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ABSTRACT
Engineering Plasmonic Lasing from Visible to Near-infrared Wavelength
Ran Li

Light trapping with standing waves has been achieved using photonic bandgap crystals, metal-
dielectric waveguides and periodic metal nanocavity arrays. Compared with photonic materials,
plasmonic metal nanocavities can provide light confinement at the sub-wavelength scale with
strong near-field electric enhancement. The localized surface plasmons of individual metal
nanoparticles can collectively couple to the diffraction modes from the lattice geometry, giving
rise to surface lattice resonances. Surface lattice resonances can serve as optical feedback for
plasmonic nanolasing at room temperature. By engineering the unit cell or lattice geometry of a
plasmonic nanoparticle array, we are able to manipulate the coupling mechanisms of the plasmonic
nanoparticles, leading to the realization of a plasmonic nanolaser with distinct hotspot regions.

In Chapter 1, we discuss how the coupling between plasmonic nanocavities changes with
lattice geometries. We fabricated plasmonic aluminum nanoparticles on Polydimethylsiloxane
substrate and investigated the optical responses under different stretching conditions. Chapter 2
describes the linear and nonlinear properties of plasmonic nanoparticle arrays fabricated using
different plasmonic materials. We achieved sharp surface lattice resonances with Au and Al
nanoparticle arrays and integrated organic dye molecules to the arrays to compare the lasing
emissions and ultrafast dynamic behaviors between different plasmonic materials. Chapter 3
shows the realization of multicolor lasers on a single device. By mixing two or three different dye
solutions, we can broaden the photoluminescence of the dye gain medium to spectrally overlap

with different surface lattice resonances simultaneously. By stacking two plasmonic nanoparticle
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lattices with different periodicities and incorporating mixed dye solutions between the lattices, we
obtained blue, green and red color lasing emissions at the same time, which can be potentially used
to achieve a plasmonic white laser.

Chapters 4 and 5 discuss the coupling mechanism in hexagonal and honeycomb lattices at
different high-symmetry points. Chapter 4 presents the distinct coupling in plasmonic honeycomb
lattices caused by the non-Bravais nature of a honeycomb lattice. We discovered that the surface
lattice resonance at the I" point of a honeycomb lattice has in-plane dipole coupling hybridized
with in-plane quadrupole coupling, while the surface lattice resonance at the I' of hexagonal lattice
only shows in-plane dipole coupling. Besides looking the surface lattice resonance at the I" point,
we also investigated the surface lattice resonance at the off-normal M point in Chapter 5. Out-of-
plane dipole coupling was revealed in a hexagonal array and high order coupling leads to mode
splitting at the M point of honeycomb lattice. These findings show the importance of the non-

Bravais nature in a unit cell to the near-field coupling of plasmonic nanostructures.
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the lattice in (a) along the I' — M path through the Brillouin zone. (¢) Measured and calculated
transmission spectra of lattice in (a) for x-polarized plane waves with 60° excitation angle showing
two SLRwm resonances (shown in the zoomed-in image). (d) Near-field electric distributions
indicates the hybridization between out-of-plane dipole and out-of-plane quadrupole resonance at

ML1. (e) Near-field electric distributions shows the in-plane dipole coupling at M2. ................... 94

Figure 5.8. Simulated transmission spectra at 60° from honeycomb lattice. (a) Sweeping the
NP diameter and fixing NP height to be 50 nm. (b) Sweeping the NP height and fixing diameter
L0 38 1= 200 00 8 o PSSR 95

Figure 5.7. Phase mapping of M1 and M2 mOdES. ........ccccocvveiiiiieiieie e 96

Figure 5.9. M-point Lasing from Plasmonic Honeycomb Lattice. (a) M1 lasing at 868 nm
emission out-put of Ag NP array with PL of IR140 dye solution. The lasing signals were detected
at 58°. (b) Angle-resolved emission mapping shows that the SLRwm lasing from Ag NP honeycomb
lattice emitted at 6.2 UM™ (= 58°). ...ovivivieieieieieeieeeeeeeeeeet ettt ettt 97

Figure 5.10: Light-light curve of SLRwm lasing from honeycomb lattice. ...........ccccccoovvreenene. 98
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Chapter 1. Plasmonic Modes Engineering with Plasmonic
Nanostructures on Stretchable Substrate

Abstract

This chapter describes the change of optical response by mechanically stretching the plasmonic
Al NPs in square lattice. We optimized a fabrication process to fabricate Al NP arrays imbedded
into a thin PDMS substrate for dynamically tuning lattice geometries. Under TE or TM excitation
of incident light, the plasmonic Al NP arrays present different linear properties and charge
distributions at the same stretching value. Out-of-plane quadrupole and in-plane dipole coupling
are both involved during stretching process. We demonstrate how the polarization of excitation
direction and lattice geometry play a role in the coupling mechanisms and optical response of

plasmonic nanostructures.
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1.1 Background of Plasmonic Mode Engineering
When an incident light excites at the metal thin film with dielectric layer on the top of it, there
is resonant oscillation of conduction electrons at the interface between metal layer and dielectric
layer, which is defined as surface plasmon polaritons (SPP).! Furthermore, when the plasmonic
materials exist in terms of small nanoparticles, the electrons tend to be confined around the
nanoparticles, resulted in localized surface plasmon (LSP).! Nowadays, plasmonic materials have
many applications in varied fields, such as SPR immunoassay?, fluorescence enhancement® and
photocatalysis enhancement®. However, for unstructured plasmonic materials, they suffer from
huge radiative loss and lose beam directionality when coupled with fluorescence materials. To
solve this problem, previous work has fabricated plasmonic nanoparticle (NP) arrays embedded
into uniform refractive index environment. The strong dipole-dipole coupling resulted in high
quality lattice plasmon mode in near-infrared range (IR).> Moreover, by changing the geometry
of NP lattice from infinite array to superlattice, previous work has been able to engineer the
plasmon mode from single mode to multiple modes.®
For commonly used plasmonic materials, such as Au and Ag, they showed very high quality of
plasmonic effect in the IR range. But in visible range, they suffer from huge plasmonic loss due
to their interband transition in visible range.” Meanwhile, Al showed very good plasmonic
properties from ultra-violet to visible range due to its interband transition at 800 nm.” Previous
work in our group has reported high-quality lattice plasmon mode at visible range with full-width
at half-maximum around 5 nm.” More interestingly, our group developed a strategy for fabricating
Al NP hexagonal arrays into PDMS for engineering plasmonic mode.” In that work, we proposed

the quadrupole mode with large Al NP size. However, hexagonal array lattice is complicated to
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investigate the origin of quadrupole mode. Here we propose to investigate the plasmonic Al NP
square arrays to further study the evolution of mode coupling under mechanical stretching,

including both the dipolar and quadrupolar lattice modes.

1.2 Al NP Arrays Imbedded into PDMS Fabrication

Figure 1.1 describes the overall fabrication process of pattering Al NP arrays into PDMS to

create a uniform refractive index environment (1.4). First, we spin coat photoresist (PR) layer on

. PDMS mold
Phase-shift
Spin coat lithography
—_—

/—

Photoresists

Develop

Molding Al deposition

= IR

)—

Soft PDMS Al

Figure 1.1. Overall fabrication process of patterning Al NP arrays into PMDS

top of Si wafer, then we put a PDMS mold on the PR layer and expose the entire system under
ultra-visible (UV) light. After developing the exposed PR, we can remove the PR residue between
patterned PR posts. Then we use e-beam evaporation to deposit 40 nm Al layer on the PR posts.
After that, we pour soft PDMS on top of the sample and cure for 1.5 hours. Due to the strong
adhesion between Al layer and Si wafer, weak adhesion between PR and Si, Al NP can be peeled

off during peeling soft PDMS while the Al layer is still attached on Si wafer. Eventually, we can
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obtain periodic Al NP arrays embed into soft PDMS. In this work, we fabricated 450 nm

periodicity Al NP with optimized size to investigate the plasmon mode evolution under stretching.

1.3 Optical Response of Al NP Arrays under Stretching

Figure 1.2. AI NP arrays with optimized size and homogeneous stretching. (a) SEM images shown
Al NP diameter is around 230 nm with 450 nm periodicity. (b) SEM images under larger scale shown
uniform Al NP lattice. (c) Optical images of stretched soft PDMS with Al NP imbedded with strain

value inserted upper left.

1.3.1 Design of Stretching process

Based on finite-difference time-domain (FDTD) simulation results, the sharpest quadrupole
mode of Al NP arrays with 450 nm periodicity happens when the diameter of Al NP is around 230
nm. By optimizing the fabrication condition, we successfully fabricated the Al NP arrays with

230 nm diameter. Figure 1.2.a and b showed the scanning electron microscopy (SEM) images,
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indicating the diameter of Al NP is around 230 nm and periodicity is 450 nm as expected. By
optimizing the stretcher, we have achieved a very homogeneous stretching even under higher
stretch strain. As shown in Figure 1.2.c, the shape of patterned area was changing homogeneously
along stretching direction and there was no obvious distortion in the transverse direction.

By aligning polarization of incident light along stretching direction and changing strain value
from 0% to 60%, we measured the transmission spectra with Al NP arrays imbedded into soft
PDMS. In the meanwhile, we used FDTD simulation to simulate the transmission spectra of Al
NP arrays under different strain. Here we used Poisson ratio (y) of 0.5, to calculate the periodicity
change normal to stretching condition. The equations are shown as below:

lr=1px(1+¢) (1.1)
li=lyx(A—-yXx¢) (1.2)

lo is the original periodicity of Al NP arrays, € is the strain, I is the periodicity along the
stretching direction, [, is the periodicity transverse to the stretching direction, y is the Poisson ratio
of soft PDMS. For the simulation, we set the refractive index environment to be 1.4, which is the

refractive index of soft PDMS.

1.3.2 Optical Response of Al NP Arrays with Excitation Polarization Along

Stretching Direction

Figure 1.3.a and b showed the transmission spectra of stretched Al NP arrays from
experiments and FDTD simulation. Here the polarization direction of incident light was parallel
to the stretching direction. Compared with experimental result and FDTD simulation, there was a

very sharp peak at 632 nm, indicating the existence of quadrupolar mode. Along with increasing
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strain value, the periodicity along stretching direction (here we defined as x direction for
convenience) increased, when the (1,0) diffraction mode went to the red side of dipolar resonance,
it can couple with dipolar resonance, which results in (1,0) lattice plasmon mode. With increasing
strain, the (1,0) lattice plasmon mode red shifted following the movement of (1,0) diffraction mode.
On the other hand, for the y direction, with increasing strain, the periodicity along y direction
decreased, leading blue shift of (0,1) diffraction mode. Since (0,1) diffraction mode was on the
blue side of dipole resonance, it couldn’t couple with dipole, resulting in a peak near the dipolar
resonance. More interestingly, when the strain value increased to 50%, another Fano-type

interference (asymmetrical spectral feature) appeared at 473 nm, indicating the appearance of a

new plasmon mode. This position was near to the (2,0) diffraction mode, which meant this mode
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Figure 1.3. Experimental and FDTD simulation results show consistent change of

quadrupolar and dipolar modes.
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coupled with (2,0) diffraction mode. With increasing strain value to 60%, this new plasmon mode
red shifted to 504 nm, which was exactly the (2,0) diffraction mode under 60% strain. Therefore,
we investigated the charge distribution at these two positions and compared them with the charge
distribution of original quadrupolar and dipolar resonance.

Figure 1.4. showed the charge distribution of quadrupolar (1) and lattice plasmon mode (2).
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Figure 1.4. Charge distribution of different plasmon modes marked with number

indicating higher order quadrupolar mode appearance.
Compared with lattice plasmon mode, which is in-plane coupling, quadrupolar mode tended to
couple at xz plane. Therefore, quadrupolar mode is out-of-plane coupling, which is subradiant.
Since the coupling was confined around the cross-section of NP, the symmetric quadrupolar mode
should be a dark mode that was not supposed to been detected in far-field. Considering that the
movement of quadrupolar mode at high strain condition followed the diffraction mode along

polarization direction, we proposed that this out-of-plane quadrupolar mode was coupled with
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(1,0) diffraction mode to be observed more obviously at far-field. To further confirm our
conclusion, we conducted experiments with polarization direction normal to the stretching

direction.

1.3.3 Optical Response of Al NP Arrays with Excitation Polarization

Perpendicular to Stretching Direction
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Figure 1.5. Experimental and FDTD simulation results of Al NP arrays under
polarization direction normal to stretching condition.
Figure 1.5 showed the transmission spectra of Al NP arrays with different stretch strain when
the polarization of incident light normal to the stretching direction. With increased strain, the
periodicity at x direction increased, resulted in (1,0) diffraction mode red shifted. In this situation,

since the polarization was along y axis, the diffraction mode that dominated dipolar resonance was
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(1,0) diffraction mode. Therefore, the dipole resonance red shifted with increasing strain value.
On the other hand, there was another mode blue shifting with increasing strain. To further explain
the evolution of this mode, we investigated the charge distribution of this mode and its relationship

with (0,1) diffraction mode.
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Figure 1.6. Quadrupolar mode confirmation and evolution relationship with (0,1)
diffraction mode. (a) FDTD simulated transmission spectra under certain strain value. (b)
Charge distribution at position denoted in (a). (c) Quadrupolar resonance position followed
(0,1) diffraction mode.

