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Abstract

The nanoscale confinement and coupling of electgmatc radiation into plexcitonic modes has
drawn immense interest because of the innovatissipiities for their application in light
harvesting and light emitting devices (LEDs). Plexts arise from the coupling between two
types of quasiparticles, plasmons and excitons,camdbe distinguished by the strength of the
coupling into strong and weak coupling regimesxéitens have been used to modulate the rate
of Forster-type resonance energy transfer in guantibt assemblies and enhance the
spontaneous emission rate in quantum dot LEDs. dlbarest examples of a plexcitonic
enhancement of photocatalytic reaction rates haea levidenced in hybrid systems wherein the
strongly bound exciton found in 2D sheet-like seaituctors is coupled to the surface plasmon
resonance of close-lying noble metal nanopartiééesxcitonic photocatalysts and solar cells aim
to increase the lifetime of hot carriers and thgrelmhance the quantum yields for energy
harvesting. Since plexcitonics requires the placgegmé plasmonic and excitonic components in
close proximity with one another to facilitate theoupling, it provides a rich arena for chemists
and materials scientists to form deterministic aod-deterministic arrays and heterojunctions
involving noble metal thin films and nanostructyrgsiantum dots and dye molecules. This
review summarizes the dynamics of plexcitons inMéw@ous composite systems and provides an

overview of the latest theoretical and experimedé&adelopments in the field of plexcitonics.
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1. Introduction

The study and design of devices that are capableaofessing and controlling light-matter
interactions at the nanoscale have long been dsbiecintense research activityMetallic
nanostructures are considered most ideal for tmipgse since they have the ability to focus and
confine optical energy in subwavelength spatialimesf The resultant diverse modes of
behavior observed upon the interaction of electigimetic radiation with metallic nanostructures
serve as probes that reflect properties of the maatgystem as well as the formation of hybrid
states of light and matter that display propenieisoth? The most explicit of said manifestations
are polaritons — quasiparticles that result from rtiixing of electromagnetic radiation with the
polar excitation of a material. Polaritons enconspaswide variety of light-matter hybrids
including exciton-polaritons, plasmons, and plexa#, to name a few (Fig. 4)nvestigations of
these quasiparticles have revealed much about @ah@renof light-matter interactions at the
nanoscale while promoting the exploitation of spltenomena in nanophotonic applications
including light-emitting diodes, solar cells, phoatalysis, quantum information processing,
catalysis, environmental science, and telecommtinits®

The focus of this review is to provide a theordtigad experimental overview of one
such light-matter hybrid, the plexciton. It is inmpgve that we begin by considering the
theoretical principles used to describe plexcitdrtgs review will provide an outline of recent

progress that has resulted in the proliferatioplekcitonic applications.
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Fig. 1 Flavors of Light-Matter Interactions . Polaritons characterize the diverse modes of light-matter
interactions that occur at the nanoscale which subsequently result in the formation of exotic states of light
and matter displaying properties of both. These light-matter hybrids or quasiparticles each identify with a
different mode of interaction or “coupling” between the incident light and a material structure: exciton-
polaritons involve the coupling of light and excitons, phonon polaritons involve the coupling of light with
the phononic modes of a semiconductor or polar dielectric, and lastly, plasmon-polaritons describe the
coupling of light with the collective and coherent motion of delocalized electrons at a metal-dielectric

interface. Reprinted with permission from Refé. Copyright Nature Publishing Group (2016).

2. What are Plexcitons?

Plexcitons are an amalgamation of excitons andnpas; they are polaritonic modes that
essentially describe the interaction ayupling of plasmons and excitods® The concept of
excitons was first introduced by Frenkel in 1931 &eierls in 1932 in the form of “excitation
waves” when light is absorbed and transformed inéat in solid$: 1° An exciton is an
electrically neutral quasi-particle involving theund state of an electron and a hole attracted to
each other by the electrostatic Coulomb force. térsi can exist in a variety of materials
ranging from semiconductors to insulators, andfarher classified as Frenkel, Mott-Wannier,

and Davydov excitons based on the strength of tliplong observed between the electron and



hole amidst the screening effect exhibited by thekiground material matrices which include,
respectively, ionic solids, covalent solids, andjamic molecular crystafS. Mott-Wannier
excitons (also known as just Wannier excitons)tgpecally found in inorganic semiconductors
with low effective masses and high dielectric canst, which result in binding energies smaller
than thermal energykT ~ 26 meV) at room temperatut&l® Frenkel excitons are found in
organic dye aggregates, conjugated polymers andaulalr crystals wherein the low dielectric
constant and high effective mass result in largelibg energies of 0.2-1.2 €¥.Based on the
spin-states of the bound electron and hole cotisiifuthe exciton, Frenkel excitons can be
classified into short lived but fast diffusing siegexcitons, and long lived but slow diffusing
triplet excitons:* Charge transfer (CT) excitons are a special tyge@nkel exciton wherein the
electron and hole are found in different mater@isopposite sides of a heterojunction interface
and are yet bound coulombically. CT excitons apclly more delocalized than conventional
Frenkel excitons and have low oscillator strengtlannier excitons are delocalized over tens to
hundreds of atoms and are therefore characterigéardpe Bohr radii while Frenkel excitons are
highly localized and the effective separation bemvéhe bound electron and hole (~ 1 nm),
typically does not exceed 1-2 unit céftswhile Wannier excitons have a weaker oscillator
strength compared to Frenkel excitons, their laige enables them to interact at much lower
population densities and enables a plethora ofimesrl and other effects arising from many
body interactions® On the other hand, the large oscillator streraftttonventional Frenkel
excitons enables them to leave huge signaturgseimptical absorption and emission spettra.
2D semiconductors, particularly monolayers of tidms metal dichalcogenides (TMCDs),

exhibit an unusual type of Wannier exciton thatiééocalized over several unit cells in the two-



dimensional sheet but is nevertheless coulombidalynd with high exciton binding energies of
the order of 0.5 V8

Surface plasmons (or commonly just plasmons), thee collective and coherent
oscillations of delocalized electrons that are &xtiby incident photons at a metal-dielectric
interface'® The electric field component of the incident lighiresponsible for the excitation of
the collective oscillations of these free electrohisese oscillations are commonly categorized
into two modes, Surface Plasmon Polaritons (SPR$)Lacalized Surface Plasmon Resonance
(LSPRs), depending on the morphology of the metaltiucture that enables them (Fig.22).
SPPs are excited on continuous metal structureshafacteristic dimensions larger than the
wavelength of incident light; these plasmonic datibns travel along the metal surface for
distances of tens to hundreds of micrometkisSPRs are excited in metal nanostructures that
are smaller than the electron mean free path, withe material, as well as the incident
wavelength of light® A resonance is achieved when the frequency of ftke electron
oscillations match that of the electric field compat of the incident light. Unlike SPPs, LSPRs
are non-propagating in nature, are strictly cordfiteethe metal nanostructure, and can be excited

on metal nanoparticles as well as around nanotmlgaps in thin metal film&
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Fig. 2 Plasmonic Modes. Schematic illustrations of the two modes of plasmons evident in metallic
nanostructures, (A) Surface Plasmon Polaritons (SPPs) and (B) Localized Surface Plasmon Resonances
(LSPRs), depending on the morphologies that enable them. LSPRs are excited on metal nanostructures
of characteristic dimensions smaller than the electron mean free path within the material as well as the
wavelength of incident light (with an electric field of Eo with wavevector k) like the nanospheres in (A)
where delocalized electrons are displaced from the positive ions, their collective oscillations in resonance
with the incident light. In (B) the nanowire’s larger characteristic dimension compared to that of the
wavelength of incident light results in excitation of a propagating mode of plasmons or SPPs traveling
along the metal nanostructure’s surface. The resonant interaction between the metallic nanostructure and
the incident light is the main factor behind the two plasmon modes leading to the confinement of light
energy to the surface of the nanostructure over time-scales exceeding that photons would generally
spend in the same volume traveling at the speed of light.?®> Reprinted with permission from Ref?4.

Copyright American Chemical Society (2011).

Plexcitons, or plasmon-excitons, are characterigethe nature of coupling between the
constituent excitons and plasmons. Molecular clystaitons can be combined with the
collective excitations of electrons within metalscteate plexcitons. Most commonly, plexcitons
are observed when an organic molecular layer igppagwed with a metallic film at an interface. A
classic example of such a molecular plexcitoni¢esysconsists of J-aggregates of dye molecules
on the surface of plasmonic nanostructures sugolkasnanoshells or corrugated silver films or
silver nanoprisms or a lithographically patternechy of Ag or Au nanodisk%.2°-2” Plexcitons
can also result from the interaction of Mott-Wamregcitons with surface plasmons. Examples
of such all-inorganic plexcitonic systems includelcogenide nanorods coated with gold s,
isolated nanoparticles or arrays of silver nanalishk top of a 2D excitonic semiconductor such
as MoS or WSe or WS,2%3t layer-by-layer assembled quantum dot solids irttegr with noble

metal nanoparticles at tailored spaciigstc. Plexcitons offer an appealing platform for



exploring exotic phases of matter at nanoscalefatdes, as well as their potential application in
controlling nanoscale energy flow. The exampleglekcitonic systems mentioned above also
illustrate the importance of materials chemistry @ngineering excitonic emitters in close
proximity to noble metallic nanostructures or i@hg excitonic materials in the gaps between

coupled noble metal nanopatrticles.

3. Principles of Plexcitonics

The principles of interaction in plexciton coupligd the subsequent conversion process of
plasmon-exciton-photon modes have been widely tigaed® 3> The classical description of
light-matter hybrids follow an approach where Makiseequations are utilized to define the
position-local dielectric response of the systeifr,).® The dielectric response refers to the
analysis of the storage and dissipation i.e. theraction of electric and magnetic fields in a
given materiaf® This parameter is experimentally accessible fonynsystems, via methods
such as dielectric spectroscopy, impedance speojpgs and ellipsometry/: 38 Plexciton
coupling refers to the collective interaction oftadlgplasmons and molecular excitons, and can
be categorized into two modes: strong coupling,wedk coupling. But first, to understand the
physical principles that dictate plexciton dynamitss necessary to review the models used to

describe the constituent metal plasmons and ma@eewkitons.

3.1 The Metal Plasmon System
For metals, the Drude model provides the simplescuption of the dielectric responSe;®
where the conducting electrons of a metal are densd as an ideal gas of non-interacting

charged particles governed by Newton’s second llmgawith a phenomenological friction

term 42 The dielectric response function is written in fbam, — s



the plasma frequency, —_ , Where and are the electron mass and

electron density, respectively, and — describes high frequency contributions from atomic

core electrons. The corresponding dispersion oelati  —! —, Is found when the

Drude model is applied to light propagation in hg®oeeous bulk metals. Accordingly, the
creation of hybrid plasmon modes are indicatechasstrong or resonant coupling between light

and plasma charge oscillations in the metal wHen

The Drude model is limited in its provision of dabmg the optical response of metals
for only a short range of frequencieépart from the Drude model, the Lorentz-Drude mode
provides an even more general description of theapresponse of metals by combining the
Drude model with the Lorentz functidn® An additional phenomenological term representing
the effect of interband transitions and the motadnionic cores is included. Combining the
Lorentz-Drude model with Maxwell’'s equations, mattaical relations for the various
behaviors observed along the interfaces of varbeigctrics, such as an organic molecular layer
and a metallic thin film, can be modeled.

In utilizing these relations to describe the geheddlective optical response of metallic
nanostructures or the excitation of SPPs and LSBRsmust not forget, as mentioned earlier,
the significant influence that the geometry andrabi@ristic dimension of the nanostructure

impose on the construction of its mathematical rhode

3.2 The Molecular Exciton System
For the sake of simplicity, the molecule is oftendaled as a polarizable point objédn this
limit, a molecule’s effect on a plasmonic systertargely relegated to the influence a molecule’s

proximity to a metal surface has on the local etentignetic field. This local field describes the



response of the metal system to the electromagiielticof the molecule as well as the originally
incident radiatiorf? This simplistic model is efficient in providing glitative, and at times
guantitative, descriptions of various phenomenéuting the electromagnetic theory of surface
enhanced Raman scatterfig*® Nevertheless, the modeling of a molecule as atmtjole is a
significant constraint, and is largely ineffective describing realistic molecular-plasmon
systems *8where the molecular system is not a single moéebult an assembly of atoms or
molecules, a molecular aggregate or semi-crysealliim, adsorbed on a metal surf&cé?>!
Additionally, the classical approach of utilizing lacal dielectric function to describe the
dielectric response of small particles has alsadeand to be inadequaté.>3 At the opposite
extreme, for large patrticle sizes, and moleculatagices the electrostatic approximation notably
breaks down. This leads to the consideration of the collectegponse of the molecular exciton-
metallic plasmon system.

3.3 The Molecular Exciton-Metallic Plasmon System

An ideal theory must account for two major attrdmiin a realistic molecular-plasmon system:
(i) the considerable effect the molecular subsystesty have on the plasmonic response of the
metal and (ii) the response of the molecular asgendelf and the role it may play in the
ensuing dynamics of the ensemble systeuch a theory must also allow an approach where th
optical behavior of the collective system is safisistent with the molecular and metal sub-

systems.

