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Abstract

The interaction between light and matter is the fundamental aspect of many optoelectronic
applications. The efficiency of such devices is mainly dictated by the light emitting property
of fluorophores. Unfortunately, the intensity of emission is adversely affected by surface
defects, scattering and chemical instability. Therefore, enhancing the luminescence of
fluorophores is necessary for better implement of nanocomposites in biological and optical
applications. There are many interesting phenomena which can be observed if the
characteristics of the fluorophores and metal nanoparticles are integrated. Photoluminescence
(PL) by fluorophores can be enhanced or quenched by the presence of neighboring plasmonic
metal nanostructures. An unambiguous study of the mechanism behind the enhancement and
the quenching of emission is necessary to obtain new insight to the interaction between light
and metal-fluorophore nanocomposites. In this review the core aspect of combining
plasmonic metal nanostructures with fluorophores is discussed by considering various
functional roles of plasmonic metals in modifying the PL property reported by various
research groups. A few representative applications of SPR mediated luminescence are also

discussed.
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1. Introduction

Photoluminescence (PL) is the emission of light from a material upon photoexcitation. In a
typical PL process a semiconductor is excited with energy larger than the bandgap energy.
Once the photons of sufficient energy are absorbed, electrons and holes are formed at the
conduction band (CB) and valence band (VB), respectively. Since the energy of excited
electrons is high, they tend to return to the ground state and recombine with holes. During the
recombination process of these photoexcited charge carriers, certain amount of energy is
released in the form of heat or light energy. The light energy can be dissipated as radiation,
which is observed as the luminescence and is characteristic for each material.' > In the case
of dyes, the light emitting mechanism is the same, except that the CB and the VB are
replaced by the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO), respectively.”

Semiconductor nanocrystals (NCs) attracted wide attention in recent years due to the
ease to change their emission wavelength by tuning the size. The nanocrystal-based light
emitters can be used for various applications such as opto-electronic devices’'' and
biomedical diagnostics/therapyl2'16. In order to make full advantage of the characteristics of
nanocrystals, the control of PL property is very important. The emission properties of NCs
are mainly dependent on the size of the crystal. Due to the quantum size effect, the bang gap
of NCs increases with decreasing the size, leading to the shift of the band edge of PL from
red to blue. Though fine tuning of the size may offer the control over the stability, emission
color and brightness, most of the NCs suffer from less quantum yield (QY) due to surface
defects and poor stability of NCs. Thus, it is necessary to find suitable strategies, which can
ensure enhanced QY from semiconductor NCs in a stable and reproducible manner.

Recently, metal nanoparticles (NPs) have drawn particular interest since they can

affect the fluorescence significantly when they are kept in close proximity of fluorophores.
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Metal NPs have been reported to cause either radiative quenching or radiative enhancement
depending on the size and the distance from the fluorophore.”'"?* In general, quenching is

observed when metal NPs are too close to the ﬂuorophore,ﬂ’ 2

whereas separation by a
certain distance leads to enhancement. This enhancement is based on the extent of interaction
between plasmon resonance of metal NPs and fluorophores.* """ Such metal-induced
improvement in emission is called metal enhanced fluorescence (MEF). MEF is primarily
due to the near-field interactions of the excited emitter with the local electric filed around the
metal NPs that is generated by incident light having appropriate wavelength.” '’

Noble metals such as gold (Au) and silver (Ag) are recognized for their unique
surface plasmon resonance (SPR) property resulting from the interaction with light. Surface
plasmons are the waves that propagate along the surface of the metal. When the wave vector
of incident light is the same as that of oscillation of plasmons, these plasmons oscillate in
resonance with the light. This resonant interaction between the SPs and the electromagnetic
field of incident light leads to the phenomenon called SPR (Scheme 1).** The localized SPR
(LSPR) band observed from nanostructured plasmonic metals can be tuned from visible to
infra-red (IR) by adjusting the shape and size. This size and shape dependent spectral position
of resonance gives vast opportunities to explore new aspects of underlying mechanism behind
light-matter interaction, and to tailor them for specific applications.zs'28

Modification of the PL of fluorophores by coupling with plasmonic metal
nanostructures has drawn considerable attention because of the dramatic amplification in the
emission of light from the emitters, which can improve their performance-based applications.
The enhancement in the emission can be due to resonance energy transfer (RET)**° or near-
field enhancement (NFE),”"** and is primarily governed by the distance between the metal

and the fluorophore. In the case of RET, the energy of the excited dipole can be transferred to

the surface plasmons (SP). This transferred energy can then be absorbed by other dipoles,
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leading to the formation of superradiant state (SR) that enhances the emission of photons.*
Coupling of electromagnetic field of incident light with the oscillating electrons of plasmonic
metal leads to strong enhancement of local electric field near the surface of the metal NPs.
This enhanced field may interact with QDs or dyes, when they are kept closer to the metal
surface, and may enhance the rate of exciton formation (Scheme 2).** These two mechanisms
are discussed in detail in the later section.

MEEF can be further used for the enhancement in the efficiency of Forster resonance
energy transfer (FRET), since the presence of plasmonic metals can benefit the emission
property of the fluorophore.’” ** > FRET is a photophysical process in which an
electronically excited donor transfers its emission energy to a neighboring acceptor by
nonradiative dipole-dipole interaction.*> A typical FRET system constitutes a donor-acceptor
pair, where the emission wavelength of the donor should be overlapped with the absorbance
wavelength of the acceptor.4’ 36 High molar absorptivity and high QY are the other essential
requirements for efficient FRET.>* However, most of the FRET systems suffer from poor QY
and low photostabiltiy, which in turn affect FRET efficiency adversely.** Placing plasmonic
metals in the close vicinity of donor or acceptor may open facile routes to improve the
effectiveness of emission of the donor or the acceptor through the aforesaid mechanisms,
ultimately leading to an enhancement in FRET efﬁciency.é’ 37

In this review we try to study the recent development of various nanohybrid systems
consisting of light emitting materials combined with plasmonic nanostructures and the
mechanism behind the energy transfer from plasmonic nanostructure to light emitting
materials such as QDs and dyes or vice versa. Here, we focus on the underlying science in
METF rather than the technical aspects of fabricating nanohybrid structures and their specific
applications. The mechanism behind energy transfer is organized as different sections and

discussed them in detail. A few selected applications based on SPR-induced enhanced
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emission are also discussed at the end of the review.
2. Photoluminescence (PL)
PL is the emission of light from any substance, and occurs from photoexcited states. When
light of sufficient energy is incident on photoactive material, photons are absorbed and
excited states are created.”” > Direct bandgap semiconductors possess a void energy region
where no energy levels are available for the electron to exist. This void region, between the
top of the filled valence band (VB) and the bottom of the vacant conduction band (CB), is
called the band gap. The light absorption characteristics and photocatalytic efficiency of the
semiconductors are decided by this band gap. Semiconductors are transparent to photons
whose energies lie below their band gap and are strongly absorbing for photons whose
energies exceed the band gap energy. Band-to-band absorption involves excitation of an
electron from the VB to the CB resulting in the creation of electron-hole pairs. The electron-
hole pairs created when the photon was absorbed by a semiconductor undergoes the
recombination, resulting in the emission of light (Scheme 3).3 839

PL involves more processes when the light emitting material undergoes internal
energy transitions before re-emitting the energy. Luminescence is broadly divided into two -
fluorescence and phosphorescence, based on their energy transitions. The excitation of
fluorophores and subsequent emission can be well described using the Jablonski diagram
(Scheme 4). Fluorophores are excited from ground state (Sy) to higher vibrational level (S;
and S;) after absorption of light. The fluorophores then relax to lower vibrational level
through a process called internal conversion. Fluorophores may come back to the ground
state by the emission light called fluorescence, or undergoes a spin conversion called
intersystem crossing, which causes a spin conversion from singlet (S;) to triplet (T,) state.
The molecules then come to ground state by the process called phosphorescence.™*

The energy of the excited electrons can be decayed mainly through two pathways,
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i.e., radiative decay and non-radiative decay. Spontaneous emission of photons in all
directions is called radiative decay, which reduces the lifetime of the emitter. Fluorophores
however are sensitive to their distance with quenching agents and other environmental
changes (pH, temperature, polarity, oxidation state and other factors). Energy loss due to
these factors is known non-radiative decay.*® Non-radiative and radiatve decay combinely
decide the quantum efficiency. The presence of metals in the close proximity of the emitter
can alter the rate of this radiative and non-radiative decay rate, and thereby the intensity of
emission.