Figure 1.6. shows the charge distributions at different distinct plasmonic modes. We looked
at four different plasmonic modes as shown in Figure 1.6a. Respectively, plasmonic mode 1 shows
out-of-plane quadrupole coupling and plasmonic mode 2 shows in-plane dipole coupling. Under
stretching value of 10%, we observed out-of-plane quadrupole coupling with stronger net-dipole

moment at plasmonic mode 3. Further stretching leads to the appearance of plasmonic mode 4,
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and the charge calculations suggest it is out-of-plane quadrupole coupling (Figure 1.6b) Moreover,
the evolution of (0,1) diffraction mode under stretching matches with the wavelength of
quadrupolar resonance. This suggests that when the stretching direction is normal to the
polarization direction of excitation light, the quadrupolar LSP tends to couple to the (0,1)

diffraction mode to form HQL.

1.4 Summary and Outlook

In conclusion, by changing direction between the polarization and stretching, we investigated
the evolution of quadrupolar and lattice plasmon. ‘Dark’ quadrupolar resonance turned to be
visible by coupling the diffraction mode along the polarization direction. Furthermore, unlike
lattice plasmon mode case that can only couple with the red side of dipolar, quadrupolar mode
only happens at the blue side of the dipolar resonance and could be from coupling with higher
diffraction mode. The extra net dipole moment existing in the out-of-plane quadrupole resonance
coupled to the diffraction mode to make the resonance ‘bright’. We demonstrate evolution of the
plasmonic modes towards the dynamic change of lattice geometry, and we hope it can be beneficial

for applications like bio-sensing and multiplexing displays.
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Chapter 2. Plasmon Nanolasing with Aluminum
Nanoparticle Arrays

Abstract

This chapter compares plasmon nanolasing and corresponding ultrafast dynamics supported
by Al and Au nanoparticle arrays. By tuning nanoparticle size, we achieved high-quality surface
lattice resonances from both dipolar lattice plasmons and hybrid quadrupolar lattice plasmons at
near-infrared wavelengths. We demonstrated that the dipolar and hybrid quadrupolar lattice modes
can serve as optical feedback for plasmonic nanolasing. Even at the wavelength of its interband
transition, Al showed nanolasing properties similar to Au. Also, independent of the type of cavity
mode used as optical feedback, Al lattice plasmon lasing showed thresholds and ultrafast dynamics

similar to Au.

Related reference

Li, R.; Wang, D.; Guan, J.; Wang, W.; Ao, X.; Schatz, G. C.; Schaller, R.; Odom, T. W.,
Plasmon nanolasing with aluminum nanoparticle arrays. JOSA B 2019, 36 (7), E104-E111.
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2.1 Introduction
Metal nanoparticles (NPs) can support localized surface plasmon (LSP) resonances, where the
electromagnetic field is confined at the surface of the particle.® Depending on NP size, dipolar and
multipolar LSP resonances, such as quadrupolar LSPs, can be excited.® When arrays of metal NPs
are of appropriate dimensions in a uniform refractive index environment, the LSPs of the
individual NPs and the Bragg mode defined by the lattice geometry can produce different types of
lattice plasmon modes®> " %11 For example, dipolar lattice plasmon (DL) modes or hybrid
quadrupolar plasmon (HQL) modes can be achieved when the dipole or quadrupole LSP resonance
couples to the diffraction mode.> ’ Radiative losses of plasmonic NPs can be suppressed, which
results in narrow lattice resonances with high mode quality at the band edge.® Besides the sharp
DL modes produced in plasmonic NP arrays, HQLS can be realized by increasing the NP size, and
the smaller net-dipole moments result in less radiative loss compared to the DL mode.” 2
Plasmonic nanocavity array lasers have relied on Au and Ag materials because these metals
support high-quality lattice plasmons at near-infrared (NIR) wavelengths.®> 3% Organic gain
incorporated with plasmonic NP arrays can result in directional nanolasing at room temperature.>
1617 Al is an alternative plasmonic material whose real part of the dielectric function Re{e} is
negative at NIR, but whose imaginary part Im{e} is more than 20 times larger than Au and Ag.
Hence, absorption losses are dominated by radiative damping.*® Different from Au and Ag NPs
that exhibit large losses at ultra-violet and visible wavelengths,> 7 2 1% Al NPs support plasmon
resonances of uniform quality across this range despite its interband transition (1.5 eV, ~ 800
nm).2%-22 Although sharp DL and HQL resonances from Al NP arrays have been reported,” whether

Al can be used as a nanocavity material for NIR plasmonic nanolasing is an open question.
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Here we show Al NP arrays can support high-quality lattice plasmon modes as optical feedback

for nanoscale lasing. Al and Au NP arrays with similar lattices and particle sizes produced sharp
DL modes at the optical band edge. DL lasing from Al NP arrays had lasing thresholds comparable
to Au NP arrays. Ultrafast dynamics also showed that DL lasing from Al NP arrays had decay
lifetimes and rise times similar to those from Au NPs. Simulations using a four-level gain system
in the time domain agreed with experiment in the shortening of lasing decay lifetime and rise time
under high pump powers. Finally, arrays of Al and Au NPs with larger particle sizes showed sharp
HQL resonances, and HQL lasing from Al arrays had threshold behaviors and ultrafast dynamics

similar to Au NP arrays.

2.2 Dipole Lattice Plasmon Nanolasing from Al and Au NP arrays

We used the soft nanofabrication process PEEL 2324 to fabricate cylindrical Al and Au NP
arrays on silica substrates (Figure 2.1a, NP spacing ap = 580 nm, average diameter d = 110 nm,
height h = 50 nm). To match the refractive index of the superstrate with the substrate, we used the
solvent dimethyl sulfoxide (DMSO) (n = 1.44). In transmission spectra, we observed sharp modes
from both Al and Au NP arrays (Figure 2.1b, Aai = 840 nm, Aau = 844 nm). The resonance Aai in
Al NP arrays is shorter in wavelength than Aay because of the higher-energy LSP of Al NPs. The

full-width half-maximum (FWHM, AA) of this mode was ca. 5 nm, corresponding to a quality
factor (Q = )\/ A)\) > 160. Calculated charge distributions confirmed that the collective mode was a

dipolar lattice plasmon (DL) because of the in-plane separation of positive and negative charge in
the NPs at resonance (Figure 2.1c). Electric field distributions showed that Al NPs had near-field

enhancement (|E|? ~ 400) similar to Au NPs at the DL resonance (Figure 2.2).
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To compare lasing from DL resonances in Al and Au, we put a droplet of LDS-765-DMSO (4
mM) solution on top of the NP arrays and pumped LDS-765 dye with 600 nm, 1kHz operation rate

and 35-fs pulse width light under transverse electric (TE) polarization. The circular pump spot was
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Figure 2.1. Dipole lattice plasmon (DL) nanolasing from Al and Au nanoparticles (NPs).
(a) SEM images of Au and Al NP array (NP spacing ap = 580 nm, average diameter d = 110
nm with height h = 50 nm). (b) The DL modes of Al and Au NP arrays overlapped with the red
side of LDS 765 dye emission. Transmission spectra of Au was shifted down 30%. The lasing
spectrum of Au NPs was shifted down for clarity. (c) Charge distribution of Al and Au NP at
DL resonances (Au: 844 nm, Al: 840 nm). Measured emission spectra with Al NP array (d) and
Au NP array (e) with increased pump power (concentration C =4 mM, solvent: DMSO). Light-

light curves were inserted.

~800 um in diameter. With an incident angle of 45°, lasing signals were collected at the sample
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Figure 2.2. Near-field electric intensity distributions of Al and Au NPs at DL resonance.
surface normal and analyzed by a charge-coupled device (CCD) spectrometer (LN2-cooled
CCD/Triax 552, Horiba Jobin Yvon, ~0.15 nm resolution). A high-resolution CCD beam profiler
(LBR-HR, Newport, 1.4 Megapixel) was used to detect the far-field emission patterns. Collecting
the emission signals normal to the surface, we observed a narrow lasing peak (FWHM = 0.5 nm)
at Aa = 839 nm close to the DL resonance (Figure 2.1b). Lasing emission with similar

characteristics and narrow linewidths (FWHM = 0.4 nm, Aay = 843 nm) was observed from Au

Figure 2.3. Beam profiles showed directional and confined DL lasing spot from Al and Au
NP arrays (< 1° divergence angle).

NP arrays (Figure 2.1b). The FWHM of lasing from DL cavity modes in Al NP arrays was broader
than that from Au possibly because of metal NP quality, where Al NPs were fabricated by electron-
beam deposition and had rougher surfaces compared to Au NPs prepared by thermal deposition.
The light-light curve for DL lasing from Au NPs revealed that the lasing threshold was ca. 0.10

mJ/cm?, similar to the threshold of DL lasing from Al NPs (0.11 mJ/cm?) (Figures 2.1d-e). The



35
comparable thresholds of DL lasing from Al and Au NPs can be attributed to their similar near-
field intensities at the DL modes, which is related to the stimulated emission rate.® Far-field beam
profile measurements for DL lasing from Al and Au NPs showed a directional and confined output

beam spot with <1° beam divergence (Figure 2.3).

2.3 Ultrafast Dynamics of Dipole Lattice Plasmon Nanolasing from Al and Au
NP arrays
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Figure 2.4. Time-correlated single-photon counting of LDS 765 dye (C = 4 mM) dissolved
in DMSO suggested around 400 ps decay lifetime.

Time-correlated single-photon counting was used to reveal the DL lasing dynamics in Al and
Au NP arrays. Under pulsed laser excitation, the emissions from the sample were coupled into a
spectrograph and a streak camera was synchronized to the 1 kHz repetition rate of the pump laser.
Integration times of 0.5 seconds allowed averaging over several nanolaser pulse signals. Streak
camera data was binned by wavelength with an 8-nm bin width around laser mode. Decay lifetime

data was obtained by fitting collected data to a single exponential decay function y =y, +
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LDS 765 dye dissolved in DMSO exhibited photoluminescence with an intrinsic decay lifetime

~ 400 ps (Figure 2.4), consistent with prior reports (~300 ps).2® Around threshold, the photon
decay lifetime from DL lasing was significantly shortened because of the dominant stimulated

emission process, which is faster than spontaneous emission.” 2" Above lasing threshold, the
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Figure 2.5. Power-dependent lasing dynamics for DL modes. Time-correlated single-photon
counting images (wavelength range: 800 nm to 820 nm) and corresponding processed data
showing lasing decay lifetime for DL lasing from Al and Au NP arrays (a) around threshold

and (b) at highest pump power (0.61 mJ/cm?).

decay lifetime of the DL lasing from Al NPs was 44 ps and 54 ps from Au NPs (Figures 2.5a).
Since the decay lifetime of lasing emission partially captures the ability of the cavity to trap
photons, the longer lifetime of the DL lasing from Au NPs indicates that Au NPs at the DL
resonance had photon-trapping abilities higher than Al NPs.2?° At high pump power (0.61
mJ/cm?), we chose a short time window (120 ps) to resolve the fast decay lifetime. The decay
lifetime of Al and Au could not be fit due to the long rise time and short time window range (Fig.
S5b); however, the rise time for DL lasing from Al arrays (20 ps) was shorter than that from Au
arrays (25 ps) (Figure 2.5b), which suggests faster lasing build-up of DL lasing from Al NP arrays

compared to Au NPs. We attribute these effects to Al NPs having lower non-radiative loss at 600
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nm (pump wavelength) 2!, which can confine more energy into the hot spots. Overall, for DL

lasing, we observed that the lasing lifetime and rise time decreased with increased pump power

Al dipolar lattice plasmon (DL) lasing
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Figure 2.6. Simulated DL lasing from Al NPs dynamics under different pump powers.
(a) Power-dependent population inversion changes with time of DL lasing from Al NPs. (b)
Spatial distributions of stimulated and spontaneous emission rates above DL lasing from Al

NPs threshold. Scale bar is 100 nm.

because high pump powers increase energy transfer rates between dye molecules and plasmonic

NPs.

