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Abstract

The nanoscale confinement and coupling of electromagnetic radiation into plexcitonic modes has
drawn immense interest because of the innovative possibilities for their application in light
harvesting and light emitting devices (LEDs). Plexcitons arise from the coupling between two
types of quasiparticles, plasmons and excitons, and can be distinguished by the strength of the
coupling into strong and weak coupling regimes. Plexcitons have been used to modulate the rate
of Forster-type resonance energy transfer in quantum dot assemblies and enhance the
spontaneous emission rate in quantum dot LEDs. The clearest examples of a plexcitonic
enhancement of photocatalytic reaction rates have been evidenced in hybrid systems wherein the
strongly bound exciton found in 2D sheet-like semiconductors is coupled to the surface plasmon
resonance of close-lying noble metal nanoparticles. Plexcitonic photocatalysts and solar cells aim
to increase the lifetime of hot carriers and thereby enhance the quantum yields for energy
harvesting. Since plexcitonics requires the placement of plasmonic and excitonic components in
close proximity with one another to facilitate their coupling, it provides a rich arena for chemists
and materials scientists to form deterministic and non-deterministic arrays and heterojunctions
involving noble metal thin films and nanostructures, quantum dots and dye molecules. This
review summarizes the dynamics of plexcitons in the various composite systems and provides an

overview of the latest theoretical and experimental developments in the field of plexcitonics.
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1. Introduction

The study and design of devices that are capable of harnessing and controlling light-matter
interactions at the nanoscale have long been subjects of intense research activity.! Metallic
nanostructures are considered most ideal for this purpose since they have the ability to focus and
confine optical energy in subwavelength spatial regions.> The resultant diverse modes of
behavior observed upon the interaction of electromagnetic radiation with metallic nanostructures
serve as probes that reflect properties of the material system as well as the formation of hybrid
states of light and matter that display properties of both.?> The most explicit of said manifestations
are polaritons — quasiparticles that result from the mixing of electromagnetic radiation with the
polar excitation of a material. Polaritons encompass a wide variety of light-matter hybrids
including exciton-polaritons, plasmons, and plexcitons, to name a few (Fig. 1).* Investigations of
these quasiparticles have revealed much about the nature of light-matter interactions at the
nanoscale while promoting the exploitation of said phenomena in nanophotonic applications
including light-emitting diodes, solar cells, photocatalysis, quantum information processing,
catalysis, environmental science, and telecommunications.’

The focus of this review is to provide a theoretical and experimental overview of one
such light-matter hybrid, the plexciton. It is imperative that we begin by considering the

theoretical principles used to describe plexcitons. This review will provide an outline of recent

progress that has resulted in the proliferation of plexcitonic 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 and plasmons; they are polaritonic modes that
essentially describe the interaction or coupling of plasmons and excitons.” 8 The concept of
excitons was first introduced by Frenkel in 1931 and Peierls in 1932 in the form of “excitation
waves” when light is absorbed and transformed into heat in solids.” '© An exciton is an
electrically neutral quasi-particle involving the bound state of an electron and a hole attracted to
each other by the electrostatic Coulomb force. Excitons can exist in a variety of materials
ranging from semiconductors to insulators, and are further classified as Frenkel, Mott-Wannier,

and Davydov excitons based on the strength of the coupling observed between the electron and
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hole amidst the screening effect exhibited by the background material matrices which include,
respectively, ionic solids, covalent solids, and organic molecular crystals.' Mott-Wannier
excitons (also known as just Wannier excitons) are typically found in inorganic semiconductors
with low effective masses and high dielectric constants, which result in binding energies smaller
than thermal energy (kT ~ 26 meV) at room temperature.!!"!* Frenkel excitons are found in
organic dye aggregates, conjugated polymers and molecular crystals wherein the low dielectric
constant and high effective mass result in large binding energies of 0.2-1.2 eV.!! Based on the
spin-states of the bound electron and hole constituting the exciton, Frenkel excitons can be
classified into short lived but fast diffusing singlet excitons, and long lived but slow diffusing
triplet excitons.'* Charge transfer (CT) excitons are a special type of Frenkel exciton wherein the
electron and hole are found in different materials on opposite sides of a heterojunction interface
and are yet bound coulombically. CT excitons are typically more delocalized than conventional
Frenkel excitons and have low oscillator strengths. Wannier excitons are delocalized over tens to
hundreds of atoms and are therefore characterized by large Bohr radii while Frenkel excitons are
highly localized and the effective separation between the bound electron and hole (~ 1 nm),
typically does not exceed 1-2 unit cells.”” While Wannier excitons have a weaker oscillator
strength compared to Frenkel excitons, their large size enables them to interact at much lower
population densities and enables a plethora of nonlinear and other effects arising from many

body interactions.!®

On the other hand, the large oscillator strength of conventional Frenkel
excitons enables them to leave huge signatures in the optical absorption and emission spectra.!’

2D semiconductors, particularly monolayers of transition metal dichalcogenides (TMCDs),

exhibit an unusual type of Wannier exciton that is delocalized over several unit cells in the two-



dimensional sheet but is nevertheless coulombically bound with high exciton binding energies of
the order of 0.5 V.8

Surface plasmons (or commonly just plasmons), are the collective and coherent
oscillations of delocalized electrons that are excited by incident photons at a metal-dielectric
interface.!” The electric field component of the incident light is responsible for the excitation of
the collective oscillations of these free electrons. These oscillations are commonly categorized
into two modes, Surface Plasmon Polaritons (SPPs) and Localized Surface Plasmon Resonance
(LSPRs), depending on the morphology of the metallic structure that enables them (Fig. 2).%°
SPPs are excited on continuous metal structures of characteristic dimensions larger than the
wavelength of incident light; these plasmonic oscillations travel along the metal surface for
distances of tens to hundreds of micrometers.>! LSPRs are excited in metal nanostructures that
are smaller than the electron mean free path, within the material, as well as the incident
wavelength of light?® A resonance is achieved when the frequency of the free electron
oscillations match that of the electric field component of the incident light. Unlike SPPs, LSPRs
are non-propagating in nature, are strictly confined to the metal nanostructure, and can be excited

on metal nanoparticles as well as around nanoholes or gaps in thin metal films.??
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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 characterized by the nature of coupling between the
constituent excitons and plasmons. Molecular crystal excitons can be combined with the
collective excitations of electrons within metals to create plexcitons. Most commonly, plexcitons
are observed when an organic molecular layer is conjoined with a metallic film at an interface. A
classic example of such a molecular plexcitonic system consists of J-aggregates of dye molecules
on the surface of plasmonic nanostructures such as gold nanoshells or corrugated silver films or
silver nanoprisms or a lithographically patterned array of Ag or Au nanodisks.® 3?7 Plexcitons
can also result from the interaction of Mott-Wannier excitons with surface plasmons. Examples
of such all-inorganic plexcitonic systems include chalcogenide nanorods coated with gold tips,?
isolated nanoparticles or arrays of silver nanodisks on top of a 2D excitonic semiconductor such
as MoS or WSe or WS»,2%3! layer-by-layer assembled quantum dot solids integrated with noble

metal nanoparticles at tailored spacings®’ etc. Plexcitons offer an appealing platform for



exploring exotic phases of matter at nanoscale interfaces, as well as their potential application in
controlling nanoscale energy flow. The examples of plexcitonic systems mentioned above also
illustrate the importance of materials chemistry in engineering excitonic emitters in close
proximity to noble metallic nanostructures or in placing excitonic materials in the gaps between

coupled noble metal nanoparticles.

3. Principles of Plexcitonics

The principles of interaction in plexciton coupling and the subsequent conversion process of
plasmon-exciton-photon modes have been widely investigated.® 3*-*> The classical description of
light-matter hybrids follow an approach where Maxwell’s equations are utilized to define the
position-local dielectric response of the system, &(w).® The dielectric response refers to the
analysis of the storage and dissipation i.e. the interaction of electric and magnetic fields in a

1.3 This parameter is experimentally accessible for many systems, via methods

given materia
such as dielectric spectroscopy, impedance spectroscopy, and ellipsometry.’” 3 Plexciton
coupling refers to the collective interaction of metal plasmons and molecular excitons, and can
be categorized into two modes: strong coupling, and weak coupling. But first, to understand the

physical principles that dictate plexciton dynamics, it is necessary to review the models used to

describe the constituent metal plasmons and molecular excitons.

3.1 The Metal Plasmon System
For metals, the Drude model provides the simplest description of the dielectric response,®® 4°

where the conducting electrons of a metal are considered as an ideal gas of non-interacting

charged particles governed by Newton’s second law along with a phenomenological friction

term.*" ** The dielectric response function is written in the form, €,(w) = €, o — ooy @p i
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core electrons. The corresponding dispersion relation, k = = /er,oo —w—’z’, is found when the

Drude model is applied to light propagation in homogeneous bulk metals. Accordingly, the
creation of hybrid plasmon modes are indicated as the strong or resonant coupling between light
and plasma charge oscillations in the metal when w = w,.

The Drude model is limited in its provision of describing the optical response of metals
for only a short range of frequencies.’> Apart from the Drude model, the Lorentz-Drude model
provides an even more general description of the optical response of metals by combining the
Drude model with the Lorentz function.> > An additional phenomenological term representing
the effect of interband transitions and the motion of ionic cores is included. Combining the
Lorentz-Drude model with Maxwell’s equations, mathematical relations for the various
behaviors observed along the interfaces of various dielectrics, such as an organic molecular layer
and a metallic thin film, can be modeled.

In utilizing these relations to describe the general collective optical response of metallic
nanostructures or the excitation of SPPs and LSPRs, one must not forget, as mentioned earlier,
the significant influence that the geometry and characteristic dimension of the nanostructure

impose on the construction of its mathematical model.

3.2 The Molecular Exciton System
For the sake of simplicity, the molecule is often modeled as a polarizable point object.® In this
limit, a molecule’s effect on a plasmonic system is largely relegated to the influence a molecule’s

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



response of the metal system to the electromagnetic field of the molecule as well as the originally
incident radiation.** This simplistic model is efficient in providing qualitative, and at times
quantitative, descriptions of various phenomena including the electromagnetic theory of surface
enhanced Raman scattering.* 46 Nevertheless, the modeling of a molecule as a point dipole is a
significant constraint, and is largely ineffective in describing realistic molecular-plasmon

47, 48

systems, where the molecular system is not a single molecule but an assembly of atoms or

molecules, a molecular aggregate or semi-crystalline film, adsorbed on a metal surface.® *-!
Additionally, the classical approach of utilizing a local dielectric function to describe the
dielectric response of small particles has also been found to be inadequate.’> 3 At the opposite
extreme, for large particle sizes, and molecular distances the electrostatic approximation notably
breaks down.? This leads to the consideration of the collective response of the molecular exciton-
metallic plasmon system.

