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ABSTRACT 

Manipulating Light-Matter Interactions with Plasmonic Nanoparticle Lattices 

Danqing Wang 

 

Rationally assembled nanostructures exhibit distinct physical and chemical properties beyond 

their individual units. The development of nanofabrication tools enables precise structural defining 

of nanomaterials scalable to large areas. This dissertation focuses on plasmonic nanoparticle arrays 

that show unique diffractive coupling with lattice spacings engineered close to the wavelength of 

light. Collectively coupled plasmonic nanoparticles induce sharp, intense lattice plasmon 

resonances upon optical excitations compared to the broad resonances of individual nanoparticles, 

and the electromagnetic fields are strongly enhanced and localized near the sub-wavelength 

vicinity of the nanoparticles. By harnessing different lattice structural designs and materials 

systems, various light-matter interactions can be engineered including nanoscale lasing, nonlinear 

optics, and quantum optics. The structured plasmonic nanoparticle lattices can serve as a versatile, 

scalable platform for enhanced photochemistry, large-scale quantum optics and nontrivial 

topological photonics. 

The first half of the thesis describes the structural engineering of plasmonic nanocavity arrays 

for various functionalities in nanoscale lasing. Integrated with organic dye molecules, high-quality 

band-edge lattice plasmons (quality factor > 200) can contribute to single-mode lasing at room-

temperature with directional emission. Beyond the dipolar lattice plasmons, Chapter 2 discusses 

a robust, stretchable nanolaser platform that can preserve its high mode quality under strain based 

on hybrid quadrupole lattice plasmons as a new lasing feedback mechanism. Chapter 3 describes 

multi-scale plasmonic superlattices can support multiple band-edge modes capable of multi-modal 
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nanolasing at programmed emission wavelengths and with large mode spacings. Chapter 4 

introduces the scaling behaviors for lasing from plasmonic nanocavity arrays, where the number 

of nanoparticles in plasmonic nanocavity arrays plays a critical role in lasing action in terms of 

ultrafast dynamics and lasing thresholds.  

In the final two chapters, we discussed the light-matter interactions between plasmonic 

nanocavities and photo-active materials systems beyond dye molecules. Chapter 5 covers 

continuous-wave upconverting lasing at room temperature with record-low thresholds and high 

photostability by integrating Yb3+/Er3+-co-doped upconverting nanoparticles with Ag nanopillar 

arrays. Chapter 6 discusses the emerging applications of plasmonic nanocavity arrays in nonlinear 

optics, quantum optics and topological photonics. Second harmonic generation signal was greatly 

increased up to 450 times by the propagating lattice plasmons. Quantum emitters in 2D hexagonal 

boron nitride can be deterministically coupled to plasmonic nanocavity arrays with preserved 

single photon emission. The delocalized lattice plasmons can also serve a versatile platform for 

long-range quantum entanglement and parity-time symmetric nanophotonics. 
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Chapter 1. Introduction on Plasmonic Nanocavity Arrays 

 

 

Abstract 

This chapter provides a review on ultra-sharp resonances in metal nanoparticle arrays, and the 

structural engineering of lasers from the macroscale to the nanoscale. Plasmon nanolasers can 

overcome the diffraction limit of light and incorporate unique structural designs to engineer cavity 

geometries and optical band structure. Plasmon nanolasers designed by band-structure engineering 

open prospects for manipulation of lasing characteristics such as directional emission, real-time 

tunable wavelengths, and controlled multi-mode lasing. In addition, we expand scope of the 

discussions to the fields of quantum optics, parity-time symmetry and topological photonics, which 

provides a foundation to the emerging applications of plasmon nanoresonators. 
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1.1 Principles of Ultra-sharp Lattice Plasmons 

Surface plasmons—collective oscillations of surface conduction electrons—can squeeze light 

into sub-wavelength volumes.1,2 Surface plasmon polaritons (SPPs) are propagating modes excited 

at planar metal-dielectric interfaces when external light couples to surface plasmons (Figure 1.1).3 

Electromagnetic (EM) fields are tightly confined perpendicular to the interface and penetrate less 

into the metal than into the dielectric because of the negative permittivity of the metal.1 Localized 

surface plasmons (LSPs) are supported by metal nanoparticles (NPs) whose lateral dimensions are 

much smaller than the wavelength of light. Their EM fields are localized in all three dimensions 

within tens of nanometers from the particle surface. 

Lattice plasmons—hybrid modes from coupling of LSPs of individual NPs to diffraction 

modes in a periodic array—can suppress radiative loss with characteristic ultrasharp resonances.4,5 

Periodic plasmonic NP arrays with sub-wavelength NP spacing can be generated over cm2 areas 

using multi-scale nanofabrication (Figure 1.2a).6 High-quality (quality factor, Q > 200) lattice 

plasmon resonances can be supported in metal NP arrays in a uniform refractive index 

 

Figure 1.1. Surface plasmons in metals. (a) Surface plasmon polariton from a thin metal film. 

(b) Localized surface plasmons from metal NPs. Figures adapted from ref. 3 with permission.  
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environment, and their wavelengths are determined by the LSP of the NPs, refractive index, and 

NP spacing.7-9  

At resonance, the NPs reside at the antinodes of standing waves, and all NPs exhibit in-phase 

oscillations of electromagnetic waves with each other. Diffractive scattering of photons by one NP 

can be collected by adjacent NPs as plasmons instead of radiatively decaying as free-space light; 

hence, lattice plasmons support modes with large Q and ultra-narrow linewidths (< 1 nm).4 Narrow 

lattice plasmon resonances have been observed experimentally in arrays of cylindrical NPs7 and 

nanorods.5,10 For gold nanorod arrays, the measured extinction spectra showed sharp linewidths 

that were sensitive to particle size and polarization direction (Figure 1.2b). Based on the coupled 

dipole approximation (CDA), the sharp lattice resonances arose from partial cancellation of the 

single particle linewidth by the negative imaginary part of the radiative dipolar interactions4 

(Figure 1.2c). In this model, each NP was considered as a dipole, and the net dipolar moment was 

the sum of the incident field and radiation from all other dipoles.5,9,11 The imaginary part of the 

normalized dipolar sum (Figure 1.2c, inset) was zero at a Rayleigh anomaly, an in-plane diffractive 

scattering mode.4 In comparison, lattice plasmon resonances were slightly red-shifted, where the 

real part of the dipolar moment showed a peak while the imaginary part dropped to a minimum. 

Varying the lattice geometry in NP arrays is a straight-forward way to engineer the optical 

band structure. Square arrays of NPs support band-edge modes at zero wavevector—the 𝛤 point 

in the band structure—with a large local density of optical states.12 Slow light with a nearly-zero 

group velocity can be trapped at band-edge states to manipulate strong light-matter 

interactions.13,14 In honeycomb lattices, an effective Dirac Hamiltonian can be derived, and 

interacting LSPs in the lattice structure can yield massless Dirac-like bosonic collective plasmons 

in the vicinity of two Dirac points in the Brillouin zone.15,16 These edge states can provide 
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propagation channels for light at targeted frequency ranges. By tuning the polarization of the 

incident light, the Dirac points in the Brillouin zone could be manipulated to produce a band gap 

at certain polarization angles.16 Because of the in-phase oscillation of the NPs in the array, the 

local field around each NP is enhanced by two orders of magnitude compared to that of an isolated 

NP at resonance, which offers prospects in nonlinear optics, photocatalysis and other light-matter 

interactions. 

  

 

Figure 1.2. Lattice plasmons with sharp resonances in periodic metal nanoparticle arrays. 

(a) Large-scale fabrication of plasmonic NP arrays by soft photolithography processes. (b) 

Experimental demonstration of sharp lattice plasmon resonances from gold nanorod arrays.5 (c) 

Simulated extinction spectra of an 1D chain of silver nanoparticles with varying spacings by 

coupled dipole method.4 Inset shows the real and imaginary parts of the normalized dipole sum. 

Panels b-c adapted with permission. 
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1.2 Sub-wavelength Plasmon Lasing 

1.2.1 Conventional Lasers 

Lasers are coherent light sources that are driving discoveries in ultrafast spectroscopy and sub-

femtosecond chemical reactions17-19 and are widely used in optical communications,20 biomedical 

imaging21-23 and laser printing.24 Small lasers—those with sizes close to half the lasing wavelength, 

or the diffraction limit—can be widely applied in nanoscale applications. For example, they can 

serve as coherent light sources in on-chip electro-photonic circuits25,26 and be implanted in tissues 

for in-situ cellular imaging.27-29 Shrinking coherent light sources to sub-wavelength scales can also 

provide new insight into light-matter interactions such as fluorescence, photocatalysis, quantum 

optics and nonlinear optical processes.22,30,31 

Traditional lasers are composed of gain sandwiched between parallel mirrors that support 

Fabry-Pérot modes within the optical cavity (Figure 1.3). Photons generated by optical or 

electrical pumping travel back and forth through the gain media in the cavity and are amplified to 

build up stimulated emission with spatial and temporal coherence.32 For a Fabry-Pérot cavity of 

length L and mirror reflectivities R1 and R2, the electric field amplitude of the light returning to its 

original value after a round trip forms a standing wave that can be expressed as:  

𝐸0√𝑅1𝑅2𝑒(𝐺−𝛼)𝐿𝑒𝑖4𝜋𝑛𝐿/𝜆0 = 𝐸0 (1.1) 

where 𝐺 is the optical gain for a specific cavity mode, 𝛼 the absorption loss, 𝜆0 the resonance 

wavelength in free space, and 𝑛 the effective index of the medium.22 Therefore, 4𝜋𝑛𝐿/𝜆0 must be 

a multiple of 2π in Equation 1, leading to: 

𝐿 =  
𝜆0

2𝑛
𝑚 (1.2) 
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where m is an integer indexing the lasing mode. The shortest possible cavity length for traditional 

lasers is 
𝜆0

2𝑛
 (m = 1), which represents the diffraction-limit. Additionally, sufficient gain is needed 

to overcome the absorption losses (𝛼) and mirror losses (R1, R2 < 1) in one round trip, resulting in: 

𝐿 =  
−ln (𝑅1𝑅2)

2(𝐺 − 𝛼)
 (1.3) 

Therefore, the cavity sizes of conventional lasers need to be large enough to provide sufficient 

gain to overcome the losses.  

Based on propagation and reflection losses of the cavity, the quality factor (Q) can indicate the 

residence time of photons. The Purcell factor F is typically used to quantify enhanced spontaneous 

emission rate in dielectric resonators and influences the build-up dynamics of population inversion 

for lasing.33 A simplified expression for F is32 

𝐹 =
3

4𝜋2
(

𝑄

𝑉
) (

𝜆

2𝑛
)

3

  (1.4) 

where Q depends on linewidth, and mode volume V defines electromagnetic field confinement. 

 

Figure 1.3. A conventional laser supporting Fabry-Pérot modes between two end mirrors 

(length L) and gain medium inside the cavity. Figure adapted from ref. 22 with permission. 
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Unlike the process of spontaneous emission, where photons are emitted with random direction 

and phase, stimulated emission is the result of coherent amplification of photons by interaction 

with the excited states of gain media.32 The critical characteristics of lasing include spatial and 

temporal coherence, where emitted photons from the lasing cavity share the same wavelength, 

phase, amplitude, polarization, and directionality.32 As generally agreed upon in the community,34 

criteria for lasing include: (1) a deterministic lasing threshold in the input power-output intensity 

curves; (2) linewidth narrowing (full-width at half-maximum (FWHM) < 1-2 nm) above threshold; 

(3) a non-linear increase in the output intensity above threshold; and (4) minor divergence of the 

emission beam. Other competing phenomena such as amplified spontaneous emission (ASE) need 

to be eliminated to verify lasing action, especially in unconventional nanolasers.34,35  

1.2.2 Nanoscale Lasing from Sub-wavelength Plasmons 

In past decade, unconventional architectures of plasmon nanolasers appeared that are different 

from traditional Fabry-Pérot mode cavities. Intense, localized electric fields at plasmonic hotspots 

can overcome the diffraction limit of light and enable ultrafast operation at terahertz 

frequencies.12,36,37 Since the concept of the spaser (surface plasmon amplification by stimulated 

emission of radiation)38 was proposed, plasmon nanolasers based on either surface plasmon 

polariton (SPP) modes on metal films30,36,39-41 or localized surface plasmon (LSP) modes from 

metal NPs12,42 have been reported (Figure 1.4).  

Spasers exploit LSP excitations to beat the diffraction limit and to confine electric fields within 

deep sub-wavelength scales.38,43 As first proposed, spasers excite nanoscale localized radiation by 

stimulated emission of two-level emitters.38 When gain materials are pumped into an excited state 

(optically, electrically, or chemically), instead of emitting light, they can transfer energy non-
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radiatively to the resonant surface plasmons of NPs. Stimulated emission generates coherent 

surface plasmons, and energy accumulated in the plasmon oscillations can emit into free space 

resulting in a lasing spaser.38 In experiments, single-particle spasers were originally conceived as 

nanostructures with a dielectric NP core and silver shell supporting an LSP mode surrounded by 

 

Figure 1.4. Development timeline of plasmon nanolasers. (a) The first plasmon laser using 

SPP modes as optical feedback for lasing at cryogenic temperatures, including CdS 

semiconducting nanowires on a silver film separated by a MgF2 layer.36 (b) Plasmon laser 

operated at room temperature with CdS nanosquares on a Ag film separated by a MgF2 layer.39 

(c) Plasmon nanolaser using epitaxially grown silver film for lower lasing threshold.49 (d) The 

first theoretical study of spaser arrays for directional emission using split-ring resonators at mid-

infrared wavelengths.42 (e) The first experimental realization of directional emission from spaser 

NP arrays at near-infrared wavelengths.12 (f) Plasmonic superlattice arrays with controlled multi-

modal nanolasing.53 (g) Timeline of plasmon nanolasers. Figures adapted with permission. 
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nanocrystal quantum dots as gain43,44. Although emission from nanostructures composed of a gold 

core surrounding a silica shell embedded with organic dye has been realized experimentally, 

follow-up work has been surprisingly sparse, and demonstrations need to be better differentiated 

from other phenomena such as random lasing.45,46  

Although the first theoretical paper on spasers38 focused on plasmon amplification of LSPs in 

single metal NPs, semiconducting nanowires on metal films (Figure 1.4a) were one of the first 

designs realized using SPP modes as optical feedback for lasing at cryogenic temperatures.36 To 

compensate for large ohmic losses at optical frequencies in metal structures,47 incorporating a 

dielectric layer between metal and semiconductor materials could reduce losses while maintaining 

ultra-small mode volumes.48 When the dielectric spacer is reduced to nanoscale dimensions (< 10 

nm), a hybrid mode is confined in the gap having features of both a waveguide mode from the 

nanowire and an SPP mode from the metal. Room-temperature operation was later achieved using 

nano-squares (Figure 1.4b) as resonators.39 Additionally, a larger contact area at the nanowire-

insulator interface such as hexagonal and triangular cross-sections40 and integration of epitaxially-

grown metal films with atomic smoothness49,50 decreased the scattering losses and further 

improved SPP lasers by lowering lasing thresholds (Figure 1.4c).   

As a result of the short spontaneous carrier recombination lifetimes of plasmon modes, 

plasmonic systems can achieve lasing pulse widths < 800 fs, around ten times shorter than their 

photonic counterparts.37 Because lasers based upon SPPs tend to exhibit high ohmic losses from 

the metal, early work required cryogenic temperatures.36,49 Improvements in design and 

fabrication, however, have since lowered the lasing thresholds and allowed operation at room 

temperature.37,40,51 Another limitation for nanowire-on-film lasers is their lack of directional 

emission in the far-field since the light is scattered from the end-facets of the nanowire because of 
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the momentum mismatch of SPPs and free-space light, while the harnessing of coherent, 

directional beam is critical for on-chip photonic devices.36 

Nearly ten years ago, the concept of using an array structure to couple sub-units for directional 

lasing emission was proposed for split-ring resonators42 at mid-infrared wavelengths (Figure 

1.4d). However, experimental realization12 was only recently achieved and with a simpler system 

(Figure 1.4e). Periodic arrays of metal NPs coupled with organic gain molecules showed room-

temperature operation, spatial coherence, directional emission normal to the surface, and tunability 

over near-infrared wavelengths.12,52 Advances in theoretical modeling by considering cavity  

modes and time-dependent lasing action have contributed to understanding and design of emerging 

plasmon lasers, including switchable, multi-modal nanolasers53 (Figure 1.4f) and dark-mode 

lasers.54,55 

1.2.3 Lasing from Spaser Nanoparticle Arrays 

Periodic arrangements of spaser arrays support directional lasing emission and efficient out-

coupling due to constructive interference between adjacent units.12,52 The first proposed array was 

based on split-ring resonators with curved plasmonic nanowire pair subunits of different lengths.42 

The asymmetric resonator shape prevented cancellation of dipole emission from nanowire pairs 

with opposite oscillating currents (Figure 1.5a). Each unit oscillated in phase, which resulted in a 

high-quality cavity mode for coupling the near-field energy into free space at mid-infrared regions.  

 Different unit cell designs have been pursued to engineer arrays of plasmonic hot spots.56,57 

Three-dimensional plasmonic bowtie arrays exhibited strong near-field enhancements in the gap 

region with an ultra-small mode volume; integrated with gain media composed of dye mixed in a 

solid polymer matrix, lasing action was demonstrated at room temperature.56 Lasing signatures 
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have also been realized in plasmonic hole arrays, where SPPs formed the plasmonic nanocavity.58-

60 Low temperatures were required to reach enough gain since semiconductors exhibit high non-

radiative recombination rates.59 In the far-field, the emission beam was radially polarized and ring-

shaped, consistent with polarization-dependent dispersion with “dark” modes at zero wavevector, 

where the emission could not radiatively couple to the far field (Figure 1.5b). SPP modes based 

on a combined structure of periodic metal NPs on a planar metal film (two-dimensional plasmonic 

crystals) have also provided optical feedback for nanoscale lasing.61 Since the underlying gold 

substrate functioned like a mirror, unidirectional lasing occurred on the same side as the gold NPs 

and pump source (Figure 1.5c). High dye concentrations were required for lasing action because 

of large ohmic losses from the metal film.  

 

Figure 1.5. Array coupling for directional emission in various plasmonic unit cell designs. 

(a) Directional lasing from asymmetric split-ring resonator arrays on a gain medium slab.42 (b) 

Directional lasing from a metal hole array on a semiconductor layer.58 (c) Unidirectional lasing 

from template-stripped 2D plasmonic crystals consisting of gold NP arrays on a gold film.61 

Figures adapted with permission. 

s 
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The high-quality band-edge lattice plasmons in metal NP arrays can contribute to single-mode 

lasing at room-temperature.12,52 In the array, each small metal NP can be treated as a dipole emitter 

radiating spherical waves in the far field. Top-down, unconventional nanopatterning methods6 can 

generate NP arrays over large areas (> cm2) and overcome lengthy fabrication times required of 

bottom-up semiconductor materials and small-area patterns by electron-beam lithography36,39 

(Figure 1.6a). Nanofabrication tools such as phasing-shifting photolithography can control 

particle size, spacing, and lattice geometry.12,62,63  

In distributed feedback lasers, both upper and lower band edge modes compete for available 

gain, and only one mode emerges as the lasing peak above threshold.53,64 In contrast, metal NP 

arrays exhibit only a single band-edge mode at the 𝛤 point (k// = 0, Figure 1.6b). Lower band 

 

Figure 1.6. Directional lasing from spaser NP arrays. (a) Scheme of a laser device including 

gold NP arrays embedded in liquid or solid-state gain media. (b) Calculated optical band 

structure. (c) Simulated phase profile at lattice plasmon resonances.12 (d-e) Power dependent 

lasing emission and input-power output-intensity curves.52 (f) Far-field beam profile with a 

highly directional lasing spot.52 Figures adapted with permission. 
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edges are suppressed due to destructive near-field interference. At zero wavevector, band-edge 

modes form standing waves, where each NP has the same phase profile, and optical fields are 

localized at the dipolar hot spots (Figure 1.6c). Au NP arrays showed over two-orders of 

magnitude higher and more localized near-field enhancements compared to silicon NP arrays. At 

non-zero wavevectors, in-plane lattice plasmon modes are dispersive and follow the (0, ±1) 

Rayleigh anomaly lines under transverse electric (TE) polarization53 and (±1, 0) under transverse 

magnetic (TM) polarization.12  

The first nanoscale lasing devices were constructed from two-dimensional arrays of Au NPs on 

transparent substrates covered by a solid gain layer of dye in a polymer matrix12 or by a liquid gain 

medium in subsequent work.52,53 Optically pumped with 800-nm fs-pulses (repetition rates: 1-10 

kHz), spaser NP arrays emitted light normal to the surface. Above the lasing threshold, a narrow 

emission peak emerged with a FWHM of 1.3 nm (Figures 1.6d-e), and directional beam emission 

with a small divergence angle (< 1.5°) was observed (Figure 1.6f). Distinct from other plasmon 

lasers, spaser NP arrays can show lasing at room temperature and with low lasing thresholds (~0.1 

W cm-2).12,52 In contrast, nanowire-on-film lasers generally have thresholds in the KW cm-2 range 

at low temperature36 or GW cm-2 at room temperature because of large radiative losses.37,39 Spaser 

NP arrays are also robust to defects; even drastic changes in the lattice plasmon quality by 

distortions in NP shape, missing NPs in the array, and displaced NPs from the periodic lattice can 

still produce lasing signals.4,57,65 

Another advantage of spaser NP arrays is their ability to exhibit real-time tunable lasing based 

on the same metal NP cavity structure but different liquid gain characteristics.52 Dye molecules 

dissolved in different organic solvents will have different refractive indices. Static tuning of lasing 

wavelength was possible using ultra-flat polyurethane with varying index (n = 1.42-1.50) as 
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substrates and dye molecules dissolved in various solvents66 as superstrates (Figure 1.7a). By 

changing the refractive index, lattice plasmon lasing could be tuned over the entire gain bandwidth 

of the dye (Figure 1.7b). In contrast, DFB lasers require more sophisticated methods to achieve 

similar wavelength tuning ranges.67,68  

Large-area arrays (> cm2) can be integrated with microfluidic devices to achieve dynamically 

tunable lasing, which is not possible in NP arrays produced by electron-beam lithography (areas: 

µm2).54,55 Liquid gain with different indices can be introduced plug-wise into fluidic channels to 

tune the lattice plasmon resonance and hence the lasing wavelength (Figure 1.7c). Compared to 

 

Figure 1.7. Real-time tunable nanolasing from plasmonic nanoparticle arrays by 

refreshing liquid dye solutions. (a) Scheme of a lasing device consisting of gold NP arrays 

sandwiched between liquid dye solutions and a glass coverslip. (b) Statically tuned lasing 

wavelengths can span the entire emission bandwidth of the dye. (c) Scheme of the dynamic laser 

with a microfluidic channel. (d) Continuous shifting of lasing emission to longer wavelengths 

and then back to shorter wavelengths. Figures adapted from ref. 52 with permission. 
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solid-state gain, dyes in solvents can be refreshed in dipolar hot spot regions and maintain their 

photostability under optical pumping by avoiding photo-oxidation and photobleaching.69,70 Figure 

1.7d shows that the lasing emission can be continuously shifted to longer wavelengths and then 

back again to shorter wavelengths with no hysteresis. The real-time tunability was enabled by the 

tolerance of the lattice plasmon to mismatches in index between the liquid superstrate and solid 

(n < 0.05 refractive index units).71 Modeling of tunable lasing with the finite-difference time-

domain (FDTD) method showed excellent agreement with experiments.52  

1.2.4 Semi-quantum Modeling of Nanoscale Lasing 

Plasmon lasers have been predicted and inspired by theoretical models based on cavity mode 

analysis; however, there are remaining challenges in understanding and modeling lasing action in 

plasmonic cavities. In Purcell factor calculations, the traditional definition of mode volume V fails 

because the EM fields diverge exponentially away from the plasmonic cavity; a more accurate 

definition of V such as that in effective mode-volume theory is needed.72,73 To understand lasing 

action, models need to include equations describing populated states in gain and how population 

inversion induces stimulated emission in the presence of the plasmonic cavity.  

Dye photophysics can be described by a four-level electronic state model, and the optical cavity 

treated with classical electrodynamics.74,75 In the classic work of Nagra and York,76 who developed 

a theory where the FDTD method was used to numerically solve the EM fields, finite differencing 

was also used to describe rate equations and coupling between the field and populations. Related 

approaches have been applied to plasmon lasers27,33,77 and expanded to non-plasmonic systems 

such as photonic crystals and random lasers.78-83 The Nagra-York model76 as well as variations 

that account for Pauli exclusion principle effects79 have now been combined with standard FDTD 
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codes, including commercial solvers like COMSOL and Lumerical and the public domain code 

MEEP.84 

Using a semi-quantum time-domain approach,12,33,85 lattice plasmon lasing can be simulated 

by stimulated energy transfer from the gain to the band-edge modes of the plasmons (Figure 1.8a). 

The lattice plasmon response from NP arrays can be described by classical electrodynamics, and 

Maxwell’s equations can be solved numerically. Integration between the EM fields and gain can 

be described in auxiliary equations including both the macroscopic polarization of EM fields from 

population inversion and the time evolution of the population density of the gain modified by EM 

fields. Overall, the rate equations, Maxwell’s equations, and auxiliary equations can be solved by 

finite differencing on an FDTD grid76 to determine emitted power as a function of pump energy.    

Below the lasing threshold, the stimulated transition rate is negligible compared to spontaneous 

emission (Figure 1.8b). Above the lasing threshold, the stimulated emission rate was four orders 

of magnitude higher than the spontaneous emission rate. A spatial map of the stimulation emission 

 

Figure 1.8. Modeling of nanoscale energy transfer with semi-quantum four-level system 

for lasing action. (a) Scheme of the energy transfer process from four-level gain media to lattice 

plasmon resonances in spaser NP arrays. (b) Calculated distribution maps of spontaneous 

transition rate (left) and stimulated transition rate (right) in the middle plane of NP arrays below 

threshold (top) and above threshold (bottom). Figures adapted from ref. 12 with permission.  
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revealed that population inversion leading to lasing action had maximum values in hot spot regions 

within 25 nm of the NPs, which was in excellent agreement with the near-field EM patterns at the 

band-edge plasmon resonance. This calculation confirmed that the nanoscale localization of EM 

fields stimulated excited state gain to resonantly transfer energy into surface plasmons.  