To understand dynamics of DL lasing, we used a four-level gain system and finite-difference
time-domain (FDTD) methods to simulate DL lasing and change in population inversion (AN =
N2 - N1) over time 7. After a 300-fs optical pulse, AN started to build up and then depleted with
the onset of lasing. Therefore, decreased AN can represent the start of energy transfer from dye
molecules to DL plasmons. With increased pump power, we found that AN of DL lasing decreased
faster for both Al or Au NPs (Figures 2.6a, 2.7), which indicates shortening of the lasing rise time
and decay lifetime, consistent with experiments (Figure. 2.5). Compared with photonic lasers,

where lasing occurs in bulk regions of gain, lasing buildup in lattice plasmon nanolasers is
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Figure 2.7. Power- and time- dependent population inversion evolution of Au DL lasing.
localized to the sub-wavelength vicinity around the NPs.? High stimulated emission rates (ﬁ E %)

were observed at the hot spots near the NPs (Figure 2.6b), where the strong near fields (|E[?)

enhanced the stimulated emission rate by a factor of |E[2.3® Because the onset of lasing depleted

the AN at the dipolar hot spots, the spontaneous emission rate (?—2) was lowered significantly,
21

which showed more than 12 orders of magnitude lower intensity than that of stimulated emission

rate and was located at regions outside of the dipolar hot spots (Figure 2.6b).
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2.4 Quadrupole Lattice Plasmon Nanolasing from Al and Au NP arrays

At larger NP sizes (and the same lattice spacing), hybrid quadrupole lattice plasmons (HQLS)
can form.” 12 Different from the in-plane coupling DL mode, the HQL originates from an out-of-

plane LSP coupled to the Bragg mode and enables stretchable devices. "1 To fabricate arrays of
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Figure 2.8. Hybrid quadrupole lattice plasmon (HQL) nanolasing from Al and Au NP
arrays. (a) SEM images of Al and Au NP array (NP spacing ap = 560 nm, average diameter d
=220 nm with height h =120 nm (b) The HQL modes of Al and Au NP arrays overlapped with
the red side of LDS 765 dye emission. Transmission spectra of Au was shifted down 30%. The
lasing spectrum of Au NPs was shifted down for clarity). (c) Charge distribution of Al and Au
NP at HQL resonances (Au: 813 nm, Al: 809 nm). Measured emission spectra with Al NP array
(d) and Au NP array (e) with increased pump power (concentration C = 4 mM, solvent:

DMSO). Light-light curves were inserted.
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Al and Au NPs with larger particle sizes (NP spacing ap= 560 nm, average diameter d = 220 nm ,
height h = 120 nm), we used solvent-assisted nanoscale embossing (SANE) ** followed by PEEL
(Figure 2.8a). Cross-sectional SEM images showed that larger NPs had a truncated cone structure
because of shrinkage in Au hole sizes in the mask during metal deposition (Figure 2.9). In
transmission spectra, Al NP arrays showed a sharp HQL resonance at 809 nm, and Au NP arrays
showed a sharp resonance at 813 nm with high quality factor (~ 200) (Figure 2.8b, 2.10). In

contrast, the width of DL modes of Al and Au NP of these larger particles was broader than HQL

Figure 2.9. Cross-SEM images of Al NP array show the truncated cone structure. (scale

bar is 1 pm)
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Figure 2.10. Al and Au NP arrays both can support sharp HQL resonances. Transmission
spectra of fabricated Al and Au NP arrays at HQL modes. The spectrum of Au NP array was
shifted up 40% for clarification.
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modes because the coupling between dipole LSP resonances and Bragg mode was not optimized

(Figure 2.11). The DL resonance wavelength for Au NP arrays is at wavelengths longer than Al
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Figure 2.11. Extinction of single Al and Au NP (diameter d = 220 nm, height h = 120 nm).
The quadrupole and dipole localized surface plasmons of single Al NP are both shorter in

wavelength than those of Au NP.

NP arrays because the LSP dipolar resonance of single Au NPs (997 nm) is red-shifted compared
to Al NPs (982 nm) (Figure 2.10). The simulated charge plots reveal an asymmetric charge
distribution along z for both Al and Au NP arrays at the HQL resonances, which results in a dipole

moment at facilitate radiation into the far field (Fig. 2.8c).
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To identify energy dissipation channels of Al and Au HQLs, we used FDTD simulations to
calculate the scattering and absorption spectra of Al and Au NP arrays at normal incidence. The
scattering spectra provides a measure of radiative damping in the system, and absorption spectra
represents non-radiative damping. For Au NP arrays at the HQL resonance, extinction spectra of
the band-edge lattice plasmon (Aau = 817 nm) had nearly equal contributions from scattering and

absorption (Figure 2.12). In contrast, for Al NPs at the HQL resonance (Aa = 814 nm), the non-
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Figure 2.12. Distinct energy dissipation channels of Al and Au NP arrays. (a) Scattering

spectra and (b) Absorption spectra of Al and Au NP arrays. Spectra for Au NPs was shifted up
30% along y axis.

radiative energy dissipation contributed mostly to the extinction, while radiative dissipation was
minor (Figure 2.12), which indicates that the dominate radiative damping term for Al NPs was
suppressed by lattice coupling.

To investigate the lasing emission process from HQL modes in different plasmonic materials,

we put a droplet of LDS-765-DMSO (4 mM) solution on top of the NP arrays on a silica substrate
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Figure 2.13. Beam profiles showed directional and confined HQL lasing spots from Al
and Au NP arrays (< 1° divergence angle).
and pumped the device under the same conditions as those for DL lasing. At the surface normal, a
strong and narrow lasing signal at 813 nm from Al NP arrays was observed (Fig. 2.8b). Similarly,
surface normal lasing emission at 816 nm was observed for Au NP arrays. The beam profile of
HQL lasing was spatially coherent with emission having < 1° divergence (Figure 2.13). Light-
light curves showed that HQL lasing from Al NPs had comparable threshold values (0.22 mJ/cm?)

to that from Au NPs (0.20 mJ/cm?) (Figs. 2.8d-e).

Figure 2.14. Au NP array showed stronger near-field intensity than Al NP array at HQL
resonance.

To explain the similar thresholds between HQL lasing from Al NPs and Au NPs in experiments

despite the stronger electric near-field distributions of Au NPs (Figure 2.14), we simulated how

AN changed in time in the hot spot regions and observed higher intensities at the pump wavelength
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near Al NPs compared to Au NPs (Figure. 2.15). For a 600-nm pump, Al NPs tended to scatter
more of the pump source while Au NP tended to absorb the pump because of differences in the

interband transition between Al (~ 800 nm, 1.5 eV) and Au (~ 495 nm, 2.5eV). Therefore, higher
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Figure 2.15. Simulated emission intensity at different mark positions near NPs (10 nm

away from NP edge and 20 nm away from NP edge).

energy rate was available in the hot spot regions to excite the gain, which increased AN depletion
for HQL lasing from Al NPs and hence compensated for the weaker near fields of Al NPs. In
experiment, HQL lasing from Al NPs had threshold values similar to HQL lasing from Au NPs

possibly because the quality of the Al NPs was not as high as that of Au NPs.
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2.5 Ultrafast Dynamics of Quadrupole Lattice Plasmon Nanolasing from Al and

Au NP arrays
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Figure 2.16. Power-dependent lasing dynamics for HQL lasing. Time-correlated single-
photon counting images (wavelength range from bottom to top: 800 nm to 820 nm) and
corresponding processed data showing lasing decay lifetime for HQL lasing from Al and Au
NPs (a) around threshold and (b) at highest pump power (0.96 mJ/cm?).

Similar to DL lasing, the decay lifetime of photons in HQL lasing was reduced due to the onset
of the stimulated emission process. Pumped around threshold, the decay lifetime of HQL lasing
from Al NPs (99 ps) was longer than that of Au (81 ps) (Figure 2.16a). At the highest pump power
(0.96 mJ/cm?), HQL lasing from Al NPs had a shorter decay lifetime (23 ps) than HQL lasing from
Au NPs (37 ps) (Figure 2.16b), indicating a faster modulation speed than HQL lasing from Au
NPs, and which is consistent with DL lasing performance. In terms of the lasing rise time, Al HQL
modes enabled faster lasing build-up and shorter rise times than lasing from Au HQL modes.

Independent of plasmonic material, shorter HQL lasing lifetimes and rise times were observed
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with increased pump power in experiments (Figure 2.16b), in agreement with simulation results

of HQL lasing dynamics (Figure 2.8 and Figure 2.17).
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Figure 2.17. Power-dependent population inversion changes over time for HQL lasing.

(a) Power-dependent population inversion changes over time for Au and Al HQL lasing. (b)

Spatial distributions of stimulated and spontaneous emission rates above (top panel) and
below (bottom panel) Al HQL lasing threshold.
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2.6 Summary and Outlook

In summary, we realized dipole lattice plasmon and hybrid quadrupole plasmon lasing with Al
NP arrays. We found that lasing from Al arrays had comparable lasing threshold and decay lifetime
with Au arrays for both DL and HQL modes. We identified that Al can be used for plasmon lasing
at NIR wavelengths despite its weaker near-field intensity at resonance. Our results offer prospects
to design plasmon nanolasers across the entire visible and NIR wavelength range. Because of the
thermal stability and its native oxide, Al plasmon nanolasers can be potentially operated at higher

temperatures and integrated into devices and architectures where noble metals are less desirable.

2.7 Methods
2.7.1 Fabrication of Al and Au NP arrays

Arrays of Al and Au NPs on fused silica were fabricated with a soft nanofabrication process
referred to as PEEL.%* Briefly, we generated periodic photoresist posts on Si wafers by phase-
shifting photolithography (for small NP fabrication) or solvent-assisted nanoscale embossing (for
large NP fabrication)®* with controlled post size. The patterns were then transferred into free-
standing Au nanohole films after Cr deposition, removal of PR posts, etching through the Si
nanoholes, Au film deposition and lift-off of Au film. Finally, we created NP arrays by metal
deposition (thermal deposition for Au and E-beam deposition for Al) through the hole-array mask
on a transparent substrate and then use scotch tape to remove of the Au hole mask. A 2-nm Cr

layer was deposited in-between for better adhesion between Au NPs and silica.

2.7.2 Lasing measurements
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Al and Au NP arrays surrounded by LDS765-DMSO on silica were pumped with a mode-
locked Ti:sapphire laser with a regenerative amplifier (600-nm wavelength, 1 kHz operation rate
and 35-fs pulse width), and the circular pump spot was ~800 um in diameter. With an incident
angle of 45°, lasing signals were collected at the sample surface normal and analyzed by a charge-
coupled device (CCD) spectrometer (LN2-cooled CCD/Triax 552, Horiba Jobin Yvon, ~0.15 nm
resolution). A high-resolution CCD beam profiler (LBR-HR, Newport, 1.4 Megapixel) was used

to detect the far-field emission patterns.

2.7.3 Time-correlated single-photon counting

Under pulsed laser excitation, the emissions from the sample were coupled into a spectrograph
and a streak camera was synchronized to the 1 kHz repetition rate of the pump laser. Integration
times of 0.5 seconds allowed averaging over several nanolaser pulse signals. Streak camera data

was binned by wavelength with an 8-nm bin width around laser mode. Decay lifetime data was

_(x=x0)

obtained by fitting collected data to a single exponential decay functiony =y, + Ae™ ¢

2.7.4 FDTD simulations

FDTD calculations with commercial software (FDTD solution, Lumerical Inc., Vancouver,
Canada) were used to simulate the linear optical properties and lasing emission from Al and Au
NP arrays. The optical constants of Al were taken from Palik measurements (400-1000 nm).% The
optical constants of Au were taken from Johnson and Christy measurements (400-1000 nm).%¢ A
uniform mesh size of 2 nm (x, y and z) was used to ensure the accuracy of electric and magnetic

field calculations within the metal NPs.
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Simulation of DL and HQL lasing was performed by FDTD, where a four-level one-electron
model was integrated for modeling dye molecules. In the semi-quantum systems, we set the Al
and Au NP size d = 110 nm and height h = 50 nm for DL and d = 220 nm and height h = 120 nm
for HQL, dye concentration C = 4 mM, pump wavelength at A2 = 600 nm and dye emission at Ae
= 780 nm with bandwidth AZe = 120 nm, close to experimental conditions. The population
inversion was analyzed to show the change of lasing dynamics with pump power. The spontaneous

emission rate (N2/t21) and stimulated emission rate (ﬁ EZ") were analyzed to show their spatial

correlation with the plasmonic hot spots.
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Chapter 3. Plasmonic Nanolaser over Full Visible-Color
Range

Abstract
This paper reports a plasmonic laser device that can generate blue, green and red color lasers

at the same time. We found that Al nanoparticles arranged in a square lattice can produce two high-
quality surface lattice resonances (SLRs) at the I" point. Mixing two different dyes can broaden the
photoluminescence (PL) of gain to support blue and red color lasing emissions on the single square
lattice of Al nanoparticles. Further, we designed an optical device, that is stacking two square
lattices with different periodicities, to generate three SLRs in the blue, green and red color
wavelength regime as optical feedbacks for lasing. By engineering the relative concentrations of
three different dye solutions, we produced a gain material with broad PL to support blue, green

and red color plasmonic nanolasing at the I" point simultaneously.
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3.1 Introduction

Manipulating lasing emissions over a wide range of wavelengths is advantageous because they
can produce monochromatic colors to extend the color range and provide high output power.3"42
Realizing multi-color lasing on a single device and tuning the laser color over the full visible
spectra, especially achieving white color laser, are important for multiplexed optical
communication, full-color laser displays, bio-imaging, and 3-D laser printing applications.**-
Multicolor lasers have been realized on different structures and devices, such as nanowires with
microfiber hybrid structure, dual cavity vertical-cavity surface-emitting laser and microfluidic
channels with mixed dye solution and cavity mirrors.*’>* However, producing blue, green and red
color lasers simutanesouly is chanllenging because it requires advances in both gain materials and
optical device designs.