Dicke et al* offered one such alternative in a theory wherentiséecule is modeled as a
2-level system; a molecular assembly, an assenfiyalevel atoms. Dicke et &f.were able
to demonstrate that such a system, consistingcafstéer of two-level atomic emitters, can result

in super-radiant modes or super-fluorescence, aadkhy-radiant modes depending on the



strength of the coupling to the incident radiatibald. In the years following Dicke’s
contributions, further experiments focused on theegration of such molecular clusters of
emitters with a plasmon-sustaining interface. Téudbsequently brought to observation the
modifications of standard molecular optical progsitsuch as absorption, emission, and carrier
lifetimes™> %0 in plasmon-induced enhancement of energy transééween the emitters:5?
Building on the premise of Dicke’s work, all phenema associated with plexciton coupling such
as enhanced emission and exciton transport wermwtsed to be analogous to systems of
excited molecules and molecular assemblies, opticales of localized microcavities, structures
where the radiation field is confined by reflectifages on two sides of a spacer layer or optical
medium?® as well as other nanostructures such as photoystats, where the coupling between
the molecule and incident radiation field is insically dependent on the geometrical
characteristics of the systéf® Consequently, the molecular system was noted ghiyhi
influence the plasmonic response of the metal, afl as that of itself, along with the
corresponding charge transfer dynamics and dephasiachanisms that may occur in the
ensemble. This theory of interaction between maéscand plasmonic metal surfaces has been
recently redefined in terms of two modes of couplidentified to occur at the interface of
molecular exciton-metal plasmon structures: stramg weak coupling (Fig. 3%: %° In this new
framework, the resonant response of the systemplicw to the incident radiation field is
dominated by the plasmon-exciton coupling that ceat the interface, which can be super-
radiant or strong, or sub-radiant or weak in natfiré” Strong coupling and weak coupling
essentially describe the integration strength efittdividual sub-systems, the molecular excitons

and the metal plasmons, in a plexcitonic complex.



___________________________________

Fig. 3 Weak and Strong Coupling. Plexcitonic modes of coupling are analogous to those evidenced in
systems of optical cavities (Left) governed by cavity quantum electrodynamics (CQED),%8 where the two
regimes of Strong and Weak coupling are defined by the comparison of g, the energy transfer rate
between light and matter and the subsequent sources of damping of the emitter and the cavity (# and $).
Strong and weak coupling are said to occur when g >> # $ and g << # $ respectively. The CQED
description of modes in an optical cavity is very similar to what happens in a realistic plexciton complex
(Right) where coupling occurs between the LSPR mode supported by a metal nanoparticle and a nearby
atomic emitter. Here too, the comparative dependence of g, #, and $ define the coupling strength of the
system. The principal difference between the two systems though is their dissipation channels. The
optical cavity loses photons via transmission through its sidewalls, while the LSPR mode is damped
through radiative losses and a myriad other interaction processes such as electron-electron bulk
scattering and electron surface collision damping in the metal nanoparticle.’® Reprinted with permission

from Ref’0. Copyright Nature Publishing Group (2013).

Strong coupling is the resonance hybridizatiorhefrmaterial and optical modes resulting
in a hybrid state that comprises béthypically concomitant with a Fano resonaritend is
defined by three parameters:the energy transfer rate between light and madtethe escape
rate of light from the system, a#g the polarization loss rate of matter. Strong d¢iogpoccurs
when the rate of energy transfer between light matter,g, is greater than that ét&nd' .

The strong interaction between light and matterate® a hybrid light-matter state with



significantly different energy levels from the imatlual material and optical systems involved.
An asymmetric Fano resonance typically accompahiedight-matter coupling? Polaritons are
guasiparticles that emerge as a consequence ofydight-matter coupling. As a hybrid entity,
polaritons offer the possibility to shape the cheahand material properties of matter.

The strong coupling of plasmon-exciton modes iseroftintroduced in optical
microcavities. The intersystem coupling betweentenaand the microcavity is described as
equivalent to two coupled classical harmonic oatolis’® This results in two independent modes
of resonance frequencies that serve as distineagiges of strong coupling at ragevhen matter
and the microcavity resonate, and can be identifiech reflectance and transmittance spectra.

The resonance frequencies are express€g-as; ( o+14234 ( 567 S It is important to

note that when strong coupling occurs, the emitar is identified is not just an eigenstate of the
system but corresponds to a superposition of higingy/ and low energy polaritons, of different
frequencies, and leading to coherent oscillatidrag tharacterize the excitation of the emitter
and the cavity mod€&. In the classical approach to science, systeméaggely analyzed on the
basis of their components, where the identificatbthese components is made on the basis that
their individual properties are invariant when thane isolated. When these components are
combined, their properties change, and as sucham®s emerge from the composite system.
The global properties of the composite system hem tdescribed by how the “mixing” has
occurred between its constituents and their cogplipuantum mechanics challenges this very
notion. If the quantum state of a system can baeéefprecisely, the same cannot be said about
the state of its constituents. This is the fundaalemotion of entanglement, and it is very much

applicable in what has been considered thus faoun study of light-matter coupling. For



example, while fluorescence as a process is usasdlgciated with matter, it is also linked to the
electromagnetic fluctuations in the quantum vacutirf.

The splitting of the microcavity transmission peako a pair of resolvable peaks is
referred to as vacuum Rabi splitting, and is a attaristic of this quantum entanglement
observed close to resonance where the normal momtpiencies of the coupled matter-
microcavity system induce an avoided crossing ceraargy level repulsion between the low and
high energy states corresponding to the two resmn&equencies. The Rabi splitting energy
provides a metric of the coupling strength anddbleerent energy exchange between plasmons
and excitons, while the depth of a Fano resonamtdieates the efficiency of the energy transfer
from plasmons to molecular excitons in the hybridicture® ' ’® Even more subtly, Rabi
splitting can be considered as a phenomenon thecttti follows from the laws of quantum
mechanics, in particular Fermi’'s rule, which shatat the spontaneous emission rate depends
on the density of states (DOS) of the coupled sdetagnetic modes. When there is a change in
this DOS, there is a subsequent increase or rextuati spontaneous emission. This is indeed
what is known as the Purcell effé¢ét,®® which when applied to the system of an optical
microcavity essentially states that the environnmaotds the properties of the atom trapped in
the cavity and vice versa. In other words, the ridsoence of a quantum emitter is modified
inside a cavity and is such that the coupling ghtiand matter occurs even when there is no
photon in the cavity, due to quantum fluctuatiohise states of matter and the electromagnetic
field are essentially coupled so much so that tleapnot be defined independently as
constituents of a whole. They are instead entan@ed 4)’4 Weak coupling, the counterpart to
strong coupling, is simply the regime where matad the optical field can be considered

separate entities that merely exchange enérgyeak coupling is characterized by an increased



radiation rate, enhanced absorption cross-sectodsenergy exchange between excitons and
plasmons. The plasmonic enhancement of the local electromtagfield in the vicinity of the
excitonic material and Forster-type coulombic iatgions are the primary mechanisms through
which weak coupling occurs. The fundamental diskimcbetween the two regimes is that while
strong coupling displays characteristics similar rewersible spontaneous emissfonyeak
coupling has the characteristics of irreversiblensaneous emission.

Together, strong and weak coupling highlight the dera approach towards
understanding light-matter coupling from a quanfperspective. Strong light-matter coupling, in
particular, has been of great interest due tontmediate potential in the fields of material
science and chemistry for tuning the physical priige and chemical reactivities of molecules
and materialé? In hindsight, the quantum nature of the couplirgween the plasmons and
excitons, an entanglement crucial to plexcitonisshighly significant to our understanding of
said coupled systenis> 32 70. 82 8Fyrther understanding of the two coupling mechaajsand
their role in plexciton dynamics will be elicited beviewing the assortment of nanophotonic

applications where plexcitons play a key role.
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Fig. 4 Plexcitonic Entanglement. (@) The individual extinction spectra showing the photonic resonance
of a plasmonic component (dashed) and the Rabi splitting (solid) that occurs when an excitonic material is

introduced atop the plasmonic component (b) The coupling of these two quasi states of matter and light is



evidenced in the form of an avoided crossing where the separate modes (dotted) strongly shift as an
evidence of strong coupling (c) As a result, in a plexcitonic system, the material resonance overlaps that
of the photonic resonance leading to two hybrid states split by an energy difference which is the
aforementioned Rabi splitting.”* Reprinted from Ref’ with attribution and adherence to Creative

Commons Attribution License (CC BY) http://creativecommons.org/licenses/by/4.0/.

4. The Plasmonic Landscape

Plasmons and plexcitons are not standalone phersonben are rather closely related,
particularly from the perspective of how they masifin diverse, yet similar, nanophotonic
applications. To have a deeper appreciation oath@ntages plexcitons provide over plasmons,
it is necessary to consider what the current lasmoksen the field of plasmonics has to offer.

As mentioned earlier, plasmons consist of two rso8®Ps and LSPRs depending on the
morphology of the metallic structure that enablesnt. SPPs are propagating in nature while
LSPRs are non-propagating and strictly confinetheometal nanostructure. Plasmonic systems
capitalize on the resonant interaction of light nifested in these two modes, with the collective
and coherent motion of electrons in metal nanogiras to allow for diverse abilities such as the
ability to focus light into small volumes, perforrshemical reactions, and fabricate
nanostructures to name a few. A brief review ofrabgeristic applications illustrating said
abilities will now be presented and will serve te lsomplementary to the plexcitonic
counterparts discussed later in this review.

4.1 Plasmonic Nanolithography
The fabrication of nanoscale devices is a fundaatexslement towards realizing nanophotonic
applications. Photolithography is one such classiod widely used fabrication technique, and

in the optical near field, used for the fabricatioh features beyond the diffraction limit.



Demonstrative examples include contact imaginguinoa transmission mask or a binary phase-
shift maské* & evanescent near field lithography with an embedataglitude mask® light
coupling mask$’ and evanescent interferometric lithography.

Luo et a® demonstrate a unique nanofabrication method, dhatprovide for pattern
fabrication beyond the diffraction limit, but by efaying surface plasmon polaritons. The
proposed surface plasmon resonant interferencelitregraphy technique (SPRINT) is shown
to produce sub-half-wavelength structures of hifficiency using monochromatic illumination
of a standard photoresist with UV or visible ligithe working principle of the technique
involves employing a periodic corrugation matesath as a prism to couple the incident light
with a surface plasmon upon the metallic surfact subsequently obtain propagating surface
plasmon polaritons (SPP) of high electric fieldemgities and shorter wavelengths. Subsequent
interference of the SPP “waves” within the correglamaterial results in an enhancement of the
spatial distribution of the electric field near threetal surface. The thin layer of resist directly
below the mask soon finds itself with increased osxpe to the incident light when the
resonance frequency of the SPP falls within thesisigity range of the photoresist layer thanks
to the enhanced optical field close to the metafase. A schematic representation of the
SPRINT process is shown in (Fig. 5). Here, a sitwask is fabricated upon a thin layer of quartz
with a thickness of 2 mm using electron beam lithphy and liftoff. The mask is illuminated
from the top side with the light tunneling throuwglh SPP and reradiating onto the photoresist on
the opposite side. Conventionally, the set up sdbfalLuo et af® is similar to a diffraction
limited exposure but thanks to the resonant exeitadf the SPP waves on the metallic surfaces,

as mentioned eatrlier, this limit can be alleviated.
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Fig. 5 SPRINT. Schematic representation of the surface plasmon resonant interference nanolithography

system. Reprinted with permission from Ref.8% Copyright AIP Publishing (2004).

Quantitative and qualitative support of the techeiq feasibility is explored by Luo et
al8% using numerical FDTD simulations, as well as eikpental replication showing that high
resolution features of 50 nm can be readily creathdn using SPP interference in the optical
near field, on metallic masks, with an excitatioawelength of 436 nm corresponding to the
mercury g-line. Arbitrary patterning, as per theadheis proposed for the unperforated metallic
mask with corrugated surfaces on both sides.thascorrugated surface of the metallic mask on
the illuminated side that collects light via SPRugling, while redistributing the light into
nanoscale spatial distributions on the exit sidé which can subsequently be used to fabricate
nanostructures. FDTD calculations are used to dstrate that the SPP excitations resulting in
the enhancement of the near-field distributionshaghly localized around the metal/dielectric
interface. The observation of interference of ti&PSields proves that the metallic patterns
utilized on the mask act as field redistributorghwareas of vacant holes experiencing rapid
decays in the field, while those in areas of theamgarts dominate the far-field emission. The
transmitted light presents both evanescent andvamescent components (Fig. 6). In fact, the
feature sizes that are obtained using SPRINT aen ssomparable to those involving

nanoimprints from a non-photobased metPo&urthermore, since SPRINT is not limited by



diffraction, even smaller structures are demonstiradb be produced with large illumination

wavelengths.
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Fig. 6 Numerical and experimental investigations of SPRINT. (a) SEM image of nanolithographic
features procured via SPRINT. (b) FDTD simulation of the near field. Reprinted with permission from
Ref.8 Copyright AIP Publishing (2004).

In conclusion, Luo et & have demonstrated that nanofabrication beyondiffraction
limit can be achieved via near-field exposure usingetallic pattern through SPP excitation. By
changing selective parameters of the mask, thefredrpattern can be optimized to generate
features of the smallest lateral dimension. Asidenfthe technique’s novelty, Luo et®lhave
shown SPRINT satisfies many of the requirementssinfle-step lithographic applications,
especially from the economic approach it providesards fabricating high-resolution, high-
density optical lithography for various areas afe@rch and technology. Nonetheless, it remains
an open question on how SPRINT can be adaptedetontire complicated needs of electronic

device fabrication involving multiple successivegaiment of features.



4.2 Plasmonic Optical Recording

The nature of light-matter interactions in plassoalso promotes a variety of
applications in optical communications, and infotim@a processing. One such potential
application is discussed by Zijlstra et%alin their investigations of five-dimensional optica
recording, for high density optical data storagedrated by surface plasmons in gold nanorods.
In general terms, multiplexed optical data storaggems utilize polarized light to increase the
storage capacities of optical storage mediums sischptical disc drives used to often read or
write data to or from compact discs, DVDs, Blu-thgcs etc. Multiplexed optical recording is of
great importance as it helps increase the infoonatiensity beyond 18 bits/cn? by storing
multiple, and yet individually accessible pattemwighin the same recording volume. However,
the lack of a suitable recording medium that casvigle for high optical data storage as well as
selectivity in the domains of wavelength and pakation as well as the three spatial domains,
resulting in orthogonality in all five-dimensionashbeen a major obstaéleFurthermore, while
extensive research has been achieved in exploitinglengt®? %2 polarization’* *° and spatial
dimensiof® °’ dependent approaches for multiplexing, never liheg been assimilated into a
single approach that could ultimately increase itifermation storage capacity by orders of
magnitude.