Describing gain material merely by evolution of rate equations is incomplete in their treatment 

of coherence effects. At high dye concentration, the dye excitons may dephase, transfer energy to 

each other, or be quenched for those close to the metal NPs. Recently, more sophisticated models 

describing emitter photophysics have been based on the classical picture of oscillating dipoles, and 

quantum pictures include phonon and electron-phonon coupling as well as excited state dynamics. 

Time-evolution of the quantum density matrix of the emissive species can describe the dephasing 

of emitter states,86 and the Maxwell-Liouville approach and variants have already been applied to 

non-lasing plasmonic systems.87-93 New theoretical models can provide insight into the plasmonic 

lasing processes and motivate experimental studies on fundamental light-matter interactions.  

1.3 Parity-time Symmetric Photonics and Quantum Optics 

Hybrid plasmonic – photonic systems are attracting increasing attention in studies of light-

matter interaction at the nanoscale, coherent and incoherent light amplification, and as media for 

achieving enhanced emission and absorption rates.94-98 Quantum emitters in two-dimensional 

materials are promising candidates for studies of light-matter interaction and next generation, 

integrated on-chip quantum nanophotonics. To this extent, coupling of single photon emitters 

(SPEs), which are vital components of future quantum technologies,99 to plasmonic cavities was 

demonstrated for 3D crystals including color centers in diamond,100,101 1D carbon nanotubes 

(CNTs)102 and 0D quantum dots.103-105 Recently, isolated defects in two dimensional (2D) 
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hexagonal boron nitride (hBN)106-109 have emerged as a new class of room temperature SPEs. 

These emitters are embedded in 2D flakes of layered hBN and therefore offer an excellent platform 

for integration with photonic elements, making them promising constituents of next-generation 

nanophotonics and optoelectronic devices. However, due to the random locations of these defects 

within the 2D materials, deterministic positioning of quantum emitters within a nanophotonic 

cavity is critical for harnessing strong light-matter interactions. 

As an analog of quantum Hall states, topological photonics that support unidirectional 

propagating edge states is an emerging research area.50,110-115 Unidirectional edge transport is 

highly desirable in optical devices because of robustness to device disorders.116 The lossy nature 

of metals complicates descriptions of topological effects in a plasmonic system. Dissipative losses 

in plasmonic systems also offer opportunities to explore the emerging fields of non-Hermitian 

physics and PT symmetry, which is critical in accessing the unidirectional topological edge 

states.117 A parity-time (PT) symmetric photonic system requires balanced loss and gain, where 

the Hamiltonian commutes with PT operators. The spatial dependence of the refractive index that 

leads to non-Hermitian eigenstates requires:  

                                                 𝑅𝑒(𝑛(𝑥)) = 𝑅𝑒(𝑛 (−𝑥)) (1.5) 

𝐼𝑚(𝑛(𝑥)) = −𝐼𝑚(𝑛 (−𝑥)) 

which can be achieved by spatial control of loss and gain in a device. In a PT symmetric photonic 

system, the unique PT symmetry-broken phase can be accessed when two eigenstates collapse to 

a single mode after passing an exceptional point. Coupled ring resonators118,119 with an active Er3+-

doped ring and a passive ring side by side have achieved the exceptional point (Figure 1.9a). A 
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simple two-level non-Hermitian model Hamiltonian H is used for describing a PT symmetric 

system:  

                                                 𝐻 =  (
𝛿 + 𝑖𝑔1 𝑘

𝑘 −𝑖𝑔2
) (1.6) 

When gain g1 and loss g2 are balanced (g1 = g2 = g), and the un-coupled modes are degenerate 

(δ=0), H becomes PT symmetric.117 By tuning parameters g and k, the system can undergo phase 

transitions across the exceptional point (g/k = 1) between the PT-exact (g/k  <  1) and PT-broken 

phases (g/k  >  1) (Figure 1.9b). Unidirectional light propagation is associated with the symmetry-

 

Figure 1.9. Modeling of nanoscale energy transfer with semi-quantum four-level system 

for lasing action. (a) Scheme of a pair of coupled whispering-galley-mode resonators with gain 

in one ring. (b) Collapsing of two eigenstates to a single mode after exceptional point by tuning 

the coupling coefficient. (c) Experimentally observed unidirectional transmission for PT-

symmetric microresonators at the symmetry-broken phase. Figures adapted from ref.118 with 

permission.  
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broken phases (Figure 1.9c), which is important for optical communications and on-chip 

photonics integration.117,120,121  

However, a well-defined, coupled plasmonic nanoresonator system that can achieve PT 

symmetry-broken phases is missing. The balance of loss and gain in a plasmonic system is 

challenging due to the lossy plasmon damping, and the defining of active and passive resonators 

requires stringent development of nanofabrication processes. The development of a well-defined 

plasmonic nanoresontor system is desirable for achieving PT symmetric plasmonics that can 

balance the gain and loss and arbitrarily control the coupling ecoefficiency in between.  
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1.4 Scope of This Thesis 

This dissertation includes 6 chapters on the structural and materials engineering of plasmonic 

NP arrays. Chapter 2 discusses a robust, stretchable nanolaser platform that can preserve its high 

mode quality based on hybrid quadrupole lattice plasmons (HQLs) as the lasing feedback 

mechanism. Increasing the size of metal NPs in an array can introduce ultra-sharp lattice plasmon 

resonances tolerant to lateral strain. By patterning these NPs onto an elastomeric slab surrounded 

by liquid gain, we realized reversible, tunable nanolasing with high strain sensitivity and no 

hysteresis. 

Chapters 3 describes how plasmonic superlattices—finite-arrays of NPs (patches) grouped 

into microscale arrays—can support multiple band-edge modes capable of multi-modal 

nanolasing at programmed emission wavelengths and with large mode spacings. The multi-scale 

interactions in structured plasmon superlattices enable access to multiple tunable, on-demand 

optical modes for optical multiplexing in on-chip photonic devices. In addition, this chapter 

shows that microscale molding of dielectric superstrate on top of plasmonic NPs can produce 

reconfigurable, polarization-dependent superlattice plasmons. 

Chapters 4 details the scaling behavior for lasing from plasmonic nanocavity arrays. This 

chapter shows the critical NP number N in a finite-sized lattice for lasing at room temperature. 

Narrowing of lattice plasmon resonances associated with stronger near fields was observed with 

increased N. For compact photonic integration, NP number in a finite-sized plasmonic nanocavity 

array plays a critical role in lasing actions in terms of ultrafast dynamics and lasing thresholds. 

Chapter 5 describes continuous-wave upconverting lasing at room temperature with record-

low thresholds and high photostability from sub-wavelength plasmons. We achieve selective, 

single-mode lasing from Yb3+/Er3+-co-doped upconverting nanoparticles conformally coated on 
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Ag nanopillar arrays that support a single, sharp lattice plasmon cavity mode and sub-wavelength 

field confinement in the vertical dimension. The intense electromagnetic near-fields result in a 

threshold of 70 W/cm2, orders of magnitude lower than other small lasers. 

Chapter 6 discusses the emerging applications of plasmonic nanocavity arrays in nonlinear 

optics, quantum optics and topological photonics. We show that the second harmonic generation 

(SHG) signal is greatly increased (up to 450 times) by the propagating lattice plasmons. 

Quantum emitters in 2D hexagonal boron nitride can be deterministically coupled to high-

quality plasmonic nanocavity arrays to produce enhanced single photon emission. Stacked 

plasmonic NP arrays can serve as a pair of coupled resonators and achieve transition between 

PT-symmetric and PT-broken phases by partial integration with the gain in one layer. 

 

 

 

 

  



48 

 

   

Chapter 2. Stretchable Lasing from Hybrid Quadrupole 

Plasmons 

 

Abstract 

This chapter discusses a robust and stretchable nanolaser platform that can preserve its high 

mode quality by exploiting hybrid quadrupole plasmons as an optical feedback mechanism. 

Increasing the size of metal nanoparticles in an array can introduce ultra-sharp lattice plasmon 

resonances with out-of-plane charge oscillations that are tolerant to lateral strain. By patterning 

these nanoparticles onto an elastomeric slab surrounded by liquid gain, we realized reversible, 

tunable nanolasing with high strain sensitivity and no hysteresis. Our semi-quantum modeling 

demonstrates that lasing build-up occurs at the hybrid quadrupole electromagnetic hot spots, which 

provides a route towards mechanical modulation of light-matter interactions on the nanoscale. 

 

Related reference 

Wang, D.; Bourgeois, M.R.; Lee, W.; Li, R.; Trivedi, D.; Knudson, M.P.; Wang, W.; Schatz, 

G.C.; Odom, T.W. “Stretchable Nanolasing from Hybrid Quadrupole Plasmons,” Nano Letters 

18, 4549–4555 (June 18, 2018) DOI: 10.1021/acs.nanolett.8b01774  
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2.1 Introduction 

Tunable, coherent, and compact light sources are critical for applications in responsive optical 

displays, on-chip photonic circuits, and multiplexed optical communication.22,25,26,28 Integrating 

laser cavities such as photonic crystals into a stretchable matrix has produced dynamic 

manipulation of photonic band structure and lasing emission as a function of applied strain.122,123 

The spectrally narrow lasing signals allow for large spatiotemporal responses that can provide 

insight on local structural changes.124-127 However, one drawback of stretchable lasing from 

photonic cavities is their limited strain sensitivity because of the microscale device 

footprints.122,128-130 Further miniaturization of mechanically robust lasers is essential to track 

nanoscale structural deformations with high figures of merit and to manipulate light-matter 

interactions such as photocatalysis and nonlinear optical processes by external strain.22,131,132  

Unlike traditional photonic systems, plasmonic nanocavities can overcome the diffraction limit 

and confine light to subwavelength regions.12,36,39,43,131,133 Nanolasing has been realized from 

coupled arrays of metal NPs surrounded by gain media, with wavelengths tailorable by varying 

refractive index environment and lattice spacing.12,52-55,134 Metal NP lattices can readily be 

patterned over macroscale areas (>cm2) on flexible substrates for reconfigurable, mechanical 

control over the lattice plasmon resonances.62,135 To achieve broad tuning of the lasing wavelength, 

however, the quality of the cavity mode needs to be maintained under applied strain, which is not 

possible for in-plane, electric-dipole coupled NPs.4,136 In contrast, large metal NPs in an array can 

produce a narrow quadrupole lattice resonance with unique out-of-plane charge oscillations21, 23 

that could result in a nanoscale lasing footprint as well as preserve a high-quality nanocavity mode. 

Here we report a robust, stretchable nanolaser platform based on hybrid quadrupole lattice 

plasmons (HQLs) as the lasing feedback. Large metal NPs in a lattice produced HQLs with sharp 
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resonances under different strains. We patterned Au NP arrays on elastomeric substrates to achieve 

mechanical control over the plasmonic nanocavity modes. Stretching the device along the 

polarization direction resulted in out-of-plane standing waves at the band edge that were tolerant 

to lateral changes in lattice spacing. We achieved reversibly tunable nanolasing with ultra-sensitive 

strain responses ( = 31 nm for  = 0.03) by mechanically stretching and releasing the substrate. 

Our semi-quantum model revealed that plasmonic nanocavities exhibited stimulated emission at 

the localized HQL hot spots. Small changes in strain could be monitored optically with high spatial 

precision compared to photonic microcavities. 

2.2 Hybrid Quadrupole Plasmons from Engineered Nanoparticle Size 

Figure 2.1 depicts the scheme of the stretchable nanolaser consisting of arrays of large metal 

NPs on an elastomeric poly-(dimethylsiloxane) (PDMS) slab. With optimized diameter and height, 

NP arrays can support hybrid lattice resonances with asymmetric, out-of-plane charge distributions 

 

Figure 2.1. Stretchable nanolasing from hybrid quadrupole lattice plasmons (HQLs) in 

metal nanoparticle (NP) arrays. (a) Scheme of out-of-plane HQL oscillations that are robust 

to lateral lattice changes. (b) Scheme of a wavelength tunable nanolaser with strain  applied 

on the elastomeric substrate. 
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because of the superposition of dipoles and quadrupoles (Figure 2.1a). The compact stretchable 

device was composed of a flexible PDMS substrate and liquid dye molecules to ensure the same 

dye concentration would surround the NPs upon applied and released strain. Changing interparticle 

distances directly modulated the cavity resonance, and thus tunable lasing emission was achieved 

by stretching and releasing the substrate (Figure 2.1b).  

Based on nanopatterning processes using soft lithography tools,6,137,138 we fabricated arrays of 

large cylindrical Au NPs (NP diameter d = 260 nm, spacing a0 = 600 nm). Arrays of large Au NPs 

on glass or fused silica were fabricated with a soft nanofabrication process referred to as PEEL.6 

Briefly, we generated periodic photoresist posts on Si wafers by phase-shifting photolithography 

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 and lift-off of Au film. 

Finally, we created Au NP arrays by metal deposition through the hole-array mask on a transparent 

substrate and then removal of the mask. A 2-nm Cr layer was deposited in-between for better 

adhesion between Au NPs and glass or PDMS. 

To establish HQLs as potential feedback for stretchable lasing, we first used glass as the 

substrate and tested the optical properties in a static system. In the measured transmission spectra, 

we observed both an ultra-sharp mode at  = 877 nm (full-width-at-half-maximum, FWHM = 4 

nm) and a broad mode at  = 1006 nm (FWHM = 115 nm) for a NP height h = 120 nm, consistent 

with simulations using FDTD methods (Figure 2.2). Calculated charge distributions indicated the 

resonance at  = 1006 nm was a dipolar lattice plasmon (DL) since the positive and negative 

charges were separated in-plane. At  = 877 nm, the resonance showed charge accumulation at 

four corners, which we denote as HQL since the asymmetry along z indicates the mode is not 
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purely quadrupolar (Figures 2.3a-b). The excitation of high-order resonant modes is intrinsically 

connected to phase retardation139 of the electric field within the large NP volume along the 

propagation direction z. Therefore, HQLs are very sensitive to NP height h and index difference 

n between the superstrate and the substrate; the resonance intensity dramatically decreased for 

n = 0.1. Because of the slight index-mismatch between benzyl alcohol (BA, refractive index n = 

1.52) and glass (n = 1.48), sufficient NP height (h ≥120 nm) was critical to support HQL (Figure 

    

   

Figure 2.2. Asymmetric charge distributions along z suggest a non-zero dipole momentum 

at HQL resonance. (a) Simulated charge distribution of Au NPs in an array with diameter d = 

260 nm, spacing a0 = 600 nm and height h = 120 nm. (b) Simulated charge distribution of Au 

NPs in an array with diameter d = 300 nm, spacing a0 = 600 nm and height h = 120 nm. The 

charge distributions in the top-down and the bottom-up overviews suggest that more charges 

accumulate at the top surface of metal NPs when the incident light comes from the bottom.   
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2a). In contrast, the sharp HQL mode was tolerant to changes of in-plane lattice features and can 

be maintained over a wide range of NP diameters (d = 240-300 nm).  

 Analytical calculations using the coupled dipole-quadrupole method140 revealed the origin of 

HQL resonances. Within this theoretical approach, a spherical NP array was used to approximate 

the charge distribution of the cylinder array, and optical spectra were calculated taking into account 

electric dipole and quadrupole coupling between NPs (Figure 2.3c). Dipole-quadrupole cross-

  

Figure 2.3. Sharp HQL resonance in arrays of large Au NPs. (a) SEM image of large Au 

NP arrays on glass with lattice spacing a0 = 600 nm and measured transmission spectra with 

different NP height h. (b) Simulated charge distribution of HQL mode for cylinder NP arrays 

(diameter d = 260 nm and height h = 120 nm). (c) Decomposition of transmission spectrum 

into dipolar and quadrupolar contributions based on coupled dipole-quadrupole method with a 

simplified spherical NP array (d = 260 nm and refractive index n = 1.44). The transmission 

spectra had an offset of 0.4 and 0.8, respectively. 
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coupling vanishes in infinite periodic arrays,140 which enables separation of the contributions from 

dipole- and quadrupole-coupled modes to the total optical spectrum (Figure 2.4). The transmission 

spectrum was calculated by considering a far-field approximation of the superposition of the 

incident field and the electric field scattered by the NP array into the forward direction141 

                                                   𝑬 = 𝑬0 + 𝑬𝑝 + 𝑬𝑄 (2.1) 

    

   

Figure 2.4. Spectral overlap between electric dipole lattice resonance and HQL increases 

with sphere diameter. (a) Decomposition of extinction spectrum to quadrupole and dipole 

contributions for spherical Au NP arrays with diameter d = 260 nm and, (b) d = 300 nm with 

refractive index n = 1.44. Notably, the width of the lattice plasmon resonance is determined by 

the imaginary part of (1/NP – S), which becomes larger on the blue side of the spectrum for the 

dipole resonance. Therefore, the resonance linewidth of DL mode is much broader at small 

lattice spacing for a fixed NP size.  
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where Ep and EQ denote the fields scattered by the dipole and quadrupole multipoles, respectively. 

Because only the zeroth order transmission was considered, the spectrum calculated using this 

model is more accurate for wavelengths larger than the Rayleigh anomaly, as all higher-order 

transmission modes are evanescent in this spectral range. The coupled dipole-quadrupole method 

can analytically predict the HQL resonance, where the real part of (1/NP – S) vanishes, and it is 

slightly red-shifted compared to the Bragg mode. The quadrupole lattice plasmon contributes 

dominantly to the HQL resonance, while dipolar coupling still plays a role especially for large Au 

NPs (Figure 2.4b). 

Isolated Au NPs of the same size supported a quadrupole localized surface plasmon at  = 710 

nm and a dipole one at  = 1162 nm. Both coupled to the discrete Bragg mode to result in a hybrid 

HQL resonance with a Fano-type lineshape (Figure 2.5). The in-plane DL mode, however, 

originated from dipole coupling; quadrupole oscillations were not important at this wavelength. 

The DL mode was also red-shifted with a much broader resonance because of significant radiative 

damping associated with the large NPs.12 At the HQL resonance, the collective charges from the 

superimposed dipole and quadrupole oscillations partially cancel at the bottom surface while 

accumulating on the top, which leads to asymmetric charge distributions along z (Figure 2.2). For 

larger NPs (d = 300 nm), the stronger dipolar contributions led to greater charge asymmetry, and 

the resulting non-zero net dipole moment in the x-y plane facilitated HQL coupling to the far-field. 

To fabricate a stretchable laser cavity, we patterned Au NPs with controlled NP diameter and 

height onto an elastic PDMS slab by metal deposition through a Au nanohole film mask.6 AFM 

images and cross-sections confirmed that metal NPs protruded on the surface of flat PDMS, which 

increased access of the plasmonic nanocavities to the liquid dye (Figures 2.6a-c). The sharp HQL 
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resonance and accompanying intense near fields were robust even if the NP structure was not 

cylindrical. As the applied strain increased between  = 0-0.05, the HQL mode shifted 

approximately 45 nm yet still maintained its quality factor Q (= λ/Δλ, where λ is the resonance 

wavelength and Δλ the linewidth) (Figures 2.6d-e). The simulated transmission spectra at the 

experimental strain range showed excellent agreement assuming a Poisson ratio of 0.5 for PDMS.  

Preserved standing wave oscillations within a cavity32 are critical for determining whether a 

mode can serve as optical feedback for stretchable lasing. Tunable HQL resonances could satisfy 

these constraints since the lattice symmetry is maintained with strain applied along polarization 

    

 

Figure 2.5. Quadrupole and dipole localized surface plasmons both exist in large single Au 

NPs. (a) Scattering cross section spectra of a single Au NP with d = 260 nm and h = 120 nm. 

(b) The near-field and charge distributions at the quadrupole localized surface plasmon (top) 

and the dipole localized surface plasmon (bottom). 
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direction y. In the photon dispersion diagram compiled by transmission spectra at different incident 

angles, the HQL band edge appeared at in-plane wavevector k// = 0 with a near-zero group velocity 

(Figures 2.7a-b). Interestingly, the HQLs result from strong diffractive coupling between NPs 

along the polarization direction, compared to DL modes where NPs perpendicular to the incident 

light polarization interact strongly with each other.12 Under TE polarization, out-of-plane standing 

  

Figure 2.6. Sharp HQL resonance in arrays of large Au NPs robust to lateral stretching. 

(a) The scheme for depositing Au NPs on top of soft PDMS with a Au hole film mask. (b) The 

cross-section height profile of patterned Au NPs on PDMS. (c) Photograph of a flexible laser 

device loaded onto a stretching apparatus. The edges of the PDMS slab were stretched 

uniaxially with control over the applied strain. (d) Photograph of the patterned Au NP arrays 

on PDMS. The AFM image and cross-sections can be found in Figure S8. (e) Wavelength 

tunable HQL modes under strain  = 0-0.05. Benzyl alcohol and dimethyl sulfoxide (DMSO) 

solvents were used on top to match the refractive index of glass and PDMS, respectively. 
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waves appeared at the HQL band edge in y-z plot with alternating phase between adjacent NPs 

along y (Figure 2.7c). The HQL followed the (0, ±1) diffraction modes and was red-shifted slightly 

(8 nm), which was consistent with the HQL resonance predicted by coupled dipole-quadrupole 

method, and the DL resonance traced the (±1, 0) modes. The mode dispersions were reversed under 

TM polarization. Increasing interparticle spacing along the polarization direction red-shifted the 

cavity resonance, while the band-edge state still maintained its characteristic out-of-plane standing 

 

Figure 2.7. Distinct out-of-plane standing waves were preserved at the band-edge state 

under stretching. (a-b) Measured and simulated dispersion diagrams of large Au NP arrays 

on glass under TE polarization with a0 = 600 nm, d = 260 nm h = 120 nm and n = 1.44. The 

dashed lines trace the dispersion of Bragg modes from the NP lattice. (c-d) Near-field (Ez, with 

units of V/m) and phase distributions (F(Ez), with units of rad) at the band-edge HQL mode 

under strains  = 0 and 0.1. The incident field was set as 1 V/m in the simulations. Standing 

wave patterns with a phase shift of  between adjacent NPs were maintained under applied 

strain.   
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wave patterns with a phase shift of  between NPs (spacing a0 = 660 nm at strain  = 0.1). Notably, 

the asymmetric electric field distributions were more exaggerated under stretching since the red-

shifted Bragg mode led to a larger contribution of dipole oscillations at the HQL resonance. In-

plane quadrupolar oscillations also appeared at non-zero k// but were absent at k// = 0, where the 

symmetry of the plane incident field precluded excitation of this mode (Figure 2.8).  

2.3 Stretchable Lasing from Nanoparticle Arrays  

To test lasing from HQL resonances, we put a droplet of IR-140-BA solution on top of Au NP 

arrays on glass and pumped the dye with an 800-nm fs-pulsed laser under TE polarization (Figure 

2.9a). In the emission spectrum collected normal to the sample surface, a narrow lasing peak 

(FWHM = ~0.3 nm) appeared at  = 871 nm close to the HQL resonance (Figures 2.9b-c). Power-

    

   

Figure 2.8. Multiple resonant modes exist simultaneously in large Au NP arrays. (a) 

Simulated optical band structures under TE polarization. (b) Charge distributions at resonances 

denoted in panel a. HQL mode appeared at both zero and non-zero wavevectors, while in-plane 

quadrupolar mode was absent at k// = 0 since the symmetry of normal incident light precluded 

the excitation of this mode. 
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dependent output profiles showed a nonlinear increase of lasing intensity above threshold (~ 0.3 

mJ/cm2). By mapping the angle-resolved emission, we identified that the lasing mode came from 

the band-edge state at k// = 0. Consistently, a directional and confined output beam spot appeared 

in the far-field (divergence angle <1°). We observed that lasing had a minor blueshift compared to 

the cavity resonance (HQL = 876 nm) in experiments, which might be attributed to the optical 

pulling effect32 and modified refractive index environment at high pump fluences.   

We prepared stretchable lasing devices by sandwiching a droplet of liquid dye IR-140-DMSO 

between Au NP arrays on PDMS and a glass cover slide. By stretching the PDMS and aligning the 

pump polarization along the symmetric axis of a square lattice, we achieved continuous tuning 

  

Figure 2.9. Nanolasing from HQL cavity resonance showed localized build-up at the 

plasmonic hot spots. (a) Scheme of the lasing detection where emission was collected normal 

to the sample surface. (b) Simulated near-field enhancement |E|2 confined around plasmonic 

hot spots at HQL mode with units of V2m-2. (c) Measured emission spectra with increased pump 

power for Au NP arrays on glass (dye concentration 3 mM). (d) Spatial distribution of 

spontaneous emission rate (N2/21) and stimulated emission rate 1

ℏ𝑤
𝐸𝑑𝑃

𝑑𝑡
 when lasing occurred 

with units of s-1m-3. Scale bar is 100 nm.  
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over 31 nm in lasing wavelength with varying strain  = 0.02-0.05 (Figure 2.10). At the HQL 

resonance, the collective coupling between NPs happens at the same direction of the pump 

polarization, hence only a single lasing mode showed up despite the Poisson effect of PDMS under 

stretching. The lasing emission exhibited excellent recovery after the strain was released with 

nearly zero hysteresis, and cyclic changes in strain allowed real-time modulation of the lasing 

output. No lasing signal was observed at  = 0 since the HQL resonance (HQL = 851 nm) deviated 

from the gain emission envelope (center at 875 nm, FWHM = ~50 nm). Our stretchable nanolaser 

device was robust in structural stability, and only a minor wavelength shift (< 1 nm) occurred 

because of shrinking of the PDMS slab in DMSO. Significantly, stretchable nanolasing from metal 

NP arrays achieved a much higher figure-of-merit ( = 31 nm for  = 0.03) than those based on 

photonic crystals with similar lattice spacings ( = 26 nm for  = 0.2).122,123 We attribute this 

improvement to the tuning of HQL wavelengths directly by small changes in submicron 

 

Figure 2.10. Reversibly tunable nanolasing from HQL mode by stretching and releasing 

the elastomeric substrate. Measured reversible, tunable nanolasing under strain  = 0.02-0.05. 

The normalized emission intensities were multiplied by a factor of 9, 9, 1, 2, 5, 8, 17 for 

stretching and 2, 4, 4, 4, 2, 1, 2 for releasing, respectively from low to high strains. 
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interparticle spacing, while the microscale photonic cavities are less sensitive to nanoscale 

structural changes due to the diffraction limit. Note that the wavelength tunning range of 

stretchable lasing is primarily restricted by the emission bandwidth of dye molecules (< 50 nm), 

while the HQL cavity mode can preserve the sharp resonances over a broad spectral window from 

visible to near-infrared regimes. 