2.1 Radiative decay

The spontaneous emission of light from the luminescent materials is a process of returning to
the ground state through radiative decay. During the transition of electrons from higher
energy state to an empty lower energy state, most of the energy difference between the two
states can be decayed as electromagnetic radiation. The luminescence quantum yield is
defined as the ratio of number of photons emitted to the number of photons absorbed. The
presence of metals in the close proximity of the fluorophore or semiconductor can alter the
radiative decay rate of the emitter, and thereby the quantum yield. This is due to the
interaction of the excited state of the emitter with the free conduction electrons of the metal.**
When the radiative decay rate increases, quantum yield increases and life time decreases.
Metal-induced increase in radiative rate can enhance the emission of luminescent materials.
The radiative decay rate of the emitter is normally the fundamental property of the emitter.
The metal induces a dipole in another particle in response to its own dipole. The coherent
sum of these dipoles is responsible for the net emission of the acceptor and is due to the direct
coupling between the dipole field and surface plasmon polaritons (SPPs).*' SPPs are the wave
modes which travel along the metal-dielectric interface. The field generated by SPPs decay

exponentially as the distance increases from the interface (Scheme 5).** ** The coupling
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increases the momentum of the mode, which is greater than that of free photons, and is
maximal for a small but finite separation between the emitter and the metal surface. When the

emitter is away from the metal, then coupling to non-radiative mode is negligible, and the

radiative decay overrules. The size of the metal NPs also play a pivotal role in radiative decay.

The extinction of metal nanostructures is composed of absorption and scattering and the
degree of contribution of these two components depends on the nature and size of the metal.
The extinction of metal NPs having size below 20 nm is mostly due to absorption and such
particles tend to quench the fluorescence, whereas scattering efficiency is high in the case of
bigger NPs, thus enhancing the radaitive decay.**

2.2 Non-radiative decay

It is possible for the excited electrons of the emitter to return to the ground state in a non-
radiative manner. The non-radiative energy can be lost to the local vibrations of surrounding
atoms and the excess energy may dissipate as heat." When the emitter is very close to the
metal surface, non-radiative decay process induces the energy transfer from the excited
dipole of the emitter to the metal, resulting in the quenching of emission. If the transfer takes
place to the dipole of the metal, the plasmons of the metal can be excited. Again, the nature
of the metallic surface can alter the radiative and non-radiative decay. Metallic nanoparticles
with small radii of curvature increase the coupling between dipole of the emitter and SPPs of
metal, resulting in an increase in non-radiative decay followed by quenching of emission.
Strouse and coworkers studied quenching of fluorescence using smaller metal NPs. They
reported that when the size of the NPs is below 2 nm, quenching is observed due to the
coupling of the oscillating electronic dipole of a dye to a metal surface, resulting in non-
radiative loss of energy. Due to the small radii of curvature of very smaller NPs any free
electron traveling within the NP has the highest probability of scattering normal to the surface

compared to any other orientation. As in the case of FRET this perpendicular orientation of
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dipoles leads to quenching of emission.*> *® In the case of bigger metal particles, the
possibility of scattering from the metallic surface leads to the coupling of SPPs to radiation,
which increases the radiative decay.42 Pockrand et al. studied the distance dependence of the
coupling between the emitter and SPPs and they considered the maximum coupling distance
as 20 nm,”” which was further reported by Lakowicz.** Another non-radiative decay channel
is explained by the induced charge separation at the metal-emitter interface. When the emitter
is close to the metal, the charges are closely packed, and then the plasmon cannot be radiated.
Instead, they decay into heat, resulting in the quenching of the emission.*

3. SPR-mediated enhancement of PL

The ability to trap and concentrate light makes plasmonic metal NPs a potential candidate in
MEF. Typically, either Au or Ag nanostructures are used since their SPR wavelength can be
tuned from visible to infrared by merely changing the size and shape. Chemical or physical
stability of these metals also makes them a recommendable choice in fabricating MEF system.
Due to the coupling between the oscillating electrons of the light emitter and the surface
plasmon of metal NPs, a strong enhancement in fluorescent emission is obtained.*® An
overlap of the absorption wavelength of the metal and the emission wavelength of the emitter
is a preferable requirement for the efficient MEF since it allows a viable excitation and
energy transfer.*>" The degree of enhancement is dependent not only on the spectral overlap
but also on the position and orientation of the emitters with respect to the metal NPs.*> >
Plasmonic fluorescence enhancement has been reported by many groups using different types
of plasmonic nanostructures. By controlling the size or shape of the metal nanostructures, the
interparticle distance, concentration and spectral relationship between the emitter and the
metal NPs, MEF can be improved due to the efficient energy transfer from the metal to the
fluorophore and increased rate of exciton formation induced by NFE.

Interaction between the plasmonic and excitonic system is explained using classical
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electromagnetic method as follows. When quantum emitter is in the close proximity of
plasmonic nanostructures, hybridized states are formed due to the interaction between the two
objects. The resultant wave functions are the mixture of the collective plasmon mode and the
exciton, which is sometimes called as plexcitons.” >*

3.1 Resonance energy transfer

When an excited emitter is located in close proximity to a metal, the energy of the emitter can
be transferred to the metal followed by dissipation and radiation. In the case of RET, the
emission of fluorescent molecules, e.g., QDs or dyes, first radiatively excites surface
plasmons (SPs) in the metal, which then non-radiatively transfers the energy to the emitters,
leading to a cross talk between the emitters. The major cause of RET is the electromagnetic
interaction between the dipole of the emitter and plasmons of the metal nanostructure. This
mechanism explains the emission of light by an ensemble of dipoles of emitters located near
the metallic NPs. Emission of photons is the result of RET between these individual dipoles
and SPs. Therefore, emission of photons is a cooperative process involving all the dipoles in
the ensemble and the NP (Scheme 6).>° This SP-induced coupling between the dipoles leads
to the formation of SR states that enhances the emission of fluorophores. Since SPs extend
throughout the metal-fluorophore system, the metal nanostructure may act as pool that
couples near and far dipoles uniformly throughout the ensemble. Due to this effective
hybridization, the emission of photon becomes a cooperative process between all the dipoles
in the fluorophore and metal NPs.**>® RET can be controlled by tuning the size and shape of
the plasmonic NP, since they influence the electronic distribution around the NPs. The
interaction and efficiency of energy transfer may vary depending on the distance vector
between the emitter and the metal. At a shorter distance, radiative energy of emitter is
absorbed by the metal NPs to excite the plasmons, resulting in quenching of the fluorophore

emission, whereas at an intermediate distance the aforementioned cooperative process
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between the metal and the emitter dominate, giving rise to an enhancement in the emission of
the fluorophore. It is reported that this energy transfer process follows a variable distance
dependence of 1/d’, where d is the distance between the metal and the emitter.** 3% 363