3.3 The Molecular Exciton-Metallic Plasmon System

An ideal theory must account for two major attributes in a realistic molecular-plasmon system:
(1) the considerable effect the molecular subsystem may have on the plasmonic response of the
metal and (ii) the response of the molecular assembly itself and the role it may play in the
ensuing dynamics of the ensemble system.? Such a theory must also allow an approach where the

optical behavior of the collective system is self-consistent with the molecular and metal sub-

systems.

Dicke et al.>* offered one such alternative in a theory where the molecule is modeled as a

1.°* were able

2-level system; a molecular assembly, an assembly of two-level atoms. Dicke et a
to demonstrate that such a system, consisting of a cluster of two-level atomic emitters, can result

in super-radiant modes or super-fluorescence, and weakly-radiant modes depending on the
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strength of the coupling to the incident radiation field. In the years following Dicke’s
contributions, further experiments focused on the integration of such molecular clusters of
emitters with a plasmon-sustaining interface. This subsequently brought to observation the

modifications of standard molecular optical properties, such as absorption, emission, and carrier

55, 56 57-61

lifetimes in plasmon-induced enhancement of energy transfer between the emitters.
Building on the premise of Dicke’s work, all phenomena associated with plexciton coupling such
as enhanced emission and exciton transport were discovered to be analogous to systems of
excited molecules and molecular assemblies, optical modes of localized microcavities, structures
where the radiation field is confined by reflecting faces on two sides of a spacer layer or optical
medium,? as well as other nanostructures such as photonic crystals, where the coupling between
the molecule and incident radiation field is intrinsically dependent on the geometrical
characteristics of the system.%*®* Consequently, the molecular system was noted to highly
influence the plasmonic response of the metal, as well as that of itself, along with the
corresponding charge transfer dynamics and dephasing mechanisms that may occur in the
ensemble. This theory of interaction between molecules and plasmonic metal surfaces has been
recently redefined in terms of two modes of coupling identified to occur at the interface of
molecular exciton-metal plasmon structures: strong and weak coupling (Fig. 3).°% % In this new
framework, the resonant response of the system’s coupling to the incident radiation field is
dominated by the plasmon-exciton coupling that occurs at the interface, which can be super-
radiant or strong, or sub-radiant or weak in nature.®® ¢ Strong coupling and weak coupling

essentially describe the integration strength of the individual sub-systems, the molecular excitons

and the metal plasmons, in a plexcitonic complex.

11



___________________________________

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 (y and ).
Strong and weak coupling are said to occur when g >> y,k and g << y,k 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, y, and k 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 hybridization of the material and optical modes resulting
in a hybrid state that comprises both,” typically concomitant with a Fano resonance,’? and is
defined by three parameters: g, the energy transfer rate between light and matter, k, the escape
rate of light from the system, and y, the polarization loss rate of matter. Strong coupling occurs
when the rate of energy transfer between light and matter, g, is greater than that of k and y. 7

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

12



significantly different energy levels from the individual material and optical systems involved.
An asymmetric Fano resonance typically accompanies this light-matter coupling.”* Polaritons are
quasiparticles that emerge as a consequence of strong light-matter coupling. As a hybrid entity,
polaritons offer the possibility to shape the chemical and material properties of matter.

The strong coupling of plasmon-exciton modes is often introduced in optical
microcavities. The intersystem coupling between matter and the microcavity is described as
equivalent to two coupled classical harmonic oscillators.” This results in two independent modes
of resonance frequencies that serve as distinct signatures of strong coupling at rate g when matter
and the microcavity resonate, and can be identified from reflectance and transmittance spectra.

The resonance frequencies are expressed as Wexciton = Wmicrocavity = Wo T g.> It is important to

note that when strong coupling occurs, the emitter that is identified is not just an eigenstate of the
system but corresponds to a superposition of high energy and low energy polaritons, of different
frequencies, and leading to coherent oscillations that characterize the excitation of the emitter
and the cavity mode.’ In the classical approach to science, systems are largely analyzed on the
basis of their components, where the identification of these components is made on the basis that
their individual properties are invariant when they are isolated. When these components are
combined, their properties change, and as such new ones emerge from the composite system.
The global properties of the composite system are then described by how the “mixing” has
occurred between its constituents and their coupling. Quantum mechanics challenges this very
notion. If the quantum state of a system can be defined precisely, the same cannot be said about
the state of its constituents. This is the fundamental notion of entanglement, and it is very much

applicable in what has been considered thus far in our study of light-matter coupling. For
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example, while fluorescence as a process is usually associated with matter, it is also linked to the
electromagnetic fluctuations in the quantum vacuum.”* 76

The splitting of the microcavity transmission peak into a pair of resolvable peaks is
referred to as vacuum Rabi splitting, and is a characteristic of this quantum entanglement
observed close to resonance where the normal mode frequencies of the coupled matter-
microcavity system induce an avoided crossing or an energy level repulsion between the low and
high energy states corresponding to the two resonance frequencies. The Rabi splitting energy
provides a metric of the coupling strength and the coherent energy exchange between plasmons
and excitons, while the depth of a Fano resonance indicates the efficiency of the energy transfer
from plasmons to molecular excitons in the hybrid structure.® 7> 7® Even more subtly, Rabi
splitting can be considered as a phenomenon that directly follows from the laws of quantum
mechanics, in particular Fermi’s rule, which shows that the spontaneous emission rate depends
on the density of states (DOS) of the coupled electromagnetic modes. When there is a change in
this DOS, there is a subsequent increase or reduction in spontaneous emission. This is indeed
what is known as the Purcell effect,’”” 8 which when applied to the system of an optical
microcavity essentially states that the environment molds the properties of the atom trapped in
the cavity and vice versa. In other words, the fluorescence of a quantum emitter is modified
inside a cavity and is such that the coupling of light and matter occurs even when there is no
photon in the cavity, due to quantum fluctuations. The states of matter and the electromagnetic
field are essentially coupled so much so that they cannot be defined independently as

constituents of a whole. They are instead entangled (Fig. 4).7*

Weak coupling, the counterpart to
strong coupling, is simply the regime where matter and the optical field can be considered

separate entities that merely exchange energy.”* Weak coupling is characterized by an increased
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radiation rate, enhanced absorption cross-sections and energy exchange between excitons and
plasmons.’ The plasmonic enhancement of the local electromagnetic field in the vicinity of the
excitonic material and Forster-type coulombic interactions are the primary mechanisms through
which weak coupling occurs. The fundamental distinction between the two regimes is that while
strong coupling displays characteristics similar to reversible spontaneous emission,®! weak
coupling has the characteristics of irreversible spontaneous emission.’

Together, strong and weak coupling highlight the modern approach towards
understanding light-matter coupling from a quantum perspective. Strong light-matter coupling, in
particular, has been of great interest due to its immediate potential in the fields of material
science and chemistry for tuning the physical properties and chemical reactivities of molecules
and materials.”* In hindsight, the quantum nature of the coupling between the plasmons and
excitons, an entanglement crucial to plexcitonics, is highly significant to our understanding of
said coupled systems.> > 33 708283 Eyrther understanding of the two coupling mechanisms, and
their role in plexciton dynamics will be elicited by reviewing the assortment of nanophotonic

applications where plexcitons play a key role.
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Fig. 4 Plexcitonic Entanglement. (a) 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
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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’4 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 phenomena but are rather closely related,
particularly from the perspective of how they manifest in diverse, yet similar, nanophotonic
applications. To have a deeper appreciation of the advantages plexcitons provide over plasmons,
it is necessary to consider what the current landscape in the field of plasmonics has to offer.

As mentioned earlier, plasmons consist of two modes: SPPs and LSPRs depending on the
morphology of the metallic structure that enables them. SPPs are propagating in nature while
LSPRs are non-propagating and strictly confined to the metal nanostructure. Plasmonic systems
capitalize on the resonant interaction of light, manifested in these two modes, with the collective
and coherent motion of electrons in metal nanostructures to allow for diverse abilities such as the
ability to focus light into small volumes, perform chemical reactions, and fabricate
nanostructures to name a few. A brief review of characteristic applications illustrating said
abilities will now be presented and will serve to be complementary to the plexcitonic
counterparts discussed later in this review.

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

in the optical near field, used for the fabrication of features beyond the diffraction limit.
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Demonstrative examples include contact imaging through a transmission mask or a binary phase-
shift mask,3* % evanescent near field lithography with an embedded-amplitude mask,%¢ light
coupling masks,®” and evanescent interferometric lithography.®

Luo et al.¥

demonstrate a unique nanofabrication method, that can provide for pattern
fabrication beyond the diffraction limit, but by employing surface plasmon polaritons. The
proposed surface plasmon resonant interference nanolithography technique (SPRINT) is shown
to produce sub-half-wavelength structures of high efficiency using monochromatic illumination
of a standard photoresist with UV or visible light. The working principle of the technique
involves employing a periodic corrugation material such as a prism to couple the incident light
with a surface plasmon upon the metallic surface and subsequently obtain propagating surface
plasmon polaritons (SPP) of high electric field intensities and shorter wavelengths. Subsequent
interference of the SPP “waves” within the corrugated material results in an enhancement of the
spatial distribution of the electric field near the metal surface. The thin layer of resist directly
below the mask soon finds itself with increased exposure to the incident light when the
resonance frequency of the SPP falls within the sensitivity range of the photoresist layer thanks
to the enhanced optical field close to the metal surface. A schematic representation of the
SPRINT process is shown in (Fig. 5). Here, a silver mask is fabricated upon a thin layer of quartz
with a thickness of 2 mm using electron beam lithography and liftoff. The mask is illuminated
from the top side with the light tunneling through via SPP and reradiating onto the photoresist on

