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Abstract: The optically generated collective electron density waves on metal–dielectric boundaries known as surface plasmons have been of great scientific interest since
their discovery. Being electromagnetic waves on gold or
silver nanoparticle’s surface, localised surface plasmons
(LSP) can strongly enhance the electromagnetic field.
These strong electromagnetic fields near the metal surfaces have been used in various applications like surface enhanced spectroscopy (SES), plasmonic lithography,
plasmonic trapping of particles, and plasmonic catalysis.
Resonant coupling of LSPs to fluorophore can strongly
enhance the emission intensity, the angular distribution,
and the polarisation of the emitted radiation and even
the speed of radiative decay, which is so-called plasmon enhanced fluorescence (PEF). As a result, more and
more reports on surface-enhanced fluorescence have appeared, such as SPASER-s, plasmon assisted lasing, single
molecule fluorescence measurements, surface plasmoncoupled emission (SPCE) in biological sensing, optical orbit designs etc. In this review, we focus on recent advanced reports on plasmon-enhanced fluorescence (PEF).
First, the mechanism of PEF and early results of enhanced
fluorescence observed by metal nanostructure will be introduced. Then, the enhanced substrates, including periodical and nonperiodical nanostructure, will be discussed and the most important factor of the spacer between molecule and surface and wavelength dependence
on PEF is demonstrated. Finally, the recent progress of tipenhanced fluorescence and PEF from the rare-earth doped
up-conversion (UC) and down-conversion (DC) nanoparticles (NPs) are also commented upon. This review provides an introduction to fundamentals of PEF, illustrates
the current progress in the design of metallic nanostructures for efficient fluorescence signal amplification that
utilises propagating and localised surface plasmons.
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1 Introduction
Since Prof. Ritchie firstly predicted that the existence of
self-sustained collective oscillations at surface of metallic
nanostructure by consideration of energy losses characteristic of fast electrons transmitting across optically thick
metallic films in 1957 [1], the collective electron density
waves on metal surface known as surface plasmons (SPs)
have been of great scientific interest in theoretical and experimental studies [2–9]. Largely enhancement of the local electromagnetic (EM) field induced by surface plasmon
resonance (SPR), which plays an important role in studying SES, including PEF and surface-enhanced Raman scattering (SERS), have the focus of discussions [10–13]. It is
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found that the characteristic of SPR (position and intensity) are critically dependent upon the geometrical parameter of the nanostructures, such as the size, shape, as well
as the the composition of the nanostructure, and the dielectric constant of the surrounding environment [15–18].
With the help of excitation of SPs, the electron–
photon interaction and molecular photonic state can
be modulated. As a result, by using plasmonic metallic
nanostructures, the variety of responsive variables give us
a potential solution to study the new phenomenon appearing in many fields. Therefore, the study on the coupling effect among plasmonic metallic nanostructure substrate and surface enhanced fluorescence have been one
of most active and important topics, particularly since the
first classical observation of the effect of environment on
the emission characteristic of a fluorophore-excited electronic state by Drexhage [19]. Although the enhanced effect is a systematic contribution from physical and chemical aspects, now it is widely recognised that the localised
EM field generated at the metal surface plays a key role
in the PEF effect. The SP distribution and the fluorescence emission from the fluorophores located closer to the
metallic substrate can be modified by controlling the dielectric properties and shape of the metallic nanostructure. As a result, manipulation of optical nanostructure
substrate with plasmonic properties is considered as the
mostly promising direction in PEF research.
Particularly, better understanding of coupling and interconversion mechanism among free electrons, surface
plasmon, photons, and fluorophores based on metal substrate with various shape configurations in PEF effect still
should be highlighted [10, 11, 20]. In this review, we focus on the recent advancement of the effect of plasmonic
nanostructures towards PEF. First, we introduce the concepts and principles of PEF. Then we discuss PEF for fluorophores coupled with SPP excited on periodical metallic
nanostructure substrate, to PEF for fluorophores coupled
to localised enhancement of the EM field existing on nonperiodical metallic nanostructure substrate, and to PEF for
the distance and wavelength dependence factor. And then,
it will be demonstrated that tip-enhanced fluorescence
spectroscopy (TEFS) can even be used with subdiffraction
limit spatial resolution. Finally, the recent progress on PEF
from the rare-earth doped UC and DC nanoparticles are
also demonstrated.
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2 The principle of PEF
Fluorescence, as well as photoluminescence (PL), is
the property of some luminescent center, such organic
molecules and rare-earth ions, to absorb photons with
high energy and to emit them with low energy subsequently. The processes that occur between the absorption
and the emission of photon could be demonstrated by a
Jablonski diagram, which illustrates the electronic transition processes of fluorophore occurring in the excited
states [22]. It is widely accepted that the excited electron
transition from the upper energy level to ground level happens by two methods; one is by emitting photon, and
the other is by relaxation of energy into the phonon [22].
With the condition of weak excitation, that is, far from
saturation of the excited state, the fluorescence sponta0
neous emission rate 𝛾em
can be regarded as the excitation
from ground state to excited state and the subsequent relaxation back to the ground state via fluorescence emission [10, 22], i.e
0
0
𝛾em
= 𝛾exc
Q0
(1)
0
where Q0 and 𝛾exc
is the quantum yield and the excitation
rate, respectively, and the superscript ‘0’ specifies that the
molecule is in free space and does not couple to the local
environment. The subscript ‘i’ indicates that the quantum
yield is defined by the intrinsic properties of the molecule.
As indicated before, Q0 is the probability of a photon
relaxing from excited to ground state by emitting a fluorescence photon. Here, the radiative and nonradiative decay
0
rate can be defined as 𝛾r0 and 𝛾nr
, respectively, so the intrinsic quantum yield with more general definition for Q0i
could be defined as below:
0
Q0i = 𝛾r0 /(𝛾r0 + 𝛾nr
)

(2)

If the local environment of the fluorophore has changed,
the excitation and decay rates will be changed correspondingly. Then Eqs. (1) and (2) can modified as
𝛾em = 𝛾exc Q

and
Q=

𝛾r
𝛾r
=
0 +𝛾
𝛾r + 𝛾nr
𝛾r + 𝛾nr
abs + λ m

(3)

(4)

Here, 𝛾abs accounts for dissipation to heat into the environment and 𝛾m accounts for coupling to nonradiative
electromagnetic modes, such as the emitted energy is converted into heat through the interaction between the electron and the lattice. The whole decay rate 𝛾 = 𝛾r + 𝛾nr
defines the lifetime τ = 1/𝛾 of the excited state. In general, the fluorescence emission is not only dependent on
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the molecular properties but also the external parameters
accounting for the local environment of the fluorophore.
For a conventional fluorescence technique measurement, pursuing the brighter and more stable signals of
the fluorophore generated by the minimisation of the internal and environmentally conditioned nonradiative processes and increasing spontaneous emission rate mainly
depend upon its properties [22]. Though fluorescence is
known as one of the best choice optical method for the detection of biological and chemical species, a typical disadvantage of the conventional fluorescence technique is the
relatively low signal-to-noise (background) ratio, which
restricts its application to important areas of medical diagnostics, food control, and security, particularly realisation of the purpose of the detection of a target fluorescent molecules on a single molecule level. So exploring a
proper solution to overcome the disadvantage mentioned
before has attracted great attention because of their various applications in many fields.