3.2 Near-field enhancement (NFE) mechanism

Radiative energy transfer from the metal to the fluorophore can take place through enhanced
electromagnetic near-field via SP excitation. Strong electric fields are generated around the
excited plasmonic NPs and the magnitude of the field is significantly enhanced than that of
photons used to photoexcite the nanostructure. The field associated with SP is sensitive to the
variation in the dielectric environment around the NPs.*® Plasmonic metallic nanostructures
can act as antennas by concentrating the electromagnetic field around the sharp corners of the
nanostructures.”” The physical origin of NFE can be due to the collective oscillation of
plasmons.® The strength of the field is highest near the surface of the plasmonic
nanostructure and decreases exponentially away from the surface. The field enhancement
factor is reported as 10 up to 10° times larger than the incident field, depending on the
morphology and the surrounding medium of the metal system.ég’ 0 The highest NFE is found
for geometrical systems, where metal NPs are uniformly distributed and at an interacting
distance from each other. When the surface plasmon absorbance wavelength of metal
nanostructure is close to the excitation wavelength of light emitter, the excitation of the
emitter can be enhanced due to NFE arising from the SPR.*' The NFE around the excited
plasmonic nanostructure can excite the fluorophores, ultimately resulting in the enhancement
of the emission of fluorophores. The excitation enhancement factor is proportional to the
local field intensity.* ' The enhancement in fluorescence intensity is dependent on the
distance and orientation of the fluorophore relative to the metal nanostructure.”” This
dramatic increase in fluorescence emission can amplify the emission signal of weak

fluorophores.®® When an excited dye is placed very close to the metal, its fluorescence rate
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and fluorescence life time are changed because of the radiative loss of the dye to the non-
radiating plasmons of the metal NPs,”® and in addition, both radiative and non-radiative rates
are affected owing to the changes in the optical local density of states created by metal NPs.*

It is reported that the emission enhancement is due to the increase in radiative decay rate.*'>*

72

In the case of dyes the absorption and emission wavelengths are close to each other,
and when the plasmon resonance peak of noble metals are comparable to the emission peak
width of the dyes, the excitation and emission enhancements can occur simultaneously. The
total enhancement factor depends on the relative overlap of the plasmon wavelength to the
excitation and emission wavelengths. When QD/dye is in close proximity of metal NPs,
quenching of emission may also occur. Fluorescence quenching is significantly larger in the
case of smaller metal NPs since the magnitude of near field enhancement is not enough to
enhance emission. When the magnitude of local field enhancement is large, it outdoes the
quenching effect, eventually leading to an enhancement in the emission.”' Hsieh ez al studied
emission enhancement and quenching of CdSe in the presence of Au NPs. Initially emission
of CdSe is enhanced as the concentration of Au NPs is increased owing to the increased near
field by plasmons. However, quenching of emission is observed when the concentration of
Au NPs exceeds a certain threshold, which is attributed to the decrease in distance between
the CdSe and Au NPs, leading to the electron transfer from QD to metal since the excited
electrons and holes can tunnel to the plasmonic NPs through non-radiative relaxation.”' Song
et al argued that metal nanostructures whose extinction is dominated by plasmonic absorption
usually lead to quenching, whereas when their extinction is dominated by scattering they may
enhance the quantum yield. They prepared lithographically patterned plasmonic arrays of 100
nm sized Ag arrays, which can support both localized and propagating SPP modes, and they

observed that the SPPs are highly radiative when the individual Ag particles are strongly
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interacting with each other. When light is incident on such interacting spots, enhanced local
fields are induced, which in turn enhances the formation of electron-hole pairs. While the Ag
NPs are non-interacting, the dipole-dipole interaction between the NPs is weak and the
radiative scattering efficiency is not enough to overcome the plasmonic absorption
components, resulting in rather minimal enhancement. The SPPs become active when the
NPs are at an interacting distance, and the incident light is absorbed and scattered efficiently,
leading to an enhanced local field around the coupled region. Generation of electron-hole pair
is significantly increased when the enhanced scattering field is absorbed by QDs.”> This
scattering induced enhanced field was further explained by Giannini ef al. They reported that
when the scattering cross section is bigger than the geometrical cross section, the energy of
the incident field around the metal nanostructure is concentrated, leading to a local
enhancement of the electromagnetic field.”

Another cause of enhanced emission of fluorophores is the existence of ‘hot spots’
between the plasmonic metal NPs. Since nanostructures can act primarily as nano antennas to
concentrate the light energy surrounding them, the intensity of the coupled electric field is
several folds larger when two plasmonic nanoparticles are interacting with each other,
compared with the magnitude of electric field where the plasmonic NPs are non-interacting.
Such local areas, where intensified electric fields exist, are known as hot spots. Though the
simplest system on which hot spots can be studied is a dimer,”” the junction between adjacent
nanoparticles, available in pairs, clusters or even aggregates can also generate intensified
localized field when they are excited by light of appropriate wavelength and polarization
(Figure 1).* " Recently a few works addressed the enhancement of fluorescence when
fluorophores are placed between two plasmonic nano-objects. Bek et al compared the
enhancement in fluorescence in the presence of single Au NP with that in the presence of

dimer, where they observed the increase in the fluorescence intensity by 270 %, which is
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more than the sum of the effect of two non-interacting Au NPs. When the fluorescent sphere
is not located on the connecting axis of the two Au NPs, the degree of enhancement is
weakened, confirming the presence of hot spots between the NPs (Figure 2). The effect of hot
spots is experienced even when the two Au NPs are separated by ~ 40 nm.”> Muskens et al
reported a new class of NP design called optical antennas, which can combine radiative
efficiency with geometric resonances and NFE in the gap between the optical antennas. It
was found that the enhancement of both decay rates and quantum efficiency is weaker than
that for the coupled antennas. They investigated further by coupling more antennas in the
cluster, which further improved the quantum efficiency.’? Zhang et al. synthesized Ag NPs,
which were then chemically attached to oligonucleotide 1. The labeled metal monomers were
achieved by the hybridizations between the bound oligonucleotide 1 and labeled
oligonucleotide 2, and the metal dimers were obtained by hybridization between the metal
bound oligonucleotide 1 and labeled double-length oligonucleotide 3 (Scheme 7). They
obtained 7-fold and 13 fold fluorescence enhancement on the metal monomer and dimers,
respectively. This result is attributed to the enhancement in the electric field intensity
between the metal dimers, induced by the coupling effect of dimers.”> A maximum
enhancement of fluorescence quantum yield can be obtained only when the fluorophore is at
an optimum distance from the metal surface.”” Metallic nanostructures with sharp edges are
also able to produce concentrated enhanced field at the edges. ‘Bowtie’ nanoantennas
consisting two tip-to-tip, separated by a small distance, can produce large electric field
confined to the area near the gap.”® ” Kinkhabwala et al. reported large enhancement in
single molecule fluorescence in bowtie nanoantenna, and observed up to 1,340 times
enhancement in the emission of dye, which was incorporated onto the surface of bowtie
nanoantennas.””

4. SPR-mediated quenching of PL
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Although the MEF can be expected when plasmonic metals are kept in the proximity of
fluorophores, quenching is also observed when the metal is located close to the fluorophore
and the size of the NPs is too small. The change in emission property is influenced by the
radiative decay rate due to photon emission and by the non-radiative decay rate due to energy
dissipation such as heat or collision of photons with metal surface etc.** Quenching is most
often observed when the metal-fluorophore distance is less than 6 nm, whereas enhancement
is reported when it is between 6 to 10 nm.*" When the fluorescent molecules are located at
very close distance from the metal surface, non-radiative energy transfer from the
flourophore to the metal takes place, which in turn decreases the quantum yield, resulting in
the quenching of emission.”> > ® The radiative decay rate is reduced during quenching of the
emission, owing to the out-of-phase orientation of molecular dipoles of the fluorophore and
the dipoles induced on the plasmonic metal.”? Reineck er al. studied the fluorescence
quenching of four different dye molecules, which absorb light at different wavelengths
ranging from the visible spectrum to the near infrared, using a rigid silica shell as a spacer.
The quenching is caused by energy transfer from the fluorophore to higher-order localized
surface plasmon modes in the Au NPs. The most efficient energy transfer occurs for an
emitter whose emission wavelength is very close to the surface plasmon band of Au NPs.
One of the well-studied mechanisms, which govern the non-radiative energy transfer to metal
NPs, is the nanometal surface energy transfer mechanism.?’