A successful five-dimensional encoding would requa recording material that is
orthogonal in all dimensions, provides multiple aeling channels in each dimension, and is
stable in ambient conditions. Zijlstra et®akucceed in satisfying all three criteria by dewjsa
system that exploits the properties of the longitad surface plasmon resonance of gold
nanorods. Plasmonic gold nanorods have been utiiizea wide range of applications due to

their unique optical and photothermal propertidsese properties are exploited to great effect by



Zijlstra et al®* who take the narrow longitudinal surface plasmesonance linewidth of a gold
nanorod (100-150 meV, 45-65 nm in the near infrgradd combine it with its dipolar optical
response as a means to achieve selective longalu8PR mediated recording and readout that
can be controlled by photothermal reshaping and-giaton Iluminescence detection,

respectively (Fig. 7).
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Fig. 7 Plasmonic Optical Recorder Device Schematic. (Left) The plasmonic optical recorder fabricated
by Zjilstra et al.? is a device where the sample is made of thin recording layers of polyvinyl alcohol (spin-
coated) doped with gold nanorods on a glass substrate. The consecutive layers are spaced by a
transparent pressure-sensitive adhesive of thickness 10 mm. It is upon these recording layers that
various images are patterned using different wavelengths and polarizations of the recording laser.
(Middle) By illuminating the records with unpolarized broadband illumination, a convolution of all the
pattered images are observed on the detector with filters barring any reflected laser light from the
readout. (Right) With the right selection of polarization and wavelength, individual patterns that were
printed upon the records can be read individually without any crosstalk. In this manner, Zjilstra et al.®!
propose a plasmonic optical recorder advice that assimilates wavelength, polarization, and spatial
dimension selectivity in its approach towards multiplexing and high density optical data storage. Reprinted

with permission from Ref.%! Copyright Springer Nature (2009).



The longitudinal SPR provides for wavelength awthpzation sensitivity, while axial
selectivity is provided by the energy thresholdguieed for the photothermal recording
mechanism (Fig. 8). Longitudinal SPR-mediated tWotpn luminescence, due to its enhanced
wavelength and angular selectivity, is then usedédtect the recordings and demonstrating a
definitive improvement compared conventional lineetection mechanisms. Despite their
immediate use of a femtosecond pulse laser foeyutty, Zijlstra et af* demonstrate that the
recordings can also be performed with low-cost mdiog apparatus such as a continuous wave

laser or laser diode.
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Fig. 8 Photothermal Patterning. (a) Photothermal reshaping of the gold nanorods is used to define the
patterning mechanism of the plasmonic optical recorder, and sets the stage for selectivity in wavelength,
spatial dimension, and polarization.®® Gold nanorods in the focal volume of the objective are selectively
reshaped with differing aspect ratios and orientations, as a consequence of which, varying modes of
SPRs are excited upon the metallic structures. Only gold nanorods aligned along the polarization of the
laser light and which exhibit an absorption cross-section that matches the incident laser wavelength
absorb the incident light pulse. This is illustrated in (Top) where incident light that is s-polarized only
shapes the nanorods with an intermediate aspect ratio aligned to the laser polarization while (Bottom) p-
polarized light reshapes only those gold nanorods with high aspect ratios aligned to the laser polarization.

(b) Normalized extinction spectra of the gold nanorod solutions that were utilized. (Insets) Transmission



electron micrographs of the gold nanorods on a copper grid. The average sizes of the nanorods utilized
(from Left to Right) are 37 x 19 nm (aspect ratio of 2 6 1), 50 x 12 nm (4.2 6 1), and 50 x 8 nm (6 6 2).
Scale bars correspond to 50 nm. Zijlstra et al.®! utilize these nanorods where each recording layers in the
multi-layered sample is doped with mixtures of said assemblies to form an in-homogeneously broad
extinction spectrum profile. (c)-(d) The corresponding SEM images of the gold nanorods spin-coated on
an indium tin oxide coated glass substrate before (c) and after (d) irradiation with a single femtosecond
laser pulse of 840 nm with horizontal polarization. The nanorods affected by the laser pulse are indicated
with arrows, and the scale bars correspond to 100 nm. In this manner, images are patterned onto the

multiple record layers. Reprinted with permission from Ref.9* Copyright Springer Nature (2009).

As a result, Zijlstra et &t patent a technique that enables non-destructiesstalk-free
readout and that can be applied with high effeaiss for optical patterning, encryption, and
data storage applications where higher data dessdtie of great importance. Their presented
technique proves to have great potential for impr@gecurity imprinting and encryption via the
addition of extra dimensions that can act as ex@nmbunterfeit-proof encryption keys while
foregoing the need for raster scanning, and mopbitantly, by incorporating two polarization
and three wavelength channels in their patternmoggaure, is beneficial for high density optical

data storage (Fig. 9).



980 nm

Fig. 9 High-density Optical Storage.  With five-dimensional patterning and readout, the technique
presented by Zjilstra et al.%! is highly beneficial for high density optical storage. As demonstrated, we
have here normalized two-photon luminescence raster scans of 18 patterns all encoded within the same
area using two polarizations of laser light, and three different wavelengths. The patterns are recorded in
three layers each spaced from the other by 10 mm. By detecting the excited two photon luminescence
with the same wavelength and polarization the recordings can then be retrieved. The sizes of all the
images patterned as such are 100 x 100 8m and the patterns are 75 x 75 pixels. The bit spacing used
equals the bit diameter of 0.75 8m which is equivalent to a bit density of 1.1 Thit cm resulting in a high-
density disk capacity of 1.6 Thyte for a DVD sized disk. Reprinted with permission from Ref.%* Copyright

Springer Nature (2009).



4.3 Plasmonic Photocatalysis

Photocatalysis addresses the use of light to detigasubstance that modifies the rate of a
chemical reaction without being involved itself.tNi@ provides a direct example of this in the
process of photosynthesis, where plants, algadjsigoand photosynthetic bacteria capture
sunlight along with C@in the atmosphere to promote water-splitting clsémi (Fig. 10)%®
Semiconductor photocatalysts constitute the mostneon artificial photosynthetic technology;
TiO2 is the benchmark photocatalyst which has been usptiotoelectrochemically split water,
photooxidize organic compounds in water and phdiare CQ in the vapor phas&:1% Critical
material-related limitations in semiconductor ploatialysts involving optimal band-gap
energetics, light absorption, catalytic activityalslity, and sustainability have led to the

development of a potential alternative in plasmatiotocatalysts°
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Fig. 10 Artificial Photosynthesis. In mimicking nature, artificial photosynthetic systems based on

semiconductors utilize photocatalysis to provide for alternative energetic pathways and selectivity in
desirable chemical reactions including: CO2 photoreduction, water splitting, and the degradation of
harmful organic pollutants. Reprinted with permission from Ref.1% Copyright Royal Society of Chemistry

(2009).



Plasmon-enhanced photocatalytic systems focus kangtadvantage of “hot electrons”,
energetic charge carriers that appear due to aaesaonteraction of light with the collective
motion of electrons in metal nanostructures to anbaand support photocatalytic activit§.
The injection efficiency of “hot electrons” in plasnic systems (Fig. 11), such as plasmonic
photo-detectors and plasmon-sensitized solar dells thus far been quite pdéf.This is due to
the short lifetime of hot electrons, ranging arout@d-500 fs'% and subsequent damping
processes involving electron-electron bulk scattgriradiative damping, electron-surface
collisions, and electron-phonon collisions in plasie nanostructure€® Thus, improved
injection efficiencies of hot electrons generategpiasmonic photocatalytic systems are highly
desirable, and this goal is an active subject eéaech.

(A)
overbarrier

depletion layer

Fig. 11 Plasmonic Photocatalysis.  Critical material-related limitations in semiconductor photocatalysts
led to the development of an alternative in plasmonic photocatalysts. Despite their immense potential,
plasmonic photocatalytic systems have largely been setback by poor injection efficiencies of energetic
charge carriers resulting in low performance efficiencies. Reprinted with permission from Ref.119 Copyright

Royal Society of Chemistry (2017).



Various experiments have engaged the developmepliasfon-enhanced photocatalytic
systems that take advantage of high energy changers or hot electrons. Au and Ag are the
most common plasmonic noble metals utilized in mlasic photocatalysis while TiOhas
served as a benchmark material for semiconductaiiatezl photocatalysis® 2 TiO,, apart
from its environmental-friendly nature, is an inergive and easily accessible photocatalyst that
has proven to be greatly effective in diverse sgead’ 2 TiO; is a wide band gap (3.2 eV for
anatase and 3.0 eV for the rutile phase) photoedttiiat absorbs primarily in the UV spectrum
of light, where less than 5% of solar energy restéeConsiderable efforts have been made to
extend the light absorption range of Fifbom UV to visible wavelengths, for example doping
though there has always been a negative feedbatikeoabsorption coefficient and subsequent
photocatalytic activity of the semiconducté?. 11°TiO, has been implemented as a photocatalyst
in various structural forms: powders in an aquesalgtion, nanoparticles (OD), nanorods (1D),
nanosheets and films (2D), 0D-1D-2D integrated stmctures (3D}’ doped heterojunctions,
varying crystalline phases (rutile, anatase, andkite systems)® and mesoporous suppotts.

121 The focus in most of these efforts has been tamipe the optical path length, carrier

120 charge carrier kineticg? light absorptiont?* band bending etc. Nonetheless,

mobility,
sustained success in expanding the photocatalgienpal of TiQ, as a semiconductor, to
visible wavelengths has not been achie/édPlasmon enhanced photocatalytic systems,
involving plasmonic noble metal-Tg&emiconductor heterojunctions, come into play lasréy
using the knowledge that Au and Ag have surfacenptan resonance in the visible spectrum of
light, one can capitalize on the charge transferhof electrons to the neighboring TBiO

semiconductor. The Ti#Dsemiconductor can then serve as the location fmtqratalytic

reactions in addition to those on the surface efribble metal.



Setting aside the immense expanse of research héfmtbeen done in optimizing
semiconductor-mediated photocatalysis, the risplagmon-mediated photocatalytic systems as
a new standard has been met with its fair shares#arch, focusing not only on understanding
the inherent physical mechanism involved in hotrgbacarrier transfer but also in the
optimization of said systems. Although the inhemmechanisms that govern hot electron charge
transfer from the noble metal to the semiconduioyet to be fully understoad; ¢ 13the
potential of plasmonic photocatalysis has not bmerlooked with many said experiments over
the years involving hot electron harvesting systeorssisting of a Ti@noble metal nanoparticle
heterojunction for diverse applications includingpfocatalytic degradation/aerobic oxidation of

organic compounds, photocatalytic £@duction and Hgeneration, and photoelectrochemical

water Sp“ttlnglo3 105, 123-130,131

5. Exploiting Plexcitons

The motivation to combine metal and semiconductanostructures is largely due to their
complementary optical properties. Metal nanostmastu promote the localization of
electromagnetic modes, giving rise to high emissietds and light-harvesting capability, while
semiconductor nanostructures support long-livedgehaxcitations that enable efficient trapping
of electromagnetic energy and enhanced opticaldiahd nonlinearitie$? Plexcitonics research
follows efforts to analyze the nature of light-neatinteractions at the nanoscale and exploit the
collective and coherent motion of electrons ande$iolvia diverse modes, in exciton-metal
plasmon nanostructures. This has allowed for thectee design and modification of absorption
and emission propertiég,**3energy transfer between excitonic and plasmorstesys>* 134 135

and the exploration of strong coupling through ¢ehe plasmon-exciton interactions (Fig.

1 2) .136’ 137



The transfer of energy through optical near-fieiteractions is widely valued for the
observation, detection, and measurement of mingparation distances in molecular systems
and alike. Forster resonance energy transfer (FREWjdely understood as the process where
the energy of an excited molecule can be transferterough non-radiative means, to a
molecular of lower transition energy via dipole-al coupling:®*® As such, FRET pairs can be
used as probes for cell-material interactibiisss molecular sensof® to study the length and
flexibility of polymers and biomoleculéé! and to investigate dynamical biomolecular procgsse
involving molecular interactions and protein folgirprocesse¥? #3 The energy transfer
evidenced in FRET processes are characterizedeblydbster radiuBy defined as the separation
distance at which the energy transfer efficiencyd$6. As noted by Rodarte et'4t, for a small
change in separation distance, a correspondinglgelachange can be observed in the
fluorescence spectrum (Fig. 12a). Therefore, FREPrimarily used as a spectroscopic ruler.
Unfortunately, due to the dipole-dipole interacti@uucing coupling efficiency by a factor of
inverse sixth power of the distance between motscR®), FRET is effectively limited to
function in separation ranges below 10 nm.

Rodarte et al* explore a promising alternative in a plexcitonigler aggregate
composed of plasmonic and organic fluorophore carapts. Plasmon rulers composed of noble
metal nanoparticles, and their LSPRs provide strecaftering cross sections that allow the
nanoparticles to be visible in a dark-field micrggse. The additional caveat that metallic
nanoparticles are not prone to blinking or bleaghinakes them promising candidates for
sensing applications. In a plasmon ruler, two mei@hoparticles are used to measure the
separation distance. Capacitive coupling betweentwo nanoparticles results in a strong red-

shift of the LSPR wavelength as shown in (Fig. 1#@ coupling strength being proportional to



R3 as opposed toRfor FRET*> By combining the higher efficiencies of plasmomogarticle
rulers with fluorescence tags commonly used in FR&IFs to label the relevant biomolecules
being considered, a plexcitonic ruler complex islelsshed.