1.9 is similar to a diffraction

the opposite side. Conventionally, the set up so far by Luo et a
limited exposure but thanks to the resonant excitation of the SPP waves on the metallic surfaces,

as mentioned earlier, 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 technique’s feasibility is explored by Luo et
al.* using numerical FDTD simulations, as well as experimental replication showing that high
resolution features of 50 nm can be readily created when using SPP interference in the optical
near field, on metallic masks, with an excitation wavelength of 436 nm corresponding to the
mercury g-line. Arbitrary patterning, as per the need, is proposed for the unperforated metallic
mask with corrugated surfaces on both sides. It is the corrugated surface of the metallic mask on
the illuminated side that collects light via SPP coupling, while redistributing the light into
nanoscale spatial distributions on the exit side and which can subsequently be used to fabricate
nanostructures. FDTD calculations are used to demonstrate that the SPP excitations resulting in
the enhancement of the near-field distributions are highly localized around the metal/dielectric
interface. The observation of interference of the SPP fields proves that the metallic patterns
utilized on the mask act as field redistributors with areas of vacant holes experiencing rapid
decays in the field, while those in areas of the metal parts dominate the far-field emission. The
transmitted light presents both evanescent and nonevanescent components (Fig. 6). In fact, the
feature sizes that are obtained using SPRINT are seen comparable to those involving

nanoimprints from a non-photobased method.”® Furthermore, since SPRINT is not limited by
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diffraction, even smaller structures are demonstrated to 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 al.®” have demonstrated that nanofabrication beyond the diffraction
limit can be achieved via near-field exposure using a metallic pattern through SPP excitation. By
changing selective parameters of the mask, the near-field pattern can be optimized to generate

1. have

features of the smallest lateral dimension. Aside from the technique’s novelty, Luo et a
shown SPRINT satisfies many of the requirements of single-step lithographic applications,
especially from the economic approach it provides towards fabricating high-resolution, high-
density optical lithography for various areas of research and technology. Nonetheless, it remains

an open question on how SPRINT can be adapted to the more complicated needs of electronic

device fabrication involving multiple successive alignment of features.
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4.2 Plasmonic Optical Recording

The nature of light-matter interactions in plasmons also promotes a variety of
applications in optical communications, and information processing. One such potential
application is discussed by Zijlstra et al.”! in their investigations of five-dimensional optical
recording, for high density optical data storage, mediated by surface plasmons in gold nanorods.
In general terms, multiplexed optical data storage systems utilize polarized light to increase the
storage capacities of optical storage mediums such as optical disc drives used to often read or
write data to or from compact discs, DVDs, Blu-ray discs etc. Multiplexed optical recording is of
great importance as it helps increase the information density beyond 10'? bits/cm?® by storing
multiple, and yet individually accessible patterns within the same recording volume. However,
the lack of a suitable recording medium that can provide for high optical data storage as well as
selectivity in the domains of wavelength and polarization as well as the three spatial domains,
resulting in orthogonality in all five-dimensions has been a major obstacle.”' Furthermore, while

extensive research has been achieved in exploiting wavelength,’> ** polarization,? %3

and spatial
dimension®® *7 dependent approaches for multiplexing, never have they been assimilated into a
single approach that could ultimately increase the information storage capacity by orders of
magnitude.

A successful five-dimensional encoding would require a recording material that is
orthogonal in all dimensions, provides multiple recording channels in each dimension, and is

stable in ambient conditions. Zijlstra et al.”!

succeed in satisfying all three criteria by devising a
system that exploits the properties of the longitudinal surface plasmon resonance of gold

nanorods. Plasmonic gold nanorods have been utilized in a wide range of applications due to

their unique optical and photothermal properties. These properties are exploited to great effect by
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1.°! who take the narrow longitudinal surface plasmon resonance linewidth of a gold

Zijlstra et a
nanorod (100-150 meV, 45-65 nm in the near infrared), and combine it with its dipolar optical
response as a means to achieve selective longitudinal SPR mediated recording and readout that

can be controlled by photothermal reshaping and two-photon luminescence 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).
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The longitudinal SPR provides for wavelength and polarization sensitivity, while axial
selectivity is provided by the energy thresholds required for the photothermal recording
mechanism (Fig. 8). Longitudinal SPR-mediated two-photon luminescence, due to its enhanced
wavelength and angular selectivity, is then used to detect the recordings and demonstrating a
definitive improvement compared conventional linear detection mechanisms. Despite their
immediate use of a femtosecond pulse laser for patterning, Zijlstra et al.”! demonstrate that the
recordings can also be performed with low-cost recording 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
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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 + 1), 50 x 12 nm (4.2 + 1), and 50 x 8 nm (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.®' Copyright Springer Nature (2009).

As a result, Zijlstra et al.”!

patent a technique that enables non-destructive, crosstalk-free
readout and that can be applied with high effectiveness for optical patterning, encryption, and
data storage applications where higher data densities are of great importance. Their presented
technique proves to have great potential for improving security imprinting and encryption via the
addition of extra dimensions that can act as extended counterfeit-proof encryption keys while
foregoing the need for raster scanning, and most importantly, by incorporating two polarization

and three wavelength channels in their patterning procedure, is beneficial for high density optical

data storage (Fig. 9).
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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 um and the patterns are 75 x 75 pixels. The bit spacing used
equals the bit diameter of 0.75 um which is equivalent to a bit density of 1.1 Tbit cm resulting in a high-
density disk capacity of 1.6 Tbyte for a DVD sized disk. Reprinted with permission from Ref.9' Copyright

Springer Nature (2009).
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4.3 Plasmonic Photocatalysis

Photocatalysis addresses the use of light to activate a substance that modifies the rate of a
chemical reaction without being involved itself. Nature provides a direct example of this in the
process of photosynthesis, where plants, algae, protists, and photosynthetic bacteria capture
sunlight along with CO> in the atmosphere to promote water-splitting chemistry (Fig. 10).%8
Semiconductor photocatalysts constitute the most common artificial photosynthetic technologys;
TiO:> is the benchmark photocatalyst which has been used to photoelectrochemically split water,
photooxidize organic compounds in water and photoreduce CO. in the vapor phase.”®'%* Critical
material-related limitations in semiconductor photocatalysts involving optimal band-gap
energetics, light absorption, catalytic activity, stability, and sustainability have led to the

development of a potential alternative in plasmonic photocatalysts.?
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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.'% Copyright Royal Society of Chemistry

(2009).



Plasmon-enhanced photocatalytic systems focus on taking advantage of “hot electrons”,
energetic charge carriers that appear due to a resonant interaction of light with the collective
motion of electrons in metal nanostructures to enhance and support photocatalytic activity.!%
The injection efficiency of “hot electrons” in plasmonic systems (Fig. 11), such as plasmonic
photo-detectors and plasmon-sensitized solar cells, has thus far been quite poor.'%” This is due to

the short lifetime of hot electrons, ranging around 100-500 fs,'%

and subsequent damping
processes involving electron-electron bulk scattering, radiative damping, electron-surface
collisions, and electron-phonon collisions in plasmonic nanostructures.!” Thus, improved
injection efficiencies of hot electrons generated in plasmonic photocatalytic systems are highly
desirable, and this goal is an active subject of research.
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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.'° Copyright

Royal Society of Chemistry (2017).
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Various experiments have engaged the development of plasmon-enhanced photocatalytic
systems that take advantage of high energy charge carriers or hot electrons. Au and Ag are the
most common plasmonic noble metals utilized in plasmonic photocatalysis while TiO> has
served as a benchmark material for semiconductor-mediated photocatalysis.'!" "2 TiO,, apart
from its environmental-friendly nature, is an inexpensive and easily accessible photocatalyst that
has proven to be greatly effective in diverse scenarios.!*> !> TiO, is a wide band gap (3.2 eV for
anatase and 3.0 eV for the rutile phase) photocatalyst that absorbs primarily in the UV spectrum
of light, where less than 5% of solar energy resides.!'* Considerable efforts have been made to
extend the light absorption range of TiO> from UV to visible wavelengths, for example doping,
though there has always been a negative feedback on the absorption coefficient and subsequent
photocatalytic activity of the semiconductor.!'> ' TiO, has been implemented as a photocatalyst
in various structural forms: powders in an aqueous solution, nanoparticles (0D), nanorods (1D),
nanosheets and films (2D), 0D-1D-2D integrated nanostructures (3D),!!” doped heterojunctions,
varying crystalline phases (rutile, anatase, and brookite systems),!'® and mesoporous supports.!!*-
121 The focus in most of these efforts has been to optimize the optical path length, carrier

O charge carrier kinetics,'?? light absorption,'?! band bending etc. Nonetheless,

mobility,?
sustained success in expanding the photocatalytic potential of TiO, as a semiconductor, to
visible wavelengths has not been achieved.''*> Plasmon enhanced photocatalytic systems,
involving plasmonic noble metal-TiO> semiconductor heterojunctions, come into play here as by
using the knowledge that Au and Ag have surface plasmon resonance in the visible spectrum of
light, one can capitalize on the charge transfer of hot electrons to the neighboring TiO»

semiconductor. The TiO> semiconductor can then serve as the location for photocatalytic

reactions in addition to those on the surface of the noble metal.
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Setting aside the immense expanse of research that has been done in optimizing
semiconductor-mediated photocatalysis, the rise of plasmon-mediated photocatalytic systems as
a new standard has been met with its fair share of research, focusing not only on understanding
the inherent physical mechanism involved in hot charge carrier transfer but also in the
optimization of said systems. Although the inherent mechanisms that govern hot electron charge
transfer from the noble metal to the semiconductor is yet to be fully understood,?® % '3 the
potential of plasmonic photocatalysis has not been overlooked with many said experiments over
the years involving hot electron harvesting systems consisting of a TiO;-noble metal nanoparticle
heterojunction for diverse applications including photocatalytic degradation/aerobic oxidation of
organic compounds, photocatalytic CO; reduction and H> generation, and photoelectrochemical

water splitting.103’ 105, 123-130,131

5. Exploiting Plexcitons

The motivation to combine metal and semiconductor nanostructures is largely due to their
complementary optical properties. Metal nanostructures promote the localization of
electromagnetic modes, giving rise to high emission yields and light-harvesting capability, while
semiconductor nanostructures support long-lived charge excitations that enable efficient trapping
of electromagnetic energy and enhanced optical fields and nonlinearities.!*? Plexcitonics research
follows efforts to analyze the nature of light-matter interactions at the nanoscale and exploit the
collective and coherent motion of electrons and holes, via diverse modes, in exciton-metal

plasmon nanostructures. This has allowed for the selective design and modification of absorption

65, 133 34, 134, 135

and emission properties, energy transfer between excitonic and plasmonic systems,
and the exploration of strong coupling through coherent plasmon-exciton interactions (Fig.

12).136, 137
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The transfer of energy through optical near-field interactions is widely valued for the
observation, detection, and measurement of minute separation distances in molecular systems
and alike. Forster resonance energy transfer (FRET) is widely understood as the process where
the energy of an excited molecule can be transferred, through non-radiative means, to a
molecular of lower transition energy via dipole-dipole coupling.'*® As such, FRET pairs can be
used as probes for cell-material interactions,'® as molecular sensors,'*’ to study the length and
flexibility of polymers and biomolecules,'*! and to investigate dynamical biomolecular processes

142, 143 The energy transfer

involving molecular interactions and protein folding processes.
evidenced in FRET processes are characterized by the Forster radius Ro defined as the separation
distance at which the energy transfer efficiency is 50 %. As noted by Rodarte et al.'**, for a small
change in separation distance, a correspondingly large change can be observed in the
fluorescence spectrum (Fig. 12a). Therefore, FRET is primarily used as a spectroscopic ruler.
Unfortunately, due to the dipole-dipole interaction reducing coupling efficiency by a factor of
inverse sixth power of the distance between molecules (R), FRET is effectively limited to
function in separation ranges below 10 nm.