4.1 Nanometal surface energy transfer (NSET) mechanism

As discussed earlier, when the fluorophore is kept in very close proximity of the plasmonic
metal, the emission energy of fluorophores can be transferred to the metal, leading to
quenching. Unlike the case of RET, NSET does not require any resonant electronic
transition.* ® NSET is originated by the interaction of electromagnetic field of the

fluorophore dipole interacting with the free conduction electrons of the metal, is more often
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observed in the case of smaller NP and is relatively short-range effect.® In metallic
nanostructures these conduction electrons may behave as an acceptor. Electrons travelling
within the NP may scatter normal to the surface as opposed to any other orientation due to the
higher curvature of smaller NPs and interact strongly with the dipole of the fluorophore when
they are perpendicular (Figure 3a-b). This interaction increases the total non-radiative rate of
the dye, and reduces the lifetime and quantum yield of the fluorophore.*** Karthikeyan also
studied the same mechanism using rhodamine-6G doped Au-polyvinyl alcohol
nanocomposite polymer films. In addition to the NSET mechanism, he proposed electron
transfer mechanism, where nonradiative energy transfer of electrons at energies close to the
Fermi level of Au occurred (Figure 3c). This process increases the nonradiative rate of the
dye and reduces the quantum yield, leading to the quenching of emission.*

5. SPR-induced enhanced FRET

5.1 FRET

FRET is an energy transfer from an excited donor to a ground state acceptor in a non-
radiative manner through dipole-dipole interaction (Scheme 8). In FRET, a donor absorbs
energy and is excited followed by the transfer of the emission energy to the nearby emitter,
the acceptor. This energy transfer manifests a decrease in the emission intensity of the donor,
associated with a reduction of the excited lifetime, and an enhancement in the emission
intensity of the acceptor.” The rate of energy transfer depends on the spectral overlap between
the emission energy of the donor and the absorption energy of the acceptor.’® The distance
between the donor and the acceptor, and the relative orientation of the dipoles of donor-
acceptor pair, are the other important dependent factor for effective FRET (Scheme 9).** %
An excited fluorophore is considered as an oscillating dipole, which can exchange energy
with other dipoles of similar frequency. A pair of emitters involving in this non-radiative

energy transfer is known as donor-acceptor pair.*
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In recent years, considerable research efforts have been devoted to FRET, which is
extensively used in the study of various biological phenomena, such as protein-protein

4,87, 88 : . 89,90 q: .
and conformational changes of biomolecules. Since FRET can give

interactions,
valuable information on the spatial orientation relationship between fluorophore-labeled
biomolecules, FRET imaging has become a successive analytical tool to investigate the
molecular interactions in living organisms. However, FRET is a very short range effect (<10
nm), and only observed when the donors and acceptors are in very close proximity. The
FRET efficiency is drastically decreased when the Forster radius is beyond 5 nm, which
limits its use in biological or biomedical applications since the range of biomolecular
interaction is longer than this range.** %

MEF and consequently influenced FRET is an advanced technique to enhance the
florescence intensity of the acceptor and to increase the Forster range. Enhanced fluorescence
due to the presence of plasmonic metals helps to detect lower concentration of biosystems
marked with fluorophores.”’ When the donor or acceptor of a FRET system is placed close to
the metal, the fluorescence of corresponding component is enhanced due to the
electromagnetic coupling of the fluorophore with the nearby metal nanoparticle.’® *
However, if the distance between the metal and the fluorophore is too small (<5 nm),
quenching of the emission is observed due to the energy transfer from the fluorophore to the
metal. Therefore, careful tuning of the distance between the metal and the fluorophore is a
prime requirement for the effective MEF.*" %2
5.2 FRET influenced by SPR
The interaction of an emitter with plasmonic nanostructures has drawn remarkable attention
because plasmons oscillating in the visible region can influence the oscillating dipoles of the

acceptor or donor of the FRET system.’> Metal NPs can alter the radiative and non-radiative

decay rate of the emitter because of the change in the optical field induced by the plasmonic

- 17 -



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Nanoscale

metal. Excitation of SPPs within metal NPs can create strong optical fields. The changes in
the FRET system induced by SPR depend on the size and shape of the plasmonic
nanostructures, the interparticle distance, and the relative spectral characteristics between the
donor and the acceptor with plasmon absorption features of the metal. If the donor or
acceptor of a FRET pair is in direct or close contact with the metal surface, quenching of the
emitter is observed due to the non-radiative energy transfer to the metal. It can be generally
summarized that quenching is observed when extinction coefficient is dominated by
plasmonic absorption, whereas enhancement in emission is obtained when extinction is
dominated by scattering.” Therefore smaller metal nanostructures usually tend to cause
quenching of emission compared to bigger nanostructures. Locating the metal NPs at an
appropriate distance from the acceptor or emitter can enhance the FRET. When the metal
NPs are close to the donor, the emission of donor is enhanced, and then the enhanced energy
can be transferred to the acceptor. Placing the metal near the acceptor enhances the emission
of the acceptor through two ways. One is through MEF and the other is through energy
transfer from the donor to the acceptor via FRET. The overall enhancement in FRET induced
by SPR can ultimately increase the Forster radius (Rp), which is the distance at which 50 %
energy is transferred from the donor to the acceptor.** ¥

5.2.1 SPR-induced enhancement in FRET

It has been reported that LSPR of metallic nanostructures can enhances FRET property via
dipole-dipole interaction mechanism.”* Here, the emission property of the acceptor or donor
is altered via localized fields created by plasmonic nanostructures and increases the strength
of the donor-acceptor interaction.’* *>*® Increase in Ry with the aid of plasmon coupling is

reported by a few groups.’*

When a plasmonic nanostructure is present in the vicinity of
the fluorophore, the intensity of the emission of fluorophores can be varied in two ways. One

is the increase in excitation rate by the local electric field induced by LSPR, and the other is
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the increase in decaying the energy through non-radiative pathway.97 As the excitation and
emission of the fluorophore can be altered by SPR, the excitation and de-excitation processes
of a FRET pair are also modified subsequently. The plasmonic nanostructures can change the
emission decay rate of the donor and the acceptor which includes energy transfer from the
donor to the acceptor and that between the metal nanostructure and the fluorophore. In
addition, it has been reported when there is an overlap between the plasmon resonance peak
and the emission spectrum of the fluorophore, increased fluorescence intensity is observed
due to the plasmon-induced enhancement in emission.”" "’

Zhao et al studied the influence of SPR on the energy transfer rate (kgr) of the donor
and the sum of radiative and non-radiative decay (kp).”” The enhancement of kgt depends on
the size, shape, plasmon wavelength and position of the donor-acceptor pair relative to the
plasmonic nanostructure.*' ***® They reported the influence of SPR on FRET using Au-Ag
core-shell nanostructures coated with silica shell, onto which the donor and acceptor moieties
are embedded. The enhancement in kgr and kp was changed by changing the plasmon
wavelength of the metal nanostructures. They argued that when the plasmon peak overlaps
with the emission peak of the donor, kp is enhanced, while kgt is not considerably enhanced,
leading to a decrease in the energy transfer efficiency (E). The enhancement in kp may cause
quenching of fluorescence. When the plasmon peak was placed between the emission peak of
the donor and the absorption peak of the acceptor, kgr is considerably enhanced, which
increases overall E. Lunz et al. compared FRET with and without Au NPs using multilayer
sandwich structure, where QDs are used as both donor and acceptor. The Forster radius was
increased from 3.9 to 7.9 nm and the FRET rate was increased by 80 folds for the structure
with Au compared to that for the structure without Au. They argued that donors with the
wavelength of emission spectra in resonance with the SP absorption wavelength of Au NP

monolayers showed SP-mediated energy transfer, which led to the enhancement of emission
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of the acceptor.” This is contradictory to the finding of Zhao et al.’’ Faessler et al. used 40
nm Au NPs as plasmonic nanoresonators, and FRET conjugates were attached to monomer
and dimer Au NPs to study the influence of hot spots on FRET. FRET conjugates at the hot
spot of a dimer experienced better FRET enhancement compared to a FRET conjugate
attached to the monomer.'” Using 15 nm Au NPs, plasmon-mediated non-raditive energy
transfer between QDs via FRET was studied by Ozel et al. Selective plasmon-mediated
energy transfer via FRET was studied using controlled plasmon coupling either only to the
donor or only to the acceptor. It was observed that the acceptor selective plasmon coupling
led to higher acceptor emission enhancement compared to the donor selective plasmon
coupling.'® Reil et al. studied enhancement in the acceptor luminescence at the expense of
the donor emission by locating metal NPs on the donor-acceptor pair. The electromagnetic
field near the metal NP leads to enhancement of the radiative decay rate. The degree of
enhancement of the donor emission is less compared to that of the acceptor emission (Figure
4). The reason why the enhancement of the donor emission is not that significant is the
decrease in the QY associated with ohmic losses in the MNP, whereas the QY of the acceptor
is enhanced in the presence of the MNP, resulting in an enhancement of the acceptor
fluorescence. It was further explained that by tuning the plasmonic resonance wavelength of
the metal NP close to the emission wavelength of donor, part of the near field energy of the
donor can be converted into light by the metal NP, at the expense of the Forster energy
transfer and other non-radiative processes.’” Su et al. analyzed plasmon-assisted energy
transfer between QDs using SiO, coating as the spacer between Ag NP of size 170 nm and
QDs, and obtained 86 % FRET efficiency when the thickness of SiO, is 7 nm. This
enhancement was attributed to the faster radiative decay and the enhanced radiative emission
due to the effect of plasmon-induced field enhancement.'”' The same group reported 88 % of