Such a system can function between the two regohegeak and strong coupling that
characterize plexcitonic systems. The weak couo®nario involves the case where the energy
transfer between the fluorophore and the metal paicle is observed as a quenching or
enhancement of fluorescence depending on the dEpamistance from the surface of the
nanoparticle (Fig. 12¢f° Alternatively, the strong coupling scenario masiéeas a Fano
resonance observed as the asymmetric dip in absmebat the exciton transition frequency
together with Rabi splitting (Fig. 12d). In theitudies, Rodarte et &t* exploit these
mechanisms by demonstrating the dependence of algpardistance on coupling strength
between plasmons and exciton in a Ag nanopartiote rmonomer dye conjugate. By showing
that the coupling strength follows a single-expdiardecay with a decay length of 13675
nm, Rodarte et df** prove that such a conjugate system can be use@@esctroscopic ruler.

Similarly, another study by Ozel et3ldemonstrated the use of plexcitons to improve
the rate of Forster-type resonance energy tramsfguantum dots. Layer-by-layer assembled
CdTe quantum dots of two different sizes were sgersed with gold nanoparticles located at
well-defined spacings that enabled the plasmontexaoupling to be selectively tuned to either
the donor quantum dots (smaller size) or the aocceptantum dots (larger size), which in turn
has applications in fluorescence microscopy (F8).31 Ozel et aP? are able to structurally
control the plexcitonic interactions of the compesystems described by placing the plasmonic
layers in proximity of the donor quantum dots tmong donor plexciton coupling) while having

them sufficiently far away from the acceptors (feezak acceptor plexciton coupling) and vice



versa. As such, Ozel et #lidentify a means to independently control the vigtiial plexcitonic
coupling to the donors and the acceptors in a dascanergy transfer mechanism. The
modification of the FRET mechanism via selectivetoal on the plexcitonic energy transfer
allows for the selective manipulation of the ddtettsignal and sensitivity of the desired donor
or acceptor species. This is of great importanceFRET-driven nanophotonic devices and
FRET-based bioimaging applications. Set in conéiti the work of Rodarte et &t* involving
FRET studies where the energy transfer is useteamblecular ruler, these results from Ozel et
al.22 provide a possible means to enhance the resolafisaid molecular measurements due to
the enhanced energy transfer rate via the dontbreoacceptor species of interest.

Plexcitonic applications are categorized by thergjth of plasmon-exciton coupling
identified at the interface between the excitomd anetal nanostructures. In this review, we
shall focus on many such applications varying betwthie regimes of strong and weak coupling,
and highlight the current state of research in fikl including plexcitonic photocatalysis,

photovoltaics, and luminescence.
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Fig. 12 Energy transfer mechanisms.  Various energy transfer mechanisms encompass molecular,
plasmon, and molecular-plasmon systems and are observed most commonly in their fluorescence
spectral characteristics.#4 (a) Forster Resonance Energy Transfer,138 a non-radiative form of energy
transfer between two fluorophores where the donor molecule transfers energy to the acceptor molecule,
for molecular distances less than or equal to 10 nm, increasing the acceptor fluorescence. (b) Plasmon
coupling in a plasmon ruler containing an Ag nanoparticle pair, the close-spacing of the two nanoparticles
resulting in a LSPR coupling that red-shifts the LSPR peak wavelength. (c) Weak coupling between an Ag
nanoparticle and a nearby fluorophore that results in enhanced fluorescence of the coupled system, and

(d) Strong coupling, resulting in the Rabi splitting of the coupled system. Reprinted with permission from

Ref.144 Copyright American Chemical Society (2017).
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Fig. 13 Quantum Dot-Metal nanoparticle FRET archite  ctures. Layered constructs of quantum dots and
metal nanoparticles are utilized to demonstrate plasmonic and nonradiative energy transfer interactions
via selective, and controlled generation of plexcitons at either the donor (D) and acceptor (A) quantum dot
energy transfer pairs. The layered architectures vary from those utilized in conventional FRET (a),
plasmon-mediated FRET (PM-FRET) where coupling occurs only to the donor quantum dots, and
complementary PM-FRET where coupling occurs only to the acceptor quantum dots. (d)
Photoluminescence spectrum of the donor quantum dots and the absorption spectrum of the acceptor
guantum dots and the photoluminescence spectrum of the composite quantum-dot metal nanopatrticle film

(inset). Reprinted with permission from Ref.32 Copyright American Chemical Society (2013).
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5.1. Optimizing Plexcitonic Coupling

One promising method to tackle the problem of the-Yield of hot electrons is to consider
hybrid systems of plasmonic metals and excitonimisenductors (Fig. 143. > 147-151Sych
hybrid structures have provided for decreased bamslgadjusted densities of states (DOS), and
prolonged lifetimes for hot electroh®, subsequently setting a new platform for the meatiabf
efficient surface catalytic reactions. The workimgnciple of these composite hanomaterials is
the strong coupling observed between the plasmodseacitons, which has been attributed to

prolonging the lifetime of hot electrons and in@ieg reaction efficiencie®: 147 150

Exciton dissociation  pyciton recombination via radiative

and/or nonradiative processes

Plasmon-exciton coupling
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Fig. 14 Plexcitonic Photocatalysis.  Plexciton sensitized photocatalytic systems are now setting the
stage for improvements on both fronts by utilizing strong coupling in molecular exciton-metal plasmon
systems to promote energetic charge-carrier or “hot excitons” at a metal-dielectric interface to enhance
energetic charge-carrier lifetimes, and injection efficiencies. Reprinted with permission from Ref.152
Copyright American Chemical Society (2011).

The analytical characterization of plexciton dynesnivas addressed in the work of
Fofang et af. where the formation of nanoshell J-aggregate namiofe complexes are
demonstrated to produce coherent coupling betwbkenldcalized plasmons of the metallic

nanoparticle and the excitons of the molecular glegpte. By varying the core size/shell

thickness ratio of the Au nanoshells- plasmonicopanticles that consist of a spherical silica



core coated with a thin, uniform layer of Au-NPse jplasmon energies of the nanoparticle can
be modified and tuned to the excitonic energy efriiolecular adsorbate, the J-aggredzite>*

As such, the diverse multipolar plasmon modes &ei toupling dynamics to the excitonic J-
aggregate can be thoroughly explored. Fofang &tlamonstrate this in a series of experiments
where two Au nanoshell size ranges of radii 45 meh @0 nm, corresponding to the dipolar and
guadrupolar nanoshell plasmon mode resonancedheth-aggregate exciton line, are utilized to
theoretically analyze the dynamics and strengtthefplasmon-exciton coupling interaction in a

guantitative manner (Fig. 15).
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Fig. 15 Multipolar Plasmon modes in Au nanoshells. Fofang et al.® use two nanoshell size ranges (a)
in their experiments, corresponding to the dipolar and quadrupolar nanoshell plasmon modes. The near
field enhanced electromagnetic fields correspond to the 693 nm excitation wavelength with the [ri,r2] =
[45, 63] nm nanoshells displaying a dipolar field with greater intensity as opposed to the quadrupole field
of the [90, 120] nm nanoshell. The near field properties of the structures are further explored in (b) where

the variation of the surface average field intensity, <|E[?>>, with distance from the nanoshell surface is



measured for the two nanoshell sizes. Reprinted with permission from Ref.2 Copyright American

Chemical Society (2008).

An optimal J-aggregate with high oscillator strérsgand narrow transition line widths is
formed from the dye 2,2’-dimethyl-8-phenyl-5,6,3dbenzothiacarbocyanine chloride, and
provides for strong coupling at room temperatur&/-Wis spectroscopy along with surface
enhanced Raman scattering (SERS) measurementsrémenped to confirm the formation of the
nanoshell-J-aggregate complex. By considering aeaunc three-layer model of a two-layer
spherical shell particle surrounded by a layer-afjgregate, Fofang et @hre able to describe

the system theoretically (Fig. 16).

Fig. 16 Gold Nanoshell-J-aggregate complex model. Schematic of the gold nanoshell-J-aggregate
complex model for the theoretical calculation. 1, 2, 3, and wm represent the silica core, gold shell, J-
aggregate molecule layer, and the surrounding medium, respectively. (a), (b), and (c) represent the core,
nanoshell, and nanoshell-J-aggregate complex radii. Reprinted with permission from Ref.2 Copyright

American Chemical Society (2008).

Using Gans theory, a solution of Maxwell’'s equasidor plane wave excitation of a
spheroidal metallic nanopatrticle within the qudatis approximation, an analytical expression
for the hybridized plasmon-exciton states of thetey is derived. Subsequently, it is observed
that the splitting energies of the plexciton comee limited by the thickness of the excitonic J-

aggregate layer on the nanoparticle surface wittorainal effective thickness value of 4 nm



(Fig. 17). By means of their results, Fofang et ahow the inherent potential of coupled
plasmon-exciton nanostructures with controlled diogp and unique optical properties that can
be harnessed with hybrid plexcitonic materials.ifherk was further supplemented in a follow
up report where time-resolved studies were utilizedanalyze the same J-aggregate-Au

nanoshell complexes and the inherent plexciton mljeginvolved in said system®
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Fig. 17 Plexcitonic energy-splitting. By functionalizing the nanoshell with sodium 2-mercaptoethane
sulfonate prior to complexation with J-aggregates, and then exposing said sulfonated nanoshells to dye
solutions of various concentrations, Fofang et al.® are able to produce J-aggregates of various
thicknesses. The onset of splitting-energies in the complex as a function of dye concentration in media is
then observed. The experiment reveals a strong asymmetry in the onset of plexciton interaction in the
complex with the spectra for various dye concentrations (Inset): 0 8L (red), 4 9L (blue), 10 9L (black), a
characteristic that is attributed to dielectric screening or phase retardation effects. Reprinted with

permission from Ref.82 Copyright American Chemical Society (2008).

More recently, Tsargorodska et'af.have shed further light on the effective mechasism
of plasmon and exciton interactions that are sciatin plexciton-based photocatalytic systems
in their observation of gold nanostructure arraylitating a splitting of their surface plasmon
resonances upon attachment to Rhodobacter sphegrced purple bacterium that captures

sunlight via a light-harvesting complex 2 (LH2) whiis then transmitted to another LH1 that



funnels the excitation into the photosynthetic tigaic center resulting in the reduction of
ubiquinone and allowing for the conversion of s@aergy to chemical potential energy in the
organic complex. Numerous studies have already dstraied the plasmonic enhancement of
fluorescence emission from light-harvesting cometerf bacterig’, but Tsargorodska et &
provide a new perspective by presenting changdseirextinction of metal nanostructures after
the attachment of light harvesting complexes. Tép#tting is attributed to strong coupling
between the localized surface plasmon resonances excitons in the light-harvesting
complexes. Utilizing wild-type and mutant LH1 andH2 from purple bacterium containing
different carotenoids Tsargorodska et®8lobserve different splitting energies, and thusadne

to demonstrate that the coupling mechanism of pb@smand excitons is sensitive to the
electronic states in the light harvesting complexegy. 18). For example, the extinction
spectrum of a hexagonal array of gold nanodiskseoiod 3106 30 nm, diameter 158 22 nm
and height 1% 3 nm demonstrate these dramatic changes aftembpirvdth wild-type LH2.
This results in a splitting of the plasmon banavavelengths of 527 and 624 nm. The dramatic
change in the extinction spectrum after the attattrof LH2 to the array of gold nanostructures
is indicative of plasmon-protein coupling. Similaehavior is also reported with the attachment
of LH1 to the array of gold nanostructures als@ldiging a splitting of the plasmonic band at

537 and 652 nm.
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Fig. 18 Extinction spectra for arrays of gold nanostructures before and after (blue and red, respectively)
attachment of the light-harvesting complexes (a) wild-type LH2 and (b) the : crtl::crtl2 : crtC mutant of
LH2. The arrows are indicative of the splitting of the LSPR plasmonic band, while the absorption spectra
of the proteins in solution are shown in green. The extinction spectrum of a monolayer of wild-type LH2
adsorbed on glass is presented as a black trace in (a). (c) describes the resultant two new peaks with
energies E:1 and E: due to the strong LSPR and exciton state coupling. Reprinted from Ref'%¢ with
attribution and  adherence to  Creative  Commons  Attribution License (CC  BY)

http://creativecommons.org/licenses/by/4.0/

Tsargorodska et af® are further able to reveal these dependencies@fcoupling

strengths on molecular organizations and protewrei@ge in a comparative experiment where

they utilize light-harvesting complexes with di#éat carotenoid compositions but of otherwise

identical structures (Fig. 19). Simultaneously,sthenarked differences in coupling strengths

provide a new dimension of analysis that helpsotfthe differing molecular organizations of

the light harvesting complexes under considerateom their means of transfer optical energy

into the corresponding reaction centers.
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Fig. 19 Extinction spectra for arrays of gold nanostructures before and after (blue and purple,
respectively) attachment of the light-harvesting complexes (a) the : crtC mutant of LH1 and (b) the
. crtl:;ertlPa : crtD% mutant of LH1. The absorption spectra of the proteins in solution are shown in green.
Reprinted with permission from Ref'%¢ with attribution and adherence to Creative Commons Attribution

License (CC BY) http://creativecommons.org/licenses/by/4.0/

In a similar fashion, another study by Li et#has demonstrated that the orientation of
the exciton dipole has a significant influence lasmon-exciton coupling. Diverting from the
strong coupling regime, Li et &t® explore the weak coupling regime in relation te #bility of
SPPs to localize and guide light in subwavelenggiaitic structures, an active region of interest
in photonic and optoelectronic applications. Liaét>® demonstrate a new approach to tackling
the structural limitations faced in the excitatiohSPPs in optoelectronic and photonic devices
alike thus far being realized only in prisiig gratingst®® antennas®! and subsequently leading
to difficulties in interconnection with conventidmaaterial component$? Taking advantage of
the fact that exciton dipoles have a large rangeaife-vectors in their near-field regirtg, 154
an alternative strategy in directly coupling SPRth wxciton dipoles is considered, and is used

to demonstrate that if the dipole orientation &t direlectric/metal interface were changed, it may



lead to significant differences in SPP excitatiffiiceencies, and consequently, the performance
of SPP based devices.