Typical single compound semiconducting materials and organic dye molecules support narrow
PL wavelength range (< 100 nm), which cannot yield blue, green and red color lasers
simultaneously. Recently, an upconversion core/shell/shell nanostructure was reported to enable
white light emission.> However, the white light emission only happens at a certain pump power
and it is difficult to couple upconversion nanostrucutres to a cavity mode to suppport white color
lasing. In addition to gain material challeges, designing multiple cavity modes on a single device
to produce blue, green and red color lasers concurrently from the same direction is difficult,
because competitions between each lasing emission can occur.

Compared with semiconducting materials, the organic dye molecules provide more variable

and easier mixing strategies to engineer the PL of gain for multi-color laser. Organic dye molecules

can perform as gain media for plasmonic nanolasers.’® 2 Lattices of coupled plasmonic
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nanoparticles (NPs) can produce surface lattice resonances (SLRs) for cavity mode designs with
subwavelength confinement of electric fields and control over band-edge states to achieve
multimode cavities.'?*3 2% 5355 Through tuning the refractive index of the environment,®
engineering lattice geometry?® °+12 and NP unit cell,> we can engineer the wavelegnth of the SLRs
to realize plasmonic nanolasers at different wavelengths. Furthermore, the plasmonic lasing
emission process is contributed predominately by the excitons located in the distinct hotspots of
the plasmonic NPs at SLRs>* °, which offer a platform for the cavity designs of white color laser.
That is, by designing the cavity modes of SLR to separate the hotspot regions for each SLR, we
can suppress the mode competitions to realize blue, green and red color lasers at the same time. In
conjuction with gain engineering and cavity mode designs, the plasmonic lasing intensitites can
be easily tuned by varying the concentrations of organic dye gain media and pump powers.>’->°

Here we show that multiple SLRs at the I points of square lattice can provide optical feedbacks
for plasmonic multicolor lasing. By mixing two different dye solutions to have spectral overlap
with the SLRs, we achieved blue and red lasers simultaneously at the I' point. The relative
intensities of blue and red color lasers are tuned by changing the concentrations of mixed dye
solutions. Moreover, we stacked two square lattices with different periodicities to enable three
SLRs corresponding to blue, green and red color wavelength regime at the I' point. By mixing
three dye solutions and tunning the each dye concentrations, we successfully achieved blue, green

and red color lasers at the I'" point.
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3.2 Individual Lasing Emission from Plasmonic Square Arrays

c R X
10k Simulation
Experiment
c 08|
o I,;Mode
[
- K7}
C480-DMSO g 06k . Mods
i E — C480 PL
04} — I, Lasing
—DCM PL
— I, Lasing
0.2 I ]
a, =450 nm 400 600 800 1000
DCM-DMSO Wavelength (nm)

Figure 3.1. Fano-type I'11 and I'1o Resonances in Plasmonic Square Lattice. (a) SEM image
of fabricated square lattice (a0 = 450 nm) of Al NPs with 60 nm diameter and 50 nm height. (b)
Scheme of realizing red and blue lasing emission with Al NP array under 400 nm wavelength
femtosecond pump. (c) Calculated and measured transmission spectra of lattice in (a) for x-
polarized plane waves at the I" point showing strong SRL I'11 and I'10. Lasing supported by I'11

and I'1o modes was achieved by incorporating spectrally overlapped dye solutions.

Figures 3.1a shows the SEM image of fabricated Al NPs with uniform NP size and shape.
Solvent-assisted nanoscale embossing (SANE®®) and PEEL processes®%? were used to fabricate
Al NP arrays in square lattice (spacing ao = 450 nm, diameter d = 80 nm, height h = 50 nm) on
silica over cm? areas. Figure 3.1b describes the scheme of realizing blue and red color lasing
individually. Basically, with the same plasmonic Al NP lattice and 400 nm wavelength pulsed
laser pump, we can incoporate different dye solutions, which has spectral overlap with each SLR,
to achieve blue and red color laser separately. Figure 3.1c suggests the good agreement between
simulated and experimental measured transmission spectra of Al NP array in square lattice

(Methods). Under transverse magnetic (TM) polarized plane wave excitation, the fabricated Al NP
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arrays incorporated with dimethyl sulfoxide solution (DMSO) (refractive index: 1.44) support two
high-quality SLRs at the I" point. The localized surface plasmon resonances (LSPs) of Al NPs
couple to (1,1) diffraction mode of square lattice, resulting the I'11 mode at 472 nm. On the other
hand, the SLR at 655 nm (I"10 mode) comes from the coupling between the LSPs of Al NPs and
(1,0) diffraction mode. 20mM C480-DMSO solutions shows PL centered at 465 nm wavelength,
which enables the spectral overlap with I'11 mode. Under 400 nm wavelength pulsed laser pump,
I'11 lasing at 468 nm was realized by putting 20mM C480-DMSO solution onto Al NP array.

Similarly, incorporating 5mM DCM-DMSO dye solutions (PL centered at 645 nm) onto Al NP

[EF/|E @, [EF/E @,

Al i =

Figure 3.2. Near-field distributions at I'11 and I'1o Resonance. (a) Calculated electric field
magnitude within the XY plane of square lattice excited at I'11 mode showing symmetric spatial
distributions characteristic. (b) Calculated phase mapping at I'11 mode. (c) Calculated electric
field magnitude within the XY plane of square lattice excited at I'1o mode showing dipolar

coupling. (d) Calculated phase mapping at I'1o mode.
array and pumping with 400 nm wavelength femtosecond pulsed laser, we achieved I'1o lasing at

654 nm (Figure 3.1c).
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To indentify the near-field couping of I'11 and I'1o modes, we used finite-difference time-
domain (FDTD) simulation to investigate the near-field electric distributions and phase mapping
of I'11 and I'1o modes. Under TM excitation of incident plane-wave light, the I"11 mode shows a
symmetric charge distribution with dipoles orientated along the polarization direction of incident
light (Figure 3.2a). The phase fronts of the standing-wave patterns at the I'11 mode are along the
direction of (1,1) mode, suggesting the SLR at I'11 mode is from in-plane dipole coupled with (1,1)
diffraction mode (Figure 3.2b). Furthermore, the near-field electric distributions and phase

mapping of I'1o mode shows that the I'1o mode is from in-plane dipole coupled with (1,0) diffraction

I, Lasing r,Lasing I,,Lasing
a 1 b [ 1
108 r .
5 WWT 08 @ 3 Soag ettt S f —-10.8
3  qof 2
= 5 10°F @
E —0.6 __8, 3 - E -10.6
c - c
o 2 10°f ©
= g’ E (] =
[o] L
E 10° . .....
102 [ 1 1 1
0 04 08 1.2
Pump power (mJ/cm?)
5 _ E
o d r,,Lasing a /
c 10° - c 1
o r . o
8 @ 107 L 8
E c f E
w 3 10° w
* 10 anr . x5
5 E
«s0 | . 0|
g 10°f % 10°
* 50 = 0f . x 10°
|
x 50 I - T
10 1 1 1 —
. ' 0 02 04 06 08 ' .
420 460 500 540 Pump power (mJicm?) ~ 590 630 670 710
Wavelength (nm) Wavelength (nm)

Figure 3.3. Lasing Characterizations Supported by I'i1 and I'io Resonance. (a) I'11 lasing
output profiles. (b) Light-light curve of I'11 lasing showing threshold value of 0.61 mJ/cm?. (c)
"o lasing out-put profiles with increasing pump powers. (d) Light-light curve of I'11 lasing

showing threshold value of 0.33 mJ/cm?
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mode (Figure 3.2c and 3.2d), which is similar to other in-plane dipole SLRs reported before. *"
56 First of all, we investigated the individual lasing emission supported by I'11 and "o mode. Figure
3.3a shows the TI'11 lasing emission output profiles supported by I'11 mode. We put a droplet of
20mM C480-DMSO dye solution onto the Al NP array and capped it with a cover glass. Under
400 nm femtosecond pulsed pump, we observed the lasing emitted at 468nm. The wavelength of
I'11 lasing (468 nm) determines its blue color. Angle-resolved emission profiles shows that the I'11
lasing emitted at surface normal direction (Figure 3.4a). The light-light curve of I'11 lasing
suggests the threshold value of I'11 lasing is around 0.61 mJ/cm? (Figure 3.3b). When putting a
droplet of 5mM DCM-DMSO solutions onto Al NP array and covered with glass slide, we can
excite I'io mode to achieve red color I'yo lasing at 654 nm with lasing threshold around 0.33 mJ/cm?

(Figure 3.3c and 3.3d). The angle-resolved emission also indicate the surface normal direction
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Figure 3.4. Angle-resolved emission of (a) I'1a and (b) I'10 lasing shows the directionality

of lasing.
emission of I'yo lasing (Figure 3.4b). Compared with T'11 lasing, the T'1o lasing shows stronger
intensity and lower threshold could be related to the different dye efficiencies, higher quality factor

(Figure 3.1c) and stronger near-field electric intensities of I'yo mode (Figure 3.2a and 3.2c).
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3.3 Multi-color Lasing Emission in Square Arrays

To obtain blue color I'11 lasing and red color I'1o lasing simultaneously, we mixed the C460-
DMSO dye solutions with DCM-DMSO solutions to have a mixed dye which has spectrally
overlap with both I'11 and "1 modes. Considering mixing two dye solutions together will decrease
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Figure 3.5. T'11 and I'1o Lasing Emissions from Plasmonic Square Lattice. (a) Scheme of
mixing two dye solutions and achieve TI'11 and I'1o lasers simultaneously. (b) Measured lasing

spectra by incorporating mixed dye solutions with different volume ratios.
the concentrations of each individual dye solution, we started with 50mM C480-DMSO dye
solution with 5mM DCM-DMSO dye solution. Initially, we used 30mL 50mM C480-DMSO dye
solutions and we added 5mL 20mM DCM-DMSO dye solution into the C480-DMSO dye solution
every time (Figure 3.5a). The PL of mixed dye shows two peaks at 464 nm and 645 nm, which is
similar to the PL peak of individual dye solutions (Figure 3.6). A glass pipette was used to obtain

one droplet of mixed dye solutions (less than SuL), then we put it on the top of Al NP array and
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covered with a glass slide. Under 400 nm wavelength pulsed laser pump, we used charge-coupled

device (CCD) camera to detect the output lasing emissions at surface normal with a constant pump

Emission (a.u.)

400 500 600 700 800
Wavelength (nm)

Figure 3.6: PL of mixed dye shows two peaks at 464 nm and 645 nm.

power around 1.34 mJ/cm?. Figure 3.5b shows the lasing emission spectra under different mixed
volume of DCM-DMSO dye solution. With less than 10mL DCM-DMSO dye solution mixed,
only the I'11 lasing signal was observed because the concentration of DCM in mixed dye solution
is not high enough to support I'11 lasing at 1.34 mJ/cm?. T'1o lasing appeared when we mixed 15mL
DCM-DMSO with 30mL 50mM C480-DMSO dye solution. By increasing the mixing volume of
DCM-DMSO dye solution, the concentration of DCM in mixed dye solution increases and
concentration of C480 in mixed dye solution decreases. We observed stronger I'1o lasing signal
and weaker I'11 lasing emission. Our results suggest one platform to manipulate the lasing emission

output intensities by tuning the concentrations of individual dye molecules in mixed dye solution.
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3.4 Blue, Green and Red Color Lasing by Stacking Two Square Lattices

To achieve plasmonic monolithic white laser, we need to introduce another I'-point SLR in green
color wavelength regime. For Al NPs (d = 60 nm, h =50 nm) in 350 nm periodicity square
lattice surrounded by DMSO solvents, it can support a I'-point SLR at 509 nm, which is in the

green color wavelength range (Figure 3.7). Under TM excitation of incident light, the I'-point
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Figure 3.7. The I' Mode from Al NPs in 350 nm periodicity square lattice supports lasing
at 514 nm when incorporating with 20mM C500 Dye-DMSO solution onto NP array.