2.4 Semi-quantum Modeling of Plasmon Nanolasing Buildup 

To provide insights into the spatial- and time-dependent lasing buildup in nanocavity arrays, 

we developed a semi-quantum model by integrating a four-level gain system (Figure 2.11a) and 

a FDTD approach.12,85 The oscillator equations that depict the driven polarization field by an 

external pump are below: 

                                               𝑑2𝑃𝑒
 𝑑𝑡2  + 𝑟𝑒

𝑑𝑃𝑒
𝑑𝑡

 + 𝑤𝑒
2𝑃𝑒 = 𝜉𝑒(𝑁2 − 𝑁1)𝐸 (2.2) 

𝑑2𝑃𝑎
 𝑑𝑡2  + 𝑟𝑎

𝑑𝑃𝑎
𝑑𝑡

 + 𝑤𝑎
2𝑃𝑎 = 𝜉𝑎(𝑁3 − 𝑁0)𝐸 

where E and P are the electric field and polarization field, we is the transition frequency, re is the 

bandwidth of the targeted transition including radiative, nonradiative and collision effects, and Ni 

is the population density at different energy levels.  

Initially, we pumped the four-level system from the ground state (population density N0 = 1, 

N1 = N2 = N3 = 0) and collected all emitted flux with a plane monitor placed 0.3 µm away on top 

of the NPs. The nonradiative dephasing rate re in above oscillator equation introduces broadening 

of the radiative emission linewidth, which allows for lasing over a range of wavelengths. For 

simplification, the rate equation of dye molecules was as described as a four-level system to 

capture the dominant pump and emission processes.  
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𝑑𝑁3
 𝑑𝑡

 = - 𝑁3(1−𝑁2)

𝜏32
 - 𝑁3(1−𝑁0)

𝜏30
 + 1

ℏ𝑤𝑎
𝐸

𝑑𝑃𝑎
𝑑𝑡

 

                                                𝑑𝑁2
 𝑑𝑡

 = 𝑁3(1−𝑁2)

𝜏32
 - 𝑁2(1−𝑁1)

𝜏21
 + 1

ℏ𝑤𝑒
𝐸

𝑑𝑃𝑒
𝑑𝑡

 (2.3) 

𝑑𝑁1
 𝑑𝑡

 = 𝑁2(1−𝑁1)

𝜏21
 - 𝑁1(1−𝑁0)

𝜏10
 - 1

ℏ𝑤𝑒
𝐸

𝑑𝑃𝑒
𝑑𝑡

 

𝑑𝑁0
 𝑑𝑡

 = 𝑁3(1−𝑁0)

𝜏30
 + 𝑁1(1−𝑁0)

𝜏10
 - 1

ℏ𝑤𝑎
𝐸

𝑑𝑃𝑎
𝑑𝑡

 

Modeling with a four-level gain system and a time domain approach confirmed that lasing 

occurred at the same wavelength as the HQL resonance and can be tunned by the interparticle 

spacing in a lattice (Figure 2.11b). Controlling the spatial distribution of lasing build-up on the 

nanoscale is essential in the design of stretchable nanolasers. Radiative loss was strongly 

 

Figure 2.11. Reversibly tunable nanolasing from HQL mode by stretching and releasing 

the elastomeric substrate. (a) Scheme of the energy transfer process from four-level gain 

media to lattice plasmon resonances in metal NP arrays. (b) Simulated tunable lasing emission 

from HQL resonance. (c) Simulated near-field enhancement |E|2 confined around plasmonic hot 

spots at HQL mode, with unit of V2m-2. (d) Spatial distribution of spontaneous emission rate 

(N2/21) and stimulated emission rate 1

ℏ𝑤
𝐸𝑑𝑃

𝑑𝑡
 when lasing occurred. 
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suppressed at the HQL resonance because of coherent coupling between NPs4 that resulted in 

hybrid quadrupole oscillations with intense optical confinement and near-field enhancement 

(|E|2/|E0|
2 > 3000). Unlike in conventional photonic lasers where lasing occurs in the bulk gain,32 

lasing at HQL resonances was localized to the deep subwavelength vicinity of the metal NPs (< 

50 nm) (Figure 2.11c). Above threshold, stimulated emission (
1

ℏ𝑤
𝑬𝑑𝑷

𝑑𝑡
) accumulated at the HQL 

hot spots (Figure 2.11d), which could enable ultra-sensitive monitoring of local strain changes on 

the nanoscale. Note that population inversion was depleted in these areas after the onset of lasing, 

which lowered the spontaneous emission rate (N2/21). The strong near-field E enhanced the 

stimulated emission rate85 by a factor of E2, which can expedite the lasing emission dynamics and 

reduce power consumption. Modeling based on a semi-quantum method showed good agreement 

with the experiments, while the broader lasing peaks were attributed to a lack of dephasing in the 

description of the dye molecule emission.85 

2.5 Summary and Outlook 

In conclusion, we realized robust stretchable nanolasing based on hybrid quadrupole plasmons 

in large metal NP arrays. This work offers critical insights to manipulating high-order oscillations 

in plasmon nanocavities. Because our stretchable laser design spatially separates the nanocavity 

from the gain media, different gain materials such as dye molecules, quantum dots, and 2D 

materials can be incorporated for wavelength tuning from the UV to near-infrared. We expect that 

this versatile nanolaser system will not only have wide applications in flexible photonic devices, 

in-situ biomedical imaging, and optical communication, but also open possibilities for mechanical 

modulation of strong light-matter interactions in fluorescence, photocatalysis, and quantum optics.  
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Chapter 3. Structural Engineering in Plasmonic  

                   Superlattices  

Abstract 

Single band-edge states can trap light and function as high-quality optical feedback for 

microscale lasers to nanolasers. However, access to more than a single band-edge mode for 

nanolasing has not been possible because of limited cavity designs. This chapter describes how 

plasmonic superlattices—finite-arrays of NPs (patches) grouped into microscale arrays—can 

support multiple band-edge modes capable of multi-modal nanolasing at programmed emission 

wavelengths and with large mode spacings. Different lasing modes showed distinct input-output 

light-light behavior and decay dynamics that could be tailored by NP size. Modeling the 

superlattice nanolasers with a four-level gain system and a time-domain approach revealed the 

accumulation of population inversion at plasmonic hot spots that can be spatially modulated by 

the diffractive coupling order of the patches. Symmetry-broken superlattices exhibited switchable 

nanolasing between a single mode and multiple modes. In addition, this chapter shows that beyond 

the microscale patterning with as-fabricated lattice features, microscale molding of dielectric 

superstrate on top of plasmonic NPs can produce reconfigurable, polarization-dependent 

superlattice plasmon resonances and optical band structures. Coherent nanoscale light sources with 

multiple tunable, on-demand optical modes can enable multiplexing for on-chip photonic devices 

and offer prospects for multi-modal laser designs. 
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3.1 Introduction 

Band structure engineering is critical for controlling emission wavelengths and efficiency in 

electronic and photonic materials.142-144 Single band-edge states that can trap slow light have 

functioned as high-quality optical feedback for lasing from photonic bandgap crystals,13,145 metal-

dielectric waveguides,146 and metal NP arrays.12,52,61,147 However, access to more than a single 

band-edge mode for nanolasing has not been possible because of limited cavity designs. Here we 

show that plasmonic superlattices—finite-arrays of NPs (patches) grouped into microscale 

arrays—can support multiple band-edge modes that can serve as feedback for nanolasing with 

controlled and large modal spacing. The different lasing modes showed distinct output emission 

behavior and decay dynamics that could be tailored by NP size. Besides engineering spectral 

separation between lasing modes by changing patch periodicity, we designed symmetry-broken 

superlattices with nanolasing switchable between a single and multiple lasing modes. We expect 

that coherent nanoscale light sources with widely spaced, tunable, and on-demand optical modes 

and unprecedented tunability of output behavior can increase information storage for on-chip 

devices and offer prospects for multi-modal laser designs. 

Engineering electronic and photonic band structures can control the emission wavelengths and 

output efficiencies of semiconductor materials and optical devices.142-144 Slow light trapped at 

band-edge states can support standing waves that have also functioned as high-quality optical 

feedback for lasing from photonic bandgap crystals,13,145 metal-dielectric waveguides,146 and metal 

NP arrays.12,61,147 Compared to semiconducting lasers, plasmon nanolasers can support ultrasmall 

mode volumes that can beat the diffraction limit by exploiting localized surface plasmons from 

single NPs38,42,43 and surface plasmon polaritons on metal films;36,39 however, most cavity 
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architectures suffer from large radiative losses and lack beam directionality. Moreover, unwanted 

multi-modal nanolasing from plasmonic lasers exhibits both uncontrolled mode spacing and output 

behavior.36,39,49,54  

Different from periodic dielectric structures that support both upper and lower band edges in 

distributed feedback lasers,64 periodic metal NP arrays in a homogeneous dielectric environment 

exhibit only single band-edge lattice plasmons that are characterized by suppressed radiative loss 

and sub-wavelength localized field enhancement around the NPs.4,5,9 Recently, we discovered that 

high-quality band-edge lattice plasmons (quality factor Q > 200) can contribute to single-mode 

lasing at room-temperature with directional emission and lasing wavelengths that can be tuned in 

real time.12,52 To achieve multiplexing, multiple optical frequencies with well-defined and 

separated spacings are needed to increase storage capability and facilitate optical 

processing.22,148,149 However, access to more than a single band-edge mode for nanolasing has not 

been possible because of limited cavity designs. 

In this chapter, we demonstrate how plasmonic NP superlattices enable access to multiple 

band-edges at zero and nonzero wavevectors that can be exploited for multi-modal lasing with 

characteristics distinct from traditional photonic and plasmonic lasers. Compared to multi-modal 

lasing that usually lacks tunability, superlattice plasmons can achieve accurate control over the 

wavelength and spectral separation of multiple lasing modes. Moreover, tuning NP size can 

provide an additional degree of freedom for manipulating the output behavior of different lasing 

modes. As a result of symmetry breaking of the NP superlattice, dynamically switchable lasing 

between single and multiple modes was achieved. Our modeling of multi-modal lasing based on a 

four-level gain system and a time-domain approach not only showed excellent agreement with 
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experiments but also revealed that the switchable lasing can be attributed to the spatial distribution 

of population inversion at dipolar plasmonic hot spots.  

3.2 Multiscale Patterning of Superlattice Arrays 

Hierarchical plasmonic structures show unique optical properties because of the short-range 

nature of LSPs and the long-range nature of surface plasmon polaritons.6,150,151 Multiple waveguide 

modes with narrow resonances were observed in one-dimensional (1D) nanowire superlattices 

incorporating both nanowire periodicity and patch periodicity.152 In addition, for NP superlattices 

composed of assemblies of synthesized NP building blocks, the volume fraction of both the metal 

and dielectric materials in the superlattice influenced the effective permittivity of the assembly and 

optical properties.153,154 Besides three-dimensional (3D) NP superlattices made by bottom-up bio-

programmable DNA assembly,155 two-dimensional (2D) NP superlattices can be fabricated by top-

down methods such as electron-beam lithography and photolithography, where finite-arrays of 

NPs (patches) are grouped into larger arrays.6,156 Despite this hierarchical architecture, the spectral 

mismatch of the LSPs of the NPs and Bragg modes from patch periodicity did not show evidence 

of coupling.156 Also, limited overall patterned areas from e-beam lithography (100  100 µm2) 

only resulted in broad optical resonances (FWHM > 50 nm).   

To produce NP superlattices with uniform particle sizes, we developed a multi-scale 

nanofabrication approach to fabricate hierarchical Au NP arrays on glass starting with a soft 

nanofabrication procedure referred to as PEEL (photolithography, etching, electron-beam 

deposition and lift-off).137,157,158 Briefly, hierarchical photoresist posts on Si wafers were generated 

by contact photolithography, Cr deposition, resist lift-off, and phase-shifting photolithography 

with a PDMS mask138 (Figure 3.1). Here, 8-nm Cr was used as an isolation layer to create uniform 
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photoresist posts within the patch. Hierarchical patterns of photoresist posts were then transferred 

into free-standing Au films of hierarchical nanohole arrays by PEEL. Basically, the hierarchical 

photoresist posts covered with Cr layer from thermal deposition were lifted off with photoresist 

remover. Deep reactive ion etching (DRIE) was then used to etch cylindrical pits through the 

microscale Cr holes (depth ~ 150 nm) inside Si. After depositing ~ 90 nm Au and etching the Cr 

sacrificial layer, a hierarchical Au nanohole array film was produced and floated onto glass 

substrate. Finally, Au deposition through the hole-array mask on glass substrates and then removal 

of the mask resulted in hierarchical Au NP arrays with arbitrarily designed microscale and 

nanoscale features.  

Multiscale patterning for generating hierarchical NP arrays has two key advantages: (1) the 

uniform exposure of UV light ensures that the photoresist posts are homogeneous from patch 

    

 

Figure 3.1. Scheme of the multiscale patterning technique. Typical NP periodicity a0 = 600 

nm, patch side length l = 6 µm and patch periodicity A0 = 9 µm. 
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center to edge; and (2) the Cr masks and PDMS masks can be independently selected to control 

the patch periodicity A0, patch side length l, and NP periodicity a0. The PDMS mask determined 

the sub-micron NP periodicity a0, and the Cr mask determined the microscale patch length l and 

patch periodicity A0. In experiments, a poly (dimethylsiloxane) (PDMS) mask with square lattice 

periodicity a0 = 600 nm was used for phase-shifting photolithography to produce photoresist posts 

with varying diameter. Cr masks with patch features: (l = 6 µm, A0 = 9 µm), (l = 6 µm, A0 = 12 

µm), (l = 18 µm, A0 = 24 µm), and (l = 18 µm, A0 = 32 µm) were used for contact photolithography.  

3.3 Superlattice Plasmons in Hierarchical Arrays 

In this section, we demonstrate that superlattice plasmons can be supported in hierarchical Au 

NP arrays. We observed multiple narrow superlattice plasmon resonances in 2D arrays of NP 

patches. To confirm that the origin of the multiple resonances was from the patch periodicity, we 

fabricated 1D NP patches and characterized their orientation-dependent transmission properties. 

Moreover, we identified the specific Bragg modes that contributed to the superlattice resonances 

by simulating both far-field transmission and near-field properties. Similar to lattice plasmons in 

infinite NP arrays that are defined by NP LSP and NP periodicity, we found that the superlattice 

plasmons in hierarchical NP arrays can be attributed to coupling of single-patch lattice plasmons 

with the high-order Bragg modes of the microscale patch periodicity. Finally, we demonstrated 

that the resonance position and the number of dominant modes of superlattice plasmons can be 

tuned by varying the patch periodicity and overall patch size.  

The transmission spectra of hierarchical Au NP arrays were characterized in an index-matched 

environment consisting of an oil superstrate (n = 1.52) that matched the glass substrate. With the 

inclusion of microscale patch periodicity in hierarchical arrays, more high-order Bragg modes fell 
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within the resonance envelope of metal LSP to form multiple lattice plasmons with narrow 

resonances. To determine the influence of patch periodicity on the lattice plasmon resonances, we 

compared the resonance position of hierarchical NP arrays to that of an infinite NP array. For 

infinite NP arrays with NP periodicity a0 = 600 nm and NP diameters d = 140 nm, we observed a 

single lattice plasmon mode at L = 903 nm (Figure 3.2a).  

For 2D hierarchical NP arrays with the same NP characteristics but with l = 6 µm and A0 = 9 

µm, however, two narrow resonances appeared (Figure 3.2b). The shorter-wavelength superlattice 

resonance at SL = 904 nm had nearly the same position and FWHM width (15 nm) as the lattice 

  

 

Figure 3.2. Comparison of transmission spectra between infinite arrays and 2D 

hierarchical Au NP arrays. (a) SEM images of an infinite NP array with NP periodicity a0 = 

600 nm and NP diameters d around 140 nm. Linear optical properties from experiments and 

FDTD simulations (n = 1.52) are in excellent agreement. (b) SEM images of 2D hierarchical 

NP arrays with a0 = 600 nm, patch side length l = 6 µm, patch periodicity A0 = 9 µm and NP d 

= 140 nm. Linear optical properties from experiment and simulations (n = 1.52) are in excellent 

agreement.  
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plasmon L in the infinite NP array. The longer-wavelength superlattice resonance appeared at SL 

= 954 nm, with a narrower FWHM of 7 nm. As observed in both infinite and hierarchical arrays, 

the broad resonance LSP around 730 nm was the LSP of a single Au NP, and the Rayleigh anomaly 

peak RA around 630 nm was from coupling with higher-order Bragg modes (Figure 3.2a). FDTD 

simulations were in good agreement with experiments. The small shift between simulated and 

experimental resonance wavelengths can be explained in part by the dispersive properties of the 

immersion oil used for index-matching.  

To confirm that the multiple resonances were from patch periodicity, we characterized the 

orientation-dependent transmission properties of 1D NP patches (Figure 3.3a). These 1D patches 

had the same a0, l, and A0 as the 2D hierarchical arrays, but where A0 was defined only along the x-

direction. This symmetry-breaking structure shows polarization-dependent optical properties and 

different coupling along the x and y directions. To observe the evolution of the transmission spectra 

with respect to polarization angle more clearly, we fabricated NPs with larger diameters d = 160 

nm that showed stronger longer-wavelength resonances. With the incident light polarized along x, 

the individual NPs exhibited dipolar oscillations also along x. The NPs aligned perpendicular to 

the oscillation direction coupled strongly with each other. Since only NP periodicity a0 existed 

along y, the transmission spectrum showed a single narrow lattice plasmon resonance, similar to 

that of infinite NP array (Figure 3.3b). As the polarization angle  increased from 0° (x) to 90° 

(y), the narrow resonance at SL = 913 nm maintained its location and amplitude but a new 

resonance (SL = 958 nm) gradually emerged and increased in intensity. The broad resonance 

around 730 nm was the LSP from single Au NP, and the peak RA around 630 nm was Rayleigh 

anomaly seen earlier in Figure 3.2b. Note that both were at fixed wavelengths even as  changed. 
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The spectral evolution with respect to polarization angle suggests that the infinite-like resonance 

at SL = 913 nm in 1D hierarchical patches and the single lattice plasmon L of the infinite NP 

array are similar regarding resonance wavelength and intensity. In contrast, the resonance at SL = 

958 nm in the 1D NP patches, which gradually appeared and kept the same position as  increased, 

can be attributed to the patch periodicity A0.   

  

Figure 3.3. Orientation-dependent transmission properties of 1D Au NP patches. (a) SEM 

image of fabricated 1D Au NP patches on top of glass, with patch side length l = 6 µm, patch 

periodicity A0 = 9 µm along x and NP diameter d = 160 nm. (b) Evolution of transmission 

spectrum with increasing polarization angle  from 0° (x direction) to 90° (y direction). The 

resonance at SL = 913 nm maintained its location and amplitude but the resonance at SL = 958 

nm gradually emerged and increased in intensity, which indicated that the latter originated from 

patch periodicity. 



75 

 

   

 To demonstrate the influence of patch periodicity on the superlattice plasmon resonances, we 

simulated far-field transmission spectra for a single Au NP, an isolated Au NP patch, and 2D 

hierarchical Au NP arrays. The simulations can study resonances from a single NP and patch and 

eliminate coupling effects from nearby NPs and patches, which cannot be achieved in experiments 

where the incident light spot (~ mm2) was much larger than the single NP or patch size. Figure 

3.4a shows a broad LSP resonance LSP from a single Au NP with diameter d = 140 nm. For a 

  

 
Figure 3.4. Far-field transmission, near-field electric field, and charge distribution of 

hierarchical Au NP arrays indicating the origin of superlattice plasmons. (a) Linear optical 

properties of a single NP, a single patch, and periodic patches with the same NP diameter d = 

160 nm, height h = 50 nm and spacing a0 = 600 nm. Periodic patches had side length l = 6 µm 

and periodicity A0 = 9 µm. (b) Near-field electric field distributions of superlattice plasmons at 

λSL
15= 944 nm, λSL

14= 981 nm, and λSL
13= 1056 nm within plotted area of 1.2 µm  9 µm. In 

simulation, the amplitude of incident plane wave (polarized along x) was set as 1 V/m. The 

plotted electric field is the real part of Ex with units of V/m. (c) Charge distribution of 

superlattice plasmons at λSL
15

  =  944 nm and λSL
14

 = 981 nm within plotted area of 1.2 µm  9 µm. 
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single patch containing 10 × 10 NPs with a0 = 600 nm and d = 140 nm, consistent with the isolated 

patch in Figure 3.2b, a single lattice plasmon resonance was observed at L = 965 nm (FWHM 

35.7 nm). The single-patch lattice plasmon arose from the coupling of the metal LSP and the Bragg 

mode determined by the NP periodicity a0.  

For 2D hierarchical NP arrays with l = 6 µm and A0 = 9 µm, two narrow resonances were 

observed at λSL
15 = 944 nm and λSL

14
 = 981 nm as well as one weak resonance at λSL

13 = 1056 nm, 

whose diffraction peaks were in good agreement with the calculated Bragg modes at the n = 15, n 

= 14 and n = 13 orders from patch periodicity A0 = 9 µm (at 912 nm, 976 nm and 1051 nm 

respectively). The FWHM of the two dominant lattice plasmons at λSL
15

 and λSL
14

 were 19.2 nm and 

3.1 nm respectively, much narrower than that of the single-patch resonances. Similar to lattice 

plasmons in infinite arrays from coupling the NP LSP and Bragg mode from NP periodicity a0, 

superlattice plasmons in hierarchical arrays can be described by the coupling of single-patch lattice 

plasmons with high-order Bragg modes determined by the patch periodicity A0. Two-step coupling 

was involved in generating superlattice plasmons: (1) NP coupling within a single patch, and then 

(2) patch-patch coupling.  

The electric field and charge distribution around NPs at the superlattice plasmon resonances 

illustrated the influence of patch periodicity A0 on the near-field NP coupling. For resonances at  

λSL
15

 = 944 nm, λSL
14

 = 981 nm, and λSL
13= 1042 nm, the electric field was localized both around and 

between NPs but with larger enhancement at the narrower resonance at λSL
14

 than the other two 

modes (Figure 3.4b). Compared to LSP, single-patch lattice plasmons L had 10-fold local electric 

field |E| peak enhancement, while superlattice plasmons had 15-fold and 40-fold enhancement at 

λSL
15 and λSL

14 respectively. At λSL
15

 and λSL
14, positive and negative charges were located around the 
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NP surface and distributed along the polarization direction of incident light, indicating a dipolar 

distribution (Figure 3.4c). At resonances of λSL
15, λSL

14
 , and λSL

13
, there were 15, 14, and 13 phase 

oscillations within a single patch, which agreed with the order of the Bragg mode that coupled to 

single-patch lattice plasmons (Figure 3.4b). Similarly, at the lattice plasmon resonance in infinite 

NP arrays with a0 = 600 nm, exactly 15 overall phase oscillations spanned the same length scale 

of patch periodicity (A0 = 9 µm). Notably, although hierarchical arrays could be viewed as an 

infinite array with missing NPs, the in-phase oscillation between NPs at infinite-like superlattice 

plasmon resonance λSL
15 was the same as that of lattice plasmon resonance L in infinite arrays. In 

contrast, the resonance at λSL
14  had single-period phase oscillations and the one at λSL

13  had two-

period phase oscillations between NPs within the single patch. For 1D NP patches at different 

polarization angles, the in-phase oscillations between NPs were also maintained at λSL
15 ( = 0° to 

90°), while single-period phase oscillations existed at λSL
14 ( > 0°). 

To illustrate the tunability of superlattice plasmons, we increased A0 from 9 µm to 12 µm 

while keeping patch side length l fixed at 6 µm (Figure 3.5a). Larger patch periodicity resulted in 

more high-order Bragg modes with smaller separations and that fell within the resonance envelope 

of single-patch lattice plasmons. Two dominant lattice plasmon modes at λSL
20 = 905 nm and λSL

19
 = 

938 nm were observed, corresponding to the coupling of single-patch lattice plasmons to the n = 

20 and n = 19 orders of Bragg modes from the enlarged patch periodicity A0 = 12 µm. Compared 

to the resonances with A0 = 9 µm (Figure 3.2b), the shorter-wavelength resonance at λSL
20 kept 

nearly the same position, and the longer-wavelength resonance at λSL
19

 blue-shifted. At the infinite-

like superlattice plasmon resonance λSL
20 , where the resonance wavelength and near-field 
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distribution were the same as those of lattice plasmon in infinite arrays, the NPs oscillated in-phase 

with each other both within an individual patch and between patches.  

We further increased the number of NPs within one 2D patch from 10 × 10 to 30 × 30 to study 

the influence of patch side length on superlattice plasmon resonances. Notably, more NPs within 

one patch created narrower, more intense single-patch lattice plasmons. Three dominant lattice 

plasmon modes at λSL
40 = 905 nm, λSL

39
 = 916 nm, and λSL

38
 = 939 nm  were observed for patch size l 

  

 

Figure 3.5. Superlattice plasmons in hierarchical Au NP arrays can be tuned by varying 

patch periodicity A0 and side length l. (a) Experimental and simulated linear properties of 

hierarchical arrays with l = 6 µm, A0 = 12 µm and d = 140 nm. (b) Experimental and simulated 

linear properties of hierarchical arrays with l = 18 µm, A0 = 24 µm and d = 140 nm. (c) 

Experimental and simulated linear properties of hierarchical arrays with l = 18 µm, A0 = 36 µm 

and d = 140 nm.  
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= 18 µm and patch periodicity A0 = 24 µm, corresponding to the coupling of single-patch lattice 

plasmons to the n = 40, n = 39 and n = 38 orders of Bragg modes  (Figure 3.5b). When the patch 

side length l = 18 µm was maintained and A0 was increased to 36 µm, we observed one narrow 

lattice plasmon mode at λSL
59= 911 nm with a FWHM of 2 nm, and a secondary mode at λSL

60
 = 899 

nm (Figure 3.5c). These two resonances originated from the n = 59 and n = 60 orders of Bragg 

modes. The NPs oscillate in-phase with each other at infinite-like resonances of λSL
40 (a0 = 600 nm 

and A0 = 24 µm) and λSL
60 (a0 = 600 nm and A0 = 36 µm). By varying patch side length l and patch 

periodicity A0 in 2D hierarchical arrays, we were able to tune the resonance position and the 

number of dominant modes for superlattice plasmons.  