Using a wetting-effect-assisted self-assembly, laridynanostructure with Ag nanowires
partially embedded into organic single crystalsthis case Tris[1-phenylisoquinolinato]iridium
(1 (Ir(pig) ), is fabricated. Using a focused laser beam, tdered molecular aggregates are
excited to provide Frenkel excitons with regulareptations around the Ag nanowire. These
ordered exciton dipoles at the interface assisaunching the SPPs through near field coupling
resulting in their propagation along the Ag nanenand coupling out from the ends of the wires
in the form of photons. Simulated electric fieldabses present that by altering the direction of
the Ag nanowires in the hybrid structure, obtairstrgictures with different cross angles between
the exciton dipoles and the Ag nanowire, that tless-angle orientation has a great influence on
the exciton-SPP coupling efficiency (Fig. 20). Sadpgent experimental efforts utilizing
photoluminescence and bright field imaging, on fii®icated hybrid nanostructure confirm the
simulated data, demonstrating the decisive rolexafton dipole orientation in plasmon-exciton

coupling.
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plexciton coupling. (a) |E|? distributions of SPPs simulated numerically at the end of an Ag nanowire (200
nm diameter diameter and 6 8m in length). SPPs are observed to be launched by a dipole, positioned at
the middle of the wire at a distance of 20 nm, oriented along all three coordinate axes X, y, and z
respectively. (b) Schematic illustration of the embedded organic/metal nanowire heterostructure. (¢) Upon
irradiation of an incident light at the organic-metal interface, oriented Frenkel exciton dipoles are created
around the metal nanowire. The exciton dipoles assist in successfully launching the SPPs along the Ag
nanowire, which eventually scatter into free space at the distal ends. (d) The influence of orientation,
represented by the cross angles between the Ag nanowire and dipole polarizations, on the electric field
intensity of the SPPS for 0° 45°, and 90°. Reprinted with permission from Ref!%8. Copyright American

Chemical Society (2017).
5.2 Plexcitonic Photocatalysis
The development of plexciton-based photocatalyjistesns has accompanied the study of

plasmon-exciton coupling in an increasing needatilifate higher efficiency catalytic reactions

on the surface of plasmonic nanostructures, a tda#ernative to traditional thermal-driven



heterogeneous catalysfS: 1% 1%6Several notable systems have shown great proroisthéir
use of the strong coupling of plasmons and excitor@olonging the lifetime of hot electrons,
and increasing reaction efficiencies. Many such mosite nanomaterials often involve the
hybridization of electronic states in two-dimengibmorganic semiconductors and plasmonic
metal materials. Systems of monolayer-graphene-axwstructuré$® 1*°and monolayer Mo

Ag nanoparticle hybridé’ have been successfully applied in plexciton ceari surface
catalytic reactions.

Graphene, a single atomic layer of graphite, has ltlee center of attention thanks to its
unique properties since its discovery in 26®4Ding et al**° fabricated graphene-Ag nanowire
(NW) hybrid materials (Fig. 21a), and have demaistt the advantages the hybrid device has
presented for surface catalytic reactions. By tredwes, both graphene and silver nanowires are
unimpressive catalytic substrates for the photargdn of 4-nitrobenzenethiol (4NBT) to p,p’-
dimercaptoazobenzene (DMAB). On graphene, the pbodtction of 4ANPB exhibited a strong
dependence on laser power, with complete disappearaf the N-O vibration of 4NPB at a
Raman shift of 1325 cim (and corresponding increase of the Raman intessdf DMAB at
1390 and 1432 ci), occurring only at a rather high laser power & BW. In the case of Ag
NWs, the laser-excited SERS spectrun(= 532 nm,Piaser = 1.3 mW) contained features
corresponding to both 4ANBT and DMAB, indicating tbleemical reaction to have partially
completed->® However, for the Ag NW-graphene hybrid, the phethrction was nearly 100 %
complete even at a very weak laser power of 0.01, imdicating a synergistic enhancement of
the plasmon-to-electron conversion efficiency, Whigas attributed to strong plasmon-exciton
coupling®®® Through ultrafast pump-probe transient absorptmectroscopy, femtosecond-

resolved dynamics of plasmon-exciton coupling cé tiraphene-Ag nanowire hybrids were



elucidated. Ding et al**® demonstrated that although the hot electron teansbm the Ag
nanowire to the graphene is slower, clocking arca®46 108 fs (Fig. 21b), compared to 240 fs
for plasmon induced hot electron transfer from fidgold nanodots to Tignanoparticled®® the
lifetime of plasmon-induced hot electrons in graphes 3.26 0.8 ps (Fig. 21c) which is
significantly longer than the period of collectieéectron oscillations in isolated Ag nanowires
which is within 150 fs. Similar measurements onrgharansfer time between the Ag nanowire
and graphene were also made in the NIR (near-edjaregion (Fig. 21dyemonstrating a
decrease in the kinetic energy of hot electron3.8265 eV. This corresponds to a transfer time
of about 7806 92 fs which is slower than in the prior case whiie incident wavelength of
light is in the visible regime. The fitted curve {Rig. 21¢ also reveals that the lifetime of
plasmon-induced hot electrons in graphene is al3o@t6 0.9 ps thanks to better optical
absorption for graphene in the NIR region. Thesaelte indicate that graphene strongly harvests
hot electrons and extends the lifetime of the estergcharge carriers from femtoseconds to
picoseconds, providing for an enhanced surfacaymasto-hot-electron conversion efficiency
which is of great significance for plexcitonic ssts that incorporate graphene and noble metal

nanoparticles.
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Fig. 21 Analyzing the properties of graphene-Ag nan  owire hybrids. (a) SEM image of a single Ag
nanowire coated with a monolayer of graphene. (b) Ultrafast pump-probe transient absorption
spectroscopy of the hybrid structure when excited by a laser of wavelength 400 nm. The graph
demonstrates the energy distribution of hot electrons along the measured wavelength range, revealing
that plasmon-induced hot electrons lose kinetic energy during their transfer to graphene. (c) Fitted
dynamic curve describing the kinetics of the material at 532 nm indicating the lifetime of plasmon-induced
hot electrons in graphene. (d) Ultrafast pump-probe transient absorption spectroscopy of the hybrid
structure in the NIR region. (e) Corresponding fitted dynamic curve at 1103 nm. Reprinted with permission
from Ref.1%0 Copyright Nature Publishing Group (2016).

Contrastingly, Yang et af’ presented a system of molybdenum disulfide (Mo$
transition metal dichalcogenide (TMDC), hybridizedth a plasmonic metal nanomaterial, in
this case Ag NPs, to drive the photoreduction oBBNo DMAB. TMDCs at nanoscales have
been successfully applied for surface catalytiaciens owing to their unique properti&s.
MoS,;,, a few layers of which can provide for large soefdo-bulk ratios and quantum
confinement effects, is one such exampfebut the efficiency of surface catalytic reactions

using these materials has thus far been quite goerto their large bandgaps and low yield of

hot electrons. In a method similar to that of theesmon-graphene coupling achieved by Ding et



al’®® Yang et al*’ demonstrate that a hybrid system involving a mayel of MoS on
plasmonic Ag nanostructures can rectify these prabl While Mo% showed negligibly small
photocatalytic activity under 532 nm laser illuntioa for the reduction of 4ANPB to DMAB, Ag
NPs showed modest photocatalytic activity for aetagower of 0.0015 mW with a Raman
intensity ratio of product (1432 ch) reactant (1338 c) to reactant of 0.5 in the absence of
MoS; (Fig. 22a)'*’ For the same illumination wavelength and lasergrowg NP/Mo$S hybrids
showed an almost six-fold improvement of photogai@lactivity, achieving iazdl133s of 2.8,
demonstrating the synergistic enhancement of phatdabgdic activity due to plasmon-exciton
interactions. When the laser power was increaséi@l5 mW, the Raman peak at 1338'cm
(corresponding to the 4NPB reactant) disappeaneth®oMoS/Ag hybrid system, while a small
peak was still observable for the Ag NPs systemi¢chvhonfirmed the plexcitonic enhancement

of photocatalytic activity (Fig. 228/
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Fig. 22 SERS analysis of the MoS ,-Ag nanocomposites. (a) The substrate for the relevant
experiments and the corresponding SERS spectra are shown, with Ag nanoparticles alone on the left,
and for the case where the nanoparticles are covered by MoS:z on the right. (b) Surface catalytic reactions
for 25 nm nanoparticles with (black) and without (red) MoSz. At the lower intensity of 0.0015 mW, Yang et

al.’*7 observe that the ratio of the Raman intensity of the reactant (1338 cm!) to the product (1432 cm1)



is 0.5 without MoS:z and 2.8 with MoSgz, confirming the probability of a chemical reaction for molecules
directly adsorbed on the Ag NPs is lower than that for those adsorbed on the MoS2/Ag substrate.

Reprinted with permission from Ref.14” Copyright Elsevier (2017).

Yang et alt*’ investigated the plasmon-exciton couplings of nayer MoS/Ag
nanoparticle hybrids for different sizes of Ag npadicles on quartz (with diameters of 6.1 nm,
14.5 nm, and 25 nm) using transmission spectrosdiymyrescence spectroscopy, and surface-
enhanced Raman scattering (SERS) spectroscopy.siiisgion spectra of the monolayer
MoS/Ag nanoparticle hybrids on quartz were measuréth{eknesses of 1.5 nm, 5 nm, and 10
nm) to validate plexciton coupling (Fig 12). Atonfarce microscopy is used to determine the
diameters of the Ag NPs on quartz and are apprdeigné.1 nm, 14.5 nm, and 25 nm. For the
smaller diameter Ag NPs (6.1 nm) (Fig. 23a) theetfbetween the LSPR peak (at 458 nm) and
the exciton absorption peak of Mo®sults in weak coupling. To rectify this, theaeance peak
is tune by increasing evaporation time, depictingl@xciton resonance dependency on the
deposition time similar to what has been observethe work of Nan et dF This is further
supported by the fact that the LSPR peaks of natioles of different thicknesses clearly shift
plexciton resonance peaks from 458 nm to 515 nith@sAg nanoparticle sizes increase (Fig.
23b). The strong coupling of the M@&g nanoparticle hybrid system is noted to occuewh
the LSPR peak of Ag and the exciton absorption péd#oS overlap and is characterized by a
strong plasmonic absorption transition dipole monemsisting of the collective oscillations of
electrons interaction with that of the transitiapale moment of Mos The absorption of the

hybrid system is in fact observed to shift from 488 to 532 nm (Fig. 23c).
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Fig. 23 (a) Comparisons of transmission spectra of monolayer MoSz, Ag nanoparticles (of diameter 6.1
nm), and MoS2/Ag nanoparticle hybrid structure on a quartz substrate. (b) Transmission spectra of Ag
nanoparticles (of diameters 6.1, 14.5, and 25 nm) on varying thicknesses of quartz substrate (1.5, 5, and
10 nm). (c) Transmission spectra of MoS2/Ag nanoparticle hybrids on varying thicknesses of quartz
substrate (1.5, 5, and 10 nm). (d) Absorbances for three kinds of hybrid MoS2/Ag nanoparticle structures
for incident light of wavelength 532 nm. Reprinted with permission from Ref'47. Copyright Elsevier (2017).
Photoluminescence results (Fig. 2430 supplement these facts where it is revealad th
the plexciton coupling can be adjusted through tin@ng of the LSPR; weak coupling is
signified by a minimal enhancement in photolumieese (by a factor of 2.5) (Fig. 24a), and
strong coupling by a maximum enhancement in phatolascence (by a factor of 14) (Fig.
24b). The strongest plexciton coupling case is detrated to occur due to the Purcell efféct
where the photoluminescence intensity of M@&Senhanced by a factor of 52 due to the LSPR

(Fig. 24d). Enhanced excitation absorption via LI®Ronsequently shown to provide for the

transfer of thermal energy to the surface of Ma®d the resultant hot carriers on the surface of



MoS;. This carrier-carrier interaction, Yang et'#l.emphasize, as vital for the promotion of

surface catalytic reactions.
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Fig. 24 (a) — (c) Photoluminescence (PL) spectra of MoS: displaying PL enhancement through local
surface plasmon resonance for Ag nanoparticles of diameters 6.1, 14.5, and 25 nm. (d) LSPR
enhancement factors for different quartz thicknesses. Reprinted with permission from Ref'4’. Copyright
Elsevier (2017).

Apart from the composite systems seen thus far,intherporation of semiconductor
guantum dots (QDs) in plexcitonic systems has dlsen of great interest in the field.
Semiconductor QDs offer several advantdfé&in that their absorption spectrum extends over
a broad range, and can be easily made to overldptiae spectrum of plasmonic nanoparticles
of various size$”® In comparison, their emission spectrum is narrowethat of the plasmon,

and thus by selecting QDs of appropriate sizes aametune the exciton emission across the



plasmon resonance. Furthermore, the strong ostilktength of the QD exciton allows for easy
single object experiment$® Some of this comes to play in the work of Denglét* where they

combine the local surface plasmon resonance effeétg nanoparticles with that of the up-
conversion property of nitrogen-doped graphene wuardots (N-GQD), a property that helps
them serve as photosensitizers for capturing was#nd near-infrared (NIR) light, in a ternary

Ag/N-GQD/g-GN4 nanocomposite (Fig. 25).
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Fig. 25 Schematic of the ternary Ag/N-GQDs/g-C3sN4 nanocomposite as presented by Deng et al.1’* The
boosted photocatalytic activity of the nanocomposite structure, such as its high-percentage removal
efficiencies of tetracyline (TC) is attributed to a synergistic effect among its three components each of
which promote light absorption and transfer ability as an efficient photocatalyst of broad-spectrum light
response with potential for wastewater pollution control. Reprinted with permission from Ref.17# Copyright

American Chemical Society (2017).