FRET efficiency using Ag NPs of 110 nm size with silica thickness of 7 nm.'®
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5.2.2 SPR-induced quenching in FRET

Even though most of the SPR based FRET studies are focused on the enhancement of the
acceptor emission in FRET, there are a few reports on the quenching of FRET in the presence
of metal NPs. Kim et al. studied switching-off FRET by plasmonic effects. Donors and
acceptors of a FRET pair were incorporated into the different blocks of an amphiphilic
diblock copolymer. To study the effect of surface plasmons, a layer of silver NPs was spin
coated on a suitable substrate, onto which polymer solution containing donors and acceptors
was spin coated. It was observed that the fluorescence spectra of the donor and the acceptor
remained unaltered compared to the fluorescence spectra of the polymer containing either
only the donor or acceptor. Excitation of surface plasmons of Ag NPs creates a strong
electromagnetic field, which can increase the excitation rate of the donor and the acceptor in
the vicinity of Ag. Meantime, the excited-state energy of fluorophores can be transferred to
metal NPs and then dissipated as heat by NSET mechanism (Figure 5). The FRET was
retrieved by introducing a spacer layer between the metal and the polymer film incorporated
with donor-acceptor pairs. They concluded that switching-off FRET is mainly caused by the
NSET decay process by the proximity of fluorophores and metal NPs.'” Zhang et al. also
studied the effect of NSET in a metal-fluorophore system. Five differently sized QDs were
prepared to study the quenching effect by surface plasmons. The quenching of emission of
QDs was maximal when the thickness of the spacer between Au NPs and QDs is minimized,
and when the concentration of Au NPs was higher. It was suggested that the quenching is due
to the non-radiative energy transfer to metal NPs.'**

5.2.3 Effect of the position of plasmonic nanostructures in FRET system

Although various groups mainly studied that combining SPR with FRET pairs increases the
FRET rate between donor-acceptor pairs through plasmon coupling, the influence of spatial

location of plasmonic nanostructures on the emission property is investigated by only a few
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groups.”™® % Enhancement of FRET by placing metal nanostructures between the donor and
the acceptor was demonstrated by a few groups.”*”® ** Lunz et al. prepared multilayer
structures consisting of monolayers of donors, acceptors and Au NPs, separated by
polyelectrolytes. In the presence of Au NPs, the donor emission was reduced by 13 %, while
the emission of the acceptor was increased by 24 %, with the donor-acceptor center-to-center
separation of 23 nm. No FRET was observed with a similar structure without Au NPs, since
the distance between the donor and the acceptor was too large for the energy transfer to take
place.” The same group studied the effect of Au concentration in the multilayer sandwich
structure, where it was observed that the emission of the acceptor was enhanced when the
concentration of Au was at a low to intermediate level, and decreased at higher concentration
of Au due to dominant direct quenching by the Au NPs.** Ozel ef al. explored the effect of
SPR on FRET using donor- or acceptor-selective coupling of SPR. They controlled plasmon
coupling either to the donor or to the acceptor, and studied plasmon-mediated energy transfer
from the donor QDs to the acceptor QDs. They controlled the plasmon interaction structurally
through placing the plasmonic layer either close to the donor or to the acceptor to probe the
donor-plasmon coupling or the acceptor-plasmon coupling, respectively. The donor-selective
plasmon coupling enhanced the acceptor emission by a factor of 1.93, whereas the acceptor-
selective plasmon coupling led to 2.70 fold enhancement in the acceptor emission, which is
due to the acceptor plasmon coupling and FRET-assisted energy transfer from the donor to
the acceptor (Figure 6).”

Viger et al. opted to position the acceptor closer to the metal coated with silica shell,
because the quantum yield of the acceptor (eosin) is reported to be less compared to that of

the donor (fluorescein isothiocyanate).>* *°

In the presence of the metal, the Forster radius
was increased from 5.5 nm to 7.5 nm, and the Forster efficiency was increased by a factor of

4.3* They extended their work by changing the fluorescein isothiocyanate as acceptor and
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employing a new donor, a cationic conjugate polymer. Again, the acceptor was placed near
the plasmonic metal. It was observed that the Forster radius was increased from 5 nm to 8.5
nm and the Forster efficiency by a factor of 13, respectively, when the plasmonic metal was
included.”

6. Plasmon controlled fluorescence: Applications

The interaction of fluorophores with plasmonic nanoparticles has attracted significant
attention correlated with numerous applications, especially in life science. MEF in

fluorescence and FRET is a practical tool utilized in various applications such as optical

19, 106, 107 108-110

display,61’ 63,105 biosensing, photodynamic therapy etc. This enhancement along
with reduced lifetime and improved quantum yield lend them feasibility for the above-
mentioned applications. Protein sensing is one of the widely studied applications of MEF and
FRET. As plasmonic metals have sufficient binding affinity to proteins, enhanced
fluorescence by metal NPs can improve the detection signal.19 Another upcoming area where
MEF can be widely exploited is the photodynamic therapy. Photodynamic therapy involves
the combination of fluorophores known as photosensitizers (PS). By absorbing light PS
produces reactive oxygen species that can damage cellular constituents. The presence of
metal nanostructures can amplify the production oxygen radicals and the detection signal.'®
The third commonly explored use of MEF is in display devises, especially organic light
emitting diodes (OLEDs). The surface plasmons are used to mediate energy transfer from the
plasmonic metal to fluorescent dye molecules.”’ In this section the SPR-mediated
applications are classified into two categories, biomedical and display applications.
Biomedical application is subdivided into biosensing and photodynamic therapy. In display
section the discussion is focused on SPR-mediated enhanced emission from LEDs and

OLEDs

6.1 Biomedical applications
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6.1.1 SPR-enhanced fluorescence for biosensing

SPR-induced enhanced fluorescence is considered as an apt analytical tool for protein sensing.

In conventional protein sensing, fluorophores, which are covalently labeled to proteins, are
the suitable probes. Most of the cases, these fluorophores undergo quenching due to energy
transfer between nearby fluorophore molecules.''' The Forster distance for homo FRET is
below 5 nm, which is larger than the length of many proteins. Energy transfer between the
fluorophores is expected to take place when the assay contains more than one fluorophore.
This adversely affects the detection of labeled antibodies used in immunoassays since self-
quenching of emitters reduces the brightness of the labeled target molecules. It has been
reported that the self-quenching can be reduced to a significant extent in the presence of
plasmonic metal NPs, which is attributed to the increase in radiative decay.”'