Rodarte et al.'** explore a promising alternative in a plexcitonic ruler aggregate
composed of plasmonic and organic fluorophore components. Plasmon rulers composed of noble
metal nanoparticles, and their LSPRs provide strong scattering cross sections that allow the
nanoparticles to be visible in a dark-field microscope. The additional caveat that metallic
nanoparticles are not prone to blinking or bleaching makes them promising candidates for
sensing applications. In a plasmon ruler, two metal nanoparticles are used to measure the

separation distance. Capacitive coupling between the two nanoparticles results in a strong red-

shift of the LSPR wavelength as shown in (Fig. 12b), the coupling strength being proportional to
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R as opposed to R® for FRET.'* By combining the higher efficiencies of plasmon nanoparticle
rulers with fluorescence tags commonly used in FRET pairs to label the relevant biomolecules
being considered, a plexcitonic ruler complex is established.

Such a system can function between the two regimes of weak and strong coupling that
characterize plexcitonic systems. The weak coupling scenario involves the case where the energy
transfer between the fluorophore and the metal nanoparticle is observed as a quenching or
enhancement of fluorescence depending on the separation distance from the surface of the
nanoparticle (Fig. 12c).'* Alternatively, the strong coupling scenario manifests as a Fano
resonance observed as the asymmetric dip in absorbance at the exciton transition frequency
together with Rabi splitting (Fig. 12d). In their studies, Rodarte et al.!** exploit these
mechanisms by demonstrating the dependence of separation distance on coupling strength
between plasmons and exciton in a Ag nanoparticle and monomer dye conjugate. By showing
that the coupling strength follows a single-exponential decay with a decay length of 13.7 £+ 5
nm, Rodarte et al.'* prove that such a conjugate system can be used as a spectroscopic ruler.

Similarly, another study by Ozel et al.*> demonstrated the use of plexcitons to improve
the rate of Forster-type resonance energy transfer in quantum dots. Layer-by-layer assembled
CdTe quantum dots of two different sizes were interspersed with gold nanoparticles located at
well-defined spacings that enabled the plasmon-exciton coupling to be selectively tuned to either

the donor quantum dots (smaller size) or the acceptor quantum dots (larger size), which in turn

).32 1'32

has applications in fluorescence microscopy (Fig. 13).”~ Ozel et al.’” are able to structurally
control the plexcitonic interactions of the composite systems described by placing the plasmonic
layers in proximity of the donor quantum dots (for strong donor plexciton coupling) while having

them sufficiently far away from the acceptors (for weak acceptor plexciton coupling) and vice
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versa. As such, Ozel et al.*?

identify a means to independently control the individual plexcitonic
coupling to the donors and the acceptors in a cascaded energy transfer mechanism. The
modification of the FRET mechanism via selective control on the plexcitonic energy transfer
allows for the selective manipulation of the detection signal and sensitivity of the desired donor
or acceptor species. This is of great importance for FRET-driven nanophotonic devices and
FRET-based bioimaging applications. Set in context with the work of Rodarte et al.'** involving
FRET studies where the energy transfer is used as the molecular ruler, these results from Ozel et
al.’? provide a possible means to enhance the resolution of said molecular measurements due to
the enhanced energy transfer rate via the donor or the acceptor species of interest.

Plexcitonic applications are categorized by the strength of plasmon-exciton coupling
identified at the interface between the excitonic and metal nanostructures. In this review, we
shall focus on many such applications varying between the regimes of strong and weak coupling,

and highlight the current state of research in the field 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.'** (a) Forster Resonance Energy Transfer,'® 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.'44 Copyright American Chemical Society (2017).
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Fig. 13 Quantum Dot-Metal nanoparticle FRET architectures. 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
(d)

Photoluminescence spectrum of the donor quantum dots and the absorption spectrum of the acceptor

complementary PM-FRET where coupling occurs only to the acceptor quantum dots.

quantum dots and the photoluminescence spectrum of the composite quantum-dot metal nanoparticle film

(inset). Reprinted with permission from Ref.3? Copyright American Chemical Society (2013).
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5.1. Optimizing Plexcitonic Coupling

One promising method to tackle the problem of the low-yield of hot electrons is to consider
hybrid systems of plasmonic metals and excitonic semiconductors (Fig. 14).% 72 147151 §ych
hybrid structures have provided for decreased bandgaps, adjusted densities of states (DOS), and
prolonged lifetimes for hot electrons,'”® subsequently setting a new platform for the mediation of
efficient surface catalytic reactions. The working principle of these composite nanomaterials is
the strong coupling observed between the plasmons and excitons, which has been attributed to

prolonging the lifetime of hot electrons and increasing reaction efficiencies.”> 147- 130
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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.'%?
Copyright American Chemical Society (2011).

The analytical characterization of plexciton dynamics was addressed in the work of
Fofang et al.® where the formation of nanoshell J-aggregate nanoparticle complexes are
demonstrated to produce coherent coupling between the localized plasmons of the metallic

nanoparticle and the excitons of the molecular J-aggregate. By varying the core size/shell

thickness ratio of the Au nanoshells- plasmonic nanoparticles that consist of a spherical silica
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core coated with a thin, uniform layer of Au-NPs, the plasmon energies of the nanoparticle can
be modified and tuned to the excitonic energy of the molecular adsorbate, the J-aggregate.!>* 154
As such, the diverse multipolar plasmon modes and their coupling dynamics to the excitonic J-
aggregate can be thoroughly explored. Fofang et al.® demonstrate this in a series of experiments
where two Au nanoshell size ranges of radii 45 nm and 90 nm, corresponding to the dipolar and
quadrupolar nanoshell plasmon mode resonances with the J-aggregate exciton line, are utilized to

theoretically analyze the dynamics and strength of the plasmon-exciton coupling interaction in a

quantitative 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 [r1,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
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measured for the two nanoshell sizes. Reprinted with permission from Ref.8 Copyright American

Chemical Society (2008).

An optimal J-aggregate with high oscillator strengths and narrow transition line widths is
formed from the dye 2,2’-dimethyl-8-phenyl-5,6,5,6’-dibenzothiacarbocyanine chloride, and
provides for strong coupling at room temperature. UV-vis spectroscopy along with surface
enhanced Raman scattering (SERS) measurements are performed to confirm the formation of the
nanoshell-J-aggregate complex. By considering a concentric three-layer model of a two-layer
spherical shell particle surrounded by a layer of J-aggregate, Fofang et al.® are 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 em 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 equations for plane wave excitation of a
spheroidal metallic nanoparticle within the quasi-static approximation, an analytical expression
for the hybridized plasmon-exciton states of the system is derived. Subsequently, it is observed
that the splitting energies of the plexciton complex are limited by the thickness of the excitonic J-

aggregate layer on the nanoparticle surface with a nominal effective thickness value of 4 nm
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(Fig. 17). By means of their results, Fofang et al.® show the inherent potential of coupled
plasmon-exciton nanostructures with controlled coupling, and unique optical properties that can
be harnessed with hybrid plexcitonic materials. Their work was further supplemented in a follow
up report where time-resolved studies were utilized to analyze the same J-aggregate-Au

nanoshell complexes and the inherent plexciton dynamics involved in said systems.'>
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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 uL (red), 4 uL (blue), 10 pL (black), a
characteristic that is attributed to dielectric screening or phase retardation effects. Reprinted with

permission from Ref.8 Copyright American Chemical Society (2008).

More recently, Tsargorodska et al.'>® have shed further light on the effective mechanisms
of plasmon and exciton interactions that are so crucial in plexciton-based photocatalytic systems
in their observation of gold nanostructure arrays exhibiting a splitting of their surface plasmon
resonances upon attachment to Rhodobacter sphaeroides, a purple bacterium that captures

sunlight via a light-harvesting complex 2 (LH2) which is then transmitted to another LH1 that
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funnels the excitation into the photosynthetic reaction center resulting in the reduction of
ubiquinone and allowing for the conversion of solar energy to chemical potential energy in the
organic complex. Numerous studies have already demonstrated the plasmonic enhancement of
fluorescence emission from light-harvesting complexes of bacteria'®’, but Tsargorodska et al.!>®
provide a new perspective by presenting changes in the extinction of metal nanostructures after
the attachment of light harvesting complexes. This splitting is attributed to strong coupling
between the localized surface plasmon resonances and excitons in the light-harvesting
complexes. Utilizing wild-type and mutant LHI and LH2 from purple bacterium containing
different carotenoids Tsargorodska et al.!>® observe different splitting energies, and thus are able
to demonstrate that the coupling mechanism of plasmons and excitons is sensitive to the
electronic states in the light harvesting complexes (Fig. 18). For example, the extinction
spectrum of a hexagonal array of gold nanodisks of period 310 + 30 nm, diameter 154 + 22 nm
and height 19 + 3 nm demonstrate these dramatic changes after binding with wild-type LH2.
This results in a splitting of the plasmon band at wavelengths of 527 and 624 nm. The dramatic
change in the extinction spectrum after the attachment of LH?2 to the array of gold nanostructures
is indicative of plasmon-protein coupling. Similar behavior is also reported with the attachment
of LH1 to the array of gold nanostructures also displaying 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 Acrtl::crtlP2 AcrtC 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 E1 and Ez2 due to the strong LSPR and exciton state coupling. Reprinted from Ref'5¢ with
attribution and  adherence to  Creative = Commons  Attribution License (CC  BY)

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

Tsargorodska et al.!>

are further able to reveal these dependencies of the coupling
strengths on molecular organizations and protein coverage in a comparative experiment where
they utilize light-harvesting complexes with different carotenoid compositions but of otherwise
identical structures (Fig. 19). Simultaneously, these marked differences in coupling strengths
provide a new dimension of analysis that helps reflect the differing molecular organizations of

the light harvesting complexes under consideration, and 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 AcrtC mutant of LH1 and (b) the
Acrtl::crtlP2 AcrtD% 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 al.!>® has demonstrated that the orientation of
the exciton dipole has a significant influence in plasmon-exciton coupling. Diverting from the

strong coupling regime, Li et al.!*8

explore the weak coupling regime in relation to the ability of
SPPs to localize and guide light in subwavelength metallic structures, an active region of interest
in photonic and optoelectronic applications. Li et al.!>® demonstrate a new approach to tackling
the structural limitations faced in the excitation of SPPs in optoelectronic and photonic devices
alike thus far being realized only in prisms,'> gratings,'® antennas,'¢! and subsequently leading
to difficulties in interconnection with conventional material components.'®> Taking advantage of
the fact that exciton dipoles have a large range of wave-vectors in their near-field regime, ' 14

an alternative strategy in directly coupling SPPs with exciton dipoles is considered, and is used

to demonstrate that if the dipole orientation at the dielectric/metal interface were changed, it may
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lead to significant differences in SPP excitation efficiencies, and consequently, the performance
of SPP based devices.