SLR is formed because the LSPs of Al NPs couple with (1,0) diffraction mode. By incorporating
20mM C500-DMSO dye solution (PL centered at 505 nm wavelength) on to the 350 nm
periodicity Al NP array, a green color lasing signal at 514 nm was observed at surface normal
direction (Figure 3.8). Then we stacked Al NP array with 350 nm periodicity square lattice with
450 nm periodicity square lattice together. With DMSO put between the two lattices, the whole
device shows three SLRs (472 nm, 509 nm and 655 nm) at I point (Figure 3.9a). The three

SLRs are not influenced by the translational angle between the two square lattices due to the
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Figure 3.8. The three dye mixed solution shows PL emission from 440 nm to 740 nm

wavelength range with two PL peaks at 501 nm and 642 nm.

micro-scale distance between the two lattices (Figure 3.9a). Previously we found that with Vcaso :
Vbewm = 30 : 15, we can have blue and red color lasers with comparable intensities (Figure 3b).
Therefore, we started with 300uL mixed dye solution with this ration (corresponding to 200uL
50mM C480-DMSO and 100uL 5mM DCM-DMSO) and add 100uL 50mM C500-DMSO
solution as shown in the scheme of Figure 3.9b. The three dye mixed solution shows PL
emission from 440 nm to 740 nm wavelength range with two PL peaks at 501 nm and 642 nm
(Figure 3.10). The blue PL peak comes from the combinations of C480 PL and C500 PL. Under
400 nm wavelength pulsed laser, we measured the lasing output profiles at a constant pump
power of 1.34 mJ/cm? (Figure 3.9¢). To avoid the effects of pump polarizations on different
SLRs, we aligned the two stacking lattices with translational angle equals to 0° during
measurement. Under 400 nm wavelength pulsed laser with a constant pump power of 1.34
mJ/cm?, we observed three lasing emissions at 464 nm, 512 nm and 654 nm wavelengths, which

are supported by the three SLRs at the I" point. The emission at 654 nm is stronger than the
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emission at 468 nm possibly because the PL of C480 dye has a minor overlap with the

absorption of C500 dye, causing less excitons to support lasing at 468 nm (Figure 3.10).
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Figure 3.9. Multi-color Lasing Emission from Stacking Two Plasmonic Square Lattice. (a)
(a) Scheme of stacking two square lattices with different rotational angles (¢). (b) Transmission
spectra from stacking two plasmonic square lattice with different ¢ values. (¢) Scheme of
measuring lasing emissions and device design. (d) Measured laser emission output with the three

mixed dye solutions.

Moreover, the absorption of DCM dye overlaps with the PL of C500 dye, extra C500 dye
molecules in the mixed solution can provide more excitons to support lasing at 654 nm (Figure
S6). A lasing signal emitted at 514 nm, which is supported by the I'1o mode from 350 nm
periodicity square lattice, was observed when we added 40uL. 50mM C500 dye solution to the

mixed dye solutions. Stronger lasing emission at 514 nm and weaker emission at 468 nm were
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Figure 3.10. Individual PL and absorption spectra of three dye solutions.

detected with more C500 dye solution mixed (Figure 3.9¢). Finally, the lasing emission signal at
468 nm disappeared with 120uL C500 dye solution added to the mixed dye solution. This may
be because the absorption of C500 dye has overlap with the PL of C480 dye (Figure S6). Too
much C500 dye molecules in the mixed dye solution leads to intense energy transfer from C480
dye molecules to C500 dye molecules, leading to the insufficient gain from C480 dye to support

lasing at 468 nm.
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3.5 Plasmonic Lasing Emitted from Off-normal Directions

Few studies reported engineering of SLRs at the high-symmetry points to achieve multicolor
lasing over a wide range of angles on a single device.'” % & Lasing from plasmonic superlattice
emitted at different wavelengths simultaneously, but is limited in a small wavelength range (less
than 20 nm). QDs shell lasing from plasmonic square arrays can emit over wide range angles but
can only emit at one color at a time. Here we show that the SLRs at the high-symmetry points
can support plasmonic nanolasers emitted in directions with respect to the off-normal SLRs at
high-symmetry points. We realized green, yellow and orange color lasers at the same time on a
single device over a wide range angles by incorporating one dye solutions overlapped with
SLRs.

Figure 3.11 shows the off-normal lasing emissions from Al NPs in square lattice with 450
nm periodicity. Figure 3.11a depicts the dispersion diagrams of Al NPs in square lattice. Along
I'-X symmetry, exciting the lattice under TM polarization of incident light, we have X and A2 (A
point in the second BZ) high-symmetry points. And under TE excitation of incident light, there is
a A high-symmetry point along I'-X direction. Moreover, with TE polarization of incident light
exciting the lattice along I'-M direction, we observed M/3 high-symmetry point. Figure 3.11b
shows the scheme of experimental setup for measuring lasing emission from off-normal high-

symmetry points. Under 400 nm wavelength femtosecond pulsed laser with 100 Hz frequency,
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Figure 3.11. Multi-color Lasing Emission from Plasmonic Square Lattice. (a) Measured

dispersion diagram of Al NPs in square lattice under different polarization angles of incident
light at different geometries. (b) Scheme of measuring lasing emission from off-normal high-
symmetry directions. Measured angle-resolved emission of Al NPs in square lattice from (c) I'-
X and (d) I'-M directions. Measured lasing spectra by incorporating mixed dye solutions with
different volume ratios. (e) Representative lasing spectra from off-normal high-symmetry
points. (f) The spatial distributions of lasers corresponding to the Brillouin zones (BZ). (9)

Photos of laser beams showing similar spatial distributions of lasers in (f).
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we put a droplet of 20mM C481-DMSO dye solution on top of the NPs and capped with a cover
slide. The C481-DMSO dye solution has central wavelength at 515 nm with PL wavelength
ranging from 440 nm to 620 nm under 400 nm wavelength pump. The angle of incident pump
source was set to be around 30° to avoid the reflected pump spot overlapped with lasing emissions.
And the reflected pump spot was blocked to prevent the damage from high pump power to the
detector. We measured the lasing emission spectra by rotating the spectrometer every 1° manually
to obtain the angle-resolved emission map. Figure 3.11c and 3.11d show the experimental angle-
resolved emission along different symmetry directions. It indicates the consistence between
bandstructure dispersion diagrams with lasing emission map. Along I'-X direction, we observed

lasing emissions from X, A2 and A points. Along I'-M direction, we observed lasing emission from
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Figure 3.12. The spectral comparison between X-point lasing emission and transmission
spectra near X-point under (a) TM and (b) TE excitations of incident light.

M/3 point. Figure 3.11e suggests the representative lasing emission spectra from different high-
symmetry points. Basically, the A-point lasing was at 520 nm wavelength from 17°, X-point lasing

was at 581 nm wavelength from 41°, M/3-point lasing was at 552 nm wavelength from 17°, A2-
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point has the same energy to A-point but different at k// wavevectors, A2-point lasing was at 520
nm wavelength from 61°. Because the square lattice has 4-fold symmetry and all the high-
symmetry points come from the Brillouin zone, we are able to draw the scheme of the spatial
distributions of lasers from off-normal high-symmetry points (Figure 3.11g). And the
experimental observations of emitted laser beams show similar distribution patterns with theory
(Figure 3.11f). Interestingly, if we compare the X-point lasing emission wavelength from off-
normal directions with the transmission spectra at different angles, we will see the off-normal
emission was supported by the resonance at the sidebands near the high-symmetry points (Figure
3.12). Similar phenomena were observed for other off-normal lasing emissions as shown in Figure
3.13. The angle-resolved measurement didn’t show two beams near each high-symmetry point is
because the detection angle of spectrometer is 3°, which cannot resolve the sideband effects. This

is because the sidebands have stronger near-field intensities than the center part.
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Figure 3.13. The spectral comparison between off-normal lasing emission and
transmission spectra near the high-symmetry points. (a) A2-point lasing, (b) A-point lasing,
(c) M-point lasing.
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3.6 Summary and Outlook

In conclusion, we realized plasmonic monolithic white color laser by engineering the dye gain
media and designing the device supporting plasmonic lasing. We demonstrated the both I'11 and
I'1o mode in square lattice can support plasmonic lasing simultaneously. We achieved blue, green
and red color plasmonic lasers on a single device. Engineering the concentrations of each dye gain
media supporting corresponding SLR lasing, we are able to control the relative intensities of output
lasing emissions, which presents a wide tunability of lasing output color. We expect our results
can benefit for nanophotonics and nanotechnology communities. We believe that our
demonstrations of tuning the color of plasmonic nanolasers can provide a powerful design strategy
for applications such as full-color display, multi-color fluorescence sensing and dynamical color

control device.
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3.7 Methods

3.7.1 Fabrication of Ag NP arrays

Al NP lattices on fused silica were fabricated with a soft nanofabrication process. First, we
generated periodic photoresist posts on Si wafers by solvent-assisted nanoscale embossing
(SANE®Y). The patterns were then transferred into free-standing Au nanohole films after Cr
deposition, removal of photoresist posts, etching through the Si nanoholes and lift-off of the Au
film. Finally, we created Al NP lattices by E-beam deposition through the hole-lattice mask on

fused silica and then removal of the mask.

3.7.2 FDTD simulations

FDTD calculations with commercial software (FDTD solution, Lumerical Inc., Vancouver,
Canada) were used to simulate the linear optical properties from Al NP lattices. Periodic boundary
conditions were set for both x and y direction. PML boundary condition was used for z direction.
The optical constants of Al were taken from Palik constant®*. A uniform mesh size of 2 nm (x, y

and z) was used to calculate the near-field electric and phase mapping within the metal NPs.

3.7.3 Lasing measurements

The plasmonic laser was optically pumped using 35 fs, 400-nm laser pulses with a repetition
rate of 100 Hz, beam diameter of ~ 600 um, incident excitation angle ~ 45°. Lasing signals were
collected normal to the sample surface and measured by a charge-coupled device (CCD)
spectrometer. 435 nm long pass fileter was used to aviod the pump beam entering ande damage
CCD camera. A manually controlled tranlasional stage was used to measure the angle-resolved

emission with every 1°.
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Chapter 4. Hierarchical Hybridization in Plasmonic
Honeycomb Lattices

Abstract

This chapter reports hierarchical hybridization as a mode-mixing scheme to account for the
unique optical properties of non-Bravais lattices of plasmonic nanoparticles. The formation of
surface lattice resonances mediated by localized surface plasmons of different multipolar orders,
e.g. dipole and quadrupole, can result in asymmetric electric near-field distributions surrounding
the NPs. This asymmetry is because of LSP hybridization at the individual NP level from LSPs of
different multipole order and at the unit-cell level (NP dimer) from LSPs of the same multipole
order. Fabricated honeycomb lattices of silver NPs exhibit ultra-sharp SLRs at the T" point that can
also facilitate nanolasing. Modeling of the stimulated emission process revealed that the multipolar
component of the lattice plasmon mode was responsible for feedback for lasing. By leveraging
multipolar LSP responses from aluminum NPs lattices, we achieved two distinct I" point band-
edge modes from a single honeycomb lattice. These relatively unexplored degrees of freedom can
decrease both ohmic and radiative losses in nanoscale systems and enable SLRs to build

unanticipated connections among photonics and nanochemistry.

Related references

Li, R.; Bourgeois, M. R.; Cherqui, C.; Guan, J.; Wang, D.; Hu, J.; Schaller, R. D.; Schatz, G. C;
Odom, T. W., Hierarchical Hybridization in Plasmonic Honeycomb Lattices. Nano letters 2019,
19 (9), 6435-6441.
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4.1 Introduction
Two-dimensional (2D) materials with honeycomb lattice symmetry exhibit unusual conductive
and optical properties because of degeneracies at the high-symmetry points in the electronic band
structure.®%8 In solids, band structure emerges from the interplay between global lattice symmetry
and interactions between atomic wavefunctions at each site. In 2D lattices of plasmonic
nanoparticles (NPs), an analogous photonic band structure can result, where atomic wavefunctions
are replaced by surface-bound electron oscillations known as localized surface plasmons (LSPs)
or LSP wavefunctions. By exploiting the intrinsic size-and-composition tunability of the LSP
wavefunctions, NP units offer a programmable basis set that does not exist in electronic systems.>*
% For example, as the distance between NPs becomes commensurate with an integer multiple of
the wavelength of incident light, collective lattice modes emerge that can be rationally tuned based
on the diffractive character of the 2D array as well as the induced charge distribution of LSPs.”0-"3
These lattice plasmons, also called surface lattice resonances (SLRs), are characterized by an
energy dispersion relation E(k)), where k; is the in-plane wave vector.® 7
The photonic band structure of SLRs can be constructed directly from transmission spectra and
indirectly from the back-focal plane of a microscope or spectroscopic ellipsometry.® 758 Early
work reported that there were no major differences among the linear optical properties of square,
rectangular, hexagonal, and honeycomb lattices at the T" point (|kj| = 0) based on dipole (D)
interactions between units.®? An analysis of the mode symmetries and far-field polarization
properties of the K-point SLRs supported by a plasmonic honeycomb lattice were also recently
reported.? Work that captured SLR dispersion characteristics showed clear differences due to

lattice symmetry, but since the data was analyzed only according to the free-photon dispersion
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relation, effects of scattering from NPs on the resulting band structure were not considered.”” The
relationship between lattice symmetry and contributions of higher-order LSPs to SLRs has just
started to receive attention. Quadrupolar (Q) coupling in plasmonic NP lattices show
characteristics from out-of-plane Q-Q interactions that are similar to those from D-D coupling.8*
8 Although SLRs from in-plane Q-Q coupling have been observed in finite square lattices,®® these
modes are optically dark in the infinite lattice limit. Also, the focus on SLRs in Bravais lattices
has been on modes mediated by LSPs of the same multipolar order because SLR modes of mixed
D-Q character are not accessible at the I" point in systems of such symmetries.®® In the case of non-
Bravais lattices, where D-Q coupling is allowed at the I" point, only far-field observables have
been reported, with near-field signatures missing.*? 8

Recent interest in the band structure of SLRs has been motivated in part by the emergence of
topological photonics in dielectric NP arrays. The low losses associated with dielectric NPs allow
for defect-tolerant unidirectional propagating edge states,®¢” and topological states in plasmonic
systems have been considered.?* 88 However, topological effects are challenging to realize in
metal systems because of radiative and ohmic losses. SLRs provide a potential strategy to explore
topology-based phenomena because they can mitigate losses associated with plasmonic NPs.% By
exploring non-Bravais lattice symmetries and complex wavefunction hybridization at the unit-cell
level, we can test how lattice symmetry and LSP wavefunction bases can be applied to plasmonic
topological effects.®

Here we show that honeycomb plasmonic lattices can produce SLRs from the hybridization of
same-order LSPs between lattice sites and hybridization of different-order LSPs at the same lattice

site. This mode-mixing scheme—hierarchical hybridization—is a result of the non-Bravais nature
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of the honeycomb lattice combined with the available LSP wavefunction basis of plasmonic NPs.
Hybrid SLRs exhibit asymmetric surface-charge distributions on the NP surfaces that dominate
the near-field, and whose effects can be visualized by plasmonic lasing with silver NP lattices. We
extended and leveraged the LSP wavefunction basis to create a single lattice that could support
two distinct band-edge SLRs that were spectrally separated by ca. 300 nm in aluminum NP lattices.
This work highlights a distinct feature of plasmonic NP lattices that enables an unexpected class

of hybridization not possible in other nanophotonics systems.