Furthermore, N-GQDs provide for low toxicity, adetgl electrical conductivity, and
excellent photochemical properti€s. 1® Similarly, it has been understood that Ag/gNe
composites present enhanced absorption in the wihsilde light region, but their inability to
harness light of longer wavelengths, such as NgRtJihas been their greatest impediment. By
co-doping Ag nanoparticles and N-GQDs on asfyhanosheet surface, Deng etdlcombine
the potential of N-GQDs to efficiently promote thleotocatalytic activity of other photocatalysts
along with the LSPR effect of Ag nanoparticles, émel visible light response ability of g4
to produce novel Ag/N-GQDs/gslN4 nanocomposites that present enhanced full-spadigint
response ability even in NIR light. The experiméntasults are quantified in the
nanocomposite’s enhanced ability to efficiently idefg tetracycline, as opposed to pristine g-
C3N4, with removal efficiencies of 92.8 % and 31.3 %den full-spectrum and NIR light

irradiation, respectively (Fig. 26).
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Fig. 26 Photocatalytic degradation of Tetracyline. Deng et al.l’ evaluate the performance of the

ternary photocatalyst by conducting experiments for TC removal. (a)-(c) Under full-spectrum light




irradiation (; > 365 nm) all the samples display boosted photocatalytic activity for TC removal, with
optimal results of 92.8% removal efficiencies evidenced in the ternary nanocomposite AGCN-4. (d) The
photocatalytic activity is observed to decline greatly under NIR light irradiation compared to those in
visible or full-spectrum light. This is attributed to the long wavelength and relatively weak energy of light in
these regimes. Pristine g-CsN4 was noted to present the weakest photocatalytic performance while the
GCN-3 and Ag/g-CsN4 samples maintain a higher photocatalytic performance, in comparison to the
pristine g-CsNa, but still very low as a standard register. (e)-(f) Meanwhile the ternary nanocomposite’s
performance is further improved presenting a 31.3% removal efficiency and 0.0059 min-! reaction rate.

Reprinted with permission from Ref.174 Copyright American Chemical Society (2017).

Deng et al’# attribute the excellent photocatalytic activitytbé ternary Ag/N-GQDs/g-
CsN4 nanocomposite to a synergistic effect among theetttomponents wherein the gNg
nanosheets serve as a loading matrix for the Agmpeticles and N-GQDs. Both the plasmonic
Ag nanoparticles and N-GQDs serve as nanoantemmmamproved visible-light absorption and
enhancement effects, as well as the conversionRflight, resulting in the utilization of the full
spectrum of solar energy and more photogeneratadyetcarriers while promoting their transfer
and reducing recombination processes. Photoeléanoical, transient photoluminescence, and
UV-vis techniques are further used to distinguisd inherent charge transfer and separation
dynamics that occur within the system, allowingitseroptimization as a highly efficient, broad-

spectrum response photocatafy/ét.

5.3 Plexcitonic Photovoltaics

In-depth investigations on the nature of plexcitoobupling have also paved the way for
numerous developments in photovoltaics. Silicoredasolar cells currently occupy a majority
market share in the market for photovoltaic pamspite the glaring issues of weak optical

absorption (due to silicon’s indirect bandgap) andighly energy intensive manufacturing



process. The former issue has been addressed lthsmigral means but most extensively
through the addition of metal nanoparticles (NPsthie existing structures of silicon solar cells.
The extremely localized electric fields on the auéf of metal nanoparticles (NPs) can enhance
the absorption of silicon in both the strong andkveoupling regimes. Metal NPs are most often
employed in photovoltaics to either scatter or tigit themselves!’ Typically, metal NP arrays
are either embedded in the active layer(s) or@ued at the junction of the active layer with the
adjacent layer in what are deemed as plasmonic sels. A deeper discussion of plasmonic
solar cell architecture is outside the scope o #Hrticle. However, a thorough and complete
review of this subject has been compiled by Pohetaai!?’ The architecture of such solar cells
shares many commonalities and the most archetyglaitectures are shown in (Fig. 27). The use
of plasmonics coupled with typical solar cell matksr have been investigated for every major

type of solar cell, from dye-sensitized solar ¢éfis’°to inorgani¢® ¥lto polymer cellg8 183

RITITITITR

f\fy\ Y N\

Fig. 27 (a), (b), and (c) depict the three most common ways in which plasmonic particles are used in a

solar cell: light scattering, light trapping by individual particles and trapping via surface plasmon polariton

production on arrays. Reprinted with permission from Ref.1?” Copyright Nature Publishing Group (2010).
Research regarding the application of plexcitowi@arscells is still at its infancy but as

presented in the work of Balci et &:,'8% 18the marked difference of plexcitons from their

constituents and their significant ability to ceeatew energetic energy levels in participating



materials did not go unnoticed. Plasmonic metal Bifesconsidered useful for their absorption
and scattering abilitiesy’ 8¢as shown ir{Fig. 28), plasmonic nanocrystals are unique asalpt
systems exhibiting an optical cross section gretdi@n their physical cross section, lending to

their ability to greatly enhance the interactiotvisen light and local chromophore materi&fs.

104_(8) Plasmonic (b) Blgsrasic
nanocrystals y 107k el

N c
E 5|5
10% ’ © S 450
c i AR R R R R R R R E LR EEEEEEELELELELLEE
o EZ o2
3 oy 2|
9 ? 2 [0}
® 10° . o= Organic
@ g e L f
"] 5 ols uorophores p
2 P Semiconductor 8 L .52 Semiconductor
: = quantumdots [ <% quantum dots
010'2‘ 4 .‘; =
.‘3 QOrganic w mm_b_
.g fluorophores
0 40

ol 1 104}k Atoms

3 Atoms J or ions
or ions
10"3 . L " L N 10° ! M
102 100 102 104 0.1 1. 10 100
Physical cross section (nm?) Physical size (nm)

Fig. 28 (a) The optical properties of several types of optical species in terms of their extinction and
physical cross sections, (b) Comparison between the extinction and physical cross sections to the
physical size of the same optical species further affirming the uniqueness of plasmonic crystals as optical
materials. Reprinted with permission from Ref.187 Copyright American Chemical Society (2012).

Beyond plasmons, plexcitons can absorb a novel kggnature and promote longer
exciton lifetimes'?4 127, 186, 188, 18&,ch phenomena have made plexcitonic systemsfiatesdlar
cell applicationg>® 186 189 19ere too, the nature of plexcitonic coupling isracial factort>® It
has been shown that plexcitonic coupling can im@rawortant parameters used to measure the
efficiency of solar cells such as tliec (short-circuit current)Voc (open circuit potential) and
PCE (power conversion efficienc().%?Plexcitons are able to contribute to the photamnirvia

an additional charge carrier transfer mechanismwknas plasmon resonant energy transfer



(PRET). Surface plasmon (SP) resonant frequendpdus required to achieve superior PRET,
the optimizing of which could lead to plexcitoniola cells outperforming ordinary solar
cells!® Plexcitonic analogs can be found in almost evepetof solar cell, ranging from
polymer to silicon and perovskite. Such flexibility application is one of the great strengths of
employing a plexcitonic approach to light harvegtin

A case study in example follows the work of Narak® who demonstrate the design of
plexciton-sensitized solar cells (plexciton-SSCs)hwhigher injection efficiencies and sum
output power as compared to individual plasmon-exaiton-SSCs. It is suggested that the Fano
resonance induced by strong plasmon-exciton cogighrovides an efficient channel for the
conversion and coherent transfer of energetic ehargrriers from metallic plasmons to
molecular excitons and organic dye molecules. Naal.® present a three-level experiment in a
comparative review of the ultrafast dynamical peses and energy transfer channel efficiencies
in plasmon-SSCs involving gold nanofilms (NFs) casgd of Au nanoparticles (AuNPs) on
TiO2, an exciton-SSC involving a metal-molecule hybsigstem consisting of Au nanofilms
decorated by cholorophyll (Chl) molecules, and expiton-SSC based on a combination of the

former plasmon and exciton-SSCs (Fig. 29).
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Fig. 29 Hybrid Plexcitonic Solar Cell. = Schematics of the three systems that Nan et al.”? analyze in
addressing the development of a hybrid plexciton-sensitized solar cell (plexciton-SSC). (Left) Plasmon-
sensitized solar cell (plasmon-ssc) depicting the charge transfer channel from the bare plasmon to cell
anodes in a noble-metal nanoparticle-semiconductor device where a thin film of Au nanoparticles is
deposited atop a TiO2 surface set on a transparent FTO conductive substrate, with a Pt film as the
counter anode. I I3~ is utilized as the redox agent for the electrolyte. LSPR of the gold nanoparticles
results in the transfer of photoelectrons from the Au nanoparticle to the conduction band of TiO2 and are
subsequently injected into the anode. (Center) Exciton-sensitized solar cell (exciton-SSC) where a thin
film of Au nanoparticles is decorated with chlorophyll (Chl) molecules. Inset: chemical structure of a Chl
molecule. (Right) Plexciton-SSC of Au nanoparticles on a TiO2 substrate and decorated with cholorophyll
(Chl) molecules. Efficient plasmon resonance energy transfer from the metallic plasmons of the Au
nanoparticles to molecular excitons, via strong coupling, leads to a hybrid photoelectron transfer channel
from the plexcitonic complex to the TiO> metal oxide system. Reprinted with permission from Ref.”2

Copyright Royal Society of Chemistry (2016).

The varied nature of the surface plasmon resong@iR) of the Au NFs, tuned from 550
to 780 nm, is shown to be dependent on the depodiitne with a broadening of the spectral
width and a red-shift of the SPR wavelength asitfgosition time increases (Fig. 30a). Spectral
data on the plasmonic response of the relevant lsamig obtained using UV-Vis-NIR
spectroscopy. The open-circuit voltayd€) of the AUNF-SSCs is seen to increase from 60 mV
to a maximum of 126 mV as deposition time incredse30 s (.. = 709 nm), while the short-
circuit current Jsg increases from 18A cm? to a maximum of 3@A cm?as deposition time
increases to 100 s . = 739 nm) (Fig. 30b). BotNoc andJsc decrease as the SPR is further
redshifted. A similar analysis of the exciton-S&Cused to demonstrate the tunability of the
plexciton Fano resonance and the SPR of Au@ChlidgbiThe strong coupling between

plasmons and excitons is identified by Rabi splgtin the absorption spectra, with a stronger



plasmon-exciton coupling at larger concentratiofismmlecular Chl (Fig. 30c). The SPR

wavelength is tunable from 550 to 780 nm by seleatontrol of the density of the deposited Au
NPs and the mass thickness of the film, mutuallyedeent on the deposition time. Using the
time-resolved optical differential transmission huet, Nan et af? identify three relevant

features for coherent energy transfer from plasntonexcitons in these hybrid systems: (i)
increasing dye concentrations enlarge coupling éetwplasmons and excitons while inducing a
deeper Fano dip (Fig. 30d-30e), (ii) the maximumd-dip is characteristic of the energy of the
molecular exciton resonance, and (iii) that thetkleyd the Fano dip is most prominent when

coupled around the plasmon resonafice.
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Fig. 30 Spectral Characterization of the Plasmon-SS  C and Exciton SSC. (@) Extinction spectra of Au
nanofilms in the plasmon-SSC for different deposition times. (b) Localized surface plasmon resonance
dependent J-V curves of the plasmon-sensitized solar cell. (c) Fano line-shaped extinction spectra of
exciton-SSC with a fixed LSPR at 620 nm for varying dye concentrations from 1.5 to 250 9g mL1. The
Fano dip is identified by the dotted line. (d) - (e) Dependency of the Fano amplitude ar and the Fano
factor g on the dye concentration. As the concentration of Chl molecules increase, the Fano dip becomes
blue-shifted, and is accompanied by corresponding increases in the Fano amplitude and factor. Reprinted

with permission from Ref.”2 Copyright Royal Society of Chemistry (2016).



It is also important to distinguish the chargeasafion pathways that occur in the three
individual systems. In the case of the plasmon-S8@sving gold NFs composed of AUNPs on
TiO2, the surface plasmon resonance of the AuNPs isdaatipole and supports the transition
of photoelectrons under light excitation, which dransferred from the surface plasmon
resonance level of the AuNPs to the conduction lmdrile TiQ film, and subsequently injected
into the anode. This is very much the plasmonicntenpart to the classical interfacial charge
transfer mechanism (IFCT), also referred to as mptasinduced metal-to-semiconductor
interfacial transition (PICTEY® where the noble metal plasmon, thanks to the gtomupling
and mixing of the metal and semiconductor levdlewe for the direct generation of an electron
in the semiconductor and a hole in the noble métahe case of the AuNPs, the dipole induced
by the surface plasmon resonance does exactlyatiils acts as a supportive energy level
promoting the direct generation of electron in skeniconductor and a hole in the noble metal.

On the other hand, in the case of the exciton-SBE€,Chl molecules have S- and Q-
exciton absorption bands at around 420 nm and 6860 respectively. It is the incoherent
coupling of the S-band exciton of the Chl moleudiéth d-band bound electrons of AuNFs that
leads to the weak peak in (Fig. 30c) around 420Meanwhile, the coherent coupling of the Q-
band excitons of the Chl molecules with the surfplesmon resonance of the AuNFs leads to
the asymmetric Fano resonance line-shape. The Bgnm the absorption spectrum can be
attributed to coherent plasmon resonant energgfeaiiPRET) from the metal nanostructure to
the dye molecules. Alternatively, it could alsouw®lerstood that the dephasing of the plasmon
of the AuNFs is attributable to the presence ofrtiiecular adsorbate in a process known as
chemical interface damping (CID). The broadeningthe resonance evidenced in (Fig. 30c)

further supplements this view and describes how, @lzent in the IFCT mechanism, provides



an alternative and additional pathway for the dsepitaof the plasmon and transfer of the
energetic charge carriers. To further distinguish plexcitonic charge transfer process via
PRET, Nan et al? used time-resolved optical differential transndssto observe the transient

absorption spectra of Chl, the Au film, and the AQI@® hybrid at the Fano dip wavelength

around 650 nm. While a positive signal for the entris observed for the AuNFs, attributed to
the decay of hot electrons converted from plasnasnsell as hot electron-phonon coupling, Chl
displays no obvious signal as the amount of Ctdassmall, while the Au@Chl hybrid provides

a negative signal response. This is seen as girexticative of the fact that the excited-state
energy upon resonant illumination can relax throlRRRET in the strongly coupled Au@Chl

hybrids.