3.4 Controlled Multi-modal Nanolasing from Plasmonic Superlattices 

Figure 3.6 compares the linear optical properties and lasing emission from gold NP 

superlattices and single-lattice NP arrays. The NPs were supported on substrates of fused silica (n 

= 1.48) and liquid gain superstrates of IR-140 dye in dimethyl sulfoxide (DMSO, n = 1.46) to 

achieve the highest-quality lattice plasmon modes. Superlattices with NP spacing a0 = 600 nm and 

patch periodicity A0 = 24 µm were fabricated over cm2-areas by multi-scale nanofabrication tools 

that combine contact and phase-shifting photolithography (Figure 3.6a).6,63 A0 was selected such 

that the gain emission (centered at 860 nm, orange curve) overlapped with superlattice (SL) 

plasmons 𝜆SL
a  = 864 nm and 𝜆SL

c1  = 881 nm (blue curve), as determined by coupling of single-patch 

lattice plasmons and Bragg modes (𝜆SL
𝑎  and 𝜆SL

c1  would be 𝜆SL
40 and 𝜆SL

39 for A0 = 24 µm according 

to indexing based on diffractive coupling).63 λSL
a  exhibited the same resonance wavelength and in-

phase oscillations between NPs as that of the single band-edge lattice plasmon mode 𝜆L in a single-

lattice array, although the FWHM of the dip was larger (Figure 3.6b). The additional mode at 𝜆SL
c1  
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showed overall single-period phase oscillations between adjacent NPs within a single patch 

because of patch-patch coupling.  

Consistent with previous work,12,52 the high-quality band-edge lattice plasmon at 𝜆L 

contributed to a single lasing mode at 𝜆L
I  = 862 nm with directional emission and an extremely 

narrow linewidth (FWHM = 0.3 nm). Note the minor blue shift of lasing wavelength compared to 

    

        

Figure 3.6. Multi-modal nanolasing in gold nanoparticle superlattices surrounded by 

liquid dye solutions. Schemes, SEM images and measured lasing emission from (a) NP 

superlattices with NP spacing a0 = 600 nm, NP diameter d = 120 nm, height h = 50 nm, patch 

side length l = 18 µm and patch periodicity A0 = 24 µm embedded in IR-140-DMSO 

(concentration C = 0.6 mM) and (b) single-lattice arrays with the same NP diameter d = 120 

nm, height h = 50 nm and spacing a0 = 600 nm as superlattices in (a). IR-140-DMSO 

superstrates surrounding single-lattice and superlattice NP arrays were pumped with an 800-

nm fs-pulsed laser and light was collected normal to the sample surface. FWHM of lattice 

plasmon resonances is 6.2 nm at 𝜆SL
a  and 4.2 nm at 𝜆L. IR-140-DMSO gain media in pink, 

linear optical properties in blue, and dye emission in orange with intensity rescaled and lasing 

emission is in black. 
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lattice plasmon resonance could be attributed to the slightly modified index environment around 

NPs at high pump fluences, and the optical pulling effect by pump source at 800 nm. In contrast, 

multiple lasing peaks at 𝜆SL
I  = 863 nm, 𝜆SL

II  = 874 nm, and 𝜆SL
III  = 884 nm were observed in 

superlattices with large modal spacing ( = 10-11 nm) and narrow spectral linewidths (FWHM 

< 0.5 nm). The lasing mode 𝜆SL
I  originated from the SL plasmon mode 𝜆SL

a , similar to how the 

wavelength of the band-edge lattice plasmon mode 𝜆L in single-lattice NP arrays determined the 

lasing wavelength 𝜆L
I .6,63 𝜆SL

II  and 𝜆SL
III  were new lasing modes that can uniquely be attributed to 

patch-patch coupling. 𝜆SL
III  can be correlated with the SL plasmon at 𝜆SL

c1  based on good spectral 

overlap and emission position, but surprisingly, 𝜆SL
II  was absent in the transmission spectrum even 

though lasing emission at that wavelength was evident. 

To understand the origin of the different lasing modes, we first determined the optical band 

structure of NP superlattices by stitching together zero-order angle-resolved transmission spectra. 

Compared with the single band-edge state at 𝜆L in single-lattice NP arrays (located at in-plane 

wavevector k// = 0), multiple band-edge modes were observed under transverse electric (TE) 

polarization in NP superlattices not only at k// = 0 (𝜆SL
a ,  𝜆SL

c1) but also k// = ± 0.13, ± 0.26 and ± 0.39 

µm-1 (𝜆SL
b1,  𝜆SL

c2 , 𝜆SL
b2) (Figure 3.7). Band-edge modes at both zero and non-zero k// arose from 

coupling of localized surface plasmons of the NPs to different diffraction modes from the 

hierarchical structure (A0). Based on FDTD methods, simulated band structures showed excellent 

agreement with measurements (Figure 3.7).  

We indexed different Bragg modes of the superlattice as [kx ky kx' ky'] in reciprocal space, where 

kx (ky) and kx' (ky') denoted grating vectors from the NP (k = 2𝜋/a0) and patch spacing (k' = 2𝜋/A0) 

(Figure 3.8). At 𝜆SL
a  (k// = 0), two propagating Bragg modes [1000] and [1̅000] with opposite 
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wavevectors formed a standing wave. At 𝜆SL
b1 (k// = ± 0.13 µm-1), an overall 0.5kx' from two coupled 

Bragg modes [ 1̅ 000] and [10 1̅ 0] compensated for non-zero k//. Therefore, plasmonic NP 

superlattices can exhibit standing wave modes with very low group velocities (𝜐𝑔 =  𝛿𝑤/𝛿𝑘𝑔) at 

all band-edges at 𝜆SL
a , 𝜆SL

b1, 𝜆SL
b2, 𝜆SL

c1  𝜆SL
c2 . The electric field enhancement was localized within the 

sub-wavelength vicinity of the NPs, where the fields oscillated with nearly the same phase and 

amplitude (Figure 3.8). Compared to dielectric NPs, only lower-energy band-edges appear in 

single-lattice gold NP arrays with two orders stronger near-field enhancement (Figure 3.9). Band-

edge modes at k// ≠ 0 only exist for plasmonic NP superlattices and are not observed for dielectric 

NPs because of weak near-field coupling between patches in the visible and NIR regions. 
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Figure 3.7. Multiple band-edge modes are observed in the band structures of plasmonic 

NP superlattices. Measured (left) and simulated (right) band structures in gold NP superlattices 

with l = 18 µm, A0 = 24 µm, and d = 125 nm under (a) unpolarized light, (b) TE polarized light, 

and (c) TM polarized light. For the measurements, a droplet of DMSO was sandwiched between 

Au NP superlattices on fused silica and a glass coverslip to index-match the substrate. Although 

band-edge modes at k// = 0 are degenerate under both TE and TM polarization, band-edge states 

at k// ≠ 0 cannot be supported by TM polarization since off-normal angle band-edges arise from 

coupling of Bragg modes under TE polarization, such as [1000], [1010] and [1020]. 



84 

 

   

  

    

      

Figure 3.8. Light excited at off-normal angles can couple to NP superlattices and form 

standing waves. (a) Calculated dispersion diagram and indexing of different Bragg modes. (b) 

Table of Bragg modes that cross each other at different band-edges and corresponding in-plane 

wave vectors k// along x. (c) Simulated near field distributions Ey of multiple band-edges within 

plotted area of 24 µm  1.2 µm (top image) in the middle of 2D superlattices. (d) The phase 

distribution (Ex) at multiple band-edges, which shows standing wave patterns and in-phase 

oscillation of the NPs with each other. We indexed different Bragg modes in the superlattice as  
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[kx ky kx' ky'], where kx (ky) and kx' (ky') denote the grating vectors from NP spacings (k = 2𝜋/a0) and 

patch spacings (k' = 2𝜋/A0) along x (y) direction. At 𝜆SL
a  (k// = 0), two propagating Bragg modes k1 

= [1000] and k2 = [1̅000] with opposite wavevectors formed a standing wave. In contrast, at 𝜆SL
b  

(k// = ± 0.13 µm-1), an overall kx' from two coupled Bragg modes k1 = [1̅000] and k2 = [101̅0] 

compensated for the non-zero k// from the off-normal incident light. In general, (k1+k2)/2+k//=0 is 

common for all band-edge points, which indicates that plasmonic NP superlattices can exhibit 

standing waves with a very low group velocity (𝜐𝑔 =  𝛿𝑤/𝛿𝑘𝑔) at zero and non-zero k//. Here the 

blue, green, and yellow curves represent the first-, second-, and third-order diffraction modes from 

the superlattice structure, respectively. For example, the blue curves are first-order Bragg modes 

including [1000], [0100], [1̅000], and [01̅00]; green curves are second-order Bragg modes such as 

[1010], [1̅010], [1̅01̅0], [101̅0], and [0101].  
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Figure 3.9. Only lower-energy band-edges appear in single-lattice gold NP arrays with 

two orders stronger near-field enhancement compared with dielectric NPs. Simulated band 

structure, normal incidence transmission spectra, and near-field enhancement |E|2 at (a) lattice 

plasmon mode (𝜆L) in single-lattice gold NP arrays and (b) photonic mode (𝜆D) in single-lattice 

silicon NP arrays (refractive index n = 3) with NP spacing a0 = 600 nm, NP diameter d = 120 

nm and height h = 50 nm under TE polarization. Compared to both upper and lower band-edges 

in silicon NP arrays, we observed only lower-energy band-edges in gold NP arrays. The higher-

energy band-edges at k// = 0 were suppressed because of destructive interference between NPs 

in the near-field. Note that the gold NP single-lattice arrays exhibited a two-order magnitude 

stronger near-field enhancement |E|2 than dielectric ones with the same NP size and height. 
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Side-by-side comparison of an angle-resolved lasing emission map and band structure revealed 

that superlattice lasing modes had a one-to-one correspondence with the band-edge modes 

(Figures 3.10a-b). For single-lattice arrays, a single lasing mode appeared at the k// = 0 band edge, 

and in the emission map, a single lasing point was observed at the detection angle D = 0, normal 

to the NP arrays (Figure 3.11). In contrast, for NP superlattices, lasing action at 𝜆SL
I  and 𝜆SL

III  (from 

band-edges at 𝜆SL
a  and 𝜆SL

c1 , respectively) emerged at D = 0, while 𝜆SL
II  matched well with band-

edges at k// ≠ 0, which suggests that standing waves at both zero and non-zero k// can support lasing 

action. Although the band-edge at 𝜆SL
b2 was barely resolved in the measured band structure, lasing 

action at 𝜆SL
II  was still observed in the emission map, which indicates how lasing could serve as a 

probe to identify band-edge points with a high local density of optical states.  

Plasmonic superlattice lasers also exhibit distinct spatial coherence characteristics. Besides the 

central, single spot at D = 0° similar to single-lattice NP arrays, multiple satellite spots appeared 

on each side of the central beam (at D = ± 1.04° and ± 2.08°) (Figure 3.10c). The angular 

correlation between band structure and the angle-resolved emission map along x (Figure 3.10b) 

identified that lasing at 𝜆SL
I  and 𝜆SL

III  appeared at D = 0° and ± 2.08°, while 𝜆SL
II  contributed to the 

left and right satellite beams at D = ± 1.04°. All emission beams exhibited only minor beam 

divergence (< 1°), which in combination with the narrow spectral linewidth (< 0.5 nm) supports 

the coherence of each lasing mode. The emission map acquired by sweeping D along y verified 

that under TE polarization, the multiple spots along y resulted from diffractive effects of patch-

patch interactions, and the alternating of different lasing wavelengths among spots only appeared 

along x (Figure 3.12). Since the far-field beam profiles of the four-fold symmetric 2D arrays under 

TE and TM polarization are spatially rotated by 90°, the wavelength distribution of multiple spots 
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along y under TE polarization can be identified by angle-resolved emission along x under TM 

polarization. Multiple flat bands were shown with low dispersion at different detection angles 

under TM polarization, which suggests that the spots along y are from diffractive interference 

effects between patches since they show the same phase profiles.  

  

    

 

Figure 3.10. Experiments and simulations of band-edge modes at zero and non-zero 

wavevectors supporting standing waves for multi-modal nanolasing. (a) Measured band 

structure of two-dimensional (2D) superlattice arrays. (b) Measured angle-resolved emission 

of multi-modal lasing, with emission signals collected within ± 3.5° relative to the sample 

surface normal. (c) Satellite spots around a central spot were detected in the far-field beam 

profile, where the center represented D = 0° along x and y. Intensity scale bars indicate 

normalized emitted photon intensity, increasing from blue to yellow or red. 
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Figure 3.11. Single mode lasing from band-edge state at k// = 0 in single-lattice arrays. (a) 

(left) Measured band structure with varying incident angle I in single-lattice arrays; (middle) 

simulated band structure based on FDTD Lumerical method with a0 = 600 nm and d = 120 nm; 

(right) emission map of lasing from a single band-edge mode. (b) Superlattice arrays with A0 = 

24 µm, l = 18 µm, and d = 120 nm. All data acquired under TE polarization. The correlation 

between the band structure (linear optical properties) and angle-resolved lasing map is 

consistent with previous work, where the only lasing mode in single-lattice NP arrays was at 

the single band-edge state at k// = 0. In contrast, multi-modal lasing originates from multiple 

band-edges at k// = 0 and k// ≠ 0 in plasmonic superlattices. 
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Figure 3.12. Multiple lasing beams showed minor divergence in the far field and angle-

resolved emission along x and y identified the wavelength distribution. (a) Far-field beam 

profiles from single-lattice arrays with plotted area 6.2 mm  4.8 mm at detection distance z = 

4 cm, 5 cm, and 6 cm away from the sample plane. Minor stretching of the emission spot was 

observed along the light polarization, which is consistent with the previous reports and could 

originate from amplified spontaneous emission (ASE) at minor off-normal. (b) Far-field beam 

profiles from superlattices (l = 18 µm, A0 = 24 µm) under TE polarization. (c) Angle resolved 

emission under TE polarization. The angular correlation between the far-field beam pattern and 

angle-resolved emission map helped to identify that lasing at 𝜆SL
I  and 𝜆SL

III  appeared at D = 0° 

and ± 2.08° along x, while 𝜆SL
II  contributed to the left and right satellite beams at D = ± 1.04°. 

(d)  Angle resolved emission under TM polarization.  
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Modeling of lasing action from large-unit cell lattices (tens of microns) and at non-zero k// was 

not possible in our home-built FDTD codes because of limited computational efficiency.12,159 To 

improve the computation speed, we integrated the four-level one-electron model with a 

commercial software (FDTD Solutions, Lumerical Inc.) and modeled dye molecules subject to the 

Pauli exclusion principle.53 FDTD simulations with the Pauli exclusion principle showed lasing 

action in single-lattice arrays comparable to that of our previous method7 that did not consider 

electron spin; only a minor change of oscillation amplitude in the time-dependent population 

inversion was observed (Figure 3.13).  

By pumping from the ground level (N0 = 1), we observed lasing modes above threshold that 

were strongly correlated with superlattice plasmon resonances. Pumping of the ground electronic 

state resulted in lasing modes at 𝜆SL
I  and 𝜆SL

III  for k//  = 0 with wavelengths that can be correlated 

with SL plasmons 𝜆SL
a + 𝜆SL

c1  and 𝜆SL
c2  (Figure 3.14a). Note that the output spectrum only showed 

two lasing modes 𝜆SL
I  and 𝜆SL

III  at k// = 0 and could not reveal 𝜆SL
II  because this time-domain 

approach cannot represent SL plasmons at different k// simultaneously. However, simulations with 

a plane-wave incident at I = ± 1.04° and ± 2.08° could produce lasing at 𝜆SL
II  (from 𝜆SL

b1 at k// = ± 

0.13 µm-1) and 𝜆SL
III  (from 𝜆SL

c1  at k// = ± 0.26 µm-1) by introducing a phase shift at the microscale 

unit-cell boundary (Figures 3.14b-c).  

The simulated linewidths of the lasing peaks are typically ~2 nm, but in the experiments, we 

detected sharp peaks as narrow as 0.5 nm. The broadening of the simulated lasing modes can be 

attributed to: (1) the semi-quantum model used to describe lasing actions without including 

dephasing of the dye molecules over time; (2) the short simulation time (within 2 ps). Additionally, 

in (a), the photoluminescence (PL) of dyes is not captured at low pump power because: (1) in  
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Figure 3.13. Both four-level one-electron systems without and with the Pauli exclusion 

principle can describe lasing action in single-lattice arrays with population inversion in 

real-time. (a) Lasing from FDTD method with the PEP at pump 0.37 mJ cm-2 and (b) 

corresponding real-time population inversion. (c) Lasing from FDTD method without PEP at 

the same pump power range and (d) corresponding real-time population inversion. Previously 

we used a four-level one-electron model without PEP to describe lasing action in single-lattice 

arrays. Lumerical only allows a four-level model with PEP to model the micron superlattices. 

Here we compared the influence of the PEP to the model of lasing action based on our home-

built FDTD codes. By slightly changing the description of the rate equation defined by PEP, 

we can compare the two models side-by-side. We found that the two models showed robust 

lasing action within 1 ps with the population inversion accumulated at the plasmonic hot spot 

regions. Only a minor change of oscillation amplitude in the time-dependent population 

inversion was observed, where the model with PEP had a slightly slower transition rate.  
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simulation, there are fewer dye molecules (1 mM dye in unit cells 600 nm  600 nm  2 µm) for 

strong PL than experiments (~1-mm gain thickness); and (2) simulation time of 2 ps is too short 

to capture emission from dyes with much longer intrinsic decay lifetime (~800 ps).  

  

    

   

Figure 3.14. Multi-modal nanolasing was observed in simulations from 2D plasmonic 

superlattices above lasing threshold. (a) Lasing spectra from band-edges at (upper panel) k// 

= 0, (middle panel) k// = ± 0.13 µm-1, and (lower panel) k// = ± 0.26 µm  by FDTD simulations. 

All results under TE polarization. (b) Simulated lasing spectrum from 2D superlattices (patch 

side length l = 18 µm, periodicity A0 = 24 µm, NP size d = 120 nm) slightly above lasing 

threshold at 0.11 mJ cm-2 and (c) above lasing threshold at 0.26 mJ cm-2.  
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Mode competition is common in semiconductor lasers, where multiple cavity modes compete 

for available gain; hence, oscillations in one mode generally reduce and suppress gain for others.32 

Distinct from traditional systems, plasmonic NP superlattices can support multiple lasing modes 

simultaneously because of a combination of factors: (i) the large gain bandwidth of the dye (~50 

nm); (ii) the short pulsed laser excitation (~90 fs) that avoids accumulation of mode competition 

over limited photon traveling cycles; (iii) widely separated spectral resonances of SL plasmons 

(~10 nm); and (iv) different near-field spatial overlap of SL modes with the gain media.32 Since 

all band-edge wavelengths for this particular NP superlattice (A0 = 24 µm; l = 18 µm) -- 𝜆SL
a , 𝜆SL

b1, 

𝜆SL
b2, 𝜆SL

c1  𝜆SL
c2  -- were within the gain envelope, multi-modal lasing could exist and be captured 

simultaneously by a single detector (collection angle around 3°). 

At low pump powers, 𝜆SL
II  at k// ≠ 0 and 𝜆SL

III  at k// = 0 emerged with lasing thresholds lower than 

𝜆SL
I  (Figure 3.15a). Interestingly, 𝜆SL

I  surpassed 𝜆SL
III  at 0.35 mJ cm-2 and continued to increase, 

while 𝜆SL
II  and 𝜆SL

III  saturated at high pump fluence (Figures 3.15b-c); these trends were similar for 

all NP superlattices tested. In FDTD modeling at k// = 0, we also observed an early rise of 𝜆SL
III  but 

dominant growth of 𝜆SL
I  at high pump power (Figure 3.15c). These power-dependent output 

behaviors may be attributed to the near-field enhancement of SL plasmons and their mode quality 

Q (=
𝜆

Δ𝜆
 , where 𝜆  represents the resonance wavelength and ∆𝜆  the linewidth). 𝑄𝜆c1

 = 197 is 

slightly larger than 𝑄𝜆a
 = 139, which suggests that photons from 𝜆SL

c1  are trapped within the cavity 

for more cycles than 𝜆SL
a  such that there is more available gain at 𝜆SL

c1  at low pump powers. Thus, 

lasing action was first observed at 𝜆SL
II  and 𝜆SL

III  (from band edges at 𝜆SL
b1, 𝜆SL

b2, 𝜆SL
c1  and 𝜆SL

c2). At high 
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pump powers, 𝜆SL
I  dominated since the mode at 𝜆SL

a  exhibited a seven-fold stronger local field that 

enhanced the stimulated emission term 
1

ℏ𝑊
𝐸

𝑑𝑃

𝑑𝑡
 in the rate equations.  

Unlike existing photonics and plasmonic lasers that exhibit fixed intensity ratios across the 

different modes30 or a single, dominant mode with increased pump power,39 the output behavior 

of SL plasmon lasing peaks can be uniquely controlled by manipulating the near-field intensity of 

the individual modes. For example, by increasing NP size from d = 120 nm to d = 125 nm (Figure 

3.15d), all band-edge modes red-shifted and those at longer wavelengths had higher intensity. The 

stronger local E field at 𝜆SL
c1  led to stronger stimulated emission at 𝜆SL

III ; thus, 𝜆SL
II  and 𝜆SL

III  showed 

a dominant increase at high pump powers while 𝜆SL
I  remained relatively weak and did not surpass 

𝜆SL
III  in simulation or experiment (Figures 3.15e-f). Note that 𝜆SL

II  was located closer to the dye 

emission center and could show stronger lasing emission than 𝜆SL
I  and 𝜆SL

III . Moreover, we could 

modify the available gain by changing dye concentration and also achieve tailored output behavior 

of the different lasing modes. The output behavior was sensitive to dye concentration, where only 

𝜆SL
I  and 𝜆SL

II  appeared at low dye concentration (0.56 mM), while 𝜆SL
I , 𝜆SL

II  and 𝜆SL
III   all arose at high 

dye concentration (0.63 mM and 0.75 mM). The observation can be attributed to the red-shifting 

of the dye emission (~8 nm) with increased dye concentration (from 0.5 mM to 1 mM). This 

unprecedented, modular control over the input-output light curves of each lasing mode based on 

cavity resonances and gain can provide insight into unconventional designs of multi-modal lasers. 
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Figure 3.15. Multi-modal nanolasing from plasmonic superlattices with controlled output 

behaviors and spatial coherence. (a) Measured output profiles of multi-modal lasing with 

dye concentration and increased pump power at 0.2-0.8 mJ cm-2 for 2D superlattices with d = 

120 nm. (b) Experimental threshold curve of multi-modal lasing with d = 120 nm. (c) (left 

panel) Experimental and (right panel) simulated output behaviors of 𝜆SL
I  and 𝜆SL

III  with d = 120 

nm. Experimental data are a zoom-in of (b). (d) Output profiles of larger NP size d = 125 nm 

with increased pump power at 0.3-0.6 mJ cm-2. (e) Experimental threshold curve of multi-

modal lasing with d = 125 nm. (f) (left panel) Experimental and (right panel) simulated output 

behaviors of 𝜆SL
I  and 𝜆SL

III  with d = 125 nm. Experimental data are a zoom-in of (e). C = 0.63 

mM for both superlattice lasers. 
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Time-correlated photoluminescence (PL) measurements revealed distinct ultrafast decay 

dynamics of the different superlattice lasing modes (Methods). Below the lasing threshold, PL 

from the IR-140-DMSO on NP superlattices exhibited an intrinsically long decay lifetime (834 ps) 

(Figure 3.16). Above threshold, the decay lifetime of photons from the dye can be significantly 

reduced by the faster process of stimulated emission12,52 and modulated by the near-field 

distribution and mode quality of SL plasmons. 𝜆SL
a  and 𝜆L  showed the same in-phase NP 

oscillations in the near field, and we observed similar ultra-short decay lifetimes between 𝜆SL
I  (16 

ps) and 𝜆L
I  (13 ps) (Figures 3.16b-c). In contrast, the 𝜆SL

II  lasing mode from patch-patch coupling 

exhibited a longer decay lifetime (41 ps) because photons could be trapped in the 𝜆SL
b1 mode for a 

longer time (𝑄𝜆b1
> 𝑄𝜆a

). Specifically, 𝜆SL
I  emerged earlier (at 27 ps) than 𝜆SL

II  (at 35 ps) in part 

because the stronger near field at 𝜆SL
a  led to faster population inversion build-up for lasing; 𝜆SL

I  

also decayed faster since these 𝜆SL
I  photons did not exhibit long cavity lifetimes through non-

radiative decay from the metal NPs.   

  

   

Figure 3.16. Modulation of the ultrafast decay dynamics of multi-modal lasing by micron 

patch-patch coupling. Time-correlated single-photon counting of multi-modal lasing from NP 

superlattice arrays at (a) 0.03 mJ cm-2, (b) 0.38 mJ cm-2, and (c) single-lattice NP arrays at 0.30 

mJ cm-2 (2 kHz, 800-nm fs-pulsed laser). Only two peaks were observed at this pump power 

because of power-dependent multi-modal lasing.  
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3.5 Band-edge Engineering from Structural Designs 

3.5.1 2D Superlattice Arrays 

Plasmonic superlattices can be fabricated with precise control over patch-patch spacing; hence, 

we can define the spectral location and spacing of the multiple lasing modes. Figure 3.17 depicts 

the plasmonic NP superlattices with different patch periodicities fabricated by a multiscale 

patterning process. As we increased A0 from 18 µm to 24 µm to 36 µm in the real space, the 

spectral separation between band-edges in the reciprocal space was reduced, as was the lasing 

modal spacing (from 14 nm to 11 nm to 7 nm, respectively, Figure 3.18). Consistent with Figure 

3.15a, 𝜆SL
II  (k// ≠ 0) and 𝜆SL

III  (k// = 0) saturated at high pump powers while 𝜆SL
I  (k// = 0) continued to 

increase. For superlattice arrays, with increased pump power, lasing peaks 𝜆SL
II  and 𝜆SL

III  became 

broader and were "pulled" by the rising of 𝜆SL
I  on the blue side as a result of the pulling effect;32 

thus, the peaks had extended tails to the blue side. Similarly, in single-lattice arrays, lasing peaks 

became broader and unsymmetrical to the red side, which can be correlated to the excitation of 

ASE modes on the red side. 