3 PEF from various geometrical
metallic plasmonic
nanostructures
3.1 Interaction of fluorophores with surface
plasmons
Since the pioneering work of Purcell [23], many researchers have been demonstrated that the excited atomic
state lifetime is critically dependent on the inner properties of the atom and its environment both from experimental and theoretical viewpoints [13, 22]. Due to the interaction of the fluorophore with its environment, the fluorescence processes, including both the excitation and
the emission processes, can be modulated by modifying
its local EM field. As a result, obtaining the limit sensitivity detection of the fluorescence signal, in order to
overcome the disadvantage of the conventional fluorescence technique, can be performed by controlling the local EM field around the fluorophores. With the help of
the coupled effect of light with localised surface plasmons
(LSPs; supported by nanoparticles or nanoperodical typed
metallic nanostructure) and surface plasmon polaritons
(SPPs; traveling along periodical typed metal nanostructure), a strong confinement of electromagnetic field intensity can be generated. These confined EM fields can interact with fluorophores at their absorption λ ab and emission wavelengthsλ em , which alter respective transitions

Figure 1: Schematic of confined field of SPP and LSP modes coupled
with a fluorophore excited with an external EM field.

between the ground state and higher excited states (see
Figure 1). It is reported that the internal conversion process relies critically on the electronic configuration of the
fluorophore through the overlap of its wavefunctions [10].
Thus, it is important to investigate the energy transfer process between the fluorophore and the metallic nanostructure, which will help us to study the contributing effect of
the modified relaxation rate of fluorophore towards the radiative emission rate.
Based on the EM mechanism, the cross-section of
PEF from the metal nanostructure can be defined as
σ PEF (λ L , λ, d av ), where λ is the emission wavelengths, λ L
is the excitation wavelengths, d av defines as the average
distance of fluorescent molecule from the metal substrate.
With the help of the coupled effect between the plasmon
resonance with the incidence wave and fluorescence emission, the total enhancement factor (EF) can be depicted
through the following equations [24, 25]:
⃒
⃒2
σ (λ , λ)
σ PEF (λ L , λ, d av ) = ⃒M EM (λ L , λ, d av )⃒ × ⃒ FL L ⃒2
⃒M d (λ, d av )⃒
(5)
⃒
⃒ ⃒
⃒
⃒ E (λ , d av ) ⃒2 ⃒ E loc (λ, d av ) ⃒2
⃒ ×⃒
⃒
= ⃒⃒ loc L
E in (λ L ) ⃒ ⃒ E in (λ) ⃒
σ (λ , λ)
× ⃒ FL L ⃒2
⃒M d (λ, d av )⃒
⃒
⃒2 ⃒
⃒2
= ⃒M1 (λ L , d av )⃒ ⃒M2 (λ, d av )⃒
σ (λ , λ)
× ⃒ FL L ⃒2
⃒M d (λ, d av )⃒
Here |M EM |2 is total EF, while |M1 |2 and |M2 |2 are EFs
related with the coupled effect between SPR with the
incident wave and fluorescence emissions, respectively.
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σ FL (λ L , λ) and σ PEF (λ L , λ) are the scattering cross-sections
of fluorophore in the free space and local field, respec⃒
⃒2
tively, and ⃒M d av ⃒ is factor that shows the energy transfer
from the fluorophore to the metal substrate.
From Equation (5), the fluorescence enhanced effect
shows a balance between several processes including the
increase of excitation rate by the local EM field, a radiative decay rate enhancement by SPCE, and quenched effect due to the nonradiative energy transfer from the fluorophore center to the metallic substrate, all of which critically depend on the distance between the fluorophore center and the metallic substrate [26].
From the point of view above, PEF is a multiprocess
system, and the enhanced effect depends on many critical factors. In this section, we will review the recently
progress of enhanced fluorescence effect from the periodical and nonperiodical type plasmonic nanostructures,
such as nanograting, nanohole arrays and so on, and
then the selective of excitation condition and distancedependent effects are also discussed.

3.2 PEF from periodical metallic plasmonic
nanostructure
Coupled with incident light, SPR acts as an efficiency interaction platform for the detection of fluorophores with high
sensitivity. In general, due to the existence of a mismatch
in wave vector momentum of the SPPs and the incident
light, the excitation of SPPs on a flat continual metal surface is difficult to realise [27]. So it is difficult to obtain the
potential plasmonic coupling as well as efficiency of the
fluorescence enhancement effect on the metal substrate
with flat morphology [30]. It is shown that the mismatch
can be overcome by introduction of an external periodical
metal surface such as gratings, nanohole arrays, nanocaps
arrays, and so on.
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be defined as
2π
2π √︀
ε m (ω) sin θ +
m
(6)
λ
Λ
Here Λ is the grating period, λ is the incident light wavelength, m is the diffraction order, θ is the incidence angle,
and ε m (ω) is the frequency-dependent dielectric function
of metal given by Drude model.
The mismatch in the wave vector between the in-plane
momentum K x = K sin θ of impinging photons can also
be overcome by using diffraction effects at a grating pattern on the substrate. As a result, the moderated diffraction on periodically corrugated metallic surfaces provides
an alternative method for simultaneous SPP-enhanced excitation at λ ab and extraction of SPP-driven emission of
fluorescence light at λ em . By fabricating a series of tailored silver plasmonic grating nanostructure, Tawa systematically investigated the relationship between the grating parameters (depth and duty ratio) and the fluorescence enhanced effect [30, 31], and found that at a depth of
20 nm and duty ratio equal to 0.43, the fabricated grating
substrate achieves optimal fluorescence enhancement. It
is found that the fluorescence enhancement mechanisms
from grating arise from both the SPP-enhanced absorption
and SPCE. Sun also adapted silver sinusoidal nanograting as the enhanced substrate to boost the fluorescence
intensity of target molecules as high as 30-fold [32], as
shown in Figure 2. With the help of photoluminescence
(PL) measurements, the author found that enhanced effect is periodical and angular-dependent. That is, the SPPenhanced absorption effect turn to weakens the larger
grating pitch, while SPCE becomes the dominant factor
for enhancement. And the directional emission of high ppolarisation of SPCE at different detection angles is observed experimentally [33]. With the increase of the metal
film thickness in the grating-based SPCE system, the enhanced spectra was demonstrated to be significantly affected by both depth and film thickness. Furthermore, for
the short wavelength range, the higher angular sensitivity
is obtained [34, 35].
K sp = K px + P =

3.2.1 PEF from Nanograting substrate
The first observation of anomalies in the intensity distribution of diffraction spectrum from a metallic grating
by Wood in 1902 [28], which was later interpreted based
on the relationship between the incident photon and a
SPR that existed in the grating surface [29]. So fabricating the metal surface with a periodic nanoscale corrugation provides an excellent candidate, that is, the momentum conservation restriction could be relaxed by breaking
the translational invariance of the substrate. For the excitation of grating-coupled SPR, the excited condition can

3.2.2 PEF from nanohole array substrate
Because of the enhanced extraordinary optical transmission (EOT) effect, the substrate exhibits greater transmission of light energy than that occupied by the
nanoholes [36]. The noble metal optical films decorated
with subwavelength nanoholes arrays are introduced to
act like an excellent antenna to couple the incident EM
wave into surface plasmons at a given frequency, and both
the position and the width of the transmission peak can
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Figure 2: A) AFM images of gratings with different periods: (Left) 300 nm; (Right) 375 nm, and fluorescence spectra of Rh6G deposited on
silver grating films with various detected angles θ F and with fixed excitation angles θ E . Grating periods: B) 300 nm and C) 375 nm [32].