The processes aforementioned in describing thegehaarrier mechanisms of the
plasmon-SSC and the exciton-SSC culminate in teecibn-SSC where an efficient channel of
coherent charge transfer is found involving an tdeliprocess of PICTT between the AuNFs
and TiQ supplemented by the small molecule plasmon-enlabinterfacial charge transfer from
the adsorbed Chl molecule to the semiconductor disaociation induced electron transition
(DIET) process? a subset of CID, to enhance light-harvesting ifficies’?

Nan et al’> explored the performance of a plexciton-SSC (Bitj) based on Au@Chl
hybrids. It is noted that both thlecand theVoc of the Au@ChI-SSCs experience prominent
increases, by 66 % for the former and 37 % folalter, compared to those of AUNF-SSCs (Fig.
31a-31b). This is because of the resonant cougiateveen the plasmons of the AuNFs with
excitons from the Chl molecules at a wavelength760® nm. The relevance of structural
parameters is duly noted as the corresponding sdtrelsc and Voc of the Au@Chl-SSCs are

smaller than that of Chl-SSC when deposition tis& i30 s. This is correlated with the small



size of the AuNPs and the off-set resonance opthgmon and exciton. Maximal power outputs
of 0.6 and 1.8W (Fig. 31c), for AUNF-SSC and Au@Chl-SSC respetyivas opposed to 0.3

and 0.18W for Chl-SSC and bare TEBSC confirm that plexciton-SSCs with strong Fano
resonances, via the careful adjustment of the msiiaroture and plasmons of AuNFs to achieve

optimal coupling with excitonic molecules, provide more efficient transfer channel of

photoelectrodes.
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Fig. 31 Hybrid Plexcitonic Solar Cell.  (a) — (b) Short-circuit current (Jsc) and open-circuit voltage (Voc)
of the hybrid plexciton-SSC. Note the prominent increase in both parameters due to the strong coupling
that occurs between the plasmonic Au nanoparticles and the excitonic Chl molecule. Both Jsc and Voc of
the plexciton-SSC reach their maxima at a LSPR wavelength of 709 nm for a deposition time of 90 s.
Compared to that of the exciton-SSC the plexciton-SSC does register a smaller Jsc and Voc when

deposition time is < 30 s. This is attributed to the small size of the Au nanoparticles and possible



resonance off-set between the plasmon and exciton. (c) Maximal power comparisons of plexciton-SSCs
(red line) and plasmon-SSCs (black line) showing that the maximum power increases by ~180% in the
case of the plexciton-SSC due to the Fano resonance between the Chl molecules and the Au
nanoparticle film. On the other hand, another plexcitonic complex involving Rhodamine Blue molecules
with Au nanoparticle films do not experience the same optimization due to an absence in explicit
signature of a Fano resonance. Reprinted with permission from Ref.”? Copyright Royal Society of
Chemistry (2016).

As such, there is a growing interest in the fielddentify photoactive materials that are
capable of plexcitonic coupling and their effectitranslation toward electrical performance.
Several research groups have found that J-aggrelyat® whose structure resemble organic
semiconductors used in solar cells today, are dadlplexcitonic coupling® %4

Symonds et & found evidence of strong coupling at room tempeeatbetween a
surface plasmon and an exciton from a layered tweedsional perovskite type semiconductor
spin coated onto a silver film in an organic-inorngahybrid architecture (Fig. 32, Left).
Symonds et ai®® note how the strong coupling regime leads to tmmétion of plexciton states,
or mixed plasmon/exciton states, involving high &l energy polaritonic branches. Definitive
and quantitative proof of strong coupling is detiexed from the observation of an anticrossing
with a Rabi splitting of 167 meV observed in themirsion lines resulting from reflectometry

experiments performed at room temperature in tlegs€¢hmann geometry (Fig. 32, Right).
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Fig. 32 Emission of plexcitonic states.  (Left) Absorption and emission spectra at room temperature of
the perovskite layer deposited onto a glass substrate. A layout of the sample is provided in the inset. A
clear absorption peak is evident at 2.402 eV and is attributed to the excitons formed in the inorganic
layers.195 The emission spectrum also presents a Stokes shift of 31 meV compared to the absorption
spectrum matching previous measurements on similar types of materials. (Right) Reflectometry energy
(empty circles) is observed to decrease as a function of the wave vector. An anticrossing between the
dispersion lines appears, providing characterization of the strong coupling that occurs between the
surface plasmon of the metallic Ag, and the excitonic perovskite. Dotted lines represent the energy of the
uncoupled plasmon and exciton, and the solid lines are the calculated polaritonic dispersion branches.
Black circles indicate the positions in energy of the luminescence peaks. Reprinted with permission from

Ref.195 Copyright AIP Publishing (2007).

Balci et al'®* discovered that the plexciton coupling strengtlild be tuned by the
altering the concentration of the photoactive makehis was achieved by controlling the
number of dye molecules adsorbed upon metallic panticles which has a significant influence
on the magnitude of Rabi splitting energy, an iathc of the strength of the coupling between
the plasmonic nanoparticles and dye molecules,ishatndamental to obtaining hybrid metal-
organic plexcitonic nanostructures with tunableiagbtproperties in the visible spectrum (Fig.

33a).
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Fig. 33 TDBC-Ag NP Plexcitonic System. (a) Schematic representation of the self-assembly process
involving TDBC dye molecules on an Ag NP. (b) Extincation spectra of Ag NPs and 0.1 mM TDBC, the
self-assembled J-aggregate, in aqueous solution. The localized surface plasmon resonance of the Ag
NPs is observed at around 600 nm while the broad absorbance peak around 513 nm is attributed to the
TDBC monomer, and the sharp absorbance peak at 587 nm coming from the aggregated TDBC
molecules. (c) Plexcitonic coupling and nanoparticle formation in the system is identified by the signature
Rabi splitting of energies in the exctinction spectrum following the self-assembly of the individual TDBC
molecules on the Ag NPs in an aqueous solution. Two new polariton branches, an upper polariton branch
(UPB) and a lower polariton branch (LPB), are formed. Reprinted with permission from Ref.18 Copyright

American Chemical Society (2016).

By adjusting the concentration of dye moleculesdueea unique synthesis of plexcitonic
nanoparticles, Balci et &% are able to control the number of dye moleculgslinng a cyanine
dye, (5,5',6,6'-tetrachlorodi(4-sulfobutyl)-benzid@zolocarbocyanine (TDBC) self-assembled
on Ag nanoprisms (Ag NPs) (Fig. 34a). These indiglddye molecules self-assemble into J-
aggregates on the Ag NPs forming a plexcitonicesysidentified by the inherent Rabi splitting

of energies that is observed in the correspondixignaion spectra. The tunability of the



plexcitonic system is further confirmed by considgrthe extinction spectra of the Ag NPs
synthesized with varying concentrations of TDBC ecoles resulting in the observation of a

transition from the weak to the ultrastrong coupliegime (Fig. 34b).
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Fig. 34 Tuning the Ag NP — TDBC plexcitonic System. (a) Extinction spectra of Ag NPs when
synthesized with increasing concentrations of TDBC molecules (by varying the volume, while the
concentration of TDBC remains at 0.1 mM) in the aqueous solution from samples 1 to 6. The notable
shifts in the Rabi splitting energy wavelengths and peaks directly provide proof of the plexcitonic system’s
tunability. (b) The Rabi splitting energy magnitudes are observed to increase with the concentration of
TDBC molecules displaying a gradual transition from the weak to the ultra-strong coupling regime. (c) The
kinetics of the J-aggregate formation of the surface of the Ag NPs is studied. The extinction spectra of
sample 4 as a function of time is shown in with each spectrum being taken after ~ 2 min. (d) The plot of
the extinction at 587 nm vs. time for the sample 4 presents proof of the formation of the plexcitonic
nanoparticles in less than a few minutes. Reprinted with permission from Ref.!®* Copyright American

Chemical Society (2016).



In a similar fashion, researchers have also shbanhCdSe nanorods capped with Au or
Pt beads are able to undergo ultrafast charge aepaf® where the CdSe phase transfers
between 90% and 60% of hot electrons (and 80 %180d% of cold or Drude electrons) to the
Pt or Au ends, respectively. The dynamics of thet@éxcited charge carriers in CdSe/Au and
CdSe/Pt nanorods were probed using ultrafast ggsactpy. It was upon photoexcitation at the
400 nm wavelength that Yu et 8f. found that the results showed both hot and cadtedn
transfer from CdSe to the metal component. Whik itilection of the photoinduced electrons
into the Au tip was observed to be faster than thai the Pt nanoparticles, only Pt could

completely extract the excited electrons from tl&S€ nanorod (Fig. 358

Fig. 35 Schematic representation of the band alignm ent and charge transfer mechanisms of

CdSe/Au and CdSe/Pt nanorods. By combining temperature-dependent photoluminescence spectra, Yu
et al.1? demonstrate that the migration of photogenerated charge carriers can be ascribed to the band
alignment dynamics and the charge storage/discharge behavior of the metallic components. In the
schematic seen above, 400 nm photoexcitation has excess energy above the conduction band edge of
the CdSe rod. Thus hot electrons/holes release this excess energy and move to the bottom of the

conduction band via intraband relaxation. This charge separation is further enhanced by the presence of



the Au and Pt components by way of fast hot and cold electron transfer. Following the cold electron
transfer, 20% of the photoexcited charge carriers still remain in the CdSe/Au over a nanosecond
timescale, while CdSe/Pt results in an optimal extraction of all the electrons in the CdSe rod. Reprinted

with permission from Ref.1% Copyright American Chemical Society (2013).

Though it would seem a simple logical progressibat tcurrent organic and hybrid
photovoltaics would prove capable of being conwkrie plexcitonic solar cells, plexcitonic
systems are not without their own shortcomingsepahdent groups have found that when the
exciton producing material is in close proximityneetallic nanoparticles, exciton lifetimes are
decreased due to the presence of additional deatdywpys where the exciton may either
annihilate producing a surface plasiBror undergo resonant electron transfer to the metal
199 the former process being a source of photocur@ss and the latter being useful when
transfer to the metal phase is the desired outcaimet al?°° found that the amount of surface
plasmon production was tunable when using a coe#-structure. The authors encapsulated a
CdSe/znS QD with A3 shells of varying thickness and found that a théds of 35 nm was

the best at suppressing SP production (Fig 36).
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Fig. 36 CdSe/znS Quantum Dots Coupled with Ag Nanow ire. The interactions between surface

plasmons (SPs) in metal nanostructures and excitons in quantum dots (QDs) are of great interest for



applications that are strongly dependent on the quantum yield of SPs. Li et al.2% utilize the SP guiding
property of the nanowire as a means to measure the decay rates of all the exciton recombination
channels i.e. direct free space radiation, SP generation, and nonradiative damping. This is achieved by
encapsulating the CdSe/ZnS QDs with Al203 (Left) shells of varying thicknesses where thicknesses of 35
nm and 10 nm result in minimum and maximum SP quantum yields from the different distance-dependent
decay rates of the three identified decay channels (Right). Reprinted with permission from Ref.20

Copyright American Chemical Society (2015).

This shows that there may be a lower limit to tistashce between plexcitonic materials
to garner productive plexcitonic coupling. To avihe close physical proximity of metal NPs to
photoactive layers, both core-shell structtit®é®and insulating spacers such as Si@ve been

employed?®!

5.4 Plexcitonic Luminescence

The world’s largest application of electroluminasoe is in light emitting diodes (LEDs). LEDs
have always been plagued by relatively low lumieese quantum yields and low outcoupling
efficiencies due to which improving their efficignbas long been a focus of resegf@sSeveral
studies have shown that plexcitonic coupling candifgothe emission properties of
fluorophores’?%-203 Specifically, it has been shown that plasmon-excitoupled (plexcitonic)
systems are capable of modifying and enhancingmhigsion rate of quantum dots (Q#9$)2%5
semiconductorg® 2°7 and organic dyé%® both by factors of more than 10. Most notably,
Okamoto et af® 219 found that plexcitonic coupling between an Ag filmd InGaN/GaN
guantum wires displayed a 14-fold increase in PAntlincoupled samples. The authors were
able to tune the strength of plexcitonic coupliygviarying the thickness of the GaN spacer that
separated the metal film from the InGaN quantumlsv@DWSs). Their experimental setup is

shown schematically in (Fig. 37a). (Fig. 37b) shdtes PL curve of the InGaN-metal coupled



systems when spaced 10 nm apart by the spacemdA\Ag samples exhibited a PL intensity

increase by factors of 8 and 14, respectively.
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Fig. 37 (a) Schematic of the structure of the plexcitonic LED where the metal film represents the
plasmonic material, (b) Photoluminescence spectrum of the plexcitonic LEDs compared to the normal

LED. The spectra of the normal LED has been normalized to 1. Reprinted with permission from Ref.20°
Copyright Nature Publishing Group (2004).

Nepal et af'! have shown a scalable, well-controlled and sinpige to quantum dot
(emitter) - Au nanorod (plasmonic units) architeetufrom solution using common solvents and
organic compoundsBy merely tailoring the molecular spacers, concditins and reaction
times, the group was able to alter the location gpacing of the QD coated Au nanorods.

Furthermore, the system displayed a 5-times eninagxaein photoluminescence compared to its

non-plexcitonic analog (Fig. 38!