The far-field spatial distribution of the different lasing modes could also be tailored by 

changing A0. For example, at A0 = 36 µm, multiple satellite spots over smaller detection angles (D 

= ± 0.69° at 𝜆SL
b1) were observed compared to that for A0 = 24 µm (D = ± 1.04°). The lasing beam 

spots appeared as symmetric along both x and y direction, where the emission wavelength variation 

corresponding to different band-edge states happened along x direction.  
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Figure 3.17. Plasmonic NP superlattices with arbitrary geometric parameters can be 

fabricated by multiscale patterning. (a) l = 18 µm, A0 = 24 µm arrays. (b) l = 12 µm, A0 = 

18 µm arrays. (c) l = 18 µm, A0 = 36 µm arrays. (d) l = 18 µm, A0 = 24 µm line patches.  
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Figure 3.18. Spectral spacing of band-edge lasing modes can be manipulated by varying 

patch periodicities. (a) SEM images of superlattice array with (l, A0) = (12 µm, A0 = 18 µm), 

(l, A0) = (18 µm, A0 = 24 µm) and (l, A0) = (18 µm, A0 = 36 µm) (from top to bottom). (b) 

Measured band structure of superlattice arrays under TE polarization with spectral spacing of 

band-edges at 14 nm, 11 nm, and 7 nm. (c) Controlled lasing spacing from band-edge modes. 

Dashed lines depict the outline of the patches. Notably, we observed unsymmetrical shapes of 

lasing peaks at high pump power.  
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3.5.2 Symmetry-breaking Superlattice Line Patches 

Besides exquisite spectral control of multiple nanolasing modes by tuning patch-patch spacing, 

we also spatially engineered band-edge modes with a symmetry-broken superlattice. We designed 

NP line patches with the same a0 and A0 as the 2D case (Figure 3.6) along x, while the structure 

along y only had a periodicity a0, the same as the single-lattice array (Figure 3.19a). Since 

plasmonic NPs exhibit dipolar oscillations along the direction of incident light, symmetry-broken 

cavity structures enable polarization- and orientation-dependent band structures with either single 

or multiple band-edge modes. With pump polarization epump along y and line axis eline along x (eline 

⊥ epump), we observed a single lasing mode at 𝜆SL
I  = 862 nm (Figure 3.19b) from the single band-

edge (k// = 0) and multiple spots along y from patch-patch diffractive interference (Figures 3.19c-

-d). Conversely, when eline // epump (sample rotated in plane), multiple lasing modes arose at 𝜆SL
I  = 

860 nm (k// = 0), 𝜆SL
II  = 871 nm (k// ≠ 0), and 𝜆SL

III  = 881 nm (k// = 0) from the multiple band-edges. 

In the far field, these lasing modes were distributed along x, and no satellite spots appeared along 

y because there was no A0; the power-dependent output behavior was similar to that of 2D 

superlattices. As the sample was rotated in the x-y plane, switchable nanolasing between single 

and multiple lasing modes agreed with the evolution of band structure from single to multiple 

band-edges (Figure 3.20).  

The underlying mechanism of switchable lasing in the NP line patches can be attributed to the 

asymmetric spatial distribution of population inversion at the plasmonic hot spots. The four-level 

model showed that population inversion accumulated only at dipolar hot spots along the pump 

polarization (y) and increased faster when eline ⊥ epump as a result of larger numbers of NPs coupling 

along x (Figure 3.21). In Figure 3.24c, monitor A (at the dipolar hot spot) showed the real-time 
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population inversion and energy decay. In contrast, monitor B (far away from the hot spot) showed 

no change of dN at different energy levels over time. When we fixed epump along y and varied eline 

to be along x, the dipolar oscillation was distributed still along y and hence, we observed the real-

time population inversion only in monitor A. Since there are more NPs along x that coupled with 

each other, the population inversion accumulated faster, and lasing output happened earlier in (f) 

(~1250 fs) compared to (c) (~2300 fs).  

Although dye molecules were randomly orientated and incoherent PL emission was 

independent of sample orientation, molecules with transition dipole moments along the pump 

polarization were preferentially excited; hence, the polarization of output lasing emission was 

along the polarization of the pump source (Figure 3.22). Different from orientation-dependent 

lasing output from line patches, we observed orientation-independent PL emission following the 

[±1, 0] Bragg modes (Figures 3.22a-b). In contrast, for superlattice lasing under TE polarization 

(along y), we found that the output lasing emission was polarized preferentially along y for both 

single-mode and multi-modal lasing, which suggested the coherence of polarization in superlattice 

lasing emission (Figures 3.22c-d). By fixing the sample orientation and changing the pump 

polarization, we also observed tunable lasing between single and multiple modes (Figure 3.23). 

Therefore, the lasing output can be dynamically manipulated in rationally designed NP 

superlattices.  
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Figure 3.19. Dynamic control of band-edge modes in symmetry-broken plasmonic line 

patches leading to switchable nanolasing between single and multiple modes. (a) Scheme 

of lasing measurement on NP line patches with the same a0 = 600 nm, l = 18 µm and A0 = 24 

µm along x as in 2D superlattice arrays. (b) Orientation-dependent lasing under TE 

polarization. eline and epump represent the directions of line axis and pump polarization, 

respectively. (c) Angle-resolved mapping of lasing emission by sweeping x with (upper panel) 

eline ⊥ epump and (lower panel) eline // epump. (d) Far-field beam profiles from line patches under 

in-plane rotation of the sample. For eline ⊥ epump, a single lasing mode at 𝜆SL
I  produced multiple 

spots along y from patch-patch diffractive interference. For eline // epump, with pump power 

slightly above lasing threshold, 𝜆SL
III  appeared in the middle while 𝜆SL

II  showed up as two weak 

spots on the left and right. Intensity scale bars indicate normalized emitted photon intensity, 

increasing from blue to yellow or red. 
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Figure 3.20. Dynamical tuning of band structure in NP line patches by sample orientation. 

Measured band structures of NP line patches with eline oriented at (a) 0° (x direction), (b) 30°, 

(c) 45°, (d) 60°, and (e) 90° (y direction). In the angle-resolved band structure measurement, 

the pump was kept as TE polarized (along y direction) and I was swept in x-z plane. Band 

structures gradually evolved from a single band-edge to multiple band-edges as the line patch 

lattice was rotated in x-y plane. 
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Figure 3.21. Switching between multiple and single lasing modes is detected in simulation 

of line patches with population inversion distributed at dipolar hot-spots. (a) Simulation 

setup for lasing from line patches with epump along y and eline along y. (b) Multi-modal lasing 

emission 𝜆SL
I  and 𝜆SL

III  from simulation at k// = 0. (c) Real-time evolution of population inversion 

at monitor A (left panel) and monitor B (right panel). Monitors A and B were placed 20 nm 

away from the NP edge along y and x directions, respectively. Inset shows the spatial 

distribution of population inversion (dN = N2 - N1) around a NP in (a) at 2300 fs. (d) Simulation  
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setup for lasing from line patches with epump along y and eline reversed to be x. (e) Single-mode 

lasing emission 𝜆SL
I  from simulation at k// = 0. (f) Real-time evolution of population inversion at 

monitor A (left panel) and monitor B (right panel). Inset shows the spatial distribution of 

population inversion dN around a NP in (d) at 1250 fs.  

    

Figure 3.22. Polarization of output lasing emission was aligned with polarization of pump 

source. (a) Angle-resolved PL emission map from line patches with epump along y and eline along 

y, and (b) epump along y and eline along x. We used a near-CW laser (80 MHz) to pump the line 

patch sample at a 22 mm2 spot and 50 mW. (c) Measured multiple lasing modes from line 

patch with epump along y, and eline orientated along y, and (d) epump along y and eline orientated 

along x. We placed a linear polarizer between the spectrometer and lasing device to characterize 

the polarization direction of output beams. 
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Figure 3.23. Orientation-dependent and polarization-dependent lasing were observed in 

NP line patches. Measured switchable lasing from line patches with (a) pump polarization 

direction epump and line axis eline both along x, (b) epump along x and eline along y, (c) epump along 

y and eline along x, and (d) epump and eline both along y. IR-140-DMSO concentration was 0.63 

mM.  
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3.6 Microscale Superstrate Molding of Plasmonic NP Arrays 

Plasmonic superlattices—finite-arrays of NPs (patches) grouped into microscale arrays—can 

support multiple band-edge modes at both zero and non-zero wavevectors for multi-modal lasing. 

However, NP superlattices with rationally designed microfeatures require stringent 

nanofabrication based on multiscale patterning processes.6 In addition, as-fabricated plasmonic 

superlattice samples showed fixed linear optical properties and band structures.53 The configurable 

and unique engineering of optical band structures has arisen much interest recently. For example, 

one-directional edge modes in the band structure are critical in topological photonics. 

For plasmonic NP arrays, a uniform index environment is critical in supporting the collective 

lattice plasmon resonances. The sharp, intense lattice plasmons can only accommodate to moderate 

index mismatch (< 0.1) between superstrate and substrate.12,52 Compared to exquisitely tailoring 

the position of NPs in an index-matching environment, the selective modulation of NP array 

superstrate can lead to tunable control of optical behaviors. For example, lattice-resonance 

metalenses for reconfigurable imaging have been realized by selective tuning of the index 

surrounding the NPs at the unit cell level.160 For bare metal NPs in the air above a silica substrate, 

lattice modes are mostly damped; while for those embedded in SU8 polymers, index-matching 

with the silica substrate leads to well-defined lattice plasmons, and the dramatic phase-modulation 

at the wave front enables far-field manipulation in flat optics.  

Here we demonstrated facile microscale molding of dielectric superstrate in plasmonic NPs for 

superlattice resonances. Contact lithography with a patterned Cr mask produced microscale 

photoresist patches on top of NP arrays, while the spacing areas between patches preserved clean 

NPs without photoresist residues for index contrast. We observed multiple superlattice plasmons 

from micro-photoresist molding in both transmission spectra and dispersion diagrams. 
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Polarization-dependent linear properties and band structures were achieved in symmetry-breaking 

line patches by superstrate molding. In addition, tunable superlattice resonances and band 

structures can be realized by rationally patterning of polymer superstrates with different patch 

spacings. 

To create index contrast from molded superstrate, we first made single-lattice Au NP arrays 

with NP spacing a0 = 600 nm coated with a 150-nm photoresist film (Figure 3.24). Contact 

lithography with a micropatterned Cr mask produced microscale photoresist patches on top, while 

the spacing areas between patches showed clean NPs without resist residues. Arbitrarily designed 

photoresist patterns are accessible as defined by the Cr masks. In contrast, PDMS masking on NP 

arrays produced decreased transmission signals in the visible regime due to the local microscale 

 

Figure 3.24. Microscale superstrate molding of plasmonic NP arrays. (a) Large scale 

superstrate patterning on Au NP arrays (b) The optical images of patterned superstrate with (6 

µm, 9 µm) line patches and (12 µm, 18 µm) 2D arrays. 
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air gaps. Micropatterning by solvent assisted nanoscale embossing (SANE) showed protruding 

SU8 at the patch edge, without sufficient resist coating in the middle of patches. 

Compared to superlattice arrays with depleted NPs in between patches, the selective superstrate 

molding for index-matching also achieved multiple superlattice resonances (Figure 3.25). For 

superlattice arrays (l = 6 µm, A0 = 9 µm) in an index matching environment (n = 1.5), multiple 

superlattice resonances are observed at  = 944 nm and  = 981 nm, as well as one weak resonance 

at  = 1056 nm. The multiple resonances come from the coupling of the localized surface plasmon 

of individual NPs to the n = 15, n = 14 and n = 13 orders of Bragg modes from the patch periodicity 

A0 = 9 µm. In contrast, in molded superstrate NP arrays, the big index contrast in the patch spacing 

regions (n = 0.5 for nair = 1, nsubstrate = 1.5) cannot sustain strong lattice plasmons, and hence 

produced the microscale modulation between superstrate-defined patches. Multiple superlattice 

resonances are observed at  = 928 nm and  = 976 nm with slightly broadened resonance 

linewidth.  

 

Figure 3.25. Superlattice plasmons from patterned superstrate on NPs. (a) Superlattice 

modes from patterned superstrate, (b) superlattice modes from spaced patches. 
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In experiments, multiple superlattice modes appeared in both transmission spectra and the 

dispersion diagram. For symmetry-breaking line patches by superstrate molding, polarization-

dependent optical properties arose from the different coupling mechanism when the incident light 

was polarized along the x and y directions (Figure 3.26). We observed multiple lattice plasmon 

resonances when the polarization was along the same direction of the line axis (y), since NPs 

aligned perpendicular to the oscillation direction coupled strongly with each other and experienced 

microscale index modulation. The dispersion diagram under TE polarization exhibited both a 

primary mode from NP spacing a0 = 600 nm that followed the (±1, 0) Bragg mode, and a satellite 

mode from the patch spacing A0 = 9 µm. In contrast, polarization vertical to the direction of the 

line axis produced a single lattice plasmon resonance in both transmission spectra and the 

dispersion diagram that followed the (0, ±1) Bragg modes, similar to a single-lattice NP array. 

Flexible tuning of band structures could be achieved with rational engineering of the NP lattice 

superstrate features (Figure 3.27). Larger patch periodicity (from A0 = 9 µm to A0 = 18 µm) 

resulted in more high-order Bragg modes with smaller separations that fell within the resonance 

envelope of the single-patch lattice plasmons. Hence, closer mode spacings between superlattice 

resonances were observed from transmission spectra and band structures of superlattice arrays. 

Notably, the slightly decreased transmission intensity in the blue region came from absorption of 

the photoresist film. 

In summary, the rational superstrate engineering on the metal NP array can create index 

contrast in multiple length scales for long-range plasmon interactions. Since the superstrate can be 

easily reconfigured by erasing and repatterning by lithography processes, the rational design and 

tuning of band structures are accessible. In addition, incorporation of active gain media such as 

dye molecules into superstrate polymers could induce side-by-side patterning of gain and loss 
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regions within NP arrays at multiple length scales, which offers prospects in parity-time symmetry 

breaking in a plasmonic nanoresonator system. 

  

 

Figure 3.26. Polarization-dependent linear properties for symmetry-breaking line 

patches. (a) Superlattice resonance from molded line patches when the light was polarized 

parallel to the line axis, (b) single-lattice resonance when the light was polarized perpendicular 

to the line axis. 
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Figure 3.27. Tunable superlattice modes from flexible micro-photoresist molding. 
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3.7 Summary and Outlook 

In summary, we realized superlattice plasmons in hierarchical Au NP arrays. Our multiscale 

patterning process offers a new approach for generating hierarchical NP arrays over large areas (> 

cm2) with independent control over NP periodicity a0 and patch periodicity A0. We found that 

superlattice plasmons could be described by the coupling of the single-patch lattice plasmons to 

different orders of Bragg modes from the patch periodicity. Superlattice plasmon resonances can 

be manipulated by tuning patch periodicity in addition to NP periodicity. We anticipate that 

superlattice plasmons, with their ultra-narrow resonance linewidths and multiple controllable 

resonant frequencies in the visible region, will be useful in areas such as ultrasensitive sensing as 

well as energy transfer and plasmon amplification processes in plasmonic cavities. 

In addition, we demonstrated multi-modal nanolasing with controlled, large modal spacing 

from gold NP superlattices that support tunable, multiple band-edge modes at zero and non-zero 

wavevectors. Our model based on a four-level system coupled to FDTD calculations fully captured 

multi-modal lasing contributions from zero and off-normal angles. Compared to conventional 

micro- and nano-structured lasers, multi-modal lasing from NP superlattices showed strikingly 

different output emission behavior, spatial coherence, and ultrafast decay dynamics characteristics. 

Notably, the relative ratios of the different modes could be tuned by changing NP size and local 

gain concentration. Coherent nanoscale light sources with well-controlled mode position, spacing, 

and output characteristics offer possibilities for increasing information storage in on-chip photonic 

devices. Moreover, engineering slow light at multiple band-edges open prospects for manipulating 

strong light-matter interactions not only for lasing, but also for optical nonlinearities, quantum 

optics, and other optical processes.  
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Chapter 4. Scaling Behavior for Lasing from Plasmonic 

Nanocavity Arrays 
 

 

Abstract 

Small lasers are an emerging platform for generating coherent light for integrated photonics, 

in-vivo cellular imaging and solid-state lighting. Ultra-sharp lattice plasmons with suppressed 

radiative loss in strongly coupled plasmonic NP arrays can support lasing with high directionality 

and tunability. For compact photonic integration, a finite-sized laser is needed; however, the 

critical NP number N essential for a sub-wavelength laser is unknown. Here we show the critical 

N in a finite-sized NP array for lasing with a relatively low threshold at room temperature. We 

found that NP number in plasmonic nanocavity arrays plays a critical role in lasing actions in terms 

of ultrafast dynamics and lasing thresholds. Narrowing of lattice plasmon resonances associated 

with stronger near fields was observed with increased NP number. In experiments, lasing from a 

single patch showed smaller threshold with increased N. Semi-quantum modeling of lasing from 

a finite-sized patch reveals the dependence of population inversion dynamics and lasing thresholds 

on N. 

 

Related references 

Wang, D; Fumani, A.K.; Schatz, G.C.; Odom, T.W. "Scaling Behavior for Lasing from 

Plasmonic Nanocavity Arrays" In preparation   
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4.1 Introduction 

Small lasers are an emerging platform for generating coherent light for integrated 

photonics22,131,161, in-vivo cellular imaging,23,28 solid-state lighting, and fast 3D sensing in 

smartphones.162,163 Compared to conventional lasers with device size restricted by the diffraction 

limit, plasmonic nanolasers can confine the optical fields to sub-wavelength scales in at least one 

dimension. Spasers with single metal NPs can achieve nanoscale mode confinement in three 

dimensions, but are challenging in experimental realization due to large cavity losses.23,43 

Nanowire-on-film lasers and nanodisk-on-film lasers utilized surface plasmon polaritons to 

confine the optical mode at the nanoscale in the vertical dimension.162,163 In strongly coupled 

plasmonic NP arrays, ultra-sharp lattice plasmons with suppressed radiative loss can support lasing 

with high directionality and tunability.12,52,53 

Compared to broad localized surface plasmons in individual NPs, strongly coupled plasmonic 

NP arrays showed ultra-sharp lattice plasmons with suppressed radiative loss, which can serve as 

optical feedback for lasing with high directionality and tunability.12,52,53 Lasing at room 

temperature has been observed in plasmonic NP arrays scalable to cm2 scale.12,52,53 For compact 

integration with nanophotonics, a finite-sized laser device is needed; however, the critical NP 

number N essential for sub-wavelength lasing build-up is unknown.9,12,52,54 Plasmon nanodisk-on-

film lasers showed faster modulation and lower lasing threshold than photonic lasers when the 

cavity size surpasses the diffraction limit.164 In photonic distributed feedback lasers, the 

relationship between N and the resonance linewidth  has been found to follow the rule 

1/N.165 Multiscale patterning6 facilitates the fabrication of finite-sized metal NP patches with 

tunable sizes, which enables varying of the NP number N in a single patch.  
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Here we show the critical NP number N needed in a finite-sized NP array for lasing with a 

relatively low threshold at room temperature. We found that the NP number in an array plays a 

dominant role in lasing action in terms of ultrafast dynamics and lasing thresholds. Narrowing of 

lattice plasmon resonances associated with stronger near fields was observed with increased NP 

number N within a single patch, and the near field enhancement reached saturation for more than 

3030 NPs. In experiments, lasing from a single patch showed smaller threshold with increased 

N. Semi-quantum modeling of lasing from a finite-sized patch reveals the dependence of 

population inversion dynamics and lasing thresholds on N. 

4.2 Narrowed Lattice Plasmons with Increased NP Number 

Figure 4.1 depicts the lattice plasmon resonances of a finite-sized patch with increased NP 

number N. For a lattice with diffractive coupling, the radiative loss is further suppressed with more 

    

 

Figure 4.1. Lattice plasmons showed stronger resonances with increasing NP numbers in 

a finite-sized patch. (a) Scheme of infinite NP arrays to finite-sized NP arrays with spacing a0 

= 600 nm. (b) Simulated spectra of lattice plasmons in a single patch showed narrowed 

resonances with increased NP number N. (c) Near-field enhancement |E|2 with increased N in 

a patch from 10  10, 30  30 to 50  50 (left to right). 



118 

 

   

NPs present, which leads to a narrower, more intense resonance. The figure shows that the 

resonance linewidth  of the lattice plasmons shortens from 40 nm to 5 nm as N is increased from 

10  10 to 60  60 within a single patch with a0 = 600 nm (Figure 4.1a). The intensity of the 

transmission dips was stronger, and the near field |E|2 showed orders of magnitude enhancement 

(|E|2/|E0|
2 = 50 to |E|2/|E0|

2 = 800) as N is increased from 1 to 50  50. Notably, the increase of near 

field enhancement nearly reached saturation for patches with more than 30  30 NPs. 

Based on multiscale patterning processes,6 microscale single patches were made with varying 

patch size and >10 times larger patch separation to eliminate the coupling between patches: (i) far-

spaced single patch (300 µm) with tunable patch side length (from 12 µm to 120 µm); (ii) fixed 

    

 

Figure 4.2. Sharper lattice plasmons were detected in experiments with increased NP 

numbers. (a) Optical setups of a dark-field microscope for imaging and spectroscopy. (b) 

Image of single patches with side length l = 18 µm and patch spacing A0 = 180 µm under the 

microscope and the detection with an inserted slit. (c) Measured transmission spectra from 

single patches with varying N. 
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patch sizes (18 µm) with increased patch spacing (from 18 µm to 360 µm). With the single-particle 

microscope, we characterized the transmission spectra of finite-sized patches with increased NP 

number N (Figure 4.2a). Notably, the inserted slit in front of the detector is important for avoiding 

oblique scattering and detecting a narrow resonance linewidth (Figure 4.2b). Consistent with the 

simulation results, we observed that the lattice plasmons showed narrower and more intense 

resonances with more NPs in a patch ( = 16 nm to 12 nm, for N = 1010 to 3030, Figure 4.2c). 

4.3 Scaling Behavior for Lasing from Finite-sized Nanocavity Arrays 

To characterize the lasing action from single NP patches, we built an optical set-up with an 

objective lens (10) to focus the pump laser beam to a controlled microscale region (spot diameter: 
    

 
 

Figure 4.3. Lasing action from single patches of plasmonic nanoparticles. (a-b) Measured 

single lasing mode from a plasmonic lattice with patch size and patch spacing (l, A0) = (12 µm, 

18 µm) and (18 µm, 180 µm), respectively. (c) The optical set-up with an objective lens for 

beam focusing, and the input-output curves for the single plasmonic NP patches. 
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20-100 µm). We observed a single lasing mode from large-spaced plasmonic lattices (patch side 

length l = 12 µm and periodicity A0 = 18 µm, and l = 18 µm, A0 = 180 µm, respectively). The far-

spaced patches (A0 = 180 µm) ensured that only a single patch was exposed and detected for lasing 

emission. For 2020 NPs in a patch, we observed lasing emission at room temperature with a 

lasing threshold around 70 mJ/cm2, while the lasing threshold decreased to 3.9 mJ/cm2 for 3030 

NPs. Saturation and decreasing of lasing intensity happened at high pump powers, similar to an 

infinite array. Notably, no lasing from dark modes was observed in a finite-sized patch54 possibly 

due to the low dye concentration (2 mM) and NIR operation regimes.  

Figure 4.4 shows that semi-quantum modeling of single-patch lasing reveals a N-dependent 

lasing build-up. We exploited a four-level system and a time-domain approach to simulate the 

time- and spatial- dependent lasing buildup in a finite-size array with perfectly matching layer 

boundaries. For a NP array with increasing number N under fixed pump power and dye 

concentration, lasing was observed from over 35  35 NPs with the characteristic time-dependent 

population inversion (C = 1 mM, pump power 0.9 mJ/cm2). With more NPs present, the stronger 

near fields also induced faster population inversion and shorter lasing rise time within the 

simulation window of 2 ps. Modeled single-patch lasing emission showed saturation behaviors at 

high powers, consistent with experiments. 

4.4 Summary and Outlook 

In conclusion, we determined a scaling behavior for the NP number N in plasmonic lattices for 

nanolasing at room temperature. This work offers critical insights into the relationship between 

NP number and lasing characteristics including thresholds and ultrafast dynamics in plasmonic 
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nanocavity arrays. We expect that the scaling behavior of plasmonic nanocavity arrays will open 

possibilities for miniaturized on-chip photonic devices and in-situ bioimaging and therapeutics.  

To provide perspective, in semi-quantum lasing simulations, we observed that the near-field 

coupling of NPs in unpumped regions contributed to enhanced lasing emission from dye-

embedded regions (Figure 4.5). In addition, the lasing emission can propagate to bare NP regions 

not covered with gain; such energy transfer efficiency decreased with propagation distance. We 

expect that these long-range energy transfer processes assisted by delocalized lattice plasmons can 

offer new prospects for optical communications and quantum entanglements.   

    

  

Figure 4.4. Lasing emission intensity and ultrafast dynamics depend strongly on NP 

number N within a single patch from simulations. (a) Set-up of FDTD simulation scheme. 

(b) N-dependent lasing build-up with a constant pump power of 0.9 mJ/cm2. (c) Time-

dependent population inversion with different N. 
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Figure 4.5. Near-field NP coupling in unpumped regions contributes to enhanced lasing 

emission. Simulated lasing emission from (a) a finite lattice arrays with 4040 NPs all covered 

by dye solvent, (b) a finite lattice arrays with 3030 NPs all covered by dye solvent and, (c) a 

finite 4040 lattice array with 3030 NPs covered by dye solvent. 
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Chapter 5. Continuous-wave Upconverting Plasmon    

                   Nanolasing 

 

Abstract 

Nanolasers that operate under continuous-wave pump and are robust in diverse environments 

will make possible compact optoelectronic devices, versatile bioimaging and theranostics, and 

large-scale quantum photonics. However, current nanolasers require low temperatures or pulsed 

excitation because their small mode volumes severely limit gain relative to cavity loss. Here, we 

show continuous-wave upconverting nanolasing at room temperature with record-low thresholds 

and high photostability even after six hours of constant operation. We achieved selective single-

mode lasing from Yb3+/Er3+-co-doped upconverting nanoparticles conformally coated on silver 

nanopillar arrays supporting sharp lattice plasmon modes. The intense electromagnetic near-fields 

resulted in a threshold of 70 W/cm2, orders of magnitude lower than other small lasers. 