4.2 Hybridized I': Mode in Plasmonic Honeycomb Lattice
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Figure 4.1. Hybridized I'1 Mode in Plasmonic Honeycomb Lattice. (a) Scheme of a
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honeycomb lattice with two NPs per unit cell (outlined). Red and blue sites belong to hexagonal
sublattices L1 and Lo, respectively. (b) SEM image of fabricated honeycomb lattice (ao = 400
nm) of Ag NPs with d = 110 nm and h = 50 nm. (c) Calculated and measured transmission
spectra of lattice in (b) for x-polarized plane waves at the I" point showing strong SLR I'1. (d)
Calculated (left) and measured (right) dispersion diagram (angle-dependent transmission of TM
polarized plane wave) for the lattice in (b) along the I — M path through the Brillouin zone. (e)
Calculated electric field magnitude within the xy plane of honeycomb unit cell excited at Ari
showing asymmetric spatial distributions characteristic of multipolar LSP superposition.
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Figure 4.1a indicates how the honeycomb lattice can be described as a hexagonal lattice with

a two-unit basis or a superposition of two identical but non-equivalent hexagonal sublattices L1
(red) and L2 (blue). L1 and L are related by an inversion operation and are characterized by two
length scales: (1) the magnitude of the basis vectors of each hexagonal sublattice a; and (2) the

distance between adjacent NPs in the honeycomb lattice ap = a/\3. Figure 4.1b shows a
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Figure 4.2. T'1 SLR in hexagonal lattice. (a) I" point x-polarized transmission spectra for
honeycomb and hexagonal lattices calculated using FDTD. (b) Calculated electric field mag
nitude, normalized to that of the incident field, of I'1 SLR within the XY plane of hexagonal
lattice unit cell. (c) Figure 1e of the main text reproduced for comparison with panel b).

honeycomb lattice (a0 = 400 nm) made of Ag NPs (d = 110 nm diameter) fabricated by soft
nanolithography.?® The NP dimensions were chosen to optimize the SLR mode at the I point (873
nm or 1.42 eV) (Figure 4.1c) to have a quality factor ~ 170 and a FWHM =~ 5 nm. The broad
feature near 625 nm (2.0 eV) is the single-NP LSP response. The transmission spectrum calculated
using the finite-difference time-domain (FDTD) method*? using periodic boundary conditions is
accurate when fabricated samples are patterned over large enough areas (~ cm?) to be considered

infinite.1”- 8
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The dispersion diagram of the fabricated Ag NP honeycomb lattice was mapped along the I'-

M direction through the Brillouin zone by measuring transmission spectra of x-polarized TM plane
waves (polarization vector parallel to the plane of incidence) as a function of incident angle
(Figure 4.1d, right). The experimental dispersion diagram is similar to the calculated TM-
polarized photonic cavity dispersion relation’” except near the high-symmetry I'1 (1.42 eV, 873
nm) and M (1.87 eV, 664 nm) points, where deviations emerge from the formation of band-edge
states as a result of NP scattering (Figure 4.1d, left). The narrow spectral feature in the normal-
incident transmission spectrum (Figure 1c) can be assigned as a I'1 point SLR with associated
electric near-field distribution (Figure 4.1e). Because honeycomb (non-Bravais) lattices and
hexagonal (Bravais) sublattices are characterized by the same reciprocal lattice, both geometries

exhibit qualitatively similar I" point transmission spectra’” & (Figure 4.2).
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4.3 Dipole-Quadrupole Coupling at I's Mode
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Figure 4.3. Hierarchical Hybridization at I'1 Resonance. (a) Calculated extinction spectra

of isolated Ag disks (d = 110 nm and h = 50 nm) excited by plane waves with incident wave

vector k parallel (green) and perpendicular (black) to the disk symmetry axis. The dipole mode

D, is excited in both cases, while the in-plane quadrupole Qj is not excited with k directed along

the z-axis. Note that the mode near 3.0 eV under ky, Ex plane wave excitation is an electric

octupole mode that does not noticeably contribute to the near-fields shown in Figure 1e. (b)

Calculated electric fields associated with D) and Q; modes of the isolated disk projected onto

the surface normal i highlighting different near-field spatial distributions. (c) Hierarchical

hybridization scheme showing the I'1 mode of the honeycomb lattice involves D-Q mixing on

both sublattice (vertical) and unit cell (horizontal) levels. Red and blue colors correspond to

positive and negative induced surface charges, respectively.

We identified the multipolar LSP contributions to the I'1t SLR mode in honeycomb lattices by

examining the LSP modes supported by both one- and two-particle hexagonal and honeycomb unit
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cells. Figure 4.3a shows calculated extinction cross sections of a h =50 nm and d = 110 nm Ag
NP (single-particle unit cell) in a hexagonal sublattice under two excitation conditions. When the
x-polarized incident plane wave propagates along the z-axis (green trace), a strong and broad LSP
mode (D)) is excited near 2 eV (620 nm) as well as a weaker mode (Q.) just above 3 eV (413 nm).
A plane wave propagating along the y-axis and polarized along the x-axis (black trace) can also
excite the Dy mode along with a second resonance (Qy) near 2.72 eV (460 nm). Calculated electric
fields at the energies of the D; and Q; modes near the NP surface enable a multipolar order to be
assigned based on nodal structure (Figure 4.3b). The near-field distribution of the Dj mode
exhibits a single yz nodal plane characteristic of the in-plane electric dipole D;, = p,X mode. The
Q mode is characterized by a set of xz and yz nodal planes and can be assigned as an in-plane

quadrupole LSP mode. The Q. mode is the out-of-plane quadrupole with yz and xy nodal planes.

x10*

27, == Monomer
- ++++ Dimer (divided by 2)

N
o

I

Extinction [nm?]
()]

o

Energy [eV]

Figure 4.4. The spectral profiles of the Ag NP (d = 110 nm; h = 50 nm) dimer (dashed)
closely match those of the isolated Ag NP (solid) after normalizing the former by a factor
of 2 to account for the particle number. Deviations from the single-particle responses are
small due to the 400 nm center-to-center distance between NPs in the dimer structure. The
trace colors correspond to the plane wave excitation conditions in Figure 4.3 of the main text.
Explicitly, red and blue traces correspond to incident plane waves polarized along short- and

long-axes of the disc, respectively.
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Interestingly, the electric near-field distribution around NPs at the I'1 SLR mode of a hexagonal
lattice (Figure 4.2) matches that of the Dy mode (Figure 4.3b). This observation indicates that the
I't SLR mode of a hexagonal lattice is from hybridization between the Dy LSPs with the Bragg
mode of the lattice.

Surface charge distributions corresponding to eigenmodes of an isolated honeycomb lattice
unit cell (i.e., a NP dimer) were calculated using the boundary element method (BEM) by solving
for the roots of the determinant of the BEM matrix®? (Figure 4.3c, first and second rows). The top
row depicts in-phase coupling of D; LSP modes on L; and L (labeled D: and D), and the second
row depicts out-of-phase coupling of Q) (labeled Q: and Q2) LSPs on the two sublattices. Other
dimer modes, such as in-phase Q) and the out-of-phase D) modes are not considered since they are
not observed in the near-field distribution (Figure 1e). Due to the relatively large NP-NP separation
(a0 =400 nm), the energies of the dimer modes are nearly degenerate with the D; and Q; modes of
an isolated Ag NP (Figure 4.4). In contrast to a hexagonal lattice, the honeycomb lattice supports
a linear combination of the in-phase D; and out-of-phase Q, hybridized LSPs, which accounts for
the near-field distribution in the FDTD simulations (Figure 4.1¢).

Strikingly, the hybridization scheme of plasmonic honeycomb NP lattices is distinct (Figure
4.3c) and has no analogue in either electronic or dielectric (photonic) systems. Besides
hybridization across the unit cell of a non-Bravais lattice, LSP wavefunctions of a single site can
self-hybridize via the additional photon degree of freedom from the Bragg mode. This type of
multipolar mode-mixing on a single NP (self-hybridization) has been observed for cubic metal
NPs on a dielectric substrate, where the coupling between in-plane D and out-of-plane Q LSP

modes is mediated by the substrate.?*-%* This effect can be suppressed, however, if the dipole and
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quadrupole LSP modes do not spectrally overlap. Plasmonic NP lattices are not constrained in this
way since the single- NP LSPs are coupled via the Bragg lattice modes. In the case of the I'1 SLR
in the honeycomb lattice, the strong electromagnetic response of the multipolar LSPs and the non-
Bravais character of the lattice allow the D) and Q) modes hybridized with the Bragg mode to
become effectively degenerate on sublattices L1 and L2. When the two hexagonal sublattices are
combined to form a honeycomb lattice, hybridization occurs at both the single particle and unit-

cell level—hence, hierarchical hybridization (Figure 4.3c).

4.4 Dipole-Quadrupole Coupling for Lasing from Honeycomb Lattices
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Figure 4.5. Dipole — Quadrupole Coupling Supports Lasing at I'1 Mode. (a) Lattice mode

(black) spectrally overlapped with PL of IR 140 dye solution (light blue). The lasing emission

spectrum (red) exhibits characteristic linewidth narrowing close to the I'1 mode of the lattice.

(b) Calculated spatial distribution maps of the stimulated (h_vlwl E‘%ﬂ) and spontaneous (N2/t21)

emission rates when lasing occurred in units of s*-m=. The stimulated emission spatial

distribution matches that of the Q mode in Figure 2b.

With a detailed understanding of mechanism of the asymmetric near-fields of the hybrid SLRs,
we used plasmon lasing as a diagnostic tool to examine this I" point mode further. We placed a

droplet of IR-140-DMSO solution (0.5 mM) on a 2D Ag NP lattice (same dimensions as in Figure
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1) on asilica substrate and pumped the dye with a TM-polarized 800-nm fs-pulsed laser (Methods).

The light emitted normal to the surface had a very narrow lasing peak (FWHM = 0.2 nm) centered
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Figure 4.6. I'1 lasing characterization from Ag NP lattice. (a) Light-light curve of I'1 lasing
and power-dependent emission FWHM. Lasing intensities and linewidths are plotted on

linear and logarithmic scales, respectively. (b) Angle-resolved emission of Iy lasing.

at 866 nm, close to the I'y resonance (Figure 4.5a). Power-dependent input-output profiles showed
a nonlinear increase in lasing intensity above threshold (~ 0.21 mJ/cm?), and angle-resolved
emission measurements indicate that the lasing emission was from the band-edge I'1 mode at ||
= 0 (Figure 4.6). We used our semi-quantum four-level, one-electron model of organic gain
medium coupled to FDTD calculations to simulate lasing action.” 5% 56 These calculations
confirmed that the lasing occurred at the same wavelength as the I'1 resonance (Figure 4.7). The
lasing emission supported by the I't SLR mode was at a slightly shorter wavelength compared to
that of the I'1 SLR mode (Figure 1c) because of refractive index changes at high pump fluences or

the optical pulling effect.*® 32 In contrast to plasmonic systems that have stimulated emission rate

(# E%*2) maps and spontaneous emission rate (N2/t21) maps dominated by D-D or Q-Q coupled

SLRs,*> 5% % |asing from the honeycomb lattices showed an asymmetric distribution of the
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stimulated emission rate because of hierarchical hybridization. Notably, different from the

stimulated emission rate map, the spatial distribution of the spontaneous emission rate resembles

that of a dipole LSP field (Figure 4.5b).