Fig. 38 (Top) Structural control of spacing, position, and number of QDs per AuNR in QD-AuNR
assemblies in aqueous solution. Spacing length is controlled by changing lignad length, while ligand
position and the number of QDs per is controlled by incrementing QD concentration from 0.2 (a,b,f,g), 0.5,
(c,h), 1.5 (d,i), and 2.5 nM (e,j) at 0.2 nM AuNR concentration. (Bottom) The subsequent photophysical
properties of QDn/AuNR in aqueous solution and on a glass surface, confirming the fact that the
plexcitonic counterpart to the QD/AUNR system produces a 5-times photoluminescence enhancement as
opposed to its non-plexcitonic analogs. Adapted and reprinted with permission from Ref.211 Copyright

American Chemical Society (2013).
Similarly, in 2010 Fujiki et af!? constructed an Alg (tris(8-hydroxylquinolianato)
aluminum (lll)) based OLED structure in which Au dii#ere embedded in the hole transport

layer.The structure of their device is shown below ig(F39a). By tuning the thickness of the

hole transport layer, the authors were able to theeplexcitonic coupling between the Au NPs



and the excitons formed in the emissive layersg.(BBb) displays the electroluminescence
spectrum with respect to current density for bb#hriormal and the plexcitonic devices, denoted
as Normal-D (or OLED) and Surface-Plasmon Coupledhisgeion OLED (SPCE-D),
respectively. As observed in (Fig. 39b), the emissntensity of the SPCE-D system increases
sharply at a current density value of 2 mAfcas opposed to the Normal-D system. The
plexcitonic LED demonstrated a 20-fold increaséQg (internal quantum efficiency) where the
value of the IQEs for the SPCE-D and the NormalyBtems at 15 V were estimated to be
approximately 1.72 10° and 8.7? 108, respectively!? By obtaining the onset voltages of
emissions and the emission spectra for Normal-DSPGE-D, Fujiki et at'? are able to clarify
the mechanism behind the enhancement effect. Toet eoltages of the two samples are found
to be 11.5 V for both, indicating that the presentéu nanoparticles does not influence the
charge injection efficiency. Rather, the effectSRCE in improving the emission efficiency in
the OLED structure is attributed to the enhancendé®@LED emissive sites. These sites prove
to be locations where high densities of excitomslacalized within several nanometers from the
interface between the hole and electron transpyetré!® via coupling with localized surface

plasmons from the Au nanoparticfés.



Fig. 39 (a) Schematic of the plexcitonic OLED structure, (b) Emission intensity as a function of current
density for the normal and plexcitonic OLEDs denoted by Normal-D and SPCE-D respectively. Reprinted

with permission from Ref.212 Copyright AIP Publishing (2010).

A few interesting approaches have been taken toelamg plexcitonic coupling for
efficient light-emission purposes. In 2012, Laweieal?'* demonstrated that by varying simple
parameters of a plasmonic array such as the ptehtér-to-center distance) and particle edge
distances, one could vary the strength of the jgieic coupling and thus shift the color of

emitted light even into the elusive near-UV spatti(frig. 40).

Fig. 40 (Top) Schematic of the ZnO single quantum wells (SQWSs) covered with Al nanoparticle (60-91 nm
in diameter) arrays with an array pitch of 150 — 450 nm. (Bottom) The normalized SQW
photoluminescence spectra acquired at T = 15 K (Left) and at room temperature (Right) for varying well
widths of 1.5-9nm and for bulk (500 nm) ZnO, illustrating tuning of the emitted light along the near-Uv
spectrum. Adapted and reprinted with permission from Ref.?14 Copyright American Chemical Society

(2012).



Taking the application of tunable heterostructueesn further, Eizner et &° were able
to create Al nanoarrays that coupled with J-agdgesgalhis makes use of both an inexpensive
metal and an organic semiconductdme group also found enhanced absorbance and
photoluminescence was possible across a rangewa#levegths by simply tuning the parameters
of the Al array. The authors varied the diametethefdisk-shaped NPs and the length and width
of the pill-shaped NP as well as the center-to-@edistance (pitch) in order to access the entire
visible spectrum as well as portions of the UV spen. Potentially, LEDs or OLEDs of nearly
any color could be produced by simply altering thetal nanoarrays coupled to the same basic
diode structure. Finally, Eizner et?f.were able to create polarized light sensitiveyarahese
arrays would luminesce either visible or UV lighasied on the direction of polarization of the
incident light. (Fig. 41shows the important array parameters as well as Sfdvoptical images

of the plexcitonic systems.

Fig. 41 (a) Schematic of the disk-shaped Al NPs embedded in the TDBC dye layer, (b) SEM image of the

disk-shaped array, (c) Transmission image of disk-shaped array sheets with varying Al NP diameters, (d)



Schematic of the pill-shaped Al NPs embedded in the TDBC dye lay, (¢) SEM image of the disk-shaped
array, (f) Transmission image of pill-shaped NP array sheets with varying Al NP length and width. The top
of set of slides are illuminated by light polarized in the denoted x-plane while the bottom set are
illuminated by light polarized in the y-plane. Reprinted with permission from Ref.21> Copyright American
Chemical Society (2015).

As mentioned in the previous section, quenching lsam concern when photoactive
molecules are in extremely close proximity to mét&s. In 2006, Anger et #° measured the
dependence of the fluorescence intensity for aeimglecule of nile blue dye in the presence of
a gradually approaching Au nanosphere. A maximalréscence intensity was achieved when
the molecule was placed at a distance ~ 5 nm aveay fne surface of the Au nanosphere. It is
understood that as the molecule is moved towardstivéace of the metal nanosphere, the
molecule experiences an exponentially increasirgallelectric field intensity leading to a
continuous increase in its excitation rate, thudicating that the fluorescence intensity is a
synergistic result of the excitation rate enhana#raed the modification of the overall quantum
yield. On the other hand, fluorescence quenchirfguad to occur when the spacing is roughly
less than 5 nri?® Anger et af® also emphasize that the relative dipole orientatiof the
fluorophore and plasmonic nanocrystal are very irtgm for enhanced fluorescence as both the
excitation and emission enhancements are strongyertient on the molecular dipole
orientation relative to the polarization of theatte field.

In comparison, as shown earlier, Li et?®l.found that optimum PL intensity for a
CdSe/znS QD was achieved when it was placed 35rom &n Ag NW.The distances between
the QD and NW were achieved by encapsulating then@®an AbOs layer. It should be noted
that the discrepancy could be accounted for sirgr@feantly different materials were used in

either study. Another representative study of similature is done by Liu et @f who studied



the effect of plasmonic Pt NPs concentrations onoboidal CsPbBg perovskite structure
semiconductor NPs discovering photoluminescence) (Ruenching and exciton lifetime
lengthening at higher Pt NP concentrations. The Iidtimes of the colloidal CsPbBr
semiconductor nanoparticles were extended from 4316 30.8 ns. This is a beneficial property
favoring the catalytic function of the semiconduatomponent of the composite structure, as it
extends exciton lifetime, further increasing thehability of charge transfer to an adsorbed
surface catalyst which will be of great applicatiarsolar cells as a longer lifetime allows more
time for charge separation to occur. Finally, whslurface plasmons can be a large source of
inefficiency in OLEDs, Hobson et #? found that plexcitonic arrays on OLED materials @
used to recover that lost energy. Since then, OLiBDsrporating periodic Au NP arrays have
even been found to increase luminescence intemsitg than 10-fold!’

In this manner, these representative studies prethen great potential there is in
incorporating plexcitonics for advanced applicasiom optical enhancement, OLEDs, and

fluorescence spectroscopy.

6. Perspective on Future Work

Despite the myriad applications that have been dirbdiorward to demonstrate the exciting
potential of plexcitonic systems for photocatalygisotovoltaics, and luminescence, the detailed
mechanisms of plasmon-exciton interactions as w@bdelin these hybrid and composite
nanomaterials are yet to be fully understood. Fanele, in the case of plasmon-graphene co-
driven chemical reactions, we have yet to get apiera picture of the ultrafast dynamical
processes that result in the transference of plagnduced hot electrons to graphene. In fact,
the very basic nature and reason behind the higffierencies of catalytic reactions as well as

the damping processes evidenced in these hybridregs eludes our current understanding, and



while various theoretical and experimental appreaclmave contested these questions, a
consistent framework is yet to emerge bridgingghgsics behind plasmons and excitotis’™

149, 156, 218-220\10ving forward, this is a significant challengeattmust be tackled in gaining
access to a greater understanding of plexciton rdigs&a and the exploitation of said
guasiparticles in various nanotechnological appbce.

Altogether, the study of plexcitonics offers a widenge of opportunities to learn and
control light-matter interactions and electromagnenergy at the nanoscale. Among various
other systems, plexcitonic hybrid metal-semiconduntinostructures hold great promise in their
contribution to understanding the behavior of sgrand weak coupling, two physical processes,
at the core of various nanophotonic phenomena. tingitter coupling, and more precisely,
strong coupling, is a phenomenon that connectsriabgeience with quantum electrodynamics.
This not only offers us the possibility to mold amsbnitor material and molecular properties
through the hybridization of the quantum field, eeggally designing quasi-particles, but also
assists the development of novel complex matesiath as high-temperature superconductors,
photocatalysts, and topological materials ‘ét®y controlling the interactions between the
vacuum field and material oscillators, strong doypwould enable us to govern biological
dynamics, and quantum mechanical processes suwatteascal reactivity, phase transitions, and
spectroscopy etc. This will assist toward the fzdiron of exotic devices in nanoscale optics and
photonics all the while bridging the fields of plog chemistry, and engineering. Further
investigations on the practical applications obstr coupling could be made by considering
systems that increase the coupling strength armvathe coupled system to interact with
surrounding media. An example would involve systernasisting of ensembles of emitters

separately coupled to plasmonic cavifiés.



While various linear optical properties have be&rdied and utilized extensively in
diverse relevant applications, plexcitonic hybriinastructures open the venue towards
exploring nonlinear optical properties that canubiézed for optical switching, amplification,
and regulation of light-matter interactions at thanoscalé3? Ultrafast probe studies of
plexcitonic interactions will help optimize the ags of potential plexcitonic nanostructures with
ultrafast functionalities. The potential of pletoriic systems is vast. The interactions between
plasmons and excitons in semiconductor nanostreEtucan be harnessed for their
complementary advantages such as prolonged lifetimhe excitons in semiconductor
nanostructures and enhanced quantum yields andorpenfice efficiencies in various
optoelectronic devices ranging from light emittisigdes to solar cells as well as semiconductor
photocatalytic systems. Plexcitonics, in its inimem@atter-light hybridization regimes of strong
and weak coupling also contribute to venues foempl development and optimization of
applications such as low-threshold lasers, bionadaetection techniques, and quantum

information processing methods.

Moving forward, challenges remain in both experitaéand theoretical aspects of the
field. It will be necessary to develop a theordtitamework under which the intrinsic losses
observed in plexcitonic systems can be addressedielisas provide alternatives in gain
structures that can be integrated. Methods must ladsdeveloped to sustain surface plasmon
resonance and exciton dipole strengths for efftqiexcitonic interactions. The study of surface
properties will be crucial to understanding thegiori of strong and weak plexciton
interactionst? Even more so, many quantum properties of surfémsnons are yet to be fully
explored and there still remain huge obstaclesilty fealizing functioning and reliable quantum

devices that take advantage of plasmonics. Thiswoently applies for plexcitonics which is, in



essence, the amalgamation of plasmons and excidaost importantly, as we consider the
miniaturization of said hybrid systems, we musingrinto question the current quantization
methods, largely macroscopic in their approach, twed applicability in the microscale. One

such consideration would involve the requirementenfsity functional theory combined with

guantum optics and plasmonics. Much of this caro &l supplemented by numerical
simulations that can provide insights toward thecebmagnetic phenomena involved in the
interaction of light and matter at the diverse kangcales encountered in various plexcitonic

applications.

7. Conclusion

This review provides a survey of the current redean the field of plexcitonics. Plexcitons are
guasiparticles used to describe the interactiongwaf other quasiparticles — plasmons and
excitons. In the strong coupling regime, plexatosystems are characterized by a large Rabi
splitting in their optical spectra while in the vkeaoupling regime, plexcitonic interactions
modify the intensity of optical absorption and thée of spontaneous emission. Nanofabrication
and materials chemistry are important in engingenanoscale configurations wherein discrete
metal nanoparticles or arrays of noble metal nartimpes are found in close proximity with
excitonic absorbers and/or emitters to achieverdlgeisite degree of coupling. The plexcitonic
coupling of noble metal surface plasmons with @stin 2D semiconductor sheets such as
graphene, reduced graphene oxide and transitioml ndéthalcogenides have been used to
demonstrate a synergistic enhancement in the faseiréace photocatalytic reactions. Various
binary and recently established ternary nanocongmsof graphene and noble metal
nanoparticles have been used to display improvsibleilight absorption and enhancement

effects, resulting in the utilization of the fulpectrum of solar energy and the generation of



energetic charge carriers promoting excellent ptaitdytic systems while foregoing losses via
transfer and recombination processes. In stronglisgve organic semiconductor films, IlI-V
nanowires and Il-VI quantum dots, plexcitonic conglhas been used to shift the emission
wavelength of light emitting devices, achieve erdemh photoluminescence and
electroluminescence, and demonstrate polarizagosisvity. Diverse photovoltaic architectures
involving plasmon-SSCs, exciton-SSCs, and theityaighave set the stage for the optimization
of hybrid plexciton-SSCs translating towards eé#idi electrical performance. The great potential
of plexcitonic applications notwithstanding, chaljes remain in the road ahead to provide for
the extensive commercialization of said devicesongbide theoretical developments to shed
light on the coupling mechanics involved in plegait applications, the advancement of novel
fabrication techniques as well as ultrafast probimgthods, the experimental functionalities of
plexcitonic nanostructures can be further optimifmdbetter control of optical properties and

energy flow for diverse applications in optoelentos.
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