 

Related reference 

Fernandez-Bravo, A.*; Wang, D.*; Tajon, C.; Teitelboim, A.; Guan, J.; Schatz, G.C.; Cohen, 

B.E.; Chan, E.; Schuck, P.J.; Odom, T.W. “Continuous-wave upconverting plasmon nanolasing 

at room temperature,” submitted *equal contribution  
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5.1 Introduction 

Miniaturized lasers are an emerging platform for generating coherent light for quantum 

photonics, in-vivo cellular imaging, solid-state lighting, and fast 3D sensing in 

smartphones.22,161,166 Continuous-wave (CW) lasing at room temperature is critical for integration 

with opto-electronic devices and optimal modulation of optical interactions.167,168 Plasmonic 

nanocavities integrated with gain can generate coherent light at sub-wavelength scales,12,36,49,53 

beyond the diffraction limit that constrains mode volumes in dielectric cavities such as 

semiconducting nanowires.169,170 However, insufficient gain with respect to losses and thermal 

instabilities in nanocavities have limited all nanoscale lasers to pulsed pump sources and/or low-

temperature operation.12,36,37,40,49,53,54,164 

Lanthanide-based UCNPs are photostable solid-state nonlinear emitters that are efficient at 

sequentially absorbing multiple near-infrared (NIR) photons and emitting at visible and shorter-

NIR wavelengths.171-174 Recently, UCNPs have been used as gain media in small lasers, and their 

integration with dielectric microcavities and hyperbolic metamaterials has resulted in multi-

wavelength upconverted lasing.175-177 UCNPs also exhibit long radiative lifetimes (typically 100s 

of µs) compared to other gain materials,173,178,179 which leads to low saturation intensities that 

could facilitate CW pumping and population inversion build-up. Pump powers required for UCNP 

lasing are orders of magnitude lower than those for nanolasers based on quantum dots, dye 

molecules, or conventional nonlinear optical materials.12,177,180 Additionally, organic molecules 

exhibit triplet-state accumulation and limited photostability, and semiconductor nanomaterials 

undergo Auger recombination, which reduces population inversion under CW pump.70,167,181 
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Multiphoton upconverting processes can be strongly enhanced by the intense electromagnetic 

fields from plasmonic nanostructures.182 However, surface plasmon resonances from single NPs 

are typically broadband with low mode quality. Spectral overlap with multiple, narrow UCNP 

energy bands results in reduced output efficiency at a single targeted mode because of internal 

energy transfer.183,184 Arrays of metal NPs can overcome these challenges because collective, 

coherent coupling can produce narrow lattice plasmon resonances (linewidths < 5 nm) with 

suppressed radiative loss and stronger near-field enhancements compared to single NPs.4,5 

Previously, we demonstrated band-edge lattice plasmons as optical feedback for down-shifted dye 

nanolasing at room temperature with directional emission and tunable wavelengths.12,52,53,115 

Compared to photonic microcavities that exhibit multiple cavity modes,176 plasmonic nanocavity 

arrays with a single lattice spacing support a single, narrow mode that can, in principle, selectively 

enhance specific upconverting energy transitions. 

Here we show CW upconverting lasing at room temperature with record-low thresholds and 

high photostability from sub-wavelength plasmons. We achieve selective, single-mode lasing from 

Yb3+/Er3+-co-doped upconverting nanoparticles (UCNPs) conformally coated on Ag nanopillar 

arrays that support a single, sharp lattice plasmon cavity mode and > /20 field confinement in the 

vertical dimension. The intense electromagnetic near-fields localized in the vicinity of the 

nanopillars result in a threshold of 70 W/cm2, orders of magnitude lower than other small lasers. 

Our plasmon-nanoarray upconverting lasers provide directional, ultra-stable output at visible 

frequencies under near-infrared pumping, even after six hours of constant operation, which offers 

prospects in previously unrealizable applications of coherent nanoscale light. In addition, the 

upconverting nanolaser can achieve CW emission under both CW and pulsed pump conditions. 
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We used time domain, semi-quantum modeling to capture the characteristic population inversion 

and strong optical nonlinearities. 

5.2 Low-threshold Upconverting Nanolasing 

We designed nanolaser devices that integrate two key advances in order to enhance coupling 

between the nanocavity and the lanthanide (Ln) emitters, to lower upconverting lasing thresholds, 

and to improve device stability. First, we fabricated Ag nanopillar arrays with a lattice plasmon 

resonance that overlaps the red Er3+ upconverted emission transition (4F9/2 to 4I15/2) in colloidal 

UCNPs doped with sensitizer Yb3+ ions / emitter Er3+ ions (Figures 5.1a-c). Second, we exploited 

core-shell UCNPs with high Ln content that are known to show significantly improved 

luminescence properties compared to canonical compositions.179,185 The high-Ln-content UCNPs 

are core-shell heterostructures with 13.9 ± 1.3 nm diameters comprised of 9.9-nm -phase NaYF4 

cores doped with 20% Yb3+ / 20% Er3+ and 2-nm NaYF4 shells (Figure 5.2).186  

In our all-solid-state system under ambient conditions, NIR pumping at 980 nm can excite 

Yb3+ ions in the UCNPs, which transfer energy to Er3+ ions to facilitate upconverted emission at 

multiple visible and NIR wavelengths, and lattice plasmon modes can be engineered to couple 

selectively to Er3+ emission (red) (Figure 5.1d). The plasmonic arrays consist of Ag nanopillars 

(80-nm diameter, 50-nm height) arranged in a square lattice with periodicity a0 ranging from 450 

– 460 nm depending on which transition within the Er3+ red emission manifold was of interest 

(Figures. 5.1a-c). For protection of these nanopillars, we used atomic layer deposition to deposit 5 

nm Al2O3 around the nanopillar surface. As described previously,4,5 collective coupling of 

plasmonic nanopillar arrays produces a sharp lattice plasmon mode with a quality factor Q = 
𝜆

Δ𝜆
  > 

200 that is maintained after coating with UCNPs (Figure 5.3). UCNPs were drop-cast from 
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solution onto the arrays to form conformal films of thickness ca. 150 nm, resulting in UCNPs that 

are situated at the nanoscale plasmonic hotspots within 25 nm surrounding each nanopillar surface 

(Figures 5.1a-c; near-field enhancement at the nanopillars, |E|2/|E0|
2 >1000). Since the refractive 

index n of UCNPs (n ~ 1.47 @660 nm) closely matches that of the fused silica substrate (n ~ 1.46 

@ 660 nm) (Figure 5.3), the Ag nanopillars were effectively embedded in a uniform index 

 

Figure 5.1. Continuous-wave (CW) upconverting nanolasing on Ag nanopillar arrays at 

room temperature. (a) Schematic of the upconverting nanoparticle (UCNP) coating on top of 

Ag arrays with spacing a0 = 450 nm. Ag nanopillars are with 80-nm diameter, 50-nm height 

and scalable over cm2 areas. The UCNP film is ca. 150 nm thick. (b) Scanning electron 

micrograph showing the Ag nanopillar array with partial conformal coating (right) with a film 

of 14 nm core-shell UCNPs (NaYF4:Yb3+, Er3+). (c) Representative near-field |E|2 plot for the 

450-nm spaced Ag nanopillars at resonance (n = 1.46) from a finite-difference time-domain 

method simulation. (d) Yb3+, Er3+ energy levels and coupling mechanism to the lattice 

plasmons. (e) Power-dependent lasing spectra from lattice plasmon resonances at  = 664 nm 

for Ag nanopillar arrays with a0 = 450 nm. (f) Input-output curves in log-log scale with emission 

linewidth narrowing, showing a low lasing threshold of 70 W/cm2. 
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environment, which is critical for sustaining high-quality lattice plasmons. The dispersion diagram 

of lattice plasmons after UCNP coating showed that the plasmon resonance followed the Bragg 

mode defined by the lattice.  

To determine whether UCNPs are coupled to the plasmonic nanocavities, we first characterized 

spontaneous emission from UCNPs on the plasmonic array at low (ca. 20 W/cm2) pump intensities. 

Enhanced upconverted emission between 650-660 nm was resolved at each Ag nanopillar position 

(Figure 5.4). The fast Fourier transform of the output image evidenced the periodic spatial 

modification of the emission signals. As CW pump intensity increased beyond a threshold, lasing 

action occurred at the lattice plasmon resonance wavelength (Figure 5.1e). At threshold, we 

observed both a significant increase in rising slope (s = 4.4) in the input-output curve compared to 

spontaneous emission (s = 2.2; Figure 5.5) and simultaneous linewidth narrowing of the lasing 

mode to < 1 nm (Figure 5.1f). The lasing threshold of 70 W/cm2 from the device in Fig. 5.1f 

represents a > 200-fold improvement over that of upconverting microresonators176 and orders of 

magnitude reduction over that of nanodisk-on-film39,164 or nanowire-on-film37,40 plasmon lasers at 

room temperature (Table 5.1). The low thresholds of our UCNP plasmon lasers (as low as 29 

 

Figure 5.2.  Transmission electron micrograph of core/shell UCNPs. 
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W/cm2) can be attributed to both bright Yb3+/Er3+-co-doped UCNPs favorable to CW pump and 

single-mode plasmon nanocavities with spectrally selective, strong optical enhancement (|E|2/|E0|
2 

> 103).  

  

 

Figure 5.3. Preserved lattice plasmon resonances after coating Ag nanopillars with UCNP 

emitters. (a) The resonance lineshape and position of lattice plasmons showed only slight 

modifications after coating Ag NP arrays with Yb3+/Er3+-based UCNPs. Measured transmission 

spectra of Ag nanopillar arrays with a0 = 450 nm in DMSO (left) and coated with UCNPs 

(right). (b) The dispersion property of a thin Er-UCNP film measured by ellipsometry, 

suggesting that the refractive index of Er-UCNPs is close to the fused silica substrate (n = 1.48) 

at 650 nm (n = 1.50). (c) The dispersion diagram of lattice plasmons after UCNP coating shows 

that the plasmon resonance follows the Bragg mode defined by the lattice.  
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Figure 5.4. Resolving plasmon-enhanced emission from UCNP-coated Ag nanopillar 

arrays with high numerical aperture (NA) wide-field imaging. Wide-field image of Er3+ 

upconverted red emission (ca. 660 nm) enhanced at the local plasmonic hot spots surrounding 

each Ag nanopillar within the array. The inset shows the fast Fourier transform of the image 

evidencing the periodic nature of the emission distributions. The distance between Ag 

nanopillars can be resolved and measured in the image; a0 = 450 nm for this case. The image 

was collected with a 100 0.95 NA objective at 17.8 W/cm2. 

 



131 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5. Er3+ red-band emission and pump intensity dependence for a UCNP film. (a) 

Intensity-dependent spectra of upconverted emission from the same UCNPs used in the lasing 

experiments. (b) Light-in-light-out curve for the emission intensity, showing the expected 

nonlinear behavior typical of a pseudo 2-to-3 photon process, followed by the onset of 

saturation at higher pump fluences. There is no Ag nanopillar array for this control 

measurement. 
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Laser type Year 
Pump (pulse length, 

operation frequency) 
Temperature 

Lasing 

Threshold 

Plasmon nanowire-

on- 

film laser36 

2009 100 fs, 80 MHz < 10 K 50 MW/cm2 

Plasmon microdisk-

on- 

film laser39 

2011 100 fs, 10 kHz 
Room 

temperature 

3000 MW/cm2 

avg.* 

Plasmon nanowire-

on- 

film laser49 

2012 CW Liquid nitrogen 3.7 kW/cm2 

Plasmon nanoparticle  

array laser12 
2013 100 fs, 1 kHz 

Room 

temperature 
1 mJ/cm2 

Plasmon nanowire-

on- 

film laser37 

2014 150 fs, 800 kHz 
Room 

temperature 
0.2 mJ/cm2 

UV plasmon 

nanowire-on-film 

laser40 

2014 10 ns, 100 kHz 
Room 

temperature 
1 MW/cm2 avg.* 

Plasmon nanodisk-

on- 

film laser164 

2017 4.5 ns, 1 kHz 
Room 

temperature 
10 kW/cm2 avg.* 

Photonic UCNP  

microbead laser176 
2018 CW 

Room 

temperature 
50 kW/cm2 

Upconverting 

plasmon nanolaser 

(this work) 

 

2019 

 

CW 
Room 

temperature 

29 W/cm2 

70 W/cm2 

 

150 fs, 80 MHz 

 

32 W/cm2 avg.* 

210 W/cm2 avg.* 

300 W/cm2 avg.* 

Table 5.1. Summary metrics of previously reported plasmon and upconverting lasers in 

terms of types, pump modality, operation temperature and lasing thresholds. Our 

upconverting plasmon nanolasers showed the lowest lasing threshold while satisfying both 

continuous wave pump and room temperature operation for the first time1. *For fair comparison, 

we note when average powers are reported for the pulsed excitation measurements, and peak power 

is left unlabeled. 
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Besides enabling low thresholds, plasmonic array nanocavities offer directional and highly-

efficient coupling, in contrast to spherical and cylindrical cavity geometries based on whispering 

gallery modes, where input coupling is non-trivial and emission is less directional. The collective 

coupling between periodic Ag nanopillars results in directional, beam-like upconverted emission 

at the band-edge G point12 with a low divergence angle of ca. 0.5° (Figures 5.6a-b). Additionally, 

the lasing beam is polarized along the same direction as the incident pump (Figures 5.6c-d). This 

polarization coherence is distinct from unpolarized spontaneous emission from UCNPs (regardless 

of excitation polarization) that results from energy transfer migration between dopant ions within 

a single UCNP over the long lifetimes of Ln3+ excited states178 and random nanocrystal 

orientation.187 Moreover, our upconverting nanolaser shows long-term stability, which is typically 

challenging for multiphoton lasing systems since high peak pump intensities are often required for 

nonlinear responses.176 Our all-solid-state system operated at room temperature for more than 6 h 

under continuous irradiation, the longest operational period we tested (Figures 5.6e-f). Over this 

time, we did not observe any optical or thermal damage; the mode intensity remained constant, 

and only minimal shifts in mode frequency (< 0.15 nm) occurred. In contrast, CW lasing based on 

semiconductor NPs was not stable over 1 h under fluences similar to those used in this study.167,181  
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Figure 5.6. Upconverting nanolasing showed spatial and polarization coherence, as well 

as high photo-stability. (a) Schematic of the experimental optics setup to measure the far-field 

beam profile. The excitation beam is filtered out using a short pass 745 nm filter and 660/10 

nm band pass filter, enabling the CMOS sensor to record only the emission from the plasmon 

nanolasing at 664 nm. (b) Far-field beam profile of lasing emission above threshold, with the 

camera detector placed 2 cm away from the sample plane, showing a beam divergence of ca. 

0.5°. (c) Polarization-dependent lasing emission with pump polarized at 90°. (d) The polar plot 

represents the emission intensity of the 664 nm lasing mode and the spontaneous emission (SE) 

as a function of the polarization angle . (e-f) Stability of lasing spectra, intensity and 

wavelength (red and blue curves) over the course of 6 hours of uninterrupted irradiation, 

exhibiting stable emission intensity and modest mode shift (< 0.15 nm). 
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5.3 Upconverting Lasing under Pulsed Pumps 

Interestingly, we find that CW lasing occurs even under pulsed pumping conditions in our 

upconverting plasmon nanolaser (Figure 5.7). This observation is consistent with excited state 

lifetimes that are much longer than both the pulse width and repetition period of the pulsed pump 

(~120 fs and ~13 ns, respectively). A second-order correlation measurement was implemented 

using a Hanbury-Brown and Twiss (HBT) setup with a 50/50 beam splitter and 2 MPD detectors 

to characterize the output temporal feature of upconverting nanolasers under a pulsed pump. The 

g(2) optical second-order cross correlation is defined as: 

                                             𝑔(2)(τ)=〈Idet1 (t)∙Idet2 (t+τ)〉 (5.1) 

where Idet1 (t) and Idet2 (t) are the signal intensities measured at the two detectors (the two discrete 

photon streams collected by the two channels). The brackets denote the expectation value and t 

and τ are the photon arrival time and delay. The counts in the g(2) histogram are the number of 

photon pairs detected for different delays using the two detectors (which means it should vary with 

the measurement length, selected bin size and signal intensity). The normalized g(2)  is: 

                                                       𝑔(2) =  
〈𝐼𝑑𝑒𝑡1 (𝑡)∙𝐼𝑑𝑒𝑡2 (𝑡+𝜏)〉

(〈𝐼𝑑𝑒𝑡1 (𝑡)〉∙〈𝐼𝑑𝑒𝑡2 (𝑡+𝜏)〉)
 (5.2) 

which is the normalization by division of the mean signal of the two detectors. Figure 5.8 depicts 

the g(2) histogram for the upconverted lasing at ca. 660 nm for above-threshold powers (CW and 

pulsed pumping schemes), showing that the normalized g(2) function is 1 for both pumping 

schemes. This demonstrates that there is no temporal correlation between the emitted photons, 

which is a signature of CW lasing. The CW output under a pulsed pump (80 MHz) is attributed to 

the ultra-long decay lifetime of UCNPs (~200 µs) compared to the short pump pulses (12.5 ns). 
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The highly nonlinear scaling with power shows slopes as high as 10, and the simultaneous mode 

narrowing experienced at threshold powers indicates lasing behavior that happens in a CW fashion. 

To highlight the ability of the system to select specific Er3+ transitions for lasing, we varied the 

nanopillar lattice constant a0, which modified the lattice plasmon nanocavity mode. Shifting the 

resonance from 650 nm (a0 = 450 nm) to 660 nm (a0 = 460 nm), we observed that the upconverted 

lasing emission followed the cavity mode resonance, demonstrating that single-mode upconverting 

lasing is directly determined by the plasmonic nanocavities (Figure 5.7a). We found similar lasing 

thresholds and power dependencies for both lattice spacings, including high nonlinearity in the 

gain portion of the input-output curves (s = 5.3 and 4.7 above the threshold for the devices with 

modes at 650 nm and 660 nm, respectively, Figure 5.7b). Note that the extreme saturation of 

excited states under pulsed excitation led to a smaller rising slope (s = 1.2) at high pump powers. 

 

Figure 5.7. Upconverting CW nanolasing under a pulsed laser and semi-quantum 

modeling in the time domain. (a) Lasing spectra with lasing modes at  = 650 and 660 nm 

from UCNPs coupled to Ag nanopillar arrays with spacing a0 = 450 (blue) and 460 nm (red), 

respectively. The results show the selective coupling between Er3+ red emission from 

components of the 4F9/2 level and the tailored plasmon resonances associated with collective 

Bragg modes of the Ag nanopillar arrays. (b) Input-output curves in log-log scale show a 

slightly lower laser threshold for the mode at 660 nm.  
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In addition, the lasing thresholds are similar in terms of average power with both CW and pulsed 

laser pumps (Table 5.1). 

  

 

Figure 5.8. Temporal coherence of upconverting nanolasing by g(2) measurements under 

CW and pulsed pump. (a) g(2)(t) for 10000 ns window and bin size 100 ns for the plasmon 

laser at 664 nm under CW excitation above threshold (112 W/cm2) in red, and pulsed excitation 

(230 W/cm2) in black showing the values of 1 for the entire window. (b) g(2)(t) for 100 ns 

window and bin size 1 ns for the plasmon laser at 664 nm under pulsed excitation above 

threshold (230 W/cm2), showing CW emission and no modulation with the 80 MHz excitation 

(12.5 ns delay between pulses) and with values close to 1 for the entire window. 
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5.4 Six-level System for Modeling Upconverting Lasing  

To gain insight into the lasing mechanisms of these low-threshold CW nanolasers, we used a 

semi-quantum model and a time-domain approach to study the nonlinear optical build-up under a 

pulsed pump (Figure 5.9). The narrow lattice plasmon resonance provides selective enhancement 

only for the 4F9/2-to-4I15/2 red emission without directly affecting energy transfer processes at other 

energies. Therefore, we used a simplified six-level model to describe the two-photon optical pump 

process approximately. The rate equation depicts as follows: 

𝑑𝑁5
 𝑑𝑡

 = - 𝑁5(1−𝑁4)

𝜏54
 - 𝑁5(1−𝑁0)

𝜏50
 + 1

ℏ𝑤𝑎
𝐸

𝑑𝑃𝑎
𝑑𝑡

𝑁3
𝑁𝑡

 

𝑑𝑁4
 𝑑𝑡

 = 𝑁5(1−𝑁4)

𝜏54
 - 𝑁4(1−𝑁1)

𝜏41
 + 1

ℏ𝑤𝑒
𝐸

𝑑𝑃𝑒
𝑑𝑡

 + 1

ℏ𝑤𝑎
𝐸

𝑑𝑃𝑎
𝑑𝑡

𝑁2
𝑁𝑡

 

𝑑𝑁3
 𝑑𝑡

 = - 𝑁3(1−𝑁0)

𝜏30
 - 𝑁3(1−𝑁2)

𝜏32
 + 1

ℏ𝑤𝑎
𝐸

𝑑𝑃𝑎
𝑑𝑡

 - 1

ℏ𝑤𝑎
𝐸

𝑑𝑃𝑎
𝑑𝑡

𝑁3
𝑁𝑡

 

𝑑𝑁2
 𝑑𝑡

 = 𝑁3(1−𝑁2)

𝜏32
 - 1

ℏ𝑤𝑎
𝐸

𝑑𝑃𝑎
𝑑𝑡

𝑁2
𝑁𝑡

 (5.3) 

𝑑𝑁1
 𝑑𝑡

 = 𝑁4(1−𝑁1)
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 + 𝑁3(1−𝑁0)

𝜏30
 

𝑁𝑡 = 𝑁0 + 𝑁2 + 𝑁3 

In the semi-quantum system, we set the Ag nanopillar size d = 80 nm and height h = 50 nm, 

pump wavelength at a = 980 nm, emission at e = 660 nm and index n = 1.42, close to 

experimental conditions. The decay lifetimes were set as t54 = t10 = 10 fs, t41 = 0.1 ns, and t50 = t32 

= t30 = 1 ns. We initially pumped the six-level system from the ground state (population density 

N0 = 1, N1 = N2 = N3 = N4 = N5 = 0) and collected all emitted flux with a plane monitor placed 0.3 

µm away on top of the nanopillars. The calculations show a large exponentially rising slope (s = 

4.8) above the lasing threshold, which is similar to nonlinear buildup seen in the experiments 

(Figures 5.10a-b). In contrast, the slow rise close to threshold (s = 1.8) corresponds to the intrinsic 
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two-photon emission of Yb3+/Er3+-co-doped UCNPs. To capture the time-dependent lasing build-

up, we tracked the evolution of population density in different energy levels and found a 

characteristic population inversion from 4F9/2 to 4I15/2 above threshold (Figures 5.10c-d). No 

population inversion was observed for upconverted emission below threshold, consistent with a 

slow rising slope (Figure 5.10c). The calculated lasing threshold occurred at an average power of 

270 W/cm2 (Figure 5.10b), comparable with experiments. Minor differences in threshold are likely 

because of unknown gain values for the UCNPs and the simplified Er3+ electronic structure in our 

model, where we included only select Er3+ excited states. Therefore, our semi-quantum model with 

a six-level system captured the characteristic population inversion and strong optical nonlinearities 

in upconverting lasing. 

  

 

Figure 5.9. The semi-quantum system used for modeling the upconverting plasmon 

nanolasing in the time domain. The energy diagram showed that the six-level UCNP system 

was coupled to the lattice plasmon resonances. 
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Figure 5.10. The semi-quantum system used for modeling the upconverting plasmon 

nanolasing in the time domain. (a) The simulated upconverting nanolasing showed single-

mode lasing emission determined by the lattice constant a0 of the array. (b) Simulated input-

output curve showing a threshold-like power dependence with laser thresholds comparable to 

the experimental values. (c) No population inversion between different energy levels was 

observed in our semi-quantum simulations below the lasing threshold. (d) Simulated time-

dependent evolution of population density describing upconverting nanolasing and the 

associated population inversion above threshold at 27 kW/cm2 (marked star position). 
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5.5 Summary and Outlook 

In summary, we demonstrated CW upconverting plasmon nanolasing at room temperature. We 

observed exceptionally stable lasing over long periods (> 6 h), with lasing thresholds as low as 29 

W/cm2, significantly lower than other plasmon and upconverting nanolasers. In addition, the 

upconverting nanolaser can achieve CW emission under both CW and pulsed pump conditions. 

Our time domain, semi-quantum modeling captured the characteristic population inversion and 

strong optical nonlinearities. Low-threshold upconverting nanolasers with NIR pump open 

possibilities for integration with compact, low-power circuits as well as in vivo applications 

including deep-tissue imaging, sensing, theranostics and optogenetic manipulation.188 Looking 

forward, the large variety of available output wavelengths in the Ln series, the ability to couple 

plasmonic nanocavities with densely-packed quantum emitters, and the general nanocavity 

architectures provide an almost unlimited number of robust low-power coherent nanoscale light 

sources. Our all-solid-state nanolaser platform offers prospects to realize quantum-optical 

technologies and commercial lab-on-a-chip photonic devices.  
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Chapter 6. Emerging Applications of Strongly Coupled  

                   Nanocavities 

 

Abstract 

Because of their large figures of merit, lattice plasmons in metal nanoparticle arrays are very 

promising for chemical and biomolecular sensing, in both liquid and gas media. Due to its intrinsic 

surface-sensitivity and a power-law dependence on electric fields, second harmonic generation 

(SHG) spectroscopy can improve upon both the surface and volume sensitivities of lattice 

plasmons. In this chapter, we show that the SHG signal is greatly increased (up to 450 times) by 

the propagating lattice plasmons. We also demonstrate very narrow resonances in lattice plasmon 

intensity (~5 nm FWHM). We illustrate how the SHG resonances are highly sensitive to lattice 

plasmons by varying the fundamental wavelength, angle of incidence, nanoparticle material and 

lattice constant of the arrays. Finally, we identify an SHG resonance (10 nm FWHM) that is 

electric-dipole forbidden and can be attributed to higher-order multipoles, as enhanced by the 

strong near fields of lattice plasmons. Our results open up new and very promising avenues for 

chemical and biomolecular sensing, based on SHG spectroscopy of lattice plasmons.  

Quantum emitters in two dimensional materials are promising candidates for studies of light-

matter interaction and next generation, integrated on-chip quantum nanophotonics. However, the 

realization of integrated nanophotonic systems requires coupling of emitters to optical cavities and 

resonators. In this chapter, we show hybrid systems in which quantum emitters in 2D hexagonal 

boron nitride (hBN) are deterministically coupled to high-quality plasmonic nanocavity arrays. 