Using a wetting-effect-assisted self-assembly, a hybrid nanostructure with Ag nanowires
partially embedded into organic single crystals, in this case Tris[1-phenylisoquinolinato]iridium
(III) (Ir(piq)s), is fabricated. Using a focused laser beam, the ordered molecular aggregates are
excited to provide Frenkel excitons with regular orientations around the Ag nanowire. These
ordered exciton dipoles at the interface assist in launching the SPPs through near field coupling
resulting in their propagation along the Ag nanowire and coupling out from the ends of the wires
in the form of photons. Simulated electric field analyses present that by altering the direction of
the Ag nanowires in the hybrid structure, obtaining structures with different cross angles between
the exciton dipoles and the Ag nanowire, that the cross-angle orientation has a great influence on
the exciton-SPP coupling efficiency (Fig. 20). Subsequent experimental efforts utilizing
photoluminescence and bright field imaging, on the fabricated hybrid nanostructure confirm the
simulated data, demonstrating the decisive role of exciton dipole orientation in plasmon-exciton

coupling.
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Fig. 20 Hybrid organic/metal nanowire heterostructure for the study of orientation-dependent
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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 pm 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. (c) 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 09, 459, and 90°. Reprinted with permission from Ref'%8. Copyright American

Chemical Society (2017).

5.2 Plexcitonic Photocatalysis

The development of plexciton-based photocatalytic systems has accompanied the study of
plasmon-exciton coupling in an increasing need to facilitate higher efficiency catalytic reactions

on the surface of plasmonic nanostructures, a direct alternative to traditional thermal-driven
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heterogeneous catalysis.!%> 165 19 Several notable systems have shown great promise for their
use of the strong coupling of plasmons and excitons in prolonging the lifetime of hot electrons,
and increasing reaction efficiencies. Many such composite nanomaterials often involve the
hybridization of electronic states in two-dimensional inorganic semiconductors and plasmonic

metal materials. Systems of monolayer-graphene-Ag nanostructures'#% 150

and monolayer MoS,-
Ag nanoparticle hybrids'¥” have been successfully applied in plexciton co-driven surface
catalytic reactions.

Graphene, a single atomic layer of graphite, has been the center of attention thanks to its
unique properties since its discovery in 2004.'%” Ding et al.!>® fabricated graphene-Ag nanowire
(NW) hybrid materials (Fig. 21a), and have demonstrated the advantages the hybrid device has
presented for surface catalytic reactions. By themselves, both graphene and silver nanowires are
unimpressive catalytic substrates for the photoreduction of 4-nitrobenzenethiol (4NBT) to p,p’-
dimercaptoazobenzene (DMAB). On graphene, the photoreduction of 4NPB exhibited a strong
dependence on laser power, with complete disappearance of the N-O vibration of 4NPB at a
Raman shift of 1325 cm™ (and corresponding increase of the Raman intensities of DMAB at
1390 and 1432 cm™), occurring only at a rather high laser power of 6.6 mW. In the case of Ag
NWs, the laser-excited SERS spectrum (Aexe = 532 nm, Piaser = 1.3 mW) contained features
corresponding to both 4NBT and DMAB, indicating the chemical reaction to have partially
completed.!>® However, for the Ag NW-graphene hybrid, the photoreduction was nearly 100 %
complete even at a very weak laser power of 0.01 mW, indicating a synergistic enhancement of
the plasmon-to-electron conversion efficiency, which was attributed to strong plasmon-exciton

coupling.'”® Through ultrafast pump-probe transient absorption spectroscopy, femtosecond-

resolved dynamics of plasmon-exciton coupling of the graphene-Ag nanowire hybrids were
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elucidated. Ding et al."° demonstrated that although the hot electron transfer from the Ag
nanowire to the graphene is slower, clocking around 534 + 108 fs (Fig. 21b), compared to 240 fs
for plasmon induced hot electron transfer from 10 nm gold nanodots to TiO2 nanoparticles,'®® the
lifetime of plasmon-induced hot electrons in graphene is 3.2 + 0.8 ps (Fig. 21c) which is
significantly longer than the period of collective electron oscillations in isolated Ag nanowires
which is within 150 fs. Similar measurements on charge transfer time between the Ag nanowire
and graphene were also made in the NIR (near-infrared) region (Fig. 21d) demonstrating a
decrease in the kinetic energy of hot electrons to 0.8265 eV. This corresponds to a transfer time
of about 780 * 92 fs which is slower than in the prior case where the incident wavelength of
light is in the visible regime. The fitted curve in (Fig. 21e) also reveals that the lifetime of
plasmon-induced hot electrons in graphene is about 3.9 + 0.9 ps thanks to better optical
absorption for graphene in the NIR region. These results indicate that graphene strongly harvests
hot electrons and extends the lifetime of the energetic charge carriers from femtoseconds to
picoseconds, providing for an enhanced surface-plasmon-to-hot-electron conversion efficiency
which is of great significance for plexcitonic systems that incorporate graphene and noble metal

nanoparticles.
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Fig. 21 Analyzing the properties of graphene-Ag nanowire 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.'50 Copyright Nature Publishing Group (2016).

Contrastingly, Yang et al.'*’ presented a system of molybdenum disulfide (MoS.), a
transition metal dichalcogenide (TMDC), hybridized with a plasmonic metal nanomaterial, in
this case Ag NPs, to drive the photoreduction of 4ANBP to DMAB. TMDCs at nanoscales have
been successfully applied for surface catalytic reactions owing to their unique properties.'®
MoS:, a few layers of which can provide for large surface-to-bulk ratios and quantum
confinement effects, is one such example,!” but the efficiency of surface catalytic reactions
using these materials has thus far been quite poor due to their large bandgaps and low yield of

hot electrons. In a method similar to that of the plasmon-graphene coupling achieved by Ding et
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al.’® Yang et al.'¥’ demonstrate that a hybrid system involving a monolayer of MoS: on
plasmonic Ag nanostructures can rectify these problems. While MoS> showed negligibly small
photocatalytic activity under 532 nm laser illumination for the reduction of 4NPB to DMAB, Ag
NPs showed modest photocatalytic activity for a laser power of 0.0015 mW with a Raman
intensity ratio of product (1432 cm™) reactant (1338 cm™) to reactant of 0.5 in the absence of
MoS; (Fig. 22a).!'*’ For the same illumination wavelength and laser power, Ag NP/MoS; hybrids
showed an almost six-fold improvement of photocatalytic activity, achieving I1438/11338 of 2.8,
demonstrating the synergistic enhancement of photocatalytic activity due to plasmon-exciton
interactions. When the laser power was increased to 0.015 mW, the Raman peak at 1338 cm™
(corresponding to the 4NPB reactant) disappeared for the MoS2/Ag hybrid system, while a small
peak was still observable for the Ag NPs system, which confirmed the plexcitonic enhancement

of photocatalytic activity (Fig. 22b).!*
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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 MoSz on the right. (b) Surface catalytic reactions
for 25 nm nanoparticles with (black) and without (red) MoS2. At the lower intensity of 0.0015 mW, Yang et
al.’*” observe that the ratio of the Raman intensity of the reactant (1338 cm') to the product (1432 cm™")
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is 0.5 without MoS:2 and 2.8 with MoSg, 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.4” Copyright Elsevier (2017).

Yang et al.'¥’ investigated the plasmon-exciton couplings of monolayer MoS./Ag
nanoparticle hybrids for different sizes of Ag nanoparticles on quartz (with diameters of 6.1 nm,
14.5 nm, and 25 nm) using transmission spectroscopy, fluorescence spectroscopy, and surface-
enhanced Raman scattering (SERS) spectroscopy. Transmission spectra of the monolayer
MoS2/Ag nanoparticle hybrids on quartz were measured (at thicknesses of 1.5 nm, 5 nm, and 10
nm) to validate plexciton coupling (Fig 12). Atomic force microscopy is used to determine the
diameters of the Ag NPs on quartz and are approximately 6.1 nm, 14.5 nm, and 25 nm. For the
smaller diameter Ag NPs (6.1 nm) (Fig. 23a) the offset between the LSPR peak (at 458 nm) and
the exciton absorption peak of MoS> results in weak coupling. To rectify this, the resonance peak
is tune by increasing evaporation time, depicting a plexciton resonance dependency on the
deposition time similar to what has been observed in the work of Nan et al.”> This is further
supported by the fact that the LSPR peaks of nanoparticles of different thicknesses clearly shift
plexciton resonance peaks from 458 nm to 515 nm as the Ag nanoparticle sizes increase (Fig.
23b). The strong coupling of the MoS2/Ag nanoparticle hybrid system is noted to occur when
the LSPR peak of Ag and the exciton absorption peak of MoS> overlap and is characterized by a
strong plasmonic absorption transition dipole moment consisting of the collective oscillations of
electrons interaction with that of the transition dipole moment of MoS,. The absorption of the

hybrid system is in fact observed to shift from 438 nm to 532 nm (Fig. 23c).
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Fig. 23 (a) Comparisons of transmission spectra of monolayer MoS2, 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). (¢) 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. 24) also supplement these facts where it is revealed that
the plexciton coupling can be adjusted through the tuning of the LSPR; weak coupling is
signified by a minimal enhancement in photoluminescence (by a factor of 2.5) (Fig. 24a), and
strong coupling by a maximum enhancement in photoluminescence (by a factor of 14) (Fig.
24b). The strongest plexciton coupling case is demonstrated to occur due to the Purcell effect!”!
where the photoluminescence intensity of MoS: is enhanced by a factor of 52 due to the LSPR
(Fig. 24d). Enhanced excitation absorption via LSPR is consequently shown to provide for the

transfer of thermal energy to the surface of MoS», and the resultant hot carriers on the surface of
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MoS». This carrier-carrier interaction, Yang et al.'*’ 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, the incorporation of semiconductor
quantum dots (QDs) in plexcitonic systems has also been of great interest in the field.