4.5 Lasing from Two Distinct Band Edge State
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Figure 4.7. Simulated I'1 lasing emission peak matches wavelength of I'1 resonance in the
absence of dye. Calculation details included in the main text.

When the particle height is small (< 50 nm), the out-of-plane quadrupole degrees of freedom
are not prominent in SLR excitations; however, these multipolar modes can be used to produce
additional SLR modes* as NP height increases. To explore whether a single structure can incident
angle (Figure 4.8a). At the I'> resonance, the calculated surface charge distribution and the electric
field (|E|%/|Eo|?) are localized to the upper and lower NP surfaces with xy and yz nodal planes for

x-polarized light. The phase within the top- and bottom-halves of each NP are out-of-phase by n



81

(Figures 4.8b, 4.9). These characteristics confirm that the I'> mode is correlated with an out-of-

plane quadrupole LSP, which in earlier work was labeled as a hybrid out-of-plane quadrupole (Q.)
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Figure 4.8. Lasing Supported by Two Distinct Band Edge States. (a) Measured transmission

spectrum of Al NP (d = 110 nm, h = 100 nm) honeycomb lattice showing simultaneously

optimized I'1 and I'> modes. (b) Calculated electric field magnitude normalized by magnitude
of incoming field (|E|%/|Eol?) and phase profile of the I', mode. Scale bars are 100 nm. (c)
Dispersion diagram of Al NP array under TM polarization. The white dashed line denotes the

edge of dispersion diagram which is limited by the areas of fabricated NP array in experiments.

(d) Measured I'2 emission spectra with increasing pump power for Al NP array (LDS 473 dye

concentration 20 mM). (e) Measured I'1 emission spectra with increasing pump power for Al

NP array (IR-140 dye concentration 0.5 mM).

lattice plasmon resonance because of the superposition of Q. with an overlapping dipolar LSP.?

Therefore, the sharp I'> resonance is from the stronger Q. LSP coupled to the (1, -1) Bragg mode

with only minor overlap of the dipole LSP coupled to the (1, -1) Bragg mode (Figure 4.10). Note

that this superposition is different from the explicit mode-mixing of hierarchical hybridization.

The dispersion diagram of the fabricated Al NP lattice was experimentally mapped along I'-M

using TM-polarized light and showed two band-edge states at I'1 and I"2 points (Figure 4.8c).
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Multiple lasing peaks were previously demonstrated from a NP superlattice composed of

microscale arrays of finite-lattice patches.!’ In contrast, by controlling the sub-wavelength lattice

Figure 4.9: Charge distributions at I'2 resonance showing the charge accumulated at four

corners of Al nanoparticles.
structure via unit cell design, we can access two different SLR modes that can support lasing with
a wavelength separation of ~ 300 nm using different organic gain. With LDS 473-DMSO (20 mM)
pumped by a 400-nm fs-pulsed laser, the PL centered at 475 nm overlapped with the I'> mode. A

narrow lasing peak (FWHM == 0.3 nm) at 505 nm was observed normal to the lattice plane (Figure

4.8d). The light-light curve showed a nonlinear increase in lasing intensity above the lasing

threshold of 0.65 mJ/cm?, and angle-resolved emission spectra measurements confirmed the lasing
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Figure 4.10: The Bragg mode (denoted by the dash line) related to I'2 resonance coupled

with out-of-plane quadrupole localized surface plasmon.
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mode is from the I'> band-edge state at |ky| = 0 (Figure 4.11). To investigate the I'1 mode, we used
IR140-DMSO (0.5 mM) as gain medium and pumped with a 800-nm fs-pulsed laser. Lasing at

865 nm with a measured input power threshold value of 0.45 mJ/cm? was achieved (Figure 4.8¢).
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Figure 4.11: Light-light curve and angle-resolved emission suggested that I'2 lasing
happened at zero wavevector. (a) Input-output curves of I'; lasing. (b) Angle-resolved

emission spectra measured from 0° to 3°.
Hence, multipolar LSPs can achieve two high quality SLRs separated by 100s of nm using a

honeycomb lattice with identical NPs at each lattice site and is the first structure to realize lasing

at the spectral ends of the visible regime.’

4.6 Summary and Outlook

We investigated the formation of hierarchically hybridized SLRs in plasmonic honeycomb NP
lattices. Near the NP surface, the interplay between the non-Bravais lattice symmetry and the LSP
wavefunction basis results in anisotropic electric near-field distributions that result in asymmetric
spatial distributions of stimulated emission rates. By engineering NP shape, material, and spacing,
we achieved two distinct band-edge states separated by more than 300 nm from a single-lattice
array. This magnitude represents a key advantage of hierarchically hybridized SLRs: the lattice
geometry and LSP wavefunctions can be separately tuned to create multi-polar plasmonic lattices.

We anticipate our findings will be critical in tuning near-field interactions between plasmonic NP
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lattices and emitters, for example in strong coupling and Bose-Einstein condensation.’” %% SLRs
may also provide insight to photonic analogous of PT-symmetry and topological effects, especially

since gain and loss in emitter-SLR systems can be exquisitely tailored.

4.7 Methods
4.7.1 Fabrication of Al and Au NP arrays

Arrays of Ag NPs on fused silica were fabricated with a soft nanofabrication process called
PEEL.% Briefly, we generated periodic photoresist posts on Si wafers by solvent-assisted
nanoscale embossing (SANE)** with controlled post size. The patterns were then transferred into
free-standing Au nanohole films by depositing Cr film, removing PR posts, etching through Si
nanoholes, depositing Au film, and lifting off Au film. Finally, we created NP arrays by thermal
deposition through the hole-array mask on a transparent substrate and then used scotch tape to
remove the Au hole mask. A 2-nm Cr layer was deposited in-between for better adhesion

between Ag NPs and silica.

4.7.2 Lasing measurements

A drop of a 0.5 mM IR140-DMSO solution was placed on Ag NP arrays and capped with a
coverslip. The completed sample was pumped at an incident angle of 45° using a mode-locked
Ti:sapphire laser with a regenerative amplifier (800-nm wavelength, 1 kHz operation rate and 90
fs pulse width), and the circular pump spot size was ~800 um in diameter. Lasing signals were
collected normal to the sample surface and analyzed by a charge-coupled device (CCD)
spectrometer. For angle-resolved emission measurements, we fixed the sample vertically at the
centre of a rotational stage and collected emission signals within detection angle from 0° to 5° in

1° increments manually (with respect to the sample surface normal).
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4.7.3 FDTD simulations
FDTD calculations with commercial software (FDTD solution, Lumerical Inc., Vancouver,
Canada) were used to simulate the linear optical properties and lasing emission from Ag NP arrays.
The optical constants of Ag were taken from Palik measurements (400-1000 nm).% A uniform
mesh size of 2 nm (x, y and z) was used to ensure the accuracy of electric and magnetic field
calculations within the metal NPs.
Simulation of I'1 lasing was performed by FDTD, where a four-level one-electron model was
integrated for modeling dye molecules. In the semi-quantum systems, we set the Ag NP size d =

110 nm and height h = 50 nm, dye concentration C = 0.5 mM, pump wavelength at 4. = 800 nm

and dye emission at Ze = 850 nm with bandwidth AZe = 120 nm, close to experimental conditions.
The spontaneous emission rate (N2/t21) and stimulated emission rate (i E%®) were analyzed to
hw —dt

show their spatial correlation with the plasmonic hot spots with the amplitude of pump power set

to be 8x10’.
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Chapter 5. M-point Lasing in Hexagonal and Honeycomb
Plasmonic Lattices

Abstract

This paper reports the observation of band-edge states at the M point in the first Brillouin zone
of hexagonal and honeycomb plasmonic nanoparticle (NP) lattices. The surface lattice resonance
at the M point (SLRwm) of hexagonal arrays shows characteristics of asymmetric out-of-plane dipole
coupling between silver NPs. Compared to the hexagonal lattice, two modes were observed at the
M point of the honeycomb lattice. The non-Bravais nature of the honeycomb lattice and off-normal
excitation result in the hybridization of the out-of-plane dipole resonance with the out-of-plane
quadrupole resonance for the bluer SLRw, and the in-plane dipole coupling at the redder SLRm of
the honeycomb lattice. By incorporating spectrally overlapped dye gain media, we achieved M-
point lasing from both hexagonal and honeycomb lattices. These unexplored band-edge states are

expected to contribute to the fields of nanophotonics and quantum optics

Related reference

Manuscript in-preparation
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5.1 Introduction
Two- and three-dimentional periodic dielectric structures known as photonic crystals can show
photonic band gaps.'%-1% These stop bands at high-symmerty points in the Brillouin zone (BZ) of

the reciprocal lattices can trap light'%? in the form of standing waves!®®

and have faciliated single-
molecule detection and fluorescence enhancement.'41% Two-dimensional lattices of metal
nanoparticles (NPs) can support surface lattice resonances (SLRs), hybrid collective excitations
that form between the localized surface plasmons of the NPs in an array with diffractive photonic
modes of the lattice.>® % 107 Because both the NP characteristics and the lattice modes can be
independently tuned, the optical band structure of SLRs can be exquisitely engineered. For
example, SLRs from square, hexagonal and rhombohedral lattices were realized.’ 5 108

At the SLR wavelength, the NP lattice can strongly localize light in the subwavelength volumes
around the NPs with a standing wave forming at the band-edge state.” °6: 1% Experimental studies
have focused primarily on SLRs produced by dipolar plasmon excitations in cylindrical NPs
coupled to high-symmetry lattices (square and hexagonal). Recently, studies have reported that
engineering the NP unit cell can enable the excitation of out-of-plane quadrupole plasmons,
producing hybrid quadrupole SLRs.” 12 1% Moreover, lattices that share the same band structure

(honeycomb and hexagonal) but have different unit cells can produce different SLRs due to the
distinct coupling mechanisms of their unit cells. > 82 19 The SLR at the " point (0° excitation
angle, ﬁu = 0) in the honeycomb plasmonic lattice shows in-plane dipole coupling hybridized with
in-plane quadrupole coupling while the SLR at the I" point in the hexagonal lattice only shows in-
plane dipole coupling.> Although studies about the K points in honeycomb lattices have been

reported,'% other high-symmetry points, especially those at large excitation angles, have not been
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investigated because of challenges accessing these points in small patterned areas (~pm?).110-11
Large-area patterns (~ cm?) are necessary to measure large excitation angles experimentally.12-113

Topological effects in plasmonic systems are interesting because of the nanoscale-field
amplification properties of localized surface plasmons and the robust transport properties of
topological edge states.!**1® Properties arising from system topology (topological invariants),
including unidirectional chiral edge states are closely related to the interplay between lattice
symmetry and the wavefunction response at each lattice site, especially at off-normal high-
symmetry points.!’122 We have reported the hierarchical hybridization coupling at the I' point of
SLRs in plasmonic honeycomb lattices.>® However, the band-edge state and coupling mechanisms
at off-normal high-symmetry points are unexplored. A full understanding of the band structure and
coupling mechanism in plasmonic hexagonal and honeycomb lattices is necessary to investigate
topology in plasmonic systems.

Here we show that six-fold rotational symmetry plasmonic lattices of silver NPs can support
SLRs at the M point. In hexagonal plasmonic lattices, the single SLRwm is a result of asymmetric,
out-of-plane dipole coupling between NPs. In honeycomb plasmonic lattices, two SLRm modes
were observed at the M point because of the non-Bravais nature of the honeycomb lattice (two-NP
unit cells on a hexagonal lattice). We found that the two SLRm modes in the honeycomb lattice
were attributed to different hybridization couplings between NPs, where the shorter-wavelength
M1 mode was from out-of-plane dipoles hybridized with out-of-plane quadrupoles while the
longer-wavelength M2 mode showed only in-plane dipole coupling. M-point lasing was observed

at ca. 60° relative to surface normal from honeycomb and hexagonal lattices of silver NP arrays.
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5.2 Out-of-plane Dipole Coupling at M-point in Hexagonal Lattice

Simulation Experiment
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Figure 1. M-point Band-edge State in Plasmonic Hexagonal Lattice. (a) SEM image of
fabricated hexagonal lattice (a0 = 400 nm) of Ag NPs with 80 nm diameter and 50 nm height.
(b) Reciprocal space with Brillouin zone of hexagonal lattice. (c) Calculated (left) and measured
(right) dispersion diagram (angle-dependent transmission of TM polarized plane wave) for the
lattice in (a) along the I' — M path through the Brillouin zone. The light cone in DMSO is
denoted with the white dashed line.
Silver NPs arranged in a hexagonal lattice (spacing ao= 400 nm, diameter d = 60 nm, height
h = 50 nm) were patterned by solvent-assisted nanoscale embossing®® and PEEL processes®!%2 on

silica substrates (Figure 1a). Figure 1b depicts the hexagonal reciprocal lattice (blue dots) and the
first-order Brillouin zone (BZ) (grey hexagon), with the T point in the center. G, is the reciprocal
vector and le is the in-plane wavevector. When (001) and (0-10) modes are excited with a plane
wave (k;) along x axis, |Gooy + ky| and |Go—y1o + k| have the same value, suggesting the (001)

and (0-10) modes are degenerated and share the same ligth energy.
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Figure 1c shows excellent agreement between simulated and measured dispersion diagrams
of Ag NPs in a hexagonal lattice (Methods). Under transverse magnetic (TM) polarized plane wave

excitation, the dispersion properties of (001) and (0-10) are degenerate (black dashed line). At the

M point (|| = 9.2 um™1), where |k;| = %|§001| (Figure 1b), the energy of photon in the lattice

is at a local minimum and TE = 0, indicating the existence of a band-edge state with standing

d
ok

wave feature. Note we denote the plasmonic mode at the M-point band-edge state as SLRwm. The
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Figure 5.2. Out-of-plane dipole coupling at SLRwm. (a) Measured and calculated transmission

spectra of lattice in Figure la for x-polarized plane waves at 60° excitation angle showing
strong SLRwm. (b) Calculated electric field magnitude and (d)phase map within the XY and XZ
plane of hexagonal Ag NP array showing out-of-plane dipole resonance (c) Calculated charge
distribution of Ag NPs at SLRm showing charge accumulates at the diagonal corners of NPs.
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energy of SLRm from experimental measurements is around 2.13 eV, corresponding to SLRw at
60° with 582 nm wavelength in free space.