Lakowicz and co-workers performed extensive research in MEF-induced enhanced
biosensing.gl’ H2-11e Self-quenching was reduced when fluorescein-labeled human serum
albumin (HSA) was bound to a Ag island film. This is due to the interaction of the
fluorophore with free electrons of the metal, which increases the quantum yield and the
radiative decay.”’ Similar enhancement in the emission of fluorescence was observed when
indocyanine green (ICG)-labeled HSA was bound to a Ag film.'"” An increase in the
fluorescence intensity by 18 ~ 80 times with one-photon excitation and up to several hundred
fold or larger with two-photon excitation was obtained when labeled avidin molecules were
adsorbed on a Ag film surface (Figure 7).'* MEF was further used to study DNA
hybridization by binding thiolated oligonucleotides to Ag particles on a glass substrate. 12-
fold increase in fluorescence intensity was obtained during hybridization when
complementary fluorescein-labeled oligonucleotides were added.'"?

Sokov et al. studied the enhancement of emission of biotin-fluorescein conjugates

captured on alternative layers of bovin serum albumin-biotin (BSA-biotin) conjugates and
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avidin. An enhancement factor of 20 was obtained when the protein layers were deposited on
a Ag film.”” Xie et al. investigated the fluorescence enhancement using a monolayer of FITC-
conjugated HSA (FITC-HSA) attached to Ag, which was deposited on Au colloid surface
immobilized on a glass surface by covalent bonding. Fluorescence of the fluorophore (FITC)
was quenched, unaffected, or enhanced in comparison to the control, depending on the size of
Ag NPs. The size dependent enhancement of fluorescence was attributed to the effect of
increased excitation rate from the enhanced electromagnetic field around the Ag NPs and a
higher quantum yield from an increase in the intrinsic decay rate of the fluorophore.
Amplification of the fluorescence intensity using Ag nanowires was explored by binding
FITC-HSA to the glass surface covered with Ag nanowires, which is several micrometers in
length and 50-100 nm in diameter.'"”> They argued that the fluorescence enhancement is not
only due to the greatly increased total surface area and aspect ratio of Ag nanowires, but also
the enhancement of the electric dipole moment for electron resonance oscillations along such
wires. Coupling of the optical dipoles in the fluorophore molecules to these resonance
oscillation may result in nanoantenna effects where the coupled radiation is effectively re-
emitted to the free space.'”” ' The effect of the distance between the metal particles and the
size of the NPs on the fluorescence enhancement was studied by binding monolayers of
FITC-HSA and deep purple-conjugated BSA (DP-BSA) to Au NP surfaces, which have
either larger or smaller interparticle distance. It was observed that the fluorescence
enhancement in the samples with closely arranged Au NP monolayers is generally much
higher than that from the well-isolated NPs (Figure 8). This is attributed to the effective
localization of the electromagnetic field in interparticle regions, which leads to the effective
coupling of the localized field, and further leads to the enhanced fluorescence.''®

6.1.2 SPR-enhanced fluorescence for photodynamic therapy

Photodynamic therapy (PDT) is a recently developed therapeutic option for the treatment of
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cancer. PDT consists primarily of three components: photosensitized drug, light and oxygen.
After absorbing light the photosensitizers (PSs) transfer the energy to oxygen molecules to
produce singlet oxygen or to surroundings to produce free radicals. The singlet oxygen
species are cytotoxic in nature, which can damage cellular components, ultimately leading to
the death of cancer-affected cells (Figure 9).'%* ' The overall process involved in PDT is as
follows: first the dye in the ground state (Sy) is excited to an excited singlet state (S¢), which
is then transferred to a triplet state of the dye by intersystem crossing. The collisional energy
transfer from the triplet state of the dye to the ground-state molecular oxygen produces
reactive singlet oxygen. Owing to this, tumor cells can be selectively located and destroyed
(Figure 10), thereby severe side effects of chemotherapy can be avoided.''® '8 PDT is
effective within the availability of singlet oxygen. All the tumor cells are not killed if the
singlet oxygen supply is insufficient, whereas excess supply may kill or damage healthy cells
around cancer-affected cells. In this regard, MEF can be used as efficient means to control
the amount of singlet oxygen generation through metal-PS interactions. Enhanced
electromagnetic field around the metal is the basis for the increased light absorption by PSs,
which in turn leads to the increase in singlet oxygen genera‘[ion.109

Geddes and co-workers have done a few studies on MEF-assisted singlet oxygen
formation using different PSs. Using Rose Bengal (RB) as PS and green reagent (GR) as
singlet oxygen sensor, they studied the extent of singlet oxygen production in close proximity
to a Ag film. Upon UV light exposure, the intensity of GR emission on a Ag film was
increased by 3.3 times compared with the GR emission on a glass substrate (Figure 11).!% "
The distance dependence of MEF was demonstrated by depositing SiO, layers of various
thicknesses on Ag films. The enhancement of singlet oxygen generation was 1.3 fold for the

5-nm-thick SiO; layer, and no enhancement was observed when the thickness of the SiO;

layer was increased beyond 5 nm. This is due to the electric field enhancement around Ag,
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which decreases exponentially away from the surface. The effect of excitation power on the
formation of singlet oxygen was studied by exciting RB by 4 mW to 60 mW at 532 nm, and
significant enhancement in singlet oxygen production was observed. 120

Huang et al. detected the singlet oxygen formation using Au nanorods (NRs)-
conjugated chlorin e6 (Ce6) as PS and 1,3-diphenylisobenzofuran (DPBF) as probe to detect
singlet oxygen. The singlet oxygen yield of Au NRs-Ce6 was 1.4 times higher than that of a
free Ce6. Here, due to the SPR of Au NRs, they act as nanoantennas to collect more incident
photons, and increase the local intensity of excited light, resulting in an enhancement of the
fluorescence of the fluorophore and increased singlet oxygen production.'?! Jang et al. also
utilized Au NRs-PS complex for PDT study. Au NRs were conjugated to mono-methoxy
poly(ethylene glycol) and short peptide RRLAC first, followed by introduction of negatively
charged PS. In Vivo therapeutic study revealed that tumor growth was reduced by 79 % in Au
NR-PS treated cells than in free PS treated cells. They argued that when PS are located near
the Au NR surface, in addition to enhanced singlet oxygen generation, the energy can be
transferred from PS to NR and the PS may become non-fluorescent. So the Au NR-PS
becomes non-fluorescent while in the circulatory system PSs are released from Au NR and
become fluorescent. The tumor can be detected by fluorescence imaging and selectively
destroyed.“o Using Au NPs, Oo et al. demonstrated the formation of reactive oxygen species
(ROS). Au NPs were mixed with protoporphyrin IX PS, and dihydrorhodamine-123 (DHR
123) was used as ROS tracking agent. Upon reaction with ROS, non-fluorescent DHR123
can be converted to fluorescent Rhodamine 123 (R123). The enhancement of generation of
ROS was maximal for Au NPs having size 106 nm (Figure 12), where the conversion of
R123 from DHR123 was proportional to ROS concentration. Clearly, the fluorescent
intensity was strongly correlated to the size of Au NPs. This is due to the localized plasmonic

field intensity around Au NPs. The intensity of NFE is stronger when the metal NPs are
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larger in size.'?

6.2 SPR-enhanced display devices

Efficient light emission from emitting materials mainly depends on the quantum efficiency,
radiative efficiency and current injection efficiency. Increasing the radiative recombination
by coupling QDs/dyes to surface plasmons is rather a new approach to improve the
performance of display devices. The resonant excitation of SPs by incident light leads to
enhancement in light scattering, absorption and local electromagnetic field around the metal
NPs.'” Although coupling of SPs in the metal/dielectric interface is considered as a
requirement to match the momentum of incident light to that of SP generated by light, it is
not always necessary if the QD/dye is close to the metal. This is because excitation of SPs
enhances the density of local fields by concentrating the light, which enhances the emission
of fluorophores.*