be modulated by adjusting the symmetry and period parameters. As a result, the position of transmission tips λ tip ,
under normal incidence, can be given by the following dispersion relation [37]:
√︂
√︀
εm εd
λ tip i2 + j2 ≈ a0
(7)
εm + εd
where a0 is the period pitch of hole arrays, and the i and j
are the scattering orders of the nanohole array [38].
On a free-standing nanohole array film, the incident
light coupled with the SPs can enhance the fields associated with the evanescent waves, which then increase the
transmittance. As a result, continuous metallic film perforated with arrays of nanoholes can supports the excitation
of SPPs and LSP [39]. The enhanced EM field will help to
increase fluorescence efficiency of the fluorophore located
in vicinity of substrate. In order to collect the most enhanced fluorescence signals, the peak of the LSPR should
be around 40–120 meV, which is higher in energy than
the emission peak of dye, and the shape of LSPR spectra

should be same as the excitation spectrum of the dye [40].
The conditions of plasmon coupling, such as incidence
angle, laser frequency, metal composition, and excitation
and emission properties of fluorophores play an important
role in PEF on the metal nanohole arrays. By using various
geometric parameters of the arrays in the Au film, Brolo
reported a significant enhanced fluorescence effect compared with the unpatterned identical films on glass. They
found that the Au films decorated with nanohole arrays
at resonance condition can improve the fluorescence sensitivity, and the detected fluorescence is strongly dependent on the nanohole radius and periodical distance, as
shown in Figure 3 [41]. In order to avoid the fluorescence
quenching effect, silicon oxidation film also introduced
as a spacer layer to separate the fluorescent molecule
from the substrate [42]. Recently, a periodical nanostructure with nanohole arrays formed in continued silver films
was fabricated with template-stripping technique first and
then with an atomic layer deposition grown oxide layer on
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it, such as silica shell or alumina, to prevent fluorophore
quenching [43, 44].
Selecting Rh6G-Quasar670TM FRET pair as the acceptor molecule, by tuning the plasmon wavelength with a
maximal overlap of the acceptor excitation and donor’s
emission, the highest efficiency enhancement effect can be
obtained by using the nanohole arrays [45]. In comparison
with the back side illumination, the front side illumination
stimulates a stronger coupling between the incident EM
wave and the substrate [46]. Furthermore, Bai’s group systematically studied the plasmonic responses of four plasmonic metals (Au, Ag, Cu, Al) and three composite plasmonic metal (Ag/Au, Cu/Au, Al/Au) nanohole arrays in the
plasmon-enhanced fluorescence spectroscopy biosensing
setup [47]. In addition, a large-area golden nanohole arrays integrated with conductive glass (indium tin oxide:
ITO) were also used to demonstrate the dielectrophoresis (DEP)-enhanced SPR sensing. Governed molecules diffuse to the sensor and are significantly accelerated by using applied AC electric field forces on the BSA molecules,
as shown in Figure 4 [48]. It is found that the fabricated
nanostructure enables label-free and real-time detection
of target molecules in the concentrations as low as 1 pM
in very short time. Compared with traditional diffusionbased binding method, the current protocol exhibits very
highly detection efficiency.

3.2.3 PEF from nanoparticle arrays substrate
It is reported that the plasmonic properties of the nanoparticles (NP) critically depend on its characteristics, such as
the dielectric constant, interparticle distance, shape, and
dimension. As a result, many researches have been performed to study the fluorescence enhancement on such NP
substrate, particularly the relationship between the orientation and distance of the fluorescent molecules, as well as
the environment effect, with respect to the substrate [49–
51]. Due to the coupling effect between the emission of
the fluorophore and the SPR band of the SNP array nanostructure, the intensity of PEF influenced by adjusting the
distributed characteristics of the nanopartices arrays was
also observed experimentally [52]. Though the deposition
of metal nanoparticles onto the substrate often produces
some local “hotspot” randomly, which will helpful to obtain a high fluorescence signal, the fluorescence-enhanced
substrate with large area, and uniform and high enhanced
factor is still difficult to realise [53]. With the help of the
thermal deposition method, Cu periodical nanostructures
were fabricated. For a longer wavelength region, LSPR
of the fabricated substrate can be precisely controlled. It
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is found that the quenched fluorescence effects from fluorophore nearby the plasmonic pure Cu nanostructures
are observed. With proper tuning of the position of SPR,
the highest fluorescence enhanced factor (EF) of target
molecules by 89.2-fold was obtained as compared to the
reference sample, as shown in Figure 5 [54].

3.2.4 PEF from nanorod arrays substrate
The properties of LSPR critically depend on morphology
of the metallic nanostructure. Compared with local enhanced EM field generated in randomly patterned metallic
nanostructures, the SP near-field coupling between particle dimers can lead to the frequency shift of LSPR and
unusually huge EM fields for nanostructure with order arrays. As a result, the precise tuning of LSPR, such as by adjusting the shape and arrangement of metal nanopartices,
play an important role in pursuing the high-efficiency coupling effect of the fluorophore and the local-enhanced EM
field [55, 56]. It is reported that considerable fluorescence
enhancement factor of 100-fold, from the silver nanorod
arrays nanostructure with a regular distribution was obtained as compared to the controlled sample [57]. Recently,
Abdulhalim et al. has investigated the effect of the morphology of silver nanorod arrays on the PEF with the glancing angle deposition (GLAD) method. It is found that the
nanorod length plays a significant effect on the PEF enhancement factor. Based on the lighting-rod and SPR effects, the variation of PEF efficiency from silver nanorods
array substrate was qualitatively analysed [58].

3.3 PEF from nonperiodical metallic
plasmonic nanostructure
Spatial correlations and distribution of EM field have been
extensively investigated in the study of the nature of wave
transport in nonlinear disordered systems [59]. Due to the
LSPs and the lightning-rod effect, which are governed by
structural inhomogeneities, the correlations of local EM
enhanced effect existing in disordered metallic nanostructure have been widely studied, as reviewed by V. M. Shalaev [60, 61]. The resonant dipolar excitations localised
in disordered nanostructures with subwavelength size exhibiting sensitive frequency and polarisation dependence
are critically determined by the local topography of the
nanostructure [62]. For the giant local EM field excited in
the nonperiodical structure, the spectrum properties of
molecules located in the vicinity of “hotspots” that exist
in the plasmonic nanostructure can be manipulated. As

layer deposition grown oxide layer on it, such as silica shell or alumina, to prevent
[43][44]
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fluorophore

B

A

Figure 3: (A) The transmission spectra of white light across nanohole arrays. The uncoated nanohole array film with pitch I = 440 nm (curve
a),
p = 550 nm
and coated
with a dye film
of oxazineof
720white
with p = light
440 nm across
(curved c),nanohole
B) The calculated
factor of
enhancement
from
Figure
3 (curve
(A) b),The
transmission
spectra
arrays.
The
uncoated
nanohole arrays with different pitch [41].

nanohole array film with pitch I=440 nm (curve a), p=550 nm(curve b), and coated with a dye film
of oxazine 720 with p=440 nm(curved c), B) The calculated factor of enhancement from nanohole
arrays with different pitch. [41]

Selecting Rh6G-Quasar670™ FRET pair as the acceptor molecule, by tuning the
plasmon wavelength with a maximal overlap of the acceptor excitation and donor’s
emission, the highest efficiency enhancement effect can be obtained by using the
nanohole arrays.[45] In comparison with the back side illumination, the front side
illumination stimulates a stronger coupling between the incident EM wave and the
substrate.[46] Furthermore, Bai’s group systematically studied the plasmonic responses
of four plasmonic metals (Au, Ag, Cu, Al) and three composite plasmonic metal
(Ag/Au, Cu/Au, Al/Au) nanohole arrays in the plasmon-enhanced fluorescence
Figure 4: A) Schematic of the experimental setup. B)[47]
Dielectrophoretic forces attract target molecules to the edge of each hole as the electric field intensity gradient is strongest (red color) along the rim of the holes. And C) The SEM image of the nanohole array (periodicity pitch
p = 600 nm and nanohole diameter d = 140 nm), the scale bar here is 500 nm [48].

spectroscopy biosensing setup.

