multipolar couplings that resulted
in M-point mode splitting. We found that the SLR modes from
out-of-plane dipole coupling can facilitate plasmonic M-point
lasing for both hexagonal and honeycomb lattices. We anticipate
that these results will open opportunities to explore topological
effects at off-normal, high symmetry points in photonic lattices.

B METHODS

Fabrication of Ag NP Lattices. We fabricated Ag NP
lattices on fused silica using a soft nanofabrication process
known as PEEL, which combines photolithography, etching,
electron-beam deposition, and lift-off.***° First, we fabricated
periodic photoresist posts on Si wafers by solvent-assisted
nanoscale embossing (SANE).*” We then deposited an 8 nm Cr
mask layer to retain the pattern during the photoresist lift-off
process. Reactive ion etching (RIE) was used to create Si pits
(~200 nm depth) underneath the Cr mask layer, and Au was
deposited on top of the Si nanohole array via thermal deposition
to create a Au hole film. Wet etching was used to lift the Au film
off the Si wafer and the film was floated onto a fused silica
substrate to function as a deposition mask. The Ag NP lattice
was generated by depositing a 2 nm Cr adhesive layer followed
by Ag deposition through the Au hole film which was then
removed from the substrate using transparent tape. A 5 nm
Al,O; layer was deposited over the Ag NPs to reduce oxidation.

Band Structure Measurements. We characterized the
optical band structure of the Ag NP lattices by compiling zero-
order transmission spectra at different incident angles. To create
a uniform refractive index environment around a NP lattice, we
put a droplet of dimethyl sulfoxide (DMSO) solvent on the Ag
NPs and capped with a glass coverslip. The sample was placed at
the center of a program-controlled rotational stage and the
transmission spectra were collected by sweeping incident angles
0 from 0° to 70° in 1° increments. Band structures of the Ag NP
lattices were converted from units of wavelength (4)-incident
angle (0) to energy (E)-wavevector (k) format using equations
E = hc¢/A and k” = (27/A)sin 6.

FDTD Simulations. FDTD calculations with commercial
software (FDTD 3D Electromagnetic Simulator, Ansys Canada
Ltd., Vancouver, Canada) were used to simulate the linear
optical properties of Ag NP lattices. The optical constants of Ag
were taken from Palik measurements (400—1000 nm)."* We
used the BFAST source and a uniform mesh size of S nm (x, y,
and z) for the near-field electric and phase mapping calculations
within the metal NPs.

Lasing Measurements. For lasing measurements from the
hexagonal NP lattice, a droplet of 20 mM C540A dye—DMSO

mixture was placed on the lattice and capped with a glass
coverslip. The C540A gain was optically pumped at an excitation
angle of 30° using a 35 fs, 400 nm pulsed laser with a repetition
rate of 100 Hz and beam diameter of ~800 ym. The 400 nm
laser pulses were generated by directing the output from a 800
nm Ti:sapphire laser into a ff barium borate (BBO) crystal to
produce the doubled frequency pulses. For lasing measurements
from the honeycomb NP lattice, a droplet of 1 mM IR140 dye—
DMSO solution was placed on the lattice and capped with a glass
coverslip. The IR140 gain was optically pumped at an excitation
angle of 30° using a 35 fs, 800 nm Ti:sapphire pulsed laser with a
repetition rate of 1 kHz and beam diameter of ~800 ym. A
shorter reptition rate was used for CS40A dye (100 Hz) than
IR140 dye (1 kHz) because higher reptition rates tend to deplete
dyes that operate in the visible regime faster.

Lasing signals from both the hexagonal and honeycomb
samples were collected using a spectrometer and a charge-
coupled device (CCD) camera. The optical fiber connected to
the spectrometer was placed on a rotatational stage and rotated
to collect lasing spectra at different emission angles. The angle-
resolved emission maps were constructed by collecting lasing
spectra from 0 to 90°.
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