6.2.1 SPR-mediated emission in LEDs

SP-enhanced light emission in LEDs using Ag NPs was studied by Park and co-workers.®*
124128 Bioure 13 shows the SP-enhanced LEDs with Ag nanoparticles embedded in p-GaN.'*
Enhancement of luminescence in InGaN/GaN quantum well (QW)-LED through QD-SP
coupling effect was studied by inserting Ag NPs between n-GaN layer and the InGaN/GaN
multiple quantum well (MQW) layer. At an input current of 100 mA, the optical output from
this LED was increased by 32.2 % in the presence of a Ag NP layer (Figure 14). The life time
of LEDs with Ag NP layer was 80 ps at 330K, while it was 140 ps without Ag NP layer. The
decrease in the life time in the presence of Ag is due to the coupling of QW with SPs of Ag
NPs. When the exciton energy of QW is close to the SPR energy of metal NPs, the exciton
energy can be transferred to the SPs, which leads to the faster PL decay.”’ Coupling of near-
ultraviolet (NUV) emission of NUV-LEDs and SPs of metal NPs was demonstrated by

growing InGaN/GaN NUV-MQW on substrate first, followed by deposition of 20-nm-thick
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p-GaN layer as spacer. A layer of Ag was deposited on the p-GaN spacer layer. The optical
output was increased by 20.1% with Ag NP layer at an injection current of 20 mA."** 38 %
increase in the output power was obtained when Ag NPs were deposited on p-GaN.125 A 92
times faster spontaneous emission was observed in InGaN/GaN QW with Ag layer. The
resonant enhancement was prominent when Ag-QW separation was 4 nm, which indicates
that the coupling between dipole emitters and SP field increases as the distance between QW
and Ag decreases.'”® Yeh et al studied the effect of the Ag film thickness on the
enhancement of emission of LED. They prepared InGaN/GaN QW LED having different
thickness of Ag layers. A sample with 12-nm-thick Ag layer showed maximum PL intensity
(Figure 15) and the output efficiency at 20 mA, compared to one with 8 nm- and 10-nm-thick
Ag layers.'” The SP coupled enhancement of emission of LED with Au layers, instead of Ag
layers, was studied by Sung et al. A Au layer of 2 nm thickness was deposited on
InGaN/GaN LED. An enhancement of 180% in electroluminescence intensity was observed
for LED sample with a Au layer. In this case SP excitation wavelength of Au does not
overlap with the emission wavelength of LED. They concluded that better enhancement in
emission can be obtained if the SP excitation wavelength of Au is closer to the emission
wavelength of LED, since this can lead to effective SP-QD coupling. It can be assumed that
in all the above-mentioned works, the enhancement in optical output of LEDs is due to the
resonance coupling between the emission of MQWs and SPs of Ag NPs.'*°

6.2.2 SPR-mediated emission in OLEDs

The important factors that decide the efficiency of OLEDs are the efficiency of the formation
of excitons and the efficiency of emission due to the decay of the excitons. Most of the light
produced by the decay of excitons are trapped in the devise as waveguide form, and lost into
absorption.lo5 This poor light extraction efficiency of OLEDs limits the external quantum

efficiency. Recently, excitation of SPs as a tool to improve the extraction of light was
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explored by a few groups.®" *'"'*® The near field enhancement by plasmonic metals improves
the absorbance and emission of dyes in OLEDs, which thus improves the energy transfer in
the light emitting device. Yang et al. demonstrated the SP induced enhanced energy transfer
in a Alg3:DCM-based fluorescent OLED. In order to enhance the Fdster process in the
donor-acceptor system of OLEDs, Ag NPs were chosen since the SP wavelength of Ag is
overlapped with the absorption range of the acceptor and the emission of the donor. An
enhancement of 3.5 fold was obtained for the sample with Ag cluster, compared to the
sample without Ag clusters. The donor decay rate increases as the SP excitation wavelength
moves closer to the donor emission wavelength, and the donor-acceptor interaction is
enhanced when the SP energy becomes closer to the absorption energy of the acceptor. These
two processes attributed to the improved energy transfer between the donor and the acceptor,
which in turn enhances the optical output of the OLED.® In another work they deposited Ag
NPs of various size and density on the cathode having LiF spacer to study exciton
emission/SP coupling effects for a donor-only system (Figure 16),°" and obtained 1.75 fold
increased emission, compared to the structure without Ag clusters. Since LSPR depends on
the cluster size and spacing between the clusters, sample 3, which has high density of Ag
clusters compared to that of sample 1 and 2, showed better output emission owing to larger
particle size and narrower spacing between neighboring clusters (Figure 17).'% Feng et al.
obtained 10 times enhancement of emission intensity when a dye-doped dielectric acceptor
layer was deposited onto the surface of the Ag cathode, and the acceptor was deposited on the
other side of the metallic film. 10 times enhancement of emission was obtained when the
donor and the acceptor were separated by the Ag cathode. This result was ascribed to the
coupled SPs on the opposite interface of the Ag cathode, which act as efficient channel for
the transfer of energy from the donor to the acceptor.'*?

7. Conclusions and outlook
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We tried to comprehensively overview the possibilities to influence the luminescence of
emitters in the presence of plasmonic metals in this review. The metal-emitter architectures
may offer enhanced synergistic optical performance such as increased quantum yield,
increased rates of excitation and reduced lifetime, provided that the spatial distribution of the
metal and the emitter are properly engineered. Quenching of emission is observed when the
emitter is located very close to the metal due to the transfer of emission energy from the
dyes/QDs to the metal, which was further explained by NSET mechanism. The enhancement
of emission was explained via the two most plausible mechanisms, i.e., RET and NFE.
Coupling between SPs and molecular dipoles leads to RET, whereas dyes/QDs experience
enhanced excitation when they are in the enhanced electromagnetic field around the
plasmonic nanostructures. The influence of NFE can improve FRET efficiency also by
changing the excitation and decay rate of the donor and the acceptor. Quenching of FRET
driven by the presence of plasmonic metals is mainly due to NSET. In the last section we
discussed a few SPR-based theranosis and display applications. The diverse hybrid structures
that have been reported here include mainly Au and Ag as plasmonic nanostructures since
they allow feasible overlapping of SP excitation wavelength with the absorption or emission
of the donor or acceptor. Recent works of various groups that showed SPR-induced enhanced
performance for viable applications were discussed in each section.

In spite of partial success in SPR-induced improved performance of luminescence
toward analytical tools and display devises, many issues regarding the architectural control
over the metal-emitter still remain as practical challenges. To exploit the full potential of
MEF, identifying suitable preparation parameters and optimizing the size, shape and distance
between the various components of the fluorophore ensemble are the key subjects to be
resolved. Considering all the wide possibilities and applications of SPR-induced

enhancement of the luminescence of dyes/QDs, we strongly believe that a careful designing
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and coupling of SP-QD/dye will open widespread real-life applications in the near future.
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2 Scheme 1: Schematic of plasmon oscillation for a sphere, showing the displacement of the

3 conduction electron charge cloud relative to the nuclei. Reprinted with permission from ref. **.

1Ny

Copyright 2003, American Chemical Society.
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(8 l o

Scheme 2: Modified Jablonski diagram which includes metal-fluorophore interactions. The
thicker arrows represent increased rates of excitation and emission. Reprinted with
permission from ref.”>. Copyright 2009, WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim.
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Conduction band

Valence band

2 Scheme 3: Schematic representation of photoluminescence process in semiconductors. CBM
3 and VBM represent conduction band minimum and valence band maximum, respectively.

4 The distance between VBM and CBM is called as band gap.
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Scheme 4: Jablonski diagram showing the various steps involved in fluorescence and
phosphorescence. Sy denotes singlet ground state, S; and S, are the excited singlet states. T
represents triplet states. Internal conversion and intersystem crossing are non-radiative
processes. Intersystem crossings are accompanied by a forbidden change in the spin state,

which later leads to phosphorescence.
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Scheme 5: SPP as a collective excitation at a metal-dielectric interface. The electromagnetic

field (electric field, E, plotted in the z—x plane; magnetic field, Hy, sketched

in the y direction) is drastically enhanced. SPs at the interface between a metal and a

dielectric material have a combined character of electromagnetic wave and surface charge.

Reprinted with permission from ref.”

6 Copyright 2003, Nature Publishing Group.
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/.

(b) N6

Scheme 6: Schematic representation of the plasmonic coupling of emitters near a metal NP.