In addition, a large-area golden nanohole arrays

integrated with conductive glass (indium tin oxide: ITO) were also used to
a result, the investigation of enhanced fluorescence effect 3.3.1 PEF from metallic silver island substrate
of many typical nonperodical nanostructure, such as sildemonstrate the dielectrophoresis (DEP)-enhanced SPR sensing. Governed molecules
ver island film (SiF), fractal-like substrate, on fluorescence Fluorescence enhancement on substrates with metallic ishave been widely performed.
lands film was subject to research since the 1980s [63].
diffuse to the sensor and are significantly accelerated
by using
electric
It offers the advantage
of aapplied
relatively AC
simple
preparation method and provides moderate enhancement factors
[48]

field forces on the BSA molecules, as shown in Figure 4.

12

It is found that the
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Figure 5: A) SEM image acquired from the copper arrays, and B)
Schematic of the interaction between the copper nanostructure and
fluorophores [54].

through the combined effect of PEF excitation rate and increased quantum yield. With the help of thermal vapor
deposition method, copper films with various thicknesses
deposited onto glass substrate have been used to study the
enhanced fluorescence effect. The experimental observations show that fluorescence intensity of fluorophores located near the Cu films critically depend on the film thickness, and reaches maximum EF at certain thicknesses [64].
It is reported that the PEF derived from coupling effect
of fluorescent molecules with excited states with the SP
in the metallic nanostructure and the local EM enhancement effect stimulates the enhanced absorption of the fluorophores [63, 66].
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nanostructure and nanoparticles. Compared with silver
nanoparticles (AgNPs) or pure silver fractal-like structure,
the PEF EF, as high as 12-fold, was obtained from the
Rh6G molecules on the fractal-like structure decorated
with nanoparticles, which highlight the importance of the
effect of the dimensional number in fractal nanostructure [71]. Furthermore, the simultaneous observation of
SERS and PEF from target molecules, such as Rh6G, MG
molecules, on Ag fractal-like structure with proper excitation condition was reported, as shown in Figure 8 [72].
The evolution of the metal nanoparticle aggregates
to a thermodynamically stable flower-like dendrite nanostructure contributed to strong anisotropic growth, which
can be explained with the diffusion limited aggregation
(DLA) model [73]. Taking advantage of the galvanic displacement reaction method, silver flower-like dendrites
nanostructures were fabricated by properly controlling the
experimental conditions including the reaction time and
solution concentration, and they were found to exhibit
very good PEF enhancement capabilities [74]. Due to the
PEF distance-dependent effect, Li studied the distance
effect on the enhanced fluorescence by introducing the
PAA/PDDA multilayer film as a spacer to isolate the fluorophores and silver dendrite nanostructures, while distance can be adjusted by immersion of the sample into
solutions with different pH values or ionic strengths, as
shown in Figure 9 [75].

3.3.2 PEF from metallic fractal-like substrate
Due to the strong optical response fluctuations of the local
EM fields, which could be moderated by adjusting the fraction dimensional and morphology of nanostructure, the
nonlinear optical characteristics of disorder metal nanostructure have attracted much attention recently [61, 67,
68]. It is has been reported that fluorescence enhancement
effect fluorophore emission was observed on “hotspots”
located among the silver fractal nanostructure [69]. As a
result, nonperodical metal nanostructures with fractalslike type have the ability to enhance a range of effects
related with EM radiation effectively, such as PFE. Tanya
Shtoyko observed significant fluorescence enhancement
signal from the silver fractals nanostructure, when fabricated using the electrochemical reduction method. He
found that the fluorescence enhancement effect is critically dependent on the topography and dielectric properties of fabricated sample [70].
Due to the LSPR, the more the “hotspots” in the
fractal-like nanostructure, the stronger EF will be obtained. Zheng investigated PEF effect from the complex metallic nanostructures composed of silver fractal

3.3.3 PEF from deposited metallic nanoparticle
substrate
With the help of LSPR, the local-enhanced EM fields
among noble nanoparticle arrays can be formed, which
indeed are helpful in moderating the emission properties
of the fluorophore [76]. As a result, the investigation of
the coupling effect between LSPR and the emission of the
fluorophore is extremely important, while the nonradiative decay rate critically depends on the distance between
the fluorophore and themetal particles. In order to prepare
the PEF substrate with uniform distribution of the metal
nanoparticles, the self-assembly method is often adopted
in the sample fabrication process. For example, uniformed
nanostructure substrate was fabricated by deposition of
noble metal NPs on silanized glass substrate or employed
polycarbonate (PC) films and the distribution of the nanostructure critically depends on the assembly time and solution concentration, and this substance exhibits outstanding effect for PEF [77, 78]. In order to investigate the shapedependence on PEF effect, self-assembled nanostructures
of various shapes, includingnanotetrahedral, spherical,

variation of PEF efficiency from silver nanorods array substrate was qualitatively
analysed.480[58]|
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Figure 6 Figure
The6: SEM
picture of the silver nanorods fabricated at A) room temperature (320 K) and
The SEM picture of the silver nanorods fabricated at A) room temperature (320 K) and B) low temperature (140 K), C) PEF spectra of
R6G on silver nanorod array substrates with various nanorod lengths, and D) the relationship between EF and the length of nanorods [58].

B) low temperature (140 K), C) PEF spectra of R6G on silver nanorod array substrates with
[58]
rod-shaped,EF
andand
prismatic
films,
introduced.
various nanorod lengths, and D) the relationship between
the AgNP
length
ofwere
nanorods.
Compared with the coupled effect with LSPR with emission band of target molecules, more efficiency-coupled effect of LSPR with the excitation band was observed experimentally [79]. Generally, the quenching effect occurs when
the fluorophore is located near the metal surface. Recently,
turning on the quenched effect to make SPCE intense was
observed in AgNP–film metallic nanojunction substrate,
as shown in Figure 10 [80].
As PEF is a property of the near-field interaction of an
excited state fluorophore with the enhanced local EM field
generated on the metal nanoparticle, the coupled metal
NPs could produce a larger enhancement when the fluo[59]
rophore is located in the proper position [81]. It is found
that the fabrication of effective PEF substrate with high local EM field or "hotspots" will produce better fluorescence
enhancement. Furthermore, the simultaneous enhanced
Raman and fluorescence spectrum from the gold dimer
and trimer nanostructure was observed recently [82].

3.2. PEF from nonperiodical metallic plasmonic nanostructure

Spatial correlations and distribution of EM field have been extensively investigated in
the study of the nature of wave transport in nonlinear disordered systems.

Due to

the LSPs and the lightning-rod effect, which are governed by structural
Figure 7: The interaction between the SiF and fluorophore with the
excitation external EM field [66].

inhomogeneities, the correlations of local EM enhanced effect existing in disordered
15
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Figure 8: A) The AFM image of Ag fractal-like structure, B) the model of fractal-like structure highlighted with red line circle in a), C) the simulated EM field with 532 nm (top) and 633 nm (down), and D) the PE spectra of Rh6G molecules on reference sample(curve a), and Ag fractallike structure (curve b) [72].

Figure 9: A) The PEF effects of Por4− on Ag nanostructures in different ionic strength, B) The peak PL intensity of the Por4− (shown in figure
a) with different number PAA/PDDA bilayers [75].
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5 The tip-enhanced effect towards
fluorescence emissions

Figure 10: A) The SPCE spectra of quenched/dequenched RhB
molecules. Inset: the dequenched SPCE schematic. B) Angle distribution of the dequenched SPCE, C) The emission of the dequenched
SPCE with polarised dependence [80].