The plasmonic NP arrays offer a high quality, low loss cavity in the same spectral range as the 
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quantum emitters in hBN. As a result, the coupled emitters exhibit enhanced emission rates and 

reduced fluorescence lifetimes, consistent with Purcell enhancement in the weak coupling regime. 

Our results provide the foundation for a versatile approach for achieving scalable, integrated 

hybrid systems based on low loss plasmonic NP arrays and 2D materials.   

In addition, photonic designs with rational integration of gain and loss can enable non-

Hermitian photonic eigenstates with various applications such as loss-induced transparency, 

unidirectional invisibility, and nonreciprocal transmission. However, a well-defined, coupled 

plasmonic nanoresonator system is missing that can access the exceptional point and achieve PT 

symmetry phase transitions. This chapter shows that stacked plasmonic NP arrays can serve as a 

pair of coupled resonators and achieve transition between PT-symmetric and PT-broken phases by 

partial integration with gain media. Mode splitting was observed from the coupled nanoresonators 

that are stacked vertically with sub-wavelength spacings, associated with distinct phase 

distributions between two modes. The coupled plasmon resonator arrays can offer prospects in 

protected unidirectional optical communication, integrated nanophotonics and topological 

photonics. 
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6.1 Enhanced Second Harmonic Generation from Propagating Lattice  

      Plasmons 

6.1.1 Introduction 

Recently, nonlinear plasmonics has attracted significant research interest since nonlinear 

optical effects scale as a power law of the incident light and plasmonic nanostructures strongly 

concentrate the incident light into optical near-field “hotspots”.189,190 As a consequence, within 

such hotspots, nonlinear plasmonic effects are tremendously enlarged, offering prospects for new 

and improved applications. Because nonlinear optical effects can be used for tuning laser light, 

significant research interest has been devoted to nanostructure-enhanced frequency conversion, 

with increasing efficiency. Various strategies have been employed for enhancing frequency 

conversion, such as using all-dielectric nanostructures for increased damage threshold,191 

plasmonic-dielectric hybrids where a plasmonic resonance enhances frequency conversion of the 

dielectric,192,193 and plasmonic nanostructures.194 Nonlinear optical effects also find applications 

in multiphoton microscopy, which is useful for biological sciences and material 

characterization.195  

Plasmonic NPs have been the subject of numerous investigations with second harmonic 

generation (SHG),196,197 third harmonic generation,198 and two-photon luminescence microscopy. 

Due to the frequency conversion, the measured signal in all these techniques is background free. 

The improved frequency conversion offered by plasmons can enable imaging with lower laser 

power and reduced photodamage to specimens (organic or inorganic).199 The absence of signal 

background is also a key factor for the strong sensitivity of nonlinear optical effects, such as SHG 

chiral optical effects,200 or magnetization-induced SHG201,202 compared to their linear optical 

counterparts.203 Though considerable attention has been devoted to the SHG enhancements from 
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localized surface plasmons (LSP) and metasurfaces,204,205 lattice plasmons5,206 have received much 

less consideration.  

Lattice plasmon resonances are more promising for sensing applications than LSPs because of 

their significantly narrower resonance linewidth (< 5 nm).207,208 Since the resonance wavelength 

depends on the refractive index of the environment,209 surface plasmons can be used for chemical 

and biological sensing, in both liquid and gaseous media. Whereas for LSPs the figure of merit 

(FOM) is typically on the order of a few units, for lattice plasmons it is much larger, (by one210 

and even two207 orders of magnitude) and the narrower resonance linewidth is attributed to the 

diffractive coupling between plasmonic NPs.4 Lattice plasmons occur on plasmonic NPs, arranged 

periodically, with a lattice constant of the order of the wavelength of incident light. Lattice 

plasmons result from the coupling of the broad LSPR with the narrow frequency of the Rayleigh 

anomaly, and hence exhibit a dual sensitivity – surface (on the NPs) and bulk (between the NPs).211  

Here, we demonstrate SHG spectroscopy of lattice plasmons, where the SHG signal is 

enhanced up to 450 times by lattice plasmons, much above the previous reports of 10 and 30 times 

increase.212,213 The measured SHG resonances can be as sharp as 5 nm in FWHM, which is 

promising for sensing. Indeed, we show that the SHG signal is very sensitive to the factors 

determining lattice plasmons. We successfully tuned the SHG by varying the fundamental 

wavelength, the angle of incidence, the lattice parameter and the NP material. Importantly, we 

discover SHG spectroscopy resonances (10 nm FWHM) that are not associated with electric 

dipoles. We attribute these resonances to higher-order contributions, enhanced by the lattice 

plasmons. For individual NPs with diameter > 100 nm, retardation effects lead to higher-order 

terms (quadrupoles,115 octupoles, etc.214-216), at the second harmonic frequency. Whereas in 
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previous decades, such higher-order contributions did not play a major role in material properties, 

recent progress in nanofabrication has pushed them to the forefront of nonlinear plasmonics.217  

6.1.2 Determined SHG enhancement from lattice plasmons 

We study four samples, where gold and silver plasmonic NPs are arranged into two square 

lattices each, with periodicities: 580 nm and 600 nm. The sample geometry is shown in Figure 

6.1a. The NP arrays are fabricated using PEEL (a combination of photolithography, e-beam 

deposition, etching and lift-off). A scanning electron micrograph (SEM) of the 600 nm period 

array is shown in Figure 6.1b. An advantage of this fabrication technique is the ability to create 

large-area (cm2) uniform arrays, as demonstrated in Figure 6.1c, where the NP array appears 

green, due to its diffractive properties. The linear transmission spectra as a function of the angle 

of incidence for the 600 nm period gold array are shown in Figure 6.1d, revealing the location of 

the lattice plasmon band edges. The Rayleigh anomaly dispersion, denoted by the green lines in 

Figure 6.1d, is calculated using,209    

( ,0) 0

sin( )
,

| |
i

n θ
λ a

i i

 
= − 

 

                                                                  (6.1) 

where a0 is the lattice periodicity, n is the refractive index of the surrounding environment,  is the 

angle of incident, and i  is an integer denoting the diffraction order. At the wavelength of the 

Rayleigh anomaly, the diffracted wave travels across the sample surface interacting with multiple 

NPs. When the wavelength undergoing a Rayleigh anomaly interferes with the broad LSPR of 

individual NPs, a Fano-type lattice plasmon resonance occurs (Figure 6.2a).  
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Figure 6.1. Our large-area gold nanoparticle arrays exhibit clear surface lattice 

resonances. (a) Sample schematic and dimensions showing gold nanoparticles on a fused silica 

substrate and capped with photoresist (SU8). (b) Scanning electron micrograph of the 

fabricated nanoparticle array before capping with SU8. (c) Photograph of an investigated 

sample, the large-area nanostructured array appears green. (d) Experimental mapping of 

transmission spectra versus changing angle of incidence, upon illumination with vertically 

polarized light (SIN). The green lines show theoretical calculations of the diffraction beams that 

couple into surface lattice resonances. The red and blue dashed lines indicate the angles of 

incidence for enhancing the 810 nm fundamental light.  
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Figure 6.2a shows a numerically calculated transmission spectrum (performed using 

Lumerical) of the 600 nm period gold NP array, for normal incident light. The dip in transmission 

at 675 nm is attributable to the LSPR. The Rayleigh anomaly is at 870 nm and the lattice plasmon 

is at 872 nm. To illustrate the specific electromagnetic behavior of the lattice plasmon, we plot the 

results of numerical simulations at two different wavelengths—at the lattice plasmon and away 

from it. Specifically, these are electric field simulations, at the surface of a single NP, with periodic 

boundary conditions. In Figure 6.2b, at 780 nm, i.e. away from the lattice plasmon, the electric 

 

Figure 6.2. Numerical simulations illustrating the near-field enhancement at lattice 

plasmons. (a) For the 600 nm period gold array, the transmission at normal incidence clearly 

displays a lattice plasmon resonance at 872 nm. (b) The electric near-field at the surface of the 

nanoparticle, away from resonance at 780 nm. (c) The electric near-field at the surface of the 

nanoparticle, at 872 nm, the wavelength of lattice plasmon.  
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field is concentrated around the NP. By contrast, in Figure 6.2c, at 872 nm, i.e. at the wavelength 

of lattice plasmon, the electric field radiated by the NP extends to neighboring NPs. This is 

evidenced by the electromagnetic radiation from the dipole reaching beyond a single unit cell. The 

enhancement of the electric near-field at the lattice plasmon leads to an increased SHG signal.  

Second harmonic generation is caused by a part of the material polarization that occurs and 

radiates at 2ω, i.e. twice the fundamental driving frequency ω. The total effective second-order 

nonlinear polarization can be expressed as, 

𝑃(2𝑤) =  𝑃𝐷(2𝑤) + 𝑃𝑄(2𝑤)                                                (6.2) 

where 𝑃𝐷(2𝑤)  is the dipole contribution to the second harmonic polarization, and 𝑃𝑄(2𝑤) 

represents the contribution from quadrupoles. These two terms can then be written in full as,  

                                                   𝑃𝑖
𝐷(2𝑤) =  𝜒𝑖𝑗𝑘

(2,𝐷)
𝐸𝑗(𝑤)𝐸𝑘(𝑤)                                         (6.3) 

𝑃𝑖
𝑄(2𝑤) =  𝜒𝑖𝑗𝑘𝑙

(2,𝑄)
𝐸𝑗(𝑤)∇𝑘𝐸𝑙(𝑤) 

where summation over repeated indices is implied. The indices i, j, and k, take the Cartesian 

directions and E(w) is the electric field of the incident light. Here, 𝜒𝑖𝑗𝑘
(2,𝐷)

 is a rank three tensor 

denoting the electric dipole susceptibility at the second harmonic, the first index designates the 

direction of the polarization and the final two indices are the directions of the input fields. The 

quadrupolar contribution is represented by the rank four tensor 𝜒𝑖𝑗𝑘𝑙
(2,𝑄)

. The expression for 𝑃𝑄(2𝑤) 

in Equation 6.3 is obtained by a Taylor expansion and represents the quadrupolar contribution to 

the second order polarization. Electric dipole contributions to SHG are forbidden in systems with 

inversion symmetry. Our arrays of gold NPs possess C4v symmetry and the corresponding 𝜒𝑖𝑗𝑘
(2,𝐷)

 

tensor is 
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                                            (6.4) 

This 𝐶4𝑣  tensor is mathematically identical to the rotationally isotropic surface tensor. 

Equation 6.3 shows that the dipolar contribution to SHG scales as a power law of the electric field 

of incident light and that the quadrupolar contribution is proportional to gradients of that electric 

field. Notably, at lattice plasmons, the bulk and surface sensitivities are characterized by a long-

range radiative dipole coupling (which scales as 𝑒𝑖𝑘𝑟/𝑟) and by a short-range electric near-field 

(which scales as 1/r3 and is characterized by strong electric field gradients), respectively. In other 

terms, on the one hand, lattice plasmons are surface-sensitive: a spectral shift is induced in 

response to the refractive index change in the local environment. On the other hand, they are bulk-

sensitive: the electromagnetic field is not confined to the plane of the array, it extends over a 

volume, tens of hundreds of nm across.218 Consequently, combining lattice plasmons and SHG 

presents obvious advantages and SHG spectroscopy of lattice plasmons is currently of increasing 

interest.219  

Our experiments demonstrate two types of SHG enhancement mechanism: one dominated by 

dipolar contribution (sensitive to the amplitude of lattice plasmon enhanced near-fields) and one 

dominated by higher-order contributions (additionally sensitive to the gradients of enhanced near-

fields). The SHG experimental set up is shown in Figure 6.3a. A tunable femtosecond pulsed laser 

provides the incident fundamental wavelength, the sample is mounted on an automated rotation 

stage to change the angle of optical incidence, and an analyzing polarizer is used to decompose 

the SHG signal into its vertically (S) and horizontally (P) polarized components.  
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First, it is important to establish that the measurements clearly correspond to SHG; for instance, 

three-photon luminescence could spectrally overlap with the detected SHG signal. To characterize 

the respective contributions from multiphoton luminescence and SHG, a series of bandpass filters 

are used (see Figure 6.3b inset). The filters are centered at 10 nm intervals, with 10 nm FWHM. 

In this experiment, the fundamental wavelength and the angle of incidence are kept constant at 780 

 

Figure 6.3. The second harmonic generation signal clearly stands out from the 

multiphoton background. (a) Experimental configuration for the SHG measurements, where 

θ is the angle of incidence, RG is an RG665 Schott glass filter, BP is bandpass filter and, PMT 

is a photomultiplier tube. (b) For illumination with 780 nm fundamental light, the multiphoton 

emission is plotted versus wavelength. A 10 nm FWHM bandpass filter was used for each 

detection wavelength, as indicated by the inset. The dashed vertical line shows the SHG signal. 
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nm and 9.2°, respectively. These values are close to the lattice plasmon resonance wavelength in 

the 600 nm period sample. As Figure 6.3b illustrates, the strongest signal occurs at 390 nm, which 

is the SHG. For wavelengths 380 nm and below, as well as for wavelengths 400 nm and above, 

there is a negligible signal, establishing that there is no contribution from multiphoton 

luminescence. The results unambiguously demonstrate that the signals we measure correspond to 

pure SHG.  

The SHG signal is greatly enhanced by the lattice plasmons. We begin with the 600 nm period 

array of gold NPs, illuminated at 810 nm. In Figure 6.4a, the SHG intensity is plotted as a function 

of the angle of incidence, for the SIN-POUT polarizer-analyzer configuration (i.e. vertical-in 

horizontal-out). Two strong SHG enhancements are observed at around ± 6° angle of incidence. 

The red and green dashed lines in Figure 6.1d correspond to the calculated Rayleigh anomalies at 

± 5.7°, which are shown by the black dashed lines in Figure 6.4a. For angles of incidence in 

between the peaks, there is no enhancement of SHG and the signal is below 0.2 counts per second. 

From these data, the SHG enhancement in the lattice plasmon peaks is over 150 times, due to the 

strong electric near-fields around the NPs provided by the lattice plasmons. Notably, this 

enhancement is already much greater compared to the previous reports of 10 and 30 times,212,213 

but it can be even greater.  

Next, we examine how the lattice plasmon enhancement of SHG is affected by fundamental 

wavelength, angle of incidence, array periodicity and NP material (Figures 6.4b-d). Specifically, 

NP arrays with periodicities of 600 nm and 580 nm are investigated, and four fundamental 

wavelengths are used, throughout various angles of incidence. For each fundamental wavelength 

and each sample periodicity, there is a corresponding peak in SHG versus angle of incidence. The 

figures show that as the fundamental wavelength is decreased, the corresponding SHG 
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enhancement shifts to greater angles of incidence. The SHG peaks track the angle of incidence at 

which a corresponding lattice plasmon occurs. Between Figure 6.4b and Figure 6.4c, the peaks are 

shifted in angle of incidence. This offset is due to the change in array periodicity, which affects 

the position of the lattice plasmons. It should be noted that all our sample arrays are covered with 

SU8, and that the difference in their behavior is therefore not due to differences in their refractive 

index environment. Moreover, because the azimuthal angle orientation of the arrays affects the 

dispersion of the Rayleigh anomalies, all sample lattices were oriented identically.  

Furthermore, we investigated silver NP arrays with identical periodicities to those of the gold 

nanoarrays: 600 nm and 580 nm. In the case of silver, an SHG enhancement of up to 450 times is 

observed for the 600 nm period array, as shown in Figure 6.4d. This enhancement occurs for a 

fundamental wavelength of 760 nm, at 11.2° angle of incidence. The strength of this SHG 

enhancement can be attributed to a strong lattice plasmon resonance. Indeed, the SHG scales as 

the 4th power of the electric near-fields, which are enhanced at the lattice plasmons. In Figure 6.5, 

the deep black color near the intersection of the blue lines clearly indicates very low transmission 

through the arrays, i.e. a strong lattice plasmon resonance.  

At maximum enhancement, an SHG conversion efficiency of 
91.5 10 −= SHG  is obtained, 

where (2 ) )(  =SHG P P . Here, SHG enhanced by lattice plasmons results in conversion 

efficiencies comparable to previous studies on plasmonic nanostructures.220 Structures explicitly 

designed for efficient SHG can achieve much higher conversion efficiencies.221 However, for 

sensing applications, the conversion efficiency is not the most crucial factor, but rather the relative 

contrast in SHG. Therefore, lattice plasmons provide an appealing platform for sensing given the 

dramatic variation in SHG demonstrated in this work.  
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In both Figure 6.3 and Figure 6.4, the SHG signal is electric-dipole allowed. The experimental 

geometries (polarizer-analyzer combinations and angles of optical incidence) address the non-zero 

tensor elements in Equation 6.4. In order to evidence the higher-order contributions to SHG, we 

must select an experimental geometry that is electric-dipole forbidden, i.e. one which addresses a 

zero-tensor component in Equation 6.4.  
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Figure 6.4. Due to the strong near-fields at lattice plasmons, SHG enhancements (up to 

450 times) occur by tuning fundamental wavelength, angle of incidence and lattice 

constant of the arrays. (a) SHG enhancement from a lattice plasmon resonance occurs near 

the Rayleigh anomaly corresponding to the fundamental wavelength of 810 nm for the 600 nm 

period array. Enhancement occurs symmetrically for positive and negative angles of incidence. 

The 810 nm wavelength corresponds to the red and blue lines in Figure 6.1d. (b-c) Enhanced 

SHG at different fundamental wavelengths for the 600 nm and 580 nm period gold nanoparticle 

arrays, respectively. (d) Enhanced SHG at different fundamental wavelengths for the 600 nm 

period silver nanoparticle array. The strong enhancements follow the angles of incidence that 

correspond to a Rayleigh anomaly induced lattice plasmon resonance at the fundamental 

wavelength. The insets in (c) and (d) show the SHG intensity for different fundamental 

wavelengths at a single angle of incidence.  
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Figure 6.5. Measurements of silver nanoparticle arrays. (a-b) Transmission spectra versus 

angle of incidence, upon illumination with vertically polarized light (SIN), for the 600 nm and 

580 nm period arrays, respectively. The green lines show the calculated Rayleigh anomalies. 

The blue dashed lines in (a) indicate the angle of incidence and the corresponding fundamental 

wavelength (760 nm) for the measured lattice plasmons. (c) The SHG intensity, as a function 

of the angle of incidence, at different fundamental wavelengths for the 580 nm period silver 

nanoparticle array. 
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6.1.3 Enhanced SHG quadrupolar contributions from gold NP arrays 

In the dipole approximation the material polarization at the second harmonic is: 

 
( )2,

) ) )(2 ( (D

i

D

ijk j kP Eω χ ω E ω= ,                                                                                   (6.5) 

where summation over repeated indices is implied, and the indices i , j , k  can take any of the 

Cartesian components x, y, z. The term 
( )2,D

ijkχ is a rank 3 tensor containing 27 complex components 

and represents the second-order nonlinear dipole susceptibility. For second harmonic generation 

with only a single laser beam, the input fields Ej(w) and Ek(w) are indistinguishable. This 

indistinguishability allows the indices of the input fields to be freely interchanged, causing the 27 

independent components of 
( )2,D

ijkχ  to be reduced to 18 independent components. The symmetry of 

the sample can be applied to
( )2,D

ijkχ  in order to further reduce the number of independent tensor 

components. For a 4-fold symmetric or isotropic surface, the material polarization at the second 

harmonic, in the dipole approximation can be written in full as: 
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    (6.6) 

In equation 6.6, there only 3 independent tensor components: ZXX ZYY = , YYZ XXZ = , and 

.ZZZ  

Using the SIN – SOUT polarizer-analyzer combination, the input fields are polarized vertically along 

the y-direction and only the vertically (along y) polarized SHG signal is detected. This is equivalent 
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to directly measuring SHG from the YYY  tensor component. As can be seen above, the component 

0YYY =  for the symmetry of the samples investigated.  Therefore, dipolar contributions to SHG 

are forbidden under the SIN – SOUT polarizer-analyzer combination. Consequently, because an SHG 

signal is observed, it can be attributed to higher order contributions. 

For instance, the quadrupolar contribution to induced polarization )(2ωP  is determined by: 

( ) ( ) ( ) ( )2,
2 ,j

Q

ijkl

Q

i k lP E E=      (0.1)                                           (6.7) 

where 
( )2,Q

ijkl  is a tensor of rank 4 with 81 components, representing the second-order nonlinear 

susceptibility associated with quadrupolar contributions to SHG. For a cubic or isotropic bulk 

(inside the NPs) symmetry, such as for amorphous gold or silver, the non-zero tensor elements are: 
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                                       (6.8) 

Upon substituting into equation 1.3 and subsequently expanding all terms, bearing in mind the 

vector identity ∇(𝐴 ∙ 𝐵) = (𝐴 ∙ ∇)𝐵 + (𝐵 ∙ ∇)𝐴 + 𝐴 × (∇ × 𝐵) + 𝐵 × (∇ × 𝐴) in order to expand 

∇(𝐸 ∙ 𝐸), we arrive at: 
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This equation is often reproduced in the following form:  
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In this equation, the sum is over the Cartesian directions of the medium, îe  are the corresponding 

unit vectors and  ,  ,   and   are phenomenological constants related to the symmetry of the 

sample. If we consider a single plane wave excitation, the first term is zero since we can write 

( ) ( )i − E E k: , which is zero for a transverse electromagnetic wave, with k being the 

wavevector of the source polarization. The second term cancels due to Maxwell’s equations – the 

net electric charge inside a conducting metal is zero. The third term only gives rise to P-polarized 

SH light and it is isotropic. Since we measure S-polarized SHG, the only possible contribution is 

from the last term, which is allowed in all polarization combinations. It should be pointed out that 

this last term is known as the bulk anisotropic contribution and it originates from the fact that the 

material has finite dimensions, as opposed to an infinite centrosymmetric bulk. Consequently, our 

signal is attributable to this last term. Our SHG measures the sum of gradients along each of the 3 

Cartesian directions, each multiplied by a combination of the four independent quadrupolar tensor 

components, i.e. XXXX XYYX XXYY XYXY    = − − − .   

In Figure 6.6, we demonstrate the enhancement of the higher-order contributions to SHG by 

lattice plasmons. Here, the experimental geometry of interest is the SIN-SOUT (vertical-vertical) 

polarizer-analyzer configuration, at normal incidence. Under these conditions, within the electric 

dipole tensor, only the YYYχ  tensor component is addressed. As we can see in Equation 6.8, this 

component is zero, for our samples, i.e. SHG is from electric dipoles is forbidden. Figure 6.6a 

shows the SHG signal versus the angle of incidence, for a fundamental wavelength of 870 nm 

incident on the 600 nm period gold NP array. For the SIN-SOUT (vertical-vertical) polarizer-analyzer 

configuration, a distinct SHG peak can be seen (orange diamonds), centered at normal incidence, 
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i.e. precisely in the electric-dipole forbidden configuration. This enhancement at 870 nm is 

attributable to the lattice plasmons near normal incidence, as demonstrated by both theory and 

experiment. Numerically, we calculate the lattice plasmon position at 872 nm, see Figure 6.2c. 

Experimentally, in the SIN-POUT (vertical-horizontal) polarizer-analyzer configuration, which is 

electric-dipole allowed, we observe two peaks (blue dots) that are similar to the data in Figure 6.4a 

and are only 2° apart in angle of incidence.  

Additionally, Figure 6.6b unambiguously demonstrates that the SHG enhancement in the 

electric-dipole forbidden configuration is due to the normal incidence lattice plasmons. The data 

were recorded for both gold NP samples, in the SIN-SOUT (vertical-vertical) polarizer-analyzer 

configuration and at normal incidence. For each sample, the SHG spectra peak (10 nm FWHM) is 

at the wavelengths of lattice plasmons, which is red-shifted with respect to the wavelength of 

Rayleigh anomaly.  

Physically, there is a direct link between lattice plasmons and the higher-order contributions 

to SHG. First, to avoid confusion, we point out that we do not discuss plasmonic quadrupolar 

modes in the NP. As can be seen from equation 6.7, the quadrupolar contribution to the second 

harmonic polarization is proportional to the gradients of the local electric field. At the lattice 

plasmons, such gradients of the local electric fields are very strongly pronounced, see Figure 6.2c. 

It should be pointed out that quadrupolar SHG can originate from the surface of the NPs.222  

Our analysis of the SHG results in Figure 6.5 is based on the assumption that we address the 

zero-tensor component in Equation 6.8, which implies 4-fold (or isotropic) symmetry. However, 

small shape imperfections of the nanostructures can break the isotropy leading to the appearance 

of electric-dipole allowed SHG at normal incidence.223 Moreover, lattice defects could also lead 

to electric-dipole allowed SHG. These hypothetical electric dipole contributions would usually be 
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very small but, in our experiments, they could be enhanced by the lattice plasmons and become 

measurable. However, as can be seen in Figure 6.5a, the SHG signal for SIN-SOUT peaks at normal 

incidence and not at the angles corresponding to the SRLs, where electric dipole SHG attributable 

 

Figure 6.6. Lattice plasmon resonance causes an enhancement of the SHG quadrupolar 

contributions for the gold arrays. (a) For SIN-POUT (dots) the SHG signal is attributable to 

electric dipolar contributions. The fundamental light is at 870 nm (at the Rayleigh anomaly) 

and the peaks correspond to the lattice plasmons. For SIN-SOUT (diamonds), the signal peaks at 

normal incidence, where the higher-order contributions to SHG appear. (b) Measuring SHG 

spectra, for SIN-SOUT and at normal incidence, these higher-order contributions to SHG peak at 

the normal incidence lattice plasmon wavelength, for both the 600 nm and 580 nm period 

arrays. The blue and green solid lines indicate the Rayleigh anomalies for the 580 and 600 nm 

periodicities, respectively.  
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to surface lattice resonantly-enhanced imperfections should have appeared (±1°). Therefore, the 

SIN-SOUT signal cannot be attributed to a lattice plasmon enhanced electric dipolar contribution to 

SHG.  

In conclusion, we demonstrate SHG spectroscopy from lattice plasmons, where the signal can 

be enhanced up to 450 times. We present both electric-dipole allowed (in Figure 6.4) and electric-

dipole forbidden (in Figure 6.5) SHG resonances. We observe SHG resonances as narrow as 5 nm 

FWHM, which indicates that a high FOM can be achieved, opening new avenues for chemical and 

biosensing applications. Moreover, the SHG technique is intrinsically surface-sensitive, which can 

lead to improved near-field surface sensing, especially using higher-order resonances that originate 

from gradients in plasmonic near-fields, see equation 6.7. Equation 6.7 also demonstrates how 

SHG can improve upon the bulk sensitivity of lattice plasmons. This bulk sensitivity originates 

from far-field coupling between NPs and, for electric-dipole allowed SHG resonances, the 

sensitivity would additionally benefit from a power law dependence on the far-fields. It should 

also be pointed out that the SHG process occurs via virtual energy levels at ultrafast timescales. 