3172 in that their absorption spectrum extends over

Semiconductor QDs offer several advantages
a broad range, and can be easily made to overlap with the spectrum of plasmonic nanoparticles

of various sizes.!”> In comparison, their emission spectrum is narrower to that of the plasmon,

and thus by selecting QDs of appropriate sizes one can tune the exciton emission across the
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plasmon resonance. Furthermore, the strong oscillator strength of the QD exciton allows for easy
single object experiments.!”® Some of this comes to play in the work of Deng et al.!”* where they
combine the local surface plasmon resonance effect of Ag nanoparticles with that of the up-
conversion property of nitrogen-doped graphene quantum dots (N-GQD), a property that helps
them serve as photosensitizers for capturing visible and near-infrared (NIR) light, in a ternary

Ag/N-GQD/g-C3N4 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.'”* 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.'”* Copyright

American Chemical Society (2017).
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Furthermore, N-GQDs provide for low toxicity, adequate electrical conductivity, and
excellent photochemical properties.!”> 76 Similarly, it has been understood that Ag/g-C3Na4
composites present enhanced absorption in the whole visible light region, but their inability to
harness light of longer wavelengths, such as NIR light, has been their greatest impediment. By
co-doping Ag nanoparticles and N-GQDs on a g-C3N4 nanosheet surface, Deng et al.!”* combine
the potential of N-GQDs to efficiently promote the photocatalytic activity of other photocatalysts
along with the LSPR effect of Ag nanoparticles, and the visible light response ability of g-C3N4
to produce novel Ag/N-GQDs/g-C3N4 nanocomposites that present enhanced full-spectrum light
response ability even in NIR light. The experimental results are quantified in the
nanocomposite’s enhanced ability to efficiently degrade tetracycline, as opposed to pristine g-
C3Ny4, with removal efficiencies of 92.8 % and 31.3 % under full-spectrum and NIR light

irradiation, respectively (Fig. 26).
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Fig. 26 Photocatalytic degradation of Tetracyline. Deng et al.'”* evaluate the performance of the

ternary photocatalyst by conducting experiments for TC removal. (a)-(c) Under full-spectrum light
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irradiation (A > 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-CsNs 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.74 Copyright American Chemical Society (2017).

Deng et al.!”

attribute the excellent photocatalytic activity of the ternary Ag/N-GQDs/g-
CsN4 nanocomposite to a synergistic effect among the three components wherein the g-C3Na
nanosheets serve as a loading matrix for the Ag nanoparticles and N-GQDs. Both the plasmonic
Ag nanoparticles and N-GQDs serve as nanoantennae for improved visible-light absorption and
enhancement effects, as well as the conversion of NIR light, resulting in the utilization of the full
spectrum of solar energy and more photogenerated charge carriers while promoting their transfer
and reducing recombination processes. Photoelectrochemical, transient photoluminescence, and
UV-vis techniques are further used to distinguish the inherent charge transfer and separation

dynamics that occur within the system, allowing for its optimization as a highly efficient, broad-

spectrum response photocatalyst.!”*

5.3 Plexcitonic Photovoltaics

In-depth investigations on the nature of plexcitonic coupling have also paved the way for
numerous developments in photovoltaics. Silicon-based solar cells currently occupy a majority
market share in the market for photovoltaic panels despite the glaring issues of weak optical

absorption (due to silicon’s indirect bandgap) and a highly energy intensive manufacturing
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process. The former issue has been addressed through several means but most extensively
through the addition of metal nanoparticles (NPs) in the existing structures of silicon solar cells.
The extremely localized electric fields on the surface of metal nanoparticles (NPs) can enhance
the absorption of silicon in both the strong and weak coupling regimes. Metal NPs are most often
employed in photovoltaics to either scatter or trap light themselves.!”” Typically, metal NP arrays
are either embedded in the active layer(s) or are found at the junction of the active layer with the
adjacent layer in what are deemed as plasmonic solar cells. A deeper discussion of plasmonic
solar cell architecture is outside the scope of this article. However, a thorough and complete
review of this subject has been compiled by Pohman et al.!*’ The architecture of such solar cells
shares many commonalities and the most archetypal architectures are shown in (Fig. 27). The use
of plasmonics coupled with typical solar cell materials have been investigated for every major

type of solar cell, from dye-sensitized solar cells!’® 17 to inorganic!®® 3! to polymer cells.!8> 183
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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.'2” Copyright Nature Publishing Group (2010).

Research regarding the application of plexcitonic solar cells is still at its infancy but as

26, 184, 185

presented in the work of Balci et al., the marked difference of plexcitons from their

constituents and their significant ability to create new energetic energy levels in participating
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materials did not go unnoticed. Plasmonic metal NPs are considered useful for their absorption
and scattering abilities;'?” ' as shown in (Fig. 28), plasmonic nanocrystals are unique as optical

systems exhibiting an optical cross section greater than their physical cross section, lending to

their ability to greatly enhance the interaction between light and local chromophore materials.'®’
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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.'87 Copyright American Chemical Society (2012).

Beyond plasmons, plexcitons can absorb a novel light signature and promote longer
exciton lifetimes.!?* 127 186. 188. 189 §yych phenomena have made plexcitonic systems ideal for solar
cell applications. ! 186189190 Here o0, the nature of plexcitonic coupling is a crucial factor.!>® It
has been shown that plexcitonic coupling can improve important parameters used to measure the
efficiency of solar cells such as the Jsc (short-circuit current), Voc (open circuit potential) and
PCE (power conversion efficiency).’> 192 Plexcitons are able to contribute to the photocurrent via
an additional charge carrier transfer mechanism known as plasmon resonant energy transfer
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(PRET). Surface plasmon (SP) resonant frequency tuning is required to achieve superior PRET,
the optimizing of which could lead to plexcitonic solar cells outperforming ordinary solar
cells.!® Plexcitonic analogs can be found in almost every type of solar cell, ranging from
polymer to silicon and perovskite. Such flexibility in application is one of the great strengths of
employing a plexcitonic approach to light harvesting.

1.2 who demonstrate the design of

A case study in example follows the work of Nan et a
plexciton-sensitized solar cells (plexciton-SSCs) with higher injection efficiencies and sum
output power as compared to individual plasmon- and exciton-SSCs. It is suggested that the Fano
resonance induced by strong plasmon-exciton coupling provides an efficient channel for the
conversion and coherent transfer of energetic charge carriers from metallic plasmons to

1.7? present a three-level experiment in a

molecular excitons and organic dye molecules. Nan et a
comparative review of the ultrafast dynamical processes and energy transfer channel efficiencies
in plasmon-SSCs involving gold nanofilms (NFs) composed of Au nanoparticles (AuNPs) on
TiO2, an exciton-SSC involving a metal-molecule hybrid system consisting of Au nanofilms

decorated by cholorophyll (Chl) molecules, and a plexciton-SSC based on a combination of the

former plasmon and exciton-SSCs (Fig. 29).

Chlorophyll-a
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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 TiO2z surface set on a transparent FTO conductive substrate, with a Pt film as the
counter anode. |- €-> 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 TiOz2 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 TiO2z 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 TiO2 metal oxide system. Reprinted with permission from Ref.”2

Copyright Royal Society of Chemistry (2016).

The varied nature of the surface plasmon resonance (SPR) of the Au NFs, tuned from 550
to 780 nm, is shown to be dependent on the deposition time with a broadening of the spectral
width and a red-shift of the SPR wavelength as the deposition time increases (Fig. 30a). Spectral
data on the plasmonic response of the relevant samples is obtained using UV-Vis-NIR
spectroscopy. The open-circuit voltage (Voc) of the AuNF-SSCs is seen to increase from 60 mV
to a maximum of 126 mV as deposition time increases to 90 s (Agpgr = 709 nm), while the short-
circuit current (Jsc) increases from 13 pA cm™ to a maximum of 30 pA cm™ as deposition time
increases to 100 s (Agpg = 739 nm) (Fig. 30b). Both Voc and Jsc decrease as the SPR is further
redshifted. A similar analysis of the exciton-SSC is used to demonstrate the tunability of the
plexciton Fano resonance and the SPR of Au@Chl hybrids. The strong coupling between

plasmons and excitons is identified by Rabi splitting in the absorption spectra, with a stronger
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plasmon-exciton coupling at larger concentrations of molecular Chl (Fig. 30c). The SPR
wavelength is tunable from 550 to 780 nm by selective control of the density of the deposited Au
NPs and the mass thickness of the film, mutually dependent on the deposition time. Using the
time-resolved optical differential transmission method, Nan et al.”? identify three relevant
features for coherent energy transfer from plasmons to excitons in these hybrid systems: (i)
increasing dye concentrations enlarge coupling between plasmons and excitons while inducing a
deeper Fano dip (Fig. 30d-30e), (ii) the maximum Fano dip is characteristic of the energy of the
molecular exciton resonance, and (iii) that the depth of the Fano dip is most prominent when

coupled around the plasmon resonance.’?
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Fig. 30 Spectral Characterization of the Plasmon-SSC and Exciton SSC. (a) 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 ug mL'. 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).
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It is also important to distinguish the charge-separation pathways that occur in the three
individual systems. In the case of the plasmon-SSCs involving gold NFs composed of AuNPs on
TiO, the surface plasmon resonance of the AuNPs induces a dipole and supports the transition
of photoelectrons under light excitation, which are transferred from the surface plasmon
resonance level of the AuNPs to the conduction band of the TiO; film, and subsequently injected
into the anode. This is very much the plasmonic counterpart to the classical interfacial charge
transfer mechanism (IFCT), also referred to as plasmon-induced metal-to-semiconductor
interfacial transition (PICTT)!*® where the noble metal plasmon, thanks to the strong coupling
and mixing of the metal and semiconductor levels, allows for the direct generation of an electron
in the semiconductor and a hole in the noble metal. In the case of the AuNPs, the dipole induced
by the surface plasmon resonance does exactly this and acts as a supportive energy level
promoting the direct generation of electron in the semiconductor and a hole in the noble metal.