4 The wavelength and spacer effect
towards the fluorescence
enhancement
Besides the morphology of the plasmonic substrate, the
enhancement and quenching effect of fluorescence are
also influenced by the distance between the fluorophore
and the plasmonic nanostructure, and spectral characteristics [83]. By tuning the spacing between the molecules
and metallic substrate, coupling effect between SPR and
excited state molecules can be moderated [84]. Recently,
several works have reported that the result of investigations of the distance and plasmon wavelength dependent
fluorescence of fluorophore via nanorod or nanoparticle
substrate [85, 86]. In particular, core–shell configuration,
precisely controlling the distance between fluorophore
and plasmonic nanostructure, have been widely used in
the investigation of PEF effect recently [87–90]. It is found
that by introduction of silica shell with various thicknesses
to isolated fluorophore Au nanoparticles (AuNPs) and four
different target molecules with different absorbance properties, the investigation of fluorescence quenching effect
from complete quenching to no coupling was comprehensively carried out. It is found that the energy transfer from
the fluorophore to the metal substrate plays a critical role
in fluorescence quenching phenomenon, as shown in Figure 11 [89].

Tip-enhanced Raman scattering (TERS) can resolve beyond the optical diffraction limit spatially and reveal detailed molecular information at the nanoscale [91], which
is widely applied for spectrum sensing and biomolecule
detection [92, 93], plasmonic catalysis [94], and plasmonic
gradient effects [95], and others. Similar on TERS, a new
fluorescence technique, tip-enhanced fluorescence spectroscopy (TEFS), have been studied theoretically and experimentally recently [96–101]. With the combination of
scanning probe microscopy (SPM), a very shape metallic SPM tip can generate a “hotspot” to strongly enhance
several distinct photophysical sample responses including photo-induced light emission, electrically driven light
emission and so on, as shown in Figure 12 [102].
In tip-enhanced near-field optical microscopy
(TENOM), the conversion of free EM radiation with localised energy can be occurred with the help of the tip of
TENOM. That is, the enhanced local EM field is excited
with metallic tip, resulting in enhanced absorption of radiation, and the released of energy can be obtained by
radiation efficiently. As a result, the tip in TENOM can
be regarded as an optical antenna, which moderates the
optical response of the target molecules by adjusting the
excitation rate as well as the spontaneous emission rate.
The general concept of fluorescence can be understood
from section I. For the nano-shaped metallic tip configuration, the plasmon fluorescence enhancement factor
is [101]
0
M Flu ≈ (𝛾exc /𝛾exc
)(Q/Q0 ) ≈ f 2 (Q/Q0 )

(8)

In order to pursue high spatial resolution, the target
molecules are often located near the metallic tip. As a result, the nonradiative energy transfer between the excited
fluorophore and metal tip should be taken into account.
By adjusting the distance between the fluorophore
and laser-irradiated AuNp, the distance-dependent fluorescence rate is investigated [103]. It is found that
the continuous transition from enhanced fluorescence to
quenched effect is observed experimentally, as shown
in Figure 13. Theoretical analysis demonstrates that the
local EM field is attributed to an increased excitation
rate, while nonradiative energy transfer from molecules to
AuNPs results in a decrease of the quantum yield (fluorescence quenched).
Furthermore, the strongly localised EM field provides
a high spatial resolution for optical analysis (< 5 nm),
which critically relies on the metal NP properties at the
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Figure 11: A) The scheme of IRDye Attached to gold nanorods, and steady-state fluorescence intensity of IRDye bound to gold nanorods as
a function of silica shell thickness with plasmon band maxima located at B) 535 nm, C) 650 nm, D) 720 nm, E) 776 nm, and F) 823 nm. G)
Two-tier contour plot of fluorescence intensity as a function of silica shell thickness and plasmon maximum [89].

Figure 12: Metal tip acted as a optical antennas with the enhanced
effect: a) optical spectroscopy, b) photovoltaics, and c) electroluminescence [102].

apex of the metal tip [104]. And the near-field enhancement in the vicinity of the apex irradiated with illuminated EM field can be moderated by the tip sharpness.
It was demonstrated that the excitation rate of fluorescence was strongly modulated by adjusting the distance
between the metallic tip and the sample surface. A single
photon fluorescence image with < 10 nm spatial resolu-

Figure 13: A) Sketch of the experimental arrangement. B) EM Field
distribution (|E|2 , factor of 2 between successive contour lines)
of fluorophore located nearby the substrate and faced with AuNP
separated with 60 nm from the glass surface [103].

tion was obtained for the first time [98]. Excited by STM,
the high vibrationally resolved fluorescence spectra from
target molecule exhibit very good matches with the nor-

484 | J. Dong et al.

Figure 14: Tip-enhanced fluorescence images. A) Fluorescence demodulation signals. B) AFM probe height (5 nm at peak), C) Total photon
count(TPC), D) blue curves shows TPC (× 0.2) along the horizontal axis in (C) and red curves show the TPC within two ranges of tip-sample
separation [98], and E) Fluorescence image of single Cy-3 molecules, Scale bar: 200 nm [99].

mal spectra. Furthermore, the line widths of spectral peaks
narrow down with increased layers of molecules were experimentally observed, which highlight the dominance
role of the PL emission from the top-layer molecules, as
shown in Figure 14 [99].
Despite strong quenching effects, near-field optical
image of target molecule with sufficiently high resolution
could be realised by means of the local EM field excited
at the metallic tip. The detailed fluorescence pattern and
the position of target molecules can be determined with
accuracy better than 1 nm experimentally and theoretically, as shown in Figure 15 [100]. Two years later, it is
reported that a near-field optical image of single target
molecules with sixfold improvement in the S/N ratio and
sub-10 nm resolution was observed. It can discriminate
two target molecules separated by 15 nm, which give the
first Rayleigh resolution evidence of near-field images with
the level of single molecule [105].
In TEFS, due to intermittent contacts between the
probe apex with the target molecules and the detection
of the enhanced EM field at atomic-scale, the enhanced
excitation rate of the fluorophore to the maximum could
be realised. So the suppression of background signals
and improvement of spatial resolution will be obtained,
which aids the low-photon fluorescence process. In addition, TEFS was also used to image samples with high
spatial resolution and enhanced molecular lifetimes, and
even used for single-molecule detection [106, 109]. Very recently, P. V. Duyne’ group combined TERS and TEFS techniques via ultrahigh vacuum scanning tunneling microscope (UHVSTM) to study the target moelcules (H2 TBPP)
monolayer self-assembled on silver film surface, as shown
in Figure 16 [110]. Due to bulky t-butyl groups, weak coupling of H2 TBPP to the silver film are revealed by TEF spec-

Figure 15: A) Molecular structure of H2 TBPP. B) STM image of molecular stacking at 50 pA and +2.5 V. C) Schematic of junction geometry
with multimonolayer stacking [100].

tra, which may act as a potential decay channel from the
excited state to the metal substrate. The current work exhibits the important role of the combination of TERS and
TEFS to investigate the surface-mounted porphyrins on
the samples, thus highlighting the potential application of
porphyrin-sensitised solar cells and catalysis.
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174- and 29-fold enhancement of UC and DC luminescence,
respectively. The proposed MIM structure is a promising
way to harness the entire solar spectrum by converting
both ultraviolet and near-infrared to visible light concurrently through resonant-mode excitation. Although various methods have been developed to enhance the UC fluorescence efficiency, the highest EF that has been achieved
is still too low for practical applications. By embedding
NaYF4 :Yb3+ ,Tm3+ nanocrystals into the top cladding layer
of a resonant waveguide grating structure, the author
demonstrated that the UC fluorescence of Tm3+ ions can
be enhanced by a factor of up to 104 . Both the coupling the
excitation light with a guided mode of the resonant waveguide grating (RWG) structure and the fluorescent light with
a second guided mode are attributed to the observed giant
UC fluorescence enhancement, as shown in Figure 17 [114].

Figure 16: A) Schematic illustration of TERS and TEF spectra excited
from porphyrin monolayer B) Chemical structure and optimised geometry of H2 TBPP. C) Large-scale STM topographic image (35 nm ×
35 nm) of an ordered H2 TBPP monolayer on a Ag(111) surface measured by a Ag tip (STM imaging condition: 1.00 V, 300 pA). D) Highresolution STM image (20 nm × 20 nm) of closed-packed H2TBPP
structure [110].