This process could therefore enable ultrafast probes of the refractive index and could be useful for 

monitoring chemical reactions, e.g. catalysis by the NPs. To explore the limits of these 

applications, future work can focus on the importance of the environment surrounding the NP 

arrays.  
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6.2 Deterministic Coupling of Quantum Emitters to Plasmonic Nanocavity  

      Arrays 

6.2.1 Introduction 

Hybrid plasmonic – photonic systems are attracting increasing attention in studies of light-

matter interaction at the nanoscale, coherent and incoherent light amplification, and as media for 

achieving enhanced emission and absorption rates.94-98 Quantum emitters in two-dimensional 

materials are promising candidates for studies of light-matter interaction and next generation, 

integrated on-chip quantum nanophotonics. To this extent, coupling of single photon emitters 

(SPEs), which are vital components of future quantum technologies,99 to plasmonic cavities was 

demonstrated for 3D crystals including color centers in diamond,100,101 1D carbon nanotubes 

(CNTs)102 and 0D quantum dots.103-105 Recently, isolated defects in two dimensional (2D) 

hexagonal boron nitride (hBN)106-109 have emerged as a new class of room temperature SPEs. 

These emitters are embedded in 2D flakes of layered hBN and therefore offer an excellent platform 

for integration with photonic elements, making them promising constituents of next-generation 

nanophotonics and optoelectronic devices.  

One specific plasmonic resonator is a periodic metal NP array in a homogeneous dielectric 

environment.12,52 This platform supports narrow lattice plasmon resonances at the band-edge with 

suppressed radiative loss and strong sub-wavelength localized field enhancement around the NPs 

(< 50 nm). The plasmonic cavity modes can strongly enhance the emission rates of emitters in the 

hot spot regions, and the resonance wavelengths can be tailored by changing the NP periodicity 

and the dielectric environment.52 Additionally, compared to the limited pattern area in other 

plasmonic cavity designs fabricated by e-beam lithography (< 100 µm), these periodic metal NP 

arrays can be readily fabricated in cm2 scale with a large-scale fabrication process based on soft 
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interference lithography (SIL).6 Thus, large-scale plasmonic NP arrays provide a flexible platform 

for coupling to SPEs without a need for precise control over the emitter location. Such lattices 

have been used to demonstrate strong light-matter coupling, directional emission and lasing 

actions.12,102,224 Integration of plasmonic NP arrays with deterministically selected quantum 

emitters in 2D materials will constitute a new platform for integrated on-chip flat optics. 

In this work, we report for the first time a hybrid quantum system in which quantum emitters 

in 2D hexagonal boron nitride (hBN) are deterministically coupled to high-quality plasmonic 

nanocavity arrays. The plasmonic NP arrays offer a high quality, low loss cavity in the same 

spectral range as the quantum emitters in hBN. Specifically, we deterministically couple individual 

emitters of choice in 2D hBN hosts to gold or silver NP arrays (Figure 6.7a). We demonstrate an 

enhancement in the spontaneous emission rate, along with an enhanced count rate and reduced 

fluorescence lifetimes, consistent with Purcell enhancement in the weak coupling regime. Our 

results provide the foundation for a versatile approach for achieving scalable, integrated hybrid 

systems based on low loss plasmonic NP arrays and 2D materials.   

6.2.2 Enhanced Single-photon Emission by Plasmonic Nanocavities 

Figure 6.7b shows a scanning electron microscopy image of a pristine hBN flake on plasmonic 

arrays. The flakes were exfoliated using scotch tape from highly crystalline bulk hBN. To match 

the emission peaks (~ 560 nm – 700 nm), we select silver or gold NP arrays with a NP spacing of 

400 nm. The corresponding optical image is shown in Figure 6.7c. Based on FDTD modeling 

(Figure 6.7d), the near-field electric field at lattice plasmon resonance is enhanced with respect to 

incident light in plasmonic hot spots. The electric field distribution along the vertical axis suggests 

that the field enhancement is still reasonably high for vertical distance of several tens of 
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nanometers away from the edge of NPs. Such hot-spot regions are well-suited for the hBN flakes 

used in this study. Quantum emitters embedded in hBN flakes exhibit a broad distribution of zero-

phonon lines (ZPL) in the range of ~ 560–700 nm, likely due to strain fields or inhomogeneity in 

the local dielectric environment.14 In order to match with this property of the emitters, we designed 

plasmonic arrays with lower Q factor than our previous work,18 and hence broader resonance 

width, covering most of the emission spectral range of the hBN emitters. 

To transfer hBN flakes onto plasmonic NP arrays, we employed the wet transfer method 

depicted in Figure 6.7a.225 Briefly, an SPE at a frequency matching the plasmonic lattice array was 

 

Figure 6.7. Hexagonal boron nitride flakes and their transfer process onto plasmonic 

lattice substrates. (a) Schematic illustration of the wet process used to transfer a selected hBN 

flake with an emitter of choice (exemplified by the red dot) from a thermal silicon oxide 

substrate onto a plasmonic NP array using PMMA as the carrier. (b) SEM image of the 

mechanically exfoliated hBN flake positioned atop of a silver plasmonic lattice on silica and, 

(c) optical image of the same flake on the plasmonic lattice. (d) FDTD simulation of the lateral 

(in-plane) electric field intensity distribution |E|2 of a 400 nm-spaced silver NP lattices. 
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identified and pre-characterized. Overall, one out of ten emitters (~ 10 %) will satisfy the criteria 

of being a single, bright and match the plasmonic resonance. A poly(methyl metacrylate) (PMMA) 

membrane was used to lift off the flakes and position them on top of a plasmonic lattice to achieve 

index-matching condition for high-quality lattice plasmon resonances. Basically, the substrates 

were gently floated on the surface of a 2M NaOH solution in a glass beaker. The beaker was then 

heated to 90°C for two hours to accelerate the silicon etching process. After that, the PMMA-

coated hBN flakes were completely detached from the substrates and floating on the surface of the 

alkaline solution. The membranes were rinsed in deionized water, loaded onto plasmonic lattice 

substrates and dried at 40°C on a hot plate. The substrates were then baked at 120°C for 20 min to 

bring the emitters closer to the plasmonic surfaces and increase adhesion between the PMMA 

membrane and the substrate surface. Lithographically defined substrates enabled identification and 

characterization of the same emitter before and after the transfer process. 

The optical properties of the emitters were recorded at room temperature using a home-built 

confocal microscope with a Hanbury Brown and Twiss interferometer. Figure 6.8a shows a 

confocal photoluminescence (PL) map of a pristine hBN flake with a selected single emitter, 

marked by a red circle. Figure 6.8b shows a transmission curve of the gold NP array (green) with 

the plasmonic resonance at 640 nm, a PL spectrum of the SPE circled in Figure 6.8a with a zero 

phonon line (ZPL) at ~ 600 nm and a phonon sideband at ~ 640 nm (red curve). While the exact 

crystallographic structure of the emitters is still under debate, it has been proposed to be associated 

with the antisite nitrogen vacancy defect (NBVN).107 Figure 6.8c shows a second order correlation 

function, g2(τ), from the emitter that dips to 0.02 at zero delay time (after background 

correction),226 thus confirming that the emitter is indeed a single photon source. The data are fit 

using a three-level model: 
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𝑔(2)(𝜏) = 1 − (1 + 𝑎)𝑒−𝜏 𝑡1⁄ + 𝑎𝑒−𝜏 𝑡2⁄                                         (6.11) 

where t1 and t2 are lifetimes of the excited and metastable states, respectively, and a is a fitting 

parameter. We used the same model to fit all autocorrelation measurements in this work. 

Once the selected emitter was pre-characterized, it was transferred onto the plasmonic lattice 

with a matching resonance at  = 641 nm (green curve, Figure 6.8b). Inset of Figure 6.8a shows 

the SEM image of the same flake hosting the single emitter atop the gold array system. After being 

transferred atop the gold lattice, the emitter emission was enhanced by a factor of ~ 2.5 (blue curve, 

Figure 6.8b), while still maintaining its quantum nature, as evident from the g2(τ) function (blue 

curve, Figure 6.8c). Because of better overlap of lattice plasmon resonance and the photon side 

band, we observed stronger enhancement (~ 3) than the peak at zero phonon line. To achieve a 

more quantitative analysis of the enhancement, a lifetime measurement of the emitter was recorded 

before and after the transfer using a pulsed laser. Figure 6.8d plots the lifetime results obtained 

using a picosecond pulsed laser. By using a double exponential fitting function, we obtained the 

values of P= 0.63 ns, P= 3.4 ns, and C= 0.42 ns, C= 2.6 ns for the pristine and coupled 

emitter, respectively. The PL intensity increase was in good agreement with the lifetime reduction 

for the emitter, confirming the coupling to the plasmonic array. 

To further demonstrate the ability to couple quantum emitters from various host materials, we 

transferred solvent-exfoliated flakes onto a gold NP array with the center of resonance at 650 nm. 

The solution exfoliated flakes are only ~ 300 nm in lateral dimension and thus could represent as 

a much smaller host compared with that of tape-exfoliated flakes. Emitters from these small flakes 

have been shown to exhibit brighter and more stable emission compared to the tape exfoliated 
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ones.107 Finally, the solvent exfoliated emitters also exhibit a larger ZPL distribution, therefore 

making it easier to find a matched emitter’s wavelength to the plasmonic lattice resonance. 

To match the SPE frequency with the plasmonic NP array, we chose an emitter emitting at 652 

nm. The same unique features on the confocal maps taken for pristine and coupled emitters 

suggests that the same location of the emitter is addressed. Figure 6.9a shows a PL spectrum of 

the pristine SPE, and the same emitter coupled to the gold NP array. The emitter maintained its 

quantum nature, after being coupled to the plasmonic lattice, evident by the dips below 0.5 from 

the antibunching curves (Figure 6.9b). The reduction in the g(2)(0) value of the coupled emitter 

compared to the pristine emitter is due to background fluorescence from trace of PMMA residues 

after the transfer process. This effect is more obvious in the solvent hBN exfoliated rather than 

mechanically exfoliated flakes because of their smaller sizes compared to the laser spot size. From 

the time-resolved measurements, the lifetime of the emitter is reduced after being transferred onto 

the gold NP array - from 4 ns to 0.6 ns (Figure 6.9c). This reduction in lifetime implies that there 

is an increase in local density of optical states (LDOS) due to higher concentration of electric field 

surrounding the emitter. Figure 6.9d shows saturation measurements recorded from the pristine 

and the coupled flake, exhibiting saturation count rates of 0.37×106 and 0.89×106 counts/s, 

respectively, with an overall enhancement factor of 2.4. The data are fit to a three-level model, 

using 𝐼 =  𝐼∞ × 𝑃/(𝑃 + 𝑃𝑠𝑎𝑡) where I∞ and Psat are the emission rate and excitation power at 

saturation, respectively. The higher brightness is thus in good agreement with the decrease in the 

lifetime of the emitter. 
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Figure 6.8. Coupling between a quantum emitter in a tape exfoliated hBN flake and a gold 

NP array on silica. (a) PL confocal map of a flake containing a single photon emitter (red 

circled). Inset, SEM image of part of the flake on top of the gold plasmonic lattice. (b) PL 

spectra of the pristine (red trace) and coupled (blue trace) single photon emitter, and a 

transmission spectrum of the plasmonic lattice (green trace) with the plasmonic resonance at 

640 nm. (c) Second-order autocorrelation functions obtained from the pristine (red circles) and 

coupled (blue open squares) system. In both cases, the dip at zero delay time falling well below 

0.5 implies single photon emission. Background correction was employed to correct the 

antibunching curves due to high PL background coming from the hBN flake. The g(2)(0) values 

for emission from pristine and coupled emitters are at 0.02 and 0.04, respectively. Red and blue 

solid lines are fits obtained using a three-level model. (d) Time-resolved PL measurements 

from the pristine (red open circles) and coupled (blue open squares) systems. Red and blue 

solid lines are double exponential fits. A 532 nm continuous-wave laser was used in (a), (b) 

and (c). A 512 nm pulsed laser with a repetition rate of 10 MHz and 100 ps pulse width was 

used in (d). 
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Figure 6.9. Coupling between a quantum emitter in a solvent exfoliated hBN flake and a 

gold NP array on a silica substrate. (a) PL spectra of a pristine (red trace) and coupled (blue 

trace) single photon emitter, and a transmission spectrum of the gold lattice (green trace). Inset: 

SEM image of the hBN flakes ontop the gold NP array. (b) Second-order autocorrelation 

functions obtained from the pristine (red open circles) and coupled (blue open squares) systems. 

The g(2)(0) values for emission from pristine and coupled emitters are 0.23 and 0.47, 

respectively. In both cases, the dip at zero delay time falling well below 0.5 implies single 

photon emission. Red and blue solid lines are fits obtained using a three-level model. (c) Time-

resolved PL measurements from the pristine (red open circles) and coupled (blue open squares) 

systems. Red and blue solid lines are double exponential fits. (d) Fluorescence saturation curves 

obtained from the pristine (red open circles) and coupled (blue open squares) systems. Red and 

blue solid lines are fits obtained using equation 2. A 532 nm continuous-wave laser was used 

in (a), (b) and (d). A 512 nm pulsed laser with a repetition rate of 10 MHz and 100 ps pulse 

width was used in (c). 
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While gold NP arrays can produce sharp lattice plasmon resonances in the NIR region, they 

suffer losses from interband transitions in the red region and thus exhibit broad resonances with 

lower quality factors. In contrast, silver NP arrays maintain narrow lattice plasmon resonances in 

the red spectral region with stronger near field enhancement, better mode quality and larger Purcell 

factor compared to gold NPs. We employed a silver NP array with 400 nm spacing coated with a 

5-nm protective alumina layer. A strong resonance peak at  = 638 nm with a FWHM of 50 nm 

was obtained from this structure (Figure 6.10a). To match this lattice, we identify a single emitter 

with a ZPL at 680 nm. The flake was then transferred onto the plasmonic array using the method 

shown in Figure 6.7c. Figure 6.10a shows a PL spectrum of the pristine single emitter, and the 

same emitter coupled to the silver plasmonic lattice array. Figure 6.10b confirms that the emitter 

is an SPE, and the non-classical emission is maintained after the transfer, with g(2)(0) at 0.06 and 

0.29 before (red curve) and after (blue curve) the transfer, respectively. 

The lifetime of the pristine emitter is P= 8.5 ns while the lifetime of the same emitter coupled 

to the plasmonic lattice significantly reduced at a shorter time scale, to C = 0.27 ns (Figure 6.10c), 

characteristic of the coupling to silver NP array. We note that the lifetimes of the pristine solvent-

exfoliated and tape-exfoliated flakes may differ most likely due to the different dielectric 

environments in the materials. Figure 6.10d shows saturation measurements recorded from the 

pristine and the coupled flake, exhibiting saturation count rates of 0.33×106 and 0.85×106 counts/s, 

respectively, with an overall factor of 2.6 enhancement. The measured enhancement is lower than 

the one predicted from the ratios of the spontaneous decays before and after coupling to the 

plasmonic lattice (EF = P /C ≈ 30). This is likely due to less optimal spatial position of the 
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Figure 6.10. Coupling between a quantum emitter in a solvent exfoliated hBN flake and a 

silver NP array on a silica substrate. (a) PL spectra of a pristine (red trace) and coupled (blue 

trace) single photon emitter, and a transmission spectrum of the silver lattice (green trace). (b) 

Second-order autocorrelation functions obtained from the pristine (red open circles) and 

coupled (blue open squares) systems. In both cases, the dip at zero delay time falling well below 

0.5 implies single photon emission. Red and blue solid lines are fits obtained using a three-level 

model. The g(2)(0) values for emission from pristine and coupled emitters are 0.06 and 0.29, 

respectively. (c) Time-resolved PL measurements from the pristine (red open circles) and 

coupled (blue open squares) systems. Red and blue solid lines are double exponential fits. (d) 

Fluorescence saturation curves for obtained from the pristine (red open circles) and coupled 

(blue open squares) systems. Red and blue solid lines are fits obtained using equation 2. A 532 

nm continuous-wave laser was used in (a), (b) and (d). A 512 nm pulsed laser with a repetition 

rate of 10 MHz and 100 ps pulse width was used in (c). 
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emitters with respect to the hot cavity field and the spectral overlap between lattice plasmon 

resonance and hBN emission.  

To summarize, we presented a robust and versatile approach to couple SPEs in 2D hBN to 

plasmonic nanocavity arrays. In particular, we developed a robust approach to transfer a pre-

characterized quantum emitter of choice in hBN onto plasmonic gold and silver lattice arrays. An 

enhancement of a factor of ~ 2 is observed, associated with a fast lifetime reduction to demonstrate 

plasmonic-enhanced SPE emission. We note that the hBN emitters are already bright in their 

pristine form, with high QE and strong radiative component, which makes it more challenging to 

achieve high enhancement using plasmonic or dielectric cavities. The approach is an enabler to 

enhance emission from emitters in 2D materials and paves the way to hybrid planar quantum optics 

with 2D materials and plasmonic resonators. We expect that the delocalized surface plasmons can 

serve a versatile platform for long-range quantum entanglement and macroscale quantum 

coherence such as superradiance.  
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6.3 Topology and Parity-time Symmetry in Plasmonics 

6.3.1 Introduction 

The non-Hermitian Hamiltonian from parity–time symmetry opens a new era in quantum 

theories.117,119,120 Flexible photonic designs with rational integration of gain and loss have enabled 

the realization of non-Hermitian eigenstates in experiments, with various applications such as loss-

induced transparency, unidirectional invisibility, and nonreciprocal transmission.118,227,228 A 

parity-time (PT) symmetric photonic system requires balanced loss and gain, where the 

Hamiltonian commutes with PT operators. The spatial dependence of the refractive index that 

leads to non-Hermitian eigenstates follows: 

                                                 𝑅𝑒(𝑛(𝑥)) = 𝑅𝑒(𝑛 (−𝑥)) (6.12) 

𝐼𝑚(𝑛(𝑥)) = −𝐼𝑚(𝑛 (−𝑥)) 

which can be achieved by spatial control of loss and gain. Coupled ring resonators with an active 

Er3+-doped ring and a passive ring side by side can achieve the exceptional point by tailoring the 

coupling strength.118,119 Unidirectional light propagation is associated with the symmetry-broken 

phases, which is important for protected optical communications and on-chip photonics 

integration.117,120,121  

A well-defined, coupled plasmonic nanoresonator system is in need that can access exceptional 

point and achieve PT symmetry phase transitions. The balance of loss and gain in a plasmonic 

system is challenging due to the lossy plasmon damping, and stringent development of 

nanofabrication processes is required for defining active and passive resonators at sub-wavelength 

scale. In contrast, a plasmonic lattice with suppressed radiative loss4,5 could provide a platform for 
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spatial manipulation of gain and loss, and flexible tuning of resonator coupling efficiency for PT 

symmetry. 

Here we show that the stacked plasmonic NP arrays can serve as a pair of coupled resonators 

and achieve transition between PT-symmetric and PT-broken phases by partial integration with 

the gain. Mode splitting was observed in simulation and experiment from the coupled 

nanoresonators that are stacked vertically with sub-wavelength spacings, associated with distinct 

phase distributions between two modes. The splitting modes followed the diffraction orders of a 

square array in the dispersion diagram, and were sensitive to NP size and interlayer spacing. In 

semi-quantum modeling, partial integration of gain in one layer induced the revival of single mode 

by changing interlayer spacing to control the coupling efficiency. 

6.3.2 Mode Splitting in Stacked Plasmonic Nanoresonator Arrays 

Figure 6.11 shows the mode splitting in stacked plasmonic NP arrays separated at sub-

wavelength scales (d = 330 nm) without gain. A NP diameter of D = 130 nm was chosen to 

minimize the radiative loss. Mode splitting was observed at 1 = 855 nm and 2 = 885 nm, with 

the near-field enhancement following a dipolar pattern at both layers. Interestingly, mode 1 

showed a reversed phase distribution between the top and bottom NP unit, and 2 showed the same 

phase distribution, similar to the bonding and anti-bonding modes in a dimer. The mode splitting 

and distinct phase distributions suggest that the stacked NP arrays can couple strongly with each 

other as a pair of coupled plasmon resonators.  

In a coupled resonator system, the mode splitting is influenced by the oscillation strength of 

each resonator and the coupling efficiency between two resonators. For plasmonic arrays, the NP 

size and height influenced the resonance intensity and hence oscillation strength of lattice 
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plasmons. By tuning the NP diameter, we found that the two modes red-shifted and showed 

narrower splitting energy (Figure 6.12). In addition, tuning the interlayer spacing d modulated the 

coupling strength between two resonators. By changing d from 180 nm to 480 nm, we observed 

that the mode splitting was predominant at large spacings (d > 330 nm), while the splitting energy 

remained constant. The tuning of coupling strength by interlayer spacing d will be critical in 

accessing the exceptional point in a PT symmetric system.  

To unveil the relationship between the splitting modes and the diffractive coupling in the 

stacked array without gain, we studied the dispersion properties at different wave vectors. For a 

single-lattice array, only a single lattice plasmon resonance existed at the red side of the Rayleigh 

anomaly. In contrast, two splitting modes appeared at the red and blue side of original single-lattice 

resonance at the G point (Figure 6.13). The splitting modes followed the (±1, 0) diffraction orders 

    

 

Figure 6.11. Splitting of modes in stacked plasmonic NP arrays. Near-field mode coupling 

in stacked NP arrays results in mode splitting in simulations.  (a) Scheme of stacked NP 

arrays with gain in one layer for PT symmetry breaking. (b) Splitting modes were observed in 

stacked NP arrays without gain. (c-d) The near field and phase distributions suggest that NP 

arrays work as a pair of resonators with distinct phases between the two split modes. 
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under TE polarization, and followed low-dispersive (0, ±1) diffraction orders under TM 

polarization. Hence, the stacked NP arrays can open the bandgap at the original lattice plasmon 

wavelengths at G points, which offers a route to access the topological states in a plasmonic system.  

To fabricate stacked plasmonic NP arrays, we spin coated SU8 on the Au NP arrays (thickness 

~100 nm) and did a secondary Au NP deposition on top through a hole array mask. Both NP size 

    

 

Figure 6.13. The split modes followed the diffraction orders of a square array at high 

incident angles. The dispersion diagrams under TE (a) and TM (b) polarization for NP 

diameter D = 130 nm and interlayer spacing d = 330 nm for stacked NP arrays without gain. 

    

 

Figure 6.12. Mode splitting was sensitive to NP size and interlayer spacing in stacked 

arrays without gain. (a) Evolution of splitting modes with increased NP diameter, which 

enhanced the oscillator strength of NP array. (b) Evolution of splitting modes with increased 

interlayer spacing, which tuned the coupling efficiency. 
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and interlayer spacing can be easily controlled in the nanofabrication process. In the experiments, 

the stacked arrays showed split modes under unpolarized light that followed the (±1,0) and (0, ±1) 

orders of Bragg modes (Figure 6.14). Interestingly, the splitting energy separation was smaller 

compared to simulations, and 1 appeared dark at k// = 0 while 2 appeared dominant at both zero 

    

 

Figure 6.14. Mode splitting was observed in the dispersion diagram of stacked NP arrays. 

(a) Measured transmission spectrum at k// = 0 for stacked Au NP arrays with interlayer spacing 

around 100 nm. (b-c) Measured dispersion diagrams under unpolarized light. Panel c is a zoom-

in of b at a smaller angular range. 
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and non-zero wavevectors, which might be attributed to the small interlayer distance (~100 nm) 

and tilted lattice angle.  

6.3.3 Parity-time Symmetry with Spatially Engineered Gain and Loss 

The spatial control of gain and loss in the stacked array system can be achieved by partial 

integration of gain in one of the NP array layers. In finite-different time-domain simulations, we 

integrated dye molecules in the upper NP layer as described by a four-level system (Figure 6.15). 

The loss in the coupled resonators can be balanced by the gain through flexible control over the 

dye concentration and pump power. To access the exceptional point in a PT symmetric system, 

the coupling strength between two NP arrays can be tuned by NP diameter, interlayer distance and 

lattice tilting angle. At small interlayer spacing d = 330 nm, we observed two enhanced peaks 

    

 
 

Figure 6.15. Revival of single mode with tunable NP interlayer spacing in semi-quantum 

modeling for stacked plasmonic NP arrays partly integrated with dyes. (a) Scheme of 

stacked NP arrays with dye molecule solvents in one layer. (b-d) Evolution from two modes 

to a single mode with increased interlayer spacing (d = 330 nm to 430 nm) to tune the coupling 

efficiency. 
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corresponding to the two splitting modes in the passive structure (Figure 6.15b). The revival of a 

single mode in the middle was achieved by increasing the layer spacing (from 330 nm to 430 nm, 

Figure 6.15d), which decreased the coupling efficiency k to surpass the exceptional point. 

In conclusion, we demonstrated spatial tailoring of loss and gain in plasmon resonator system 

for PT symmetry breaking. The stacked NP arrays can serve as a new platform of coupled plasmon 

resonators that enables tunable coupling strength, and controlled gain and loss distributions. As a 

future outlook, the PT symmetry-broken phase in a plasmonic system can induce unidirectional 

propagating modes at the sub-wavelength scale, which is essential in protected optical 

communications and on-chip photonic integration. 

6.4 Summary and Outlook 

In summary, plasmonic NP arrays integrated with different photo-active materials provide a 

versatile, scalable platform for various light-matter interactions, such as nonlinear optics, quantum 

optics and PT symmetric photonics. The strong electric near-fields at the plasmon hot spots provide 

enhancement of SHG signals up to 450 times with wavelengths tunable by varying the fundamental 

wavelength, angle of incidence and lattice constant. Quantum emitters are deterministically 

coupled to high-quality plasmonic nanocavity arrays while preserving the single photon emission 

nature. As an outlook, the delocalized lattice plasmons can offer future prospects in long-range 

quantum entanglement and optical communications. A well-defined plasmonic nanoresonator 

system with rational integration of gain and loss can open possibilities for accessing exceptional 

points in PT symmetric systems, and achieving nontrivial topological states in a lossy, open 

environment. 
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