Reprinted with permission from ref.*°. Copyright 2010, American Physical Society.
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Aminated oligo: H,N-3'-TCCACACACCACTGGCCATCTTG-5
Oligo for monomer: 3'-AGGTGTGTGGTGACCGGTAGAAC-Cy5-5

Oligo for dimer: 3’-AGGTGTGTGGTGACCGGTAGAACTTFTTCAAGATGGCCAGTGGTGTGTGGA-S'

1 Cy5

2 Scheme 7: The tiopronin-coated silver particle was succinimidylated via ligand exchange,
3 covalently bound with aminated single-stranded oligonucleotide by condensation, and
4 fluorescently labeled by complementary single-stranded cy5-labeled oligonucleotide to
5 generate the labeled metal monomer. Reprinted with permission from ref .>*. Copyright 2007,

6  American Chemical Society.
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Scheme 8: Schematic of the FRET process: Upon excitation, the excited state donor molecule
transfers energy non-radiatively to a proximal acceptor molecule located at distance r from
the donor. The acceptor releases the energy either through fluorescence or non-radiative
channels. The spectra show the absorption (Abs) and emission (Em) profiles of one of the
most commonly used FRET pairs: fluorescein as donor and rhodamine as acceptor. Reprinted
with permission from ref."*”. Copyright 2006, WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim.
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Scheme 9: Schematic diagrams depicting the three conditions that should be required for
efficient FRET. (a) The emission spectrum from the donor fluorophore must overlap with the
excitation spectrum of the acceptor fluorophore. (b) If the donor and acceptor are within ~10
nm of one another, then energy transfer can occur from the donor (CFP) to the acceptor
(Venus). (c¢) If the donor and acceptor fluorophore dipoles are parallel to each other, FRET is

occurred. Reprinted with permission from ref.*. Copyright 2013, Nature Publishing Group.
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Figure 1: Electric fields near silver (a) monomer and (b) dimer were calculated by FDTD
model under an incident light of 635 nm. Reprinted with permission from ref.>. Copyright

2007, American Chemical Society.
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Figure 2. (a) The fluorescence enhancement is very sensitive to the exact placement of the
FS between the Au NPs. The graph shows fluorescence intensities obtained with two
different FS positions. The AFM height images are shown in the upper two insets, and the
corresponding fluorescence images are shown in the lower two insets. The exact positions of
the AuNPs and the FS are indicated by solid black dots and asterisks, respectively. The axis
connecting the two Au NP centers is also indicated. In the left column, the FS is sandwiched
in the hot spot right between the two Au NPs, which leads to a strong fluorescence
enhancement (solid red line). In the right column, the FS is not in the hot spot, and
consequently, the fluorescence enhancement is less pronounced (dashed green line).

Reprinted with permission from ref.””. Copyright 2008, American Chemical Society.
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Figure 3. (a) Graphic representation of a donor dye-nanometal acceptor pair separated by
dsDNA approximated as a rigid rod of length, d. The donor is treated as a localized dipole,
and the acceptor is assumed to have overlap at all stearadians. (b) Pictorial representation of a
gold NP in an idealized electric field of a nearby molecular dipole. All surface dipole
scattering events associated with the free electrons of the gold are shown perpendicular to the
surface, which are predicted to be the dominant contributors to the NSET process. Reprinted
with permission from ref.*’. Copyright 2006, American Chemical Society. (c) Schematic
diagram of the electron transfer in rhodamine 6G doped Au nanocomposite polymers.

Reprinted with permission from ref.®. Copyright 2010, AIP publishing.
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2 Figure 4. Fluorescence spectra with (solid lines) and without (dashed lines) the metallic
3 nanoparticle. The bright, orange line indicates the scattered intensity of the metallic
4 nanoparticle in absence of donor and acceptor molecules. Reprinted with permission from

5 ref.*. Copyright 2008, American Chemical Society.
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Figure S: (a) Steady-state fluorescence spectra from a single-layered film of micelles on a NP

film with only QDs (blue), with only dyes (green), and with QDs and dyes (pink). (b)

Schematics of near-field interactions among QDs, dyes, and Ag NPs in the micellar hybrid.

Green, blue, and red arrows were used for presenting FRET, NSET, and excitation/emission

enhancement factors, respectively. Reprinted with permission from ref.'”. Copyright 2012,

American Chemical Society.
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Figure 6. (a) Schematic representation of a donor—acceptor (D—A) energy transfer pair in the

case of plasmon coupling to only acceptor QD along with an energy band diagram with the

absorption process of the MNP/donor QD/acceptor QD, fast relaxation process, light

emission process, energy transfer from the donor to the acceptor and the Coulomb interaction

between the donor and acceptor pairs are shown. In the energy diagram, the discrete energy

levels for the QDs are depicted, as well as the energy level for the localized plasmons within

the continuous energy band of the MNP. (b) Photoluminescence (PL) spectra of the D (dotted

orange), A (dotted red), D—A QD pair (dashed blue) under Follrster-type energy transfer,

plasmon-coupled A (dashed gray), and FRET for the D—A QD pair when only the acceptor

QD is coupled to MNP (solid yellow). Reprinted with permission from ref.”. Copyright 2013,

American Chemical Society.
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Figure 7. Emission spectra of labeled avidin molecules bound to BSA-coated silver island
films. Reprinted with permission from ref.''*. Copyright 2003, WILEY-VCH Verlag GmbH

& Co. KGaA, Weinheim.
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2 Figure 8. Fluorescence emission intensity of DP-BSA monolayer coating on 162, 118, and

3 80 nm Au colloid with 24 h incubation time. Reprinted with permission from ref.''®.
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Copyright 2008, American Chemical Society.
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Oxidative
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Figure 9. Metal NPs in photodynamic therapy. NPs can deliver light-activatable chemicals,
known as photosensitizer molecules, to tumor cells for use in photodynamic therapy. After
the absorption of light, photosensitizer molecules can generate cytotoxic oxygen-based
reactive species, which can subsequently cause cellular damage and cell death via oxidative

stress. Reprinted with permission from ref.'®. Copyright 2013, American Cancer Society.
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Figure 10. The photosensitizer (PS) absorbs light and an electron moves to the first short-
lived excited singlet state. This is followed by intersystem crossing, in which the excited
electron changes its spin and produces a longer-lived triplet state. The PS triplet transfers
energy to the ground-state triplet oxygen, which produces reactive singlet oxygen ('0,). 'O,
can directly kill tumour cells by the induction of necrosis and/or apoptosis, can cause
destruction of tumour vasculature and produces an acute inflammatory response that attracts
leukocytes such as dendritic cells and neutrophils. Reprinted with permission from ref.''.

Copyright 2006, Nature Publishing Group.
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Figure 11. Fluorescence emission spectra of mixture of green sensor (Gr) and RB, both on

glass (A), silver film (B). Reprinted with permission from ref.'”. Copyright 2008, National

Academy of Science, U. S. A..
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2 Figure 12. Change in the fluorescent intensity due to the formation of conversion of DHR
3 123 to R-123 upon reaction with ROS. Reprinted with permission from ref.'*%. Copyright

4 2012, American Chemical Society.
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Figure 13. Output power characteristics of InGaN/GaN MQW LEDs with Ag nanoparticles
(white-dotted line) and without Ag nanoparticles (black dotted line). Reprinted with

permission from ref.®. Copyright 2008, WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim.

- 54 -

Page 54 of 67



Page 55 of 67 Nanoscale

3 Figure 14. Schematic illustration of SP-enhanced LEDs with Ag nanoparticles embedded in

4 p-GaN. Reprinted with permission from ref.'*. Copyright 2010, IOP Publishing.
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Figure 15. Room temperature PL spectra (right ordinate) of the three LED samples showing
their relative intensities. The transmission spectra (left ordinate) of LED samples B and C.

Reprinted with permission from ref.'*. Copyright 2008, IOP Publishing.
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2 Figure 16. Schematics of samples with different Ag deposition conditions in OLED

3 structures. Reprinted with permission from ref.®'. Copyright 2009, OSA Publishing.
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Figure 17. Room temperature PL spectra of samples 1-3 of different resonance wavelengths.
Excitation wavelength was 266 nm. Reprinted with permission from ref.'*2. Copyright 2009,

AIP Publishing.
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