6 PEF from rare-earth doped
nanoparticle
Generally speaking, for infrared light excitation, rareearth ions (Yb3+ ) show small absorption cross-section,
and exhibit very low energy transfer efficiency to Er3+ .
Both of them restrict the potential application of UCNPs for
biomedical imaging. It is reported that the luminescenceenhanced effect from Ln-doped NPs situated near noble
metal nanostructures is generally attributed to the local
enhanced EM field related with the excitation of SPR in
the metal nanostructures [111, 112], which under favorable circumstances can increase the sample’s absorption
and emission cross-sections. Recently, the enhancement
of lanthanide-based UC and DC luminescence were experimentally observed simultaneously on metal nanodisk–
insulator–metal (MIM) nanostructure fabricated via a nanotransfer printing method [113]. The optimised Ag nanodisk array and conversion layer thickness of the structure matched the MIM resonance mode, which resulted in

Due to the local enhanced EM field created among
the metallic nanohole arrays, both the excitation and
the radiative decay of UCNPs are moderated. It is found
that the dramatic plasmonic enhancement of UC luminescence with 35-fold in Yb3+ and Er3+ co-doped NaYF4
nanocrystals was observed at resonance condition [115].
The controllable UC fluorescence from co-doped nanorods(NaYF4 :Yb/Er/Gd) located at AuNPs arrays with different periodicities were also reported. It is found that the
position of SPR and their local EM field intensity plays
an important role in realising the efficiency UC enhancement [116]. Furthermore, a gold pyramid pattern was also
introduced to enhance the rate of resonant energy transfer from Yb3+ to Er3+ ions, and sixfold enhancement of the
UCNP(β-NaYF4 :Yb3+ /Er3+ ) was obtained [117]. Zheng studied the robust DC and UC luminescence enhancement in
lanthanide ions residing on silica hybrid nanostructures
(LaF3 :Yb3+ , Er3+ @SiO2 ) decorated with varying quantities of AgNPs [118]. By using an appropriate model for the
fluorescence enhancement and the simultaneous quenching effects induced by the introduction of the plasmonic
metallic nanostructure, the luminescence enhancement
as a function of AgNPs loading with the rates of luminescence buildup and decay are observed. Recently, polyelectrolyte (PC) layers acting as a spacer to precisely control the
distance between UCNPs and AuNPs was presented. At the
best resonance condition between the UCNPs and AuNPs,
a maximum fluorescence enhancement as high as 22.6fold was obtained [119]. Compared with the conventional
works reported about the UC, which are based on depositing nanocrystals on noble metallic nanostructure with various shaped aforementioned, Schietinger et al. presented
the controlled PEF characteristic of UCNP (NaYF4 :Er3+ )
via adjusting the distance between the particle and UCNP
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Figure 17: A) Schematic of the one dimensional RE-doped polymer RWG. B) AFM image of the TiO2 RWG. c) UC fluorescence spectrum of a
NaYF4 :Yb3+ , Tm3+ /PMMA thin film [114].

Figure 18: A) Schematic of the experimental setup. B) The scheme of the activator sensitizer system comprising Yb3+ and Er3+ ions in single
nanocrystal [121].

by means of an AFM [120]. More recently, subdiffraction
spatial resolution of tip-enhanced UC plasmon luminescence images of UC nanocrystals (NaYF4 :Er3+ /Yb3+ ) on
glass substrate was demonstrated, and it was found that
plasmon enhanced UC efficiency critically depends upon
the process of double photon excitation and HOMO energy
transfer between ions located in the UCNP, as shown in Figure 18 [121].

7 Conclusions and outlook
SPR excited on metallic nanostructure’s surface provides
very huge EM field enhancement by creating “hotspots”.
As a result, placing the luminescent center near plasmonic
nanostructure with resonances related to the fluorohphore
(absorption/emission frequencies) and tailoring and mas-
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tering the local EM environment offers additional channels for luminescence enhancement over and above what
occurs with smooth metal surfaces. In the review, we focused on recent advancements of PEF from inhomogeneous and homogeneous viewpoints. The most important
factor of PEF is the distance between fluorophore and surface, and the tip-enhanced fluorescence effect, which determines enhanced or quenched effect of fluorescence. It is
shown that the spectrum emission from the fluorophore located near the nanostructured metal surface can be modified by controlling the geometrical shape, composition of
the nanostructure, and dielectric characteristics of the surrounding media. This review article described the controllable plasmon enhanced fluorescence of the target fluorophores with various nanosystems, which highlight the
important role of PEF for the application of in point-of-care
medical diagnostics, food control, and safety.
Acknowledgement: This work was supported by the National Science Foundation of China (11304247, 91436102,
11374353, 11374045 and 11474141), Shaanxi Provincial Research Plan for Young Scientific and Technological New
Stars (Program no.2015KJXX-40), the New Star Team of
Xi’an University of Posts & Telecommunications, and the
Program of Liaoning Key Laboratory of Semiconductor
Light Emitting and Photocatalytic Materials. Z. Zhang
thanks the support from the Alexander von Humboldt
foundation.

[7]

[8]

[9]

[10]
[11]

[12]

[13]
[14]

[15]

[16]

[17]

References
[1]
[2]

[3]

[4]

[5]

[6]

Ritchie R. H., Plasma losses by fast electrons in thin films, Phys
Rev 1957, 106, 874.
Pitarke J. M., Silkin V. M., Chulkov E. V., Echenique P. M., Theory
of surface plasmons and surface-plasmon polaritons, Rep Prog
Phys 2007, 70, 1–80.
Ringe E., Zhang J., Langille M. R., Sohn K., Cobley C., Au L., Xia
Y., Mirkin C. A., Huang J., Marks L. D., Van Duyne R. P., Effect of
Size, Shape, Composition, and Support Film on Localized Surface Plasmon Resonance Frequency: A Single Particle Approach
Applied to Silver Bipyramids and Gold Nanocubes, Mater Res
Soc Symp. Proc. 2010, 1208, O10–02.
Ringe E., Langille M. R., Sohn K., Zhang J., Huang J., Mirkin C.
A., Van Duyne R. P., Marks L. D., Plasmon Length: A Universal
Parameter to Describe Size Effects in Gold Nanoparticles, J Phys
Chem Lett 2012, 3, 1479–1483.
Huang Y. Z., Fang Y. R., Zhang Z. L., Zhu L., Sun M. T.,
Nanowire-supported plasmonic waveguide for remote excitation of surface-enhanced Raman scattering. Light: Science &
Applications 2014, 3, e199.
Fang Y. R., Sun M. T., Nanoplasmonic waveguides: towards applications in integrated nanophotonic circuits. Light: Science &

[18]

[19]
[20]

[21]