Figure 5.2a shows the measured and simulated transmission spectra of Ag NPs excited at 60°.
A sharp and strong SLRm was observed at 582 nm. We used finite-difference time-domain (FDTD)
method'’ to investigate the near-field distributions at SLRm (Methods). Compared with electric
field intensities in XY plane, more than 400 times enhancement of electric fields was observed
near the diagonal corners of Ag NPs in XZ plane (Figure 5.2b). The charge distributions of Ag
NP array at SLRwm shows that the charges accumulated at the diagonal corners of NPs with electric

vectors projected out of the plane of NP arrays, indicating an out-of-plane dipole resonance
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Figure 5.3. Photoluminescence of C-540 dye dissolved into DMSO centers at 536 nm

wavelength.

(Figure 5.2c). Few charges on the other diagonal corners resulted from the anisotropic shape of
NPs. The calculated phase mapping of NPs at SLRm shows an alternative @ phase change along
the diagonal axis in XY plane and uniform phase in the XZ plane, suggesting the formation of a

standing wave (Figure 5.2d). The phase fronts of the standing-wave patterns are along the
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direction of (001) / (0-10) mode. Therefore, the SLRwm of hexagonal lattice comes from the out-of-

plane dipole resonance coupled with the (001) / (0-10) diffraction mode.

5.3 M-point Lasing from Hexagonal Lattice

SLRs at I point have been used as optical feedbacks for plasmonic nanolaser emitted at 0°.>*
56,108 \Whether the SLRwm can support plasmonic lasing remains a question. To identify the SLRw
as an optical feedback, we put a droplet of 20mM C540-DMSO dye solution on top of the NP array

and encapsulated the dye solution with a cover glass slide. The C540-DMSO dye solution has a

Hexagonal
a 1 .
c ;
S 0.8 Lasing spot 1
2
£ -10.6
2 > < Lasing spot 2
o
= . Pump spot O
~0O
Lasing spot 3 (:)

El
&
5 |
ke} Image plane
3 7
é x5 l I
w — (B

x 40 N !

1

x40 | |7 S A oo G 7 "\

x 200 S B f_'.r

[ % 200 e e | . ~Z

| |

480 520 560 600
Wavelength (nm) y

Figure 5.4. Out-of-plane Dipole Coupling Supports Lasing at SLRm Mode of Hexagonal
Lattice. (a) SLRwm lasing at 583 nm emission out-put of Ag NP array with PL of C540 dye
solution. The lasing signal was detected at 59°. (b) Angle-resolved emission mapping shows
that the SLRwm lasing from Ag NP array emitted at 9.2 um™ (~ 59°). (c) Scheme of SLRw lasing
emission from hexagonal array. (d) Imaged SLRwm laser spots indicating the six-fold symmetry

of SLRw lasing.
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broad photoluminescence that can be spectrally overlapped with the SLRm of hexagonal lattice
(Figure 5.3). We pumped the whole device with 400nm wavelength femtosecond pulsed laser.
Lasing at 583 nm with threshold value of 0.21mJ/cm? was observed at 59°, indicating it is

supported by SLRwm (Figure 5.4a and 5.5). The angle-resolved emission map shows lasing at
SLRw resonance is directional at 59° ( |k,| = 9.2um ™, E =2.13eV ) (Figure 5.4b).

Furthermore, as indicated in Figure 1b, the high-symmetry M point has six-fold symmetry in

hexagonal array. The SLRw lasing should also have six-fold symmetry (Figure 5.4c). Considering
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Figure 5.5: Light-light curve of SLRwm lasing from hexagonal lattice.
the mirror symmetry of hexagonal lattice along y axis, we put a piece of white paper in front of
the device to image half of the plane of lasing emission (the other plane was not accessed to avoid
blocking the pump source to the sample) (Figure 5.4c). Three laser beams were observed on the

white paper, revealing the six-fold symmetry of SLRwm lasers (Figure 5.4d).
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5.4 M-point Band-edge State from Honeycomb Lattice
Recent work reported the coupling difference between hexagonal and honeycomb lattice at I
point.>® Because honeycomb lattice shares the same reciprocal lattice with hexagonal lattice, a

similar M-point band-edge state is expected in honeycomb lattice. To verify whether the SLRw of
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Figure 5.6. Mode Splitting at the M-point of Plasmonic Honeycomb Lattice. (a) SEM
image of fabricated honeycomb lattice (ag = 346 nm) of Ag NPs with 100 nm diameter and 50
nm height. (b) Measured dispersion diagram (angle-dependent transmission of TM polarized
plane wave) for the lattice in (a) along the I' — M path through the Brillouin zone. (¢) Measured
and calculated transmission spectra of lattice in (a) for x-polarized plane waves with 60°
excitation angle showing two SLRwm resonances (shown in the zoomed-in image). (d) Near-
field electric distributions indicates the hybridization between out-of-plane dipole and out-of-
plane quadrupole resonance at M1. (e) Near-field electric distributions shows the in-plane

dipole coupling at M2,
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honeycomb lattice still exhibits out-of-plane dipole coupling, we fabricated Ag NP (diameter d =
100 nm, height h = 50 nm) array in honeycomb lattice in which the distance for nearest two NPs

(a0) is 346 nm (Figure 5.6a). The measured dispersion diagram of the Ag NP array in honeycomb
lattice shows the M-point band-edge state is located at |k;| = 6.1 um™" with 1.42eV energy,
corresponding to SLRm at 60° with 871 nm wavelength (Figure 5.6b). However, unlike hexagonal

array, both the experimental and simulated transmission spectra at 60° present the splitting of

SLRwm in honeycomb lattice (Figure 5.6¢). Two SLRs (M1 at 869 nm and M2 at 880 nm) at M

Figure 5.7. Phase mapping of M1 and M2 modes.

point were observed, which result from the interactions of two sub-hexagonal lattices.
Furthermore, we used FDTD simulation to study the coupling mechanisms of the two SLRs. The
near-field electric distributions at the M1 mode shows that in a single unit cell (two nearest NPs),
one NP has out-of-plane quadrupole resonance and the other NP has out-of-plane dipole resonance
(Figure 5.6d). The calculated phase mapping at M1 mode shows a phase change inside of NP at
XZ plane also identified the existence of out-of-plane quadrupole coupling (Figure 5.7a). On the
other hand, the near-field electric distributions at M2 mode shows that the electrons oscillate in
the XY plane, and NPs have uniform phase distributions (Figure 5.6e and 5.7b), indicating an in-
plane dipole coupling. The sweeping of the NP diameter and height further demonstrated our

statements (Figure 5.8). The M1 mode becomes stronger with increasing the NP height at constant
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NP diameter. Larger NP height contributes to stronger out-of-plane coupling (either dipole or

quadrupole), which leads to the stronger M1 mode. Keeping the height of Ag NPs at 50 nm and
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Figure 5.8. Simulated transmission spectra at 60° from honeycomb lattice. (a) Sweeping
the NP diameter and fixing NP height to be 50 nm. (b) Sweeping the NP height and fixing
diameter to be 100 nm.

increasing the NP diameter results in stronger in-plane dipole LSPs. The simulated transmission

spectra show stronger M2 mode, suggesting the in-plane dipole coupling at M2 mode.
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5.5 M-point Lasing from Honeycomb Lattice
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Figure 5.9. M-point Lasing from Plasmonic Honeycomb Lattice. (a) M1 lasing at 868 nm
emission out-put of Ag NP array with PL of IR140 dye solution. The lasing signals were
detected at 58°. (b) Angle-resolved emission mapping shows that the SLRwm lasing from Ag NP

honeycomb lattice emitted at 6.2 um™ (~ 58°).

To investigate how M1 and M2 modes contribute to lasing emission process, we incorporated
1mM IR140-DMSO solution, which has spectrally overlap with M1 and M2 mode (SI). Under 800
nm wavelength femtosecond pulsed laser pump, we observed lasing emission at 868 nm
wavelength from 58° detection angle with threshold value around 0.15mJ/cm? (Figure 5.9a and
5.10). The wavelength of SLRwm lasing matches with the wavelength of M1 mode, suggesting that
the M1 mode supports SLRwm lasing in honeycomb lattice. Interestingly, we did not observe any
lasing signal that is supported by M2 mode. The angle-resolved emission shows the lasing is

directional at 6.2 um™ with ~1.43 eV energy (58° degree with 868 nm wavelength), which is near
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the M-point band-edge state in the bandstructure of honeycomb lattice (Figure 5.9b and 5.6b).
This may suggest the importance of the near-field coupling, that the out-of-plane dipole coupling
in this system can contribute to the M-point plasmonic lasing.
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Figure 5.10: Light-light curve of SLRwm lasing from honeycomb lattice.

5.6 Summary and Outlook

In summary, we investigated the coupling mechanisms of SLRm from Ag NP arrays in
hexagonal and honeycomb lattices. Unlike the out-of-plane dipole coupling of SLRwm in hexagonal
lattice, the non-Bravais nature of honeycomb lattice introduces high-order coupling, resulting in
mode splitting at the M point. We identified the out-of-plane dipole coupling related SLRm from
hexagonal and honeycomb lattices can support plasmonic lasing emitted at M- point. Our results
reveal the importance of lattice geometry in multipolar LSPR coupling and the formation of M-
point band-edge states. We anticipate that our findings will be beneficial for nanophotonics,

quantum optics, electrical engineering, and the greater nanotechnology communities.
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5.7 Methods
5.7.1 Fabrication of Ag NP arrays
We fabricated Ag NP arrays on fused silica with a soft nanofabrication process. First, we
fabricated periodic photoresist posts on Si wafers by solvent-assisted nanoscale embossing
(SANE®). Following with Cr deposition, removal of photoresist posts, etching through the Si
nanoholes, depositing Au film and wet etching the Cr layer, we can lift off a free-standing Au hole
film on fused silica. The Ag NP array is generated by depositing Ag through the Au hole mask on
fused silica and peel off the Au hole mask with scotch tape. A 2-nm Cr layer was deposited as an
adhesive layer. A 5-nm Al>O3 layer was deposited on the surface of Ag NPs to prevent oxidation

of Ag.

5.7.2 Band structure measurements

We characterized the optical band structure of Ag NP lattices by compiling transmission
spectra at different incident angles. In the experiment, the samples were placed at the center of a
program-controlled rotational stage. The transmission spectra were collected by sweeping incident
angles @ from 0° to 70° in 1° increments using an automated, home-built National Instruments
Lab-VIEW program. Band structures of the Ag NP lattices in wavelength (1) - incident angle (&)

units can be transferred to energy (E) - wavevector (ky) format by E = hc/A and k; = (2m/)) siné.

5.7.3 FDTD simulations
FDTD calculations with commercial software (FDTD solution, Lumerical Inc., Vancouver,
Canada) were used to simulate the linear optical properties from Ag NP lattices. The optical

constants of Ag were taken from Palik constant!?l, The bfast source and a uniform mesh size of 5
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nm (x, y and z) was used for the near-field electric and phase mapping calculations within the metal

NPs.

5.7.4 Lasing measurements

The plasmonic laser from hexagonal lattice was optically pumped using 35 fs, 400-nm laser
pulses with a repetition rate of 100Hz, beam diameter of ~ 800 um. The plasmonic laser from
honeycomb lattice was optically pumped using 35fs, 800-nm pulsed laser with a repetition rate of
1kHz, beam diamter of ~ 800 pm. The incident excitation angle for both two pump conditions is
around 30°. Lasing signals were collected normal to the sample surface and detected by a charge-

coupled device (CCD) spectrometer.
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