On the other hand, in the case of the exciton-SSC, the Chl molecules have S- and Q-
exciton absorption bands at around 420 nm and 660 nm, respectively. It is the incoherent
coupling of the S-band exciton of the Chl moleucles with d-band bound electrons of AuNFs that
leads to the weak peak in (Fig. 30c) around 420 nm. Meanwhile, the coherent coupling of the Q-
band excitons of the Chl molecules with the surface plasmon resonance of the AuNFs leads to
the asymmetric Fano resonance line-shape. The Fano dip in the absorption spectrum can be
attributed to coherent plasmon resonant energy transfer (PRET) from the metal nanostructure to
the dye molecules. Alternatively, it could also be understood that the dephasing of the plasmon
of the AuNFs is attributable to the presence of the molecular adsorbate in a process known as
chemical interface damping (CID). The broadening of the resonance evidenced in (Fig. 30c)

further supplements this view and describes how CID, absent in the IFCT mechanism, provides
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an alternative and additional pathway for the dephasing of the plasmon and transfer of the
energetic charge carriers. To further distinguish the plexcitonic charge transfer process via
PRET, Nan et al.”?> used time-resolved optical differential transmission to observe the transient
absorption spectra of Chl, the Au film, and the Au@Chl hybrid at the Fano dip wavelength
around 650 nm. While a positive signal for the current is observed for the AuNFs, attributed to
the decay of hot electrons converted from plasmons as well as hot electron-phonon coupling, Chl
displays no obvious signal as the amount of Chl is too small, while the Au@Chl hybrid provides
a negative signal response. This is seen as directly indicative of the fact that the excited-state
energy upon resonant illumination can relax through PRET in the strongly coupled Au@Chl
hybrids.

The processes aforementioned in describing the charge carrier mechanisms of the
plasmon-SSC and the exciton-SSC culminate in the plexciton-SSC where an efficient channel of
coherent charge transfer is found involving an additive process of PICTT between the AuNFs
and TiO; supplemented by the small molecule plasmon-enhanced interfacial charge transfer from
the adsorbed Chl molecule to the semiconductor in a dissociation induced electron transition
(DIET) process,?>® a subset of CID, to enhance light-harvesting efficiencies.”?

Nan et al.”? explored the performance of a plexciton-SSC (Fig. 31) based on Au@Chl
hybrids. It is noted that both the Jsc and the Voc of the Au@Chl-SSCs experience prominent
increases, by 66 % for the former and 37 % for the latter, compared to those of AuNF-SSCs (Fig.
31a-31b). This is because of the resonant coupling between the plasmons of the AuNFs with
excitons from the Chl molecules at a wavelength of 709 nm. The relevance of structural
parameters is duly noted as the corresponding values for Jsc and Voc of the Au@Chl-SSCs are

smaller than that of Chl-SSC when deposition time is < 30 s. This is correlated with the small

58



size of the AuNPs and the off-set resonance of the plasmon and exciton. Maximal power outputs
of 0.6 and 1.3 pW (Fig. 31c), for AuNF-SSC and Au@Chl-SSC respectively, as opposed to 0.3
and 0.1 pW for Chl-SSC and bare TiO>-SSC confirm that plexciton-SSCs with strong Fano
resonances, via the careful adjustment of the microstructure and plasmons of AuNFs to achieve

optimal coupling with excitonic molecules, provide a 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
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resonance off-set between the plasmon and exciton. (¢) 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.”2 Copyright Royal Society of
Chemistry (2016).

As such, there is a growing interest in the field to identify photoactive materials that are
capable of plexcitonic coupling and their effective translation toward electrical performance.
Several research groups have found that J-aggregate dyes, whose structure resemble organic
semiconductors used in solar cells today, are capable of plexcitonic coupling.'>> 194

Symonds et al.!®> found evidence of strong coupling at room temperature between a
surface plasmon and an exciton from a layered two-dimensional perovskite type semiconductor
spin coated onto a silver film in an organic-inorganic hybrid architecture (Fig. 32, Left).
Symonds et al.'”® note how the strong coupling regime leads to the formation of plexciton states,
or mixed plasmon/exciton states, involving high and low energy polaritonic branches. Definitive
and quantitative proof of strong coupling is determined from the observation of an anticrossing

with a Rabi splitting of 167 meV observed in the dispersion lines resulting from reflectometry

experiments performed at room temperature in the Kretschmann geometry (Fig. 32, Right).

60



Pyrex substrate

Absorptien (a.u,)
Energy (eV)

Luminescence Intensity (a.u.)

L L | L [ g
20 21 22 23 24 25 28 27 A S e "
Energy (eV) Wave Vector (pm'l)

"

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.’ 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.1%5 Copyright AIP Publishing (2007).

Balci et al.'® discovered that the plexciton coupling strength could be tuned by the
altering the concentration of the photoactive material. This was achieved by controlling the
number of dye molecules adsorbed upon metallic nanoparticles which has a significant influence
on the magnitude of Rabi splitting energy, an indicator of the strength of the coupling between
the plasmonic nanoparticles and dye molecules, that is fundamental to obtaining hybrid metal-
organic plexcitonic nanostructures with tunable optical properties 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. (¢) 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.'8* Copyright
American Chemical Society (2016).

By adjusting the concentration of dye molecules used in a unique synthesis of plexcitonic

nanoparticles, Balci et al.'®*

are able to control the number of dye molecules involving a cyanine
dye, (5,5°,6,6’-tetrachlorodi(4-sulfobutyl)-benzimidazolocarbocyanine (TDBC) self-assembled
on Ag nanoprisms (Ag NPs) (Fig. 34a). These individual dye molecules self-assemble into J-
aggregates on the Ag NPs forming a plexcitonic system identified by the inherent Rabi splitting

of energies that is observed in the corresponding extinction spectra. The tunability of the
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plexcitonic system is further confirmed by considering the extinction spectra of the Ag NPs
synthesized with varying concentrations of TDBC molecules resulting in the observation of a

transition from the weak to the ultrastrong coupling regime (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. (¢) 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.'8 Copyright American

Chemical Society (2016).
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In a similar fashion, researchers have also shown that CdSe nanorods capped with Au or
Pt beads are able to undergo ultrafast charge separation'”® where the CdSe phase transfers
between 90% and 60% of hot electrons (and 80 % and 100 % of cold or Drude electrons) to the
Pt or Au ends, respectively. The dynamics of the photoexcited charge carriers in CdSe/Au and
CdSe/Pt nanorods were probed using ultrafast spectroscopy. It was upon photoexcitation at the
400 nm wavelength that Yu et al.!”® found that the results showed both hot and cold electron
transfer from CdSe to the metal component. While the injection of the photoinduced electrons
into the Au tip was observed to be faster than that into the Pt nanoparticles, only Pt could

completely extract the excited electrons from the CdSe nanorod (Fig. 35).'%

Fig. 35 Schematic representation of the band alignment and charge transfer mechanisms of
CdSe/Au and CdSe/Pt nanorods. By combining temperature-dependent photoluminescence spectra, Yu
et al.'% 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
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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 progression that current organic and hybrid
photovoltaics would prove capable of being converted to plexcitonic solar cells, plexcitonic
systems are not without their own shortcomings. Independent groups have found that when the
exciton producing material is in close proximity to metallic nanoparticles, exciton lifetimes are
decreased due to the presence of additional decay pathways where the exciton may either

9

annihilate producing a surface plasmon'®! or undergo resonant electron transfer to the metal,'*”

199 the former process being a source of photocurrent loss and the latter being useful when
transfer to the metal phase is the desired outcome. Li et al.?®® found that the amount of surface
plasmon production was tunable when using a core-shell structure. The authors encapsulated a

CdSe/ZnS QD with Al>Os3 shells of varying thickness and found that a thickness 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 Nanowire. The interactions between surface

plasmons (SPs) in metal nanostructures and excitons in quantum dots (QDs) are of great interest for
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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 Al2O3 (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.200

Copyright American Chemical Society (2015).

This shows that there may be a lower limit to the distance between plexcitonic materials
to garner productive plexcitonic coupling. To avoid the close physical proximity of metal NPs to

190, 200

photoactive layers, both core-shell structures and insulating spacers such as SiO> have been

employed.?’!

5.4 Plexcitonic Luminescence

The world’s largest application of electroluminescence is in light emitting diodes (LEDs). LEDs
have always been plagued by relatively low luminescence quantum yields and low outcoupling
efficiencies due to which improving their efficiency has long been a focus of research.?’? Several
studies have shown that plexcitonic coupling can modify the emission properties of
fluorophores.?%%-2% Specifically, it has been shown that plasmon-exciton coupled (plexcitonic)
systems are capable of modifying and enhancing the emission rate of quantum dots (QDs)?** 205,

206. 207 and organic dyes®®® both by factors of more than 10. Most notably,

semiconductors,
Okamoto et al.?® 2! found that plexcitonic coupling between an Ag film and InGaN/GaN
quantum wires displayed a 14-fold increase in PL than uncoupled samples. The authors were
able to tune the strength of plexcitonic coupling by varying the thickness of the GaN spacer that

separated the metal film from the InGaN quantum wells (QWs). Their experimental setup is

shown schematically in (Fig. 37a). (Fig. 37b) shows the PL curve of the InGaN-metal coupled
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systems when spaced 10 nm apart by the spacer. Al and 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 al.?!! have shown a scalable, well-controlled and simple route to quantum dot
(emitter) - Au nanorod (plasmonic units) architectures from solution using common solvents and
organic compounds. By merely tailoring the molecular spacers, concentrations and reaction
times, the group was able to alter the location and spacing of the QD coated Au nanorods.
Furthermore, the system displayed a 5-times enhancement in photoluminescence compared to its

non-plexcitonic analog (Fig. 38).2!!

67



QD,/AuNR

L — >
i““|““‘\!}!l| ‘]“““““\!!!!l i“““““\!}!}| ‘]“““““l}!}|
i“‘l“ll‘l!!!l]“““““‘I}!‘l I“‘l“““ll!l| i““““‘\!}!l\ il“‘|““‘|!!!|

QD,/AuUNR

Spacer Length

25000

20000

15000

Intensity

10000 +

5000 4

QD + AuNR

—_—————————

600 620 640 660 680 700
Emission Wavelength (nm)

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.2'' Copyright

American Chemical Society (2013).

Similarly, in 2010 Fujiki et al.>'? constructed an Alqs (tris(8-hydroxylquinolianato)
aluminum (III)) based OLED structure in which Au NPs were embedded in the hole transport
layer. The structure of their device is shown below in (Fig. 39a). By tuning the thickness of the

hole transport layer, the authors were able to tune the plexcitonic coupling between the Au NPs
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and the excitons formed in the emissive layers. (Fig. 39b) displays the electroluminescence
spectrum with respect to current density for both the normal and the plexcitonic devices, denoted
as Normal-D (or OLED) and Surface-Plasmon Coupled Emission OLED (SPCE-D),
respectively. As observed in (Fig. 39b), the emission intensity of the SPCE-D system increases
sharply at a current density value of 2 mA/cm? as opposed to the Normal-D system. The
plexcitonic LED demonstrated a 20-fold increase in IQE (internal quantum efficiency) where the
value of the IQEs for the SPCE-D and the Normal-D systems at 15 V were estimated to be
approximately 1.7 X 10 and 8.7 x 10® respectively.?!? By obtaining the onset voltages of
emissions and the emission spectra for Normal-D and SPCE-D, Fujiki et al.?!? are able to clarify
the mechanism behind the enhancement effect. The onset voltages of the two samples are found
to be 11.5 V for both, indicating that the presence of Au nanoparticles does not influence the
charge injection efficiency. Rather, the effect of SPCE in improving the emission efficiency in
the OLED structure is attributed to the enhancement of OLED emissive sites. These sites prove
to be locations where high densities of excitons are localized within several nanometers from the
interface between the hole and electron transport layers?!® via coupling with localized surface

plasmons from the Au nanoparticles.?!?
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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.2'2 Copyright AIP Publishing (2010).