[22]
[23]
[24]

| 487

Applications 2015, 4, e294.
Zhang Z. L., Fang Y. R., Wang W. H., Chen L., Sun M. T., Propagating surface plasmon polaritons: towards applications for
remote-excitation surface catalytic reactions, Advanced Science 2015, DOI: 10.1002/advs. 201500215.
Dong J., Wang J. G., Ma F. C., Cheng Y., Zhang H., Zhang Z. L.,
Recent Progresses in Integrated Nanoplasmonic Devices Based
on Propagating Surface Plasmon Polaritons, Plasmonics 2015,
10, 1841-1852.
Jain P. K., El-Sayed M. A., Surface Plasmon Resonance Sensitivity of Metal Nanostructures: Physical Basis and Universal Scaling in Metal Nanoshells, J Phys Chem C 2007, 111, 17451–4.
Fort E, Gresillon S. Surface enhanced fluorescence. J Phys
D:Appl Phys 2008, 41, 013001(1-31).
Bauch M., Toma K., Toma M., Zhang Q., Dostalek J., Surface
plasmon-enhanced fluorescence biosensors: a review, Plasmonics 2014, 9, 781–799.
Caldarola M., Albella P., Cortés E., Rahmani M., Roschuk T., Grinblat G., Oulton R. F., Bragas A. V., Maier S. A., Non-plasmonic
nanoantennas for surface enhanced spectroscopies with ultralow heat conversion, Nature Communications 2015, 6:7915.
Moskovits M., Surface-enhanced spectroscopy, Rev Mod Phy
1985, 57, 783–826.
Sun M. T., Zhang Z. L., Wang P. J., Li Q., Ma F. C., Xu H. X.,
Remotely excited Raman optical activity using chiral plasmon
propagation in Ag nanowires. Light: Science & Applications
2013, 2, e112.
Ghosh S. K., Pal T., Interparticle Coupling Effect on the Surface
Plasmon Resonance of Gold Nanoparticles: From Theory to Applications, Chem Rev 2007, 107, 4797–4862.
Xu H. X., Wang X. H., Persson M., Xu H., Käll M., Johansson P.,
Unified Treatment of Fluorescence and Raman Scattering Processes near Metal Surfaces, Phys Rev Lett 2004, 93, 243002(1–
4).
Lantman E. M. V., Deckert-Gaudig T., Mank A. J. G., Deckert
V., Weckhuysen B. M., Catalytic processes monitored at the
nanoscale with tip-enhanced Raman spectroscopy, Nat Nanotechnol 2012, 7, 583–586.
Sun M. T., Zhang Z. L., Chen L., Li Q., Sheng S. X., Xu H.
X., Song P., Plasmon-Driven Selective Reductions Revealed by
Tip-Enhanced Raman Spectroscopy, Adv Mater Interfaces 2014,
1300125(1–6).
Drexhage K. H., Interaction of light with monomolecular dye layers, Prog Opt 1974, 12, 163–232.
Höppener C., Novotny L., Exploiting the light-metal interaction
for biomolecular sensing and imaging, Quarterly Reviews of
Biophysics 2012, 45, 209–255.
Chen K, Leong E S P, Rukavina M, Nagao T, Liu Y J, Zheng Y
B. Active molecular plasmonics: tuning surface plasmon resonances by exploiting molecular dimensions, Nanophotonics,
2015, 4:186–197.
Lakowicz J. R., Principles of Fluorescence Spectroscopy, 3rd Edition, Springer-Verlag, New York, 2006.
Purcell E M. Spontaneous emission probabilities at radio frequencies, Phys Rev 1946, 69, 681.
Galloway C. M., Etchegoin P. G., Le Ru E. C., Ultrafast Nonradiative Decay Rates on Metallic Surfaces by Comparing
Surface-Enhanced Raman and Fluorescence Signals of Single
Molecules, Phys Rev Lett 2009, 103, 063003.

488 | J. Dong et al.
[25] Johansson P., Xu H. X., Surface-enhanced Raman scattering and
fluorescence near metal nanoparticles, Phys Rev B 2005, 72,
035427.
[26] Itoh T., Iga M., Tamaru H., Yoshida K., Biju V., Quantitative evaluation of blinking in surface enhanced resonance scattering
and fluorescence by electromagnetic mechanism, J Chem Phys
2012, 136, 024703.
[27] Barnes W L, Dereux A, Ebbesen T W. Surface plasmon subwavelength optics, Nature 2003, 424, 824.
[28] Wood R. W., On a remarkable case of uneven distribution of light
in a diffraction grating spectrum, Philos Mag 1902, 4, 396.
[29] Ritchie R. H., Arakawa E. T., Hamm R. N., Surface-plasmon resonance effect in grating diffraction, Phys Rev Lett 1968, 21, 1530–
1533.
[30] Cui X. Q., Tawa K., Hori H., Nishii J., Tailored plasmonic gratings
for enhanced fluorescence detection and microscopic imaging,
Adv Func Mat 2010, 20, 546.
[31] Tsuneyasu M., Sasakawa C., Naruishi N., Tanaka Y., Yoshida Y.,
Tawa K., Sensitive detection of interleukin-6 on a plasmonic
chip by grating-coupled surface-plasmon-field-enhanced fluorescence imaging, J Appl Phys 2014, 53, 06JL05.
[32] Jiang Y., Wang H. Y., Wang H., Gao B. R., Hao Y. W., Jin Y., Chen
Q. D., Sun H. B., Surface Plasmon Enhanced Fluorescence of
Dye Molecules on Metal Grating Films, J Phys Chem C 2011, 115,
12636.
[33] Hao Y. W., Wang H. Y., Zhang Z. Y., Zhang X. L., Chen Q. D., Sun H.
B., Time-Resolved Fluorescence Anisotropy of Surface Plasmon
Coupled Emission on Metallic Gratings, J Phys Chem C 2013, 117,
26734–39.
[34] Yuk J. S., Guignon E. F., Lynes M. A., Sensitivity enhancement
of a grating-based surface plasmon-coupled emission (SPCE)
biosensor chip using gold thickness, Chem Phys Let 2014, 591,
5–9.
[35] Zhang Z. Y., Wang H. Y., Du J. L., Zhang X. L., Hao Y. W., Chen
Q. D., Sun H. B., Surface Plasmon-Modulated Fluorescence on
2D Metallic Silver Gratings, IEEE Photonics Technology Letters
2015, 27, 821–823.
[36] Ebbesen T. W., Extraordinary optical transmission through subwavelength hole arrays. Nature(London) 1998, 391, 667–669.
[37] Sambles J. R., Bradbery G. W., Yang F. Z., Optical-excitation
of surface-plasmons-an introduction, Contemp Phys 1991, 32,
173–183.
[38] Ghaemi H. F., Thio T., Grupp D. E., Ebbesen T. W., Lezec H. J.,
Surface plasmons enhance optical transmission through subwavelength holes, Phys Rev B 1998, 58, 6779–6782.
[39] Strelniker Y. M., Theory of optical transmission through elliptical nanohole arrays, Phys Rev B 2007, 76, 085409(1–6).
[40] Chen Y., Munechika K., Ginger D. S., Dependence of Fluorescence Intensity on the Spectral Overlap between Fluorophores
and Plasmon Resonant Single Silver Nanoparticles, Nano Lett
2007, 7, 690–696.
[41] Brolo A. G., Kwok S. C., Mofltt M. G., Gordon R., Riordon J., Kavanagh K. L., Enhanced Fluorescence from Arrays of Nanoholes
in a Gold Film, J Am Chem Soc 2005, 127, 14936–14941.
[42] Guo P. F., Wu S., Ren Q. J., Lu J., Chen Z. H., Xiao S. J., Zhu Y. Y.,
Fluorescence Enhancement by Surface Plasmon Polaritons on
Metallic Nanohole Arrays, J Phys Chem Lett 2010, 1, 315–318.
[43] Mazzotta F., Johnson T. W., Dahlin A. B., Shaver J., Oh S. H., Höök
F., Influence of the Evanescent Field Decay Length on the Sensitivity of Plasmonic Nanodisks and Nanoholes, ACS Photonics