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

emitted light even into the elusive near-UV spectrum (Fig. 40).
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Fig. 40 (Top) Schematic of the ZnO single quantum wells (SQWs) 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.?'* Copyright American Chemical Society

(2012).
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Taking the application of tunable heterostructures even further, Eizner et al.?'> were able
to create Al nanoarrays that coupled with J-aggregates. This makes use of both an inexpensive
metal and an organic semiconductor. The group also found enhanced absorbance and
photoluminescence was possible across a range of wavelengths by simply tuning the parameters
of the Al array. The authors varied the diameter of the disk-shaped NPs and the length and width
of the pill-shaped NP as well as the center-to-center distance (pitch) in order to access the entire
visible spectrum as well as portions of the UV spectrum. Potentially, LEDs or OLEDs of nearly
any color could be produced by simply altering the metal nanoarrays coupled to the same basic

diode structure. Finally, Eizner et al.?!?

were able to create polarized light sensitive arrays. These
arrays would luminesce either visible or UV light based on the direction of polarization of the

incident light. (Fig. 41) shows the important array parameters as well as SEM and optical 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)
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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.?'> Copyright American
Chemical Society (2015).

As mentioned in the previous section, quenching can be a concern when photoactive
molecules are in extremely close proximity to metal NPs. In 2006, Anger et al.?%> measured the
dependence of the fluorescence intensity for a single molecule of nile blue dye in the presence of
a gradually approaching Au nanosphere. A maximal fluorescence intensity was achieved when
the molecule was placed at a distance ~ 5 nm away from the surface of the Au nanosphere. It is
understood that as the molecule is moved toward the surface of the metal nanosphere, the
molecule experiences an exponentially increasing local electric field intensity leading to a
continuous increase in its excitation rate, thus indicating that the fluorescence intensity is a
synergistic result of the excitation rate enhancement and the modification of the overall quantum
yield. On the other hand, fluorescence quenching is found to occur when the spacing is roughly
less than 5 nm.?%> Anger et al.?® also emphasize that the relative dipole orientations of the
fluorophore and plasmonic nanocrystal are very important for enhanced fluorescence as both the
excitation and emission enhancements are strongly dependent on the molecular dipole
orientation relative to the polarization of the electric field.

In comparison, as shown earlier, Li et al.?® found that optimum PL intensity for a
CdSe/ZnS QD was achieved when it was placed 35 nm from an Ag NW. The distances between
the QD and NW were achieved by encapsulating the QD with an Al>O3 layer. It should be noted
that the discrepancy could be accounted for since significantly different materials were used in

216

either study. Another representative study of similar nature is done by Liu et al.”® who studied
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the effect of plasmonic Pt NPs concentrations on a colloidal CsPbBr3 perovskite structure
semiconductor NPs discovering photoluminescence (PL) quenching and exciton lifetime
lengthening at higher Pt NP concentrations. The PL lifetimes of the colloidal CsPbBr3
semiconductor nanoparticles were extended from 17.7 ns to 30.8 ns. This is a beneficial property
favoring the catalytic function of the semiconductor component of the composite structure, as it
extends exciton lifetime, further increasing the probability of charge transfer to an adsorbed
surface catalyst which will be of great application in solar cells as a longer lifetime allows more
time for charge separation to occur. Finally, while surface plasmons can be a large source of
inefficiency in OLEDs, Hobson et al.??? found that plexcitonic arrays on OLED materials can be
used to recover that lost energy. Since then, OLEDs incorporating periodic Au NP arrays have
even been found to increase luminescence intensity more than 10-fold.?!”

In this manner, these representative studies present the great potential there is in

incorporating plexcitonics for advanced applications in optical enhancement, OLEDs, and

fluorescence spectroscopy.

6. Perspective on Future Work

Despite the myriad applications that have been brought forward to demonstrate the exciting
potential of plexcitonic systems for photocatalysis, photovoltaics, and luminescence, the detailed
mechanisms of plasmon-exciton interactions as observed in these hybrid and composite
nanomaterials are yet to be fully understood. For example, in the case of plasmon-graphene co-
driven chemical reactions, we have yet to get a complete picture of the ultrafast dynamical
processes that result in the transference of plasmon-induced hot electrons to graphene. In fact,
the very basic nature and reason behind the higher efficiencies of catalytic reactions as well as

the damping processes evidenced in these hybrid systems, eludes our current understanding, and
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while various theoretical and experimental approaches have contested these questions, a
consistent framework is yet to emerge bridging the physics behind plasmons and excitons. 3* 7>
149, 156, 218220 Moving forward, this is a significant challenge that must be tackled in gaining
access to a greater understanding of plexciton dynamics, and the exploitation of said
quasiparticles in various nanotechnological applications.

Altogether, the study of plexcitonics offers a wide range of opportunities to learn and
control light-matter interactions and electromagnetic energy at the nanoscale. Among various
other systems, plexcitonic hybrid metal-semiconductor nanostructures hold great promise in their
contribution to understanding the behavior of strong and weak coupling, two physical processes,
at the core of various nanophotonic phenomena. Light-matter coupling, and more precisely,
strong coupling, is a phenomenon that connects material science with quantum electrodynamics.
This not only offers us the possibility to mold and monitor material and molecular properties
through the hybridization of the quantum field, essentially designing quasi-particles, but also
assists the development of novel complex materials such as high-temperature superconductors,
photocatalysts, and topological materials etc.”* By controlling the interactions between the
vacuum field and material oscillators, strong coupling would enable us to govern biological
dynamics, and quantum mechanical processes such as chemical reactivity, phase transitions, and
spectroscopy etc. This will assist toward the fabrication of exotic devices in nanoscale optics and
photonics all the while bridging the fields of physics, chemistry, and engineering. Further
investigations on the practical applications of strong coupling could be made by considering
systems that increase the coupling strength and allow the coupled system to interact with
surrounding media. An example would involve systems consisting of ensembles of emitters

separately coupled to plasmonic cavities.?*!
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While various linear optical properties have been studied and utilized extensively in
diverse relevant applications, plexcitonic hybrid nanostructures open the venue towards
exploring nonlinear optical properties that can be utilized for optical switching, amplification,
and regulation of light-matter interactions at the nanoscale.'*? Ultrafast probe studies of
plexcitonic interactions will help optimize the design of potential plexcitonic nanostructures with
ultrafast functionalities. The potential of plexcitonic systems is vast. The interactions between
plasmons and excitons in semiconductor nanostructures can be harnessed for their
complementary advantages such as prolonged lifetime of excitons in semiconductor
nanostructures and enhanced quantum yields and performance efficiencies in various
optoelectronic devices ranging from light emitting diodes to solar cells as well as semiconductor
photocatalytic systems. Plexcitonics, in its inherent matter-light hybridization regimes of strong
and weak coupling also contribute to venues for potential development and optimization of
applications such as low-threshold lasers, biomedical detection techniques, and quantum

information processing methods.

Moving forward, challenges remain in both experimental and theoretical aspects of the
field. It will be necessary to develop a theoretical framework under which the intrinsic losses
observed in plexcitonic systems can be addressed as well as provide alternatives in gain
structures that can be integrated. Methods must also be developed to sustain surface plasmon
resonance and exciton dipole strengths for efficient plexcitonic interactions. The study of surface
properties will be crucial to understanding the origin of strong and weak plexciton
interactions.!3> Even more so, many quantum properties of surface plasmons are yet to be fully
explored and there still remain huge obstacles to fully realizing functioning and reliable quantum

devices that take advantage of plasmonics. This concurrently applies for plexcitonics which is, in
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essence, the amalgamation of plasmons and excitons. Most importantly, as we consider the
miniaturization of said hybrid systems, we must bring into question the current quantization
methods, largely macroscopic in their approach, and their applicability in the microscale. One
such consideration would involve the requirement of density functional theory combined with
quantum optics and plasmonics. Much of this can also be supplemented by numerical
simulations that can provide insights toward the electromagnetic phenomena involved in the
interaction of light and matter at the diverse length scales encountered in various plexcitonic

applications.

7. Conclusion

This review provides a survey of the current research in the field of plexcitonics. Plexcitons are
quasiparticles used to describe the interactions of two other quasiparticles — plasmons and
excitons. In the strong coupling regime, plexcitonic systems are characterized by a large Rabi
splitting in their optical spectra while in the weak coupling regime, plexcitonic interactions
modify the intensity of optical absorption and the rate of spontaneous emission. Nanofabrication
and materials chemistry are important in engineering nanoscale configurations wherein discrete
metal nanoparticles or arrays of noble metal nanoparticles are found in close proximity with
excitonic absorbers and/or emitters to achieve the requisite degree of coupling. The plexcitonic
coupling of noble metal surface plasmons with excitons in 2D semiconductor sheets such as
graphene, reduced graphene oxide and transition metal dichalcogenides have been used to
demonstrate a synergistic enhancement in the rate of surface photocatalytic reactions. Various
binary and recently established ternary nanocomposites of graphene and noble metal
nanoparticles have been used to display improved visible-light absorption and enhancement

effects, resulting in the utilization of the full spectrum of solar energy and the generation of
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energetic charge carriers promoting excellent photocatalytic systems while foregoing losses via
transfer and recombination processes. In strongly emissive organic semiconductor films, III-V
nanowires and II-VI quantum dots, plexcitonic coupling has been used to shift the emission
wavelength of light emitting devices, achieve enhanced photoluminescence and
electroluminescence, and demonstrate polarization sensitivity. Diverse photovoltaic architectures
involving plasmon-SSCs, exciton-SSCs, and their analysis have set the stage for the optimization
of hybrid plexciton-SSCs translating towards efficient electrical performance. The great potential
of plexcitonic applications notwithstanding, challenges remain in the road ahead to provide for
the extensive commercialization of said devices. Alongside theoretical developments to shed
light on the coupling mechanics involved in plexcitonic applications, the advancement of novel
fabrication techniques as well as ultrafast probing methods, the experimental functionalities of
plexcitonic nanostructures can be further optimized for better control of optical properties and

energy flow for diverse applications in optoelectronics.
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