2015, 2, 256–262.
[44] Im H., Lee S. H., Wittenberg N. J., Johnson T. W., Lindquist N. C.,
Nagpal P., Norris D. J., Oh S. H., Template-Stripped Smooth Ag
Nanohole Arrays with Silica Shells for Surface Plasmon Resonance Biosensing, ACS nano 2011, 5, 6244–6253.
[45] Poirier-Richard H. P., Couture M., Brulea T., Masson J. F., Metalenhanced fluorescence and FRET on nanohole arrays excited at
angled incidence, Analyst 2015, 140, 4792.
[46] Wu L., Bai P., Zhou X., Li E. P., Transmission modes in nanoholearraybased plasmonic sensors, IEEE Photonics Journal 2012, 4,
26–33.
[47] Wu L., Zhou X., Bai P., Plasmonic metals for nanohole-array
surface plasmon field-enhanced fluorescence spectroscopy
biosensing, Plasmonics 2014, 9, 825–833.
[48] Barik A., Otto L. M., Yoo D., Jose J., Johnson T. W., Oh S.
H., Dielectrophoresis-Enhanced Plasmonic Sensing with Gold
Nanohole Arrays, Nano Lett. 2014, 14, 2006–2012.
[49] Sanchez-Gonzalez A., Corni S., Mennucci B., Surface-Enhanced
Fluorescence within a Metal Nanoparticle Array:The Role of Solvent and Plasmon Couplings, J Phys Chem C 2011, 115, 5450–
5460.
[50] Usukura E., Shinohara S., Okamoto K., Lim J., Char K., Tamada
K., Highly confined, enhanced surface fluorescence imaging
with two-dimensional silver nanoparticle sheets, Appl Phys Lett
2014, 104, 121906(1–3).
[51] Dong J., Qu S. X., Zhang Z. L., Liu M. C., Liu G. N., Yan X. Q., Zheng
H. R., Surface enhanced fluorescence on three dimensional silver nanostructure substrate, J Appl Phys 2012, 111, 093101.
[52] Yang B. J., Lu N., Qi D., Ma R., Tuning the Intensity of MetalEnhanced Fluorescence by Engineering Silver Nanoparticle Arrays, Small 2010, 6, 1038–1043.
[53] Qiu T., Jiang J., Zhang W. J., Lang X. Z., Yu X. Q., Chu P. K., HighSensitivity and Stable Cellular Fluorescence Imaging by Patterned Silver Nanocap Arrays, ACS Appl Mater Interfaces 2010,
2, 2465–2470.
[54] Sugawa K., Tamura T., Tahara H., Yamaguchi D., Akiyama T., Otsuki J., Kusaka Y., Fukuda N., Ushijima H., Metal-Enhanced Fluorescence Platforms Based on Plasmonic Ordered Copper Arrays:Wavelength dependence of Quenching and Enhancement
Effects, ACS nano 2013, 7, 9997–10010.
[55] Xi L., Chen M., Zhao X. M., Zhang Z. L., Xia J. R., Xu H. X., Sun M.
T., Visualized method of chemical enhancement mechanism on
SERS and TERS, J. Raman Spectrosc. 2014, 45, 533–540.
[56] Yasukuni R., Ouhenia-Ouadahi K., Boubekeur-Lecaque L., Félidj
N., MaureI F., Métivier R., Nakatani K., Aubard J., Grand J., SilicaCoated Gold Nanorod Arrays for Nanoplasmonics Devices, Langmuir 2013, 29, 12633–12637.
[57] Huang Q., Huang Z., Meng G., Fu Y., Lakowicz J. R., Plasmonic
nanorod arrays for enhancementof single-molecule detection,
Chem Commun 2013, 49, 11743–11745.
[58] Singh D. P., Kumar S., Singh J. P., Morphology dependent surface enhanced fluorescence study on silver nanorod arrays fabricated by glancing angle deposition, RSC Adv. 2015, 5, 31341–
31346.
[59] Seal K., Sarychev A. K., Noh H., Genov D. A., Yamilov A., Shalaev V. M., Ying Z. C., Cao H., Near-Field Intensity Correlations in
Semicontinuous Metal-Dielectric Films, Phys Rev Lett 2005, 94,
226101.
[60] Shalaev V. M., Nonlinear Optics of Random Media, Springer,
Berlin, 2000.

Recent Progress on Plasmon-Enhanced Fluorescence

[61] Sarychev A. K., Shalaev V. M., Electromagnetic field fluctuations
and optical nonlinearities in metal-dielectric composites, Phys
Rep 2000, 335, 275–371.
[62] Bozhevolnyi S. I., Markel V. A., Coello V., Kim W., Shalaev V.
M., Direct observation of localized dipolar excitations on rough
nanostructured surfaces, Phys Rev B 1998, 58, 11441–11448.
[63] Weitz D. A., Garoff S., Hanson C. D., Gramila T. J., Gersten J. I.,
Fluorescent lifetimes of molecules on silver-island films, Opt
Lett 1982, 7, 89–91.
[64] Zhang Y. X., Aslan K., Previte M. J. R., Geddes C. D., Metalenhanced fluorescence from copper substrates, Appl Phys Lett
2007, 90, 173116(1–3).
[65] Szalkowski M., Ashraf K. U., Lokstein H., Mackowski S., Cogdell
R. J., Kowalska D., Silver island film substrates for ultrasensitive
fluorescence detection of (bio)molecules, Photosynth Res 2015,
DOI:10.1007/s11120-015-0178-x
[66] Mishra H., Zhang Y. X., Geddes C. D., Metal enhanced fluorescence of the fluorescent brightening agent Tinopal-CBX near silver island film, Dyes and Pigments 2011, 91, 225–230.
[67] Shalaev V. M., Poliakov E. Y., Markel V. A., Small-particle composites. II. Nonlinear optical properties, Phys Rev B 1996, 53,
2437–2449 and reference therein.
[68] Karpov S. V., Gerasimov V. S., Isaev I. L., Markel V. A., Spectroscopic studies of fractal aggregates of silver nanospheres undergoing local restructuring, J Chem Phys 2006, 125, 111101–04.
[69] Geddes C. D., Parfenov A., Roll D., Gryczynski I., Malicka
J., Lakowicz J. R., Silver Fractal-like Structures for MetalEnhanced Fluorescence: Enhanced Fluorescence Intensities
and Increased Probe Photostabilities, J Fluoresc 2003, 13, 267–
276.
[70] Shtoyko T., Matveeva E. G., Chang I. F., Gryczynski Z., Goldys
E., Gryczynski I., Enhanced Fluorescent Immunoassays on Silver
Fractal-like Structures, Anal Chem 2008, 80, 1962–1966.
[71] Dong J., Li X. Q., Zheng H. R., Yan X. Q., Sun Y., Zhang Z. L.,
Surface-enhanced fluorescence from silver fractallike nanostructures decorated with silver nanoparticles, Appl Opt 2011,
50, G123–126.
[72] Dong J., Qu S. X., Zheng H. R., Zhang Z. L., Li J. N., Huo Y. P.,
Li G. A., Simultaneous PEF and SERRS from silver fractal-like
nanostructure, Sensors and Actuators B: Chemical 2014, 191,
595–599.
[73] Gu C., Zhang T., Electrochemical Synthesis of Silver Polyhedrons and Dendritic Films with Superhydrophobic Surfaces,
Langmuir 2006, 24, 12010–12016.
[74] Dong J., Zheng H. R., Yan X. Q., Sun Y., Zhang Z. L., Fabrication of
flower-like silver nanostructure on the Al substrate for surface
enhanced fluorescence, Appl Phys Lett 2012, 100, 051112(1–3).
[75] Ma N., Tang F., Wang X. Y., He F., Li L. D., Tunable Metal-Enhanced
Fluorescence by Stimuli-Responsive Polyelectrolyte Interlayer
Films, Macromol Rapid Commun. 2011, 32, 587–589.
[76] Dulkeith E., Morteani A. C., Niedereichholz T., Klar T. A., Feldmann J., Levi S. A., Van Veggel F. C. J. M., Reinhoudt D. N., Möller
M., Gittins D. I., Fluorescence Quenching of Dye Molecules near
Gold Nanoparticles: Radiative and Nonradiative Effects, Phys
Rev Lett 2002, 89, 203002(1–4).
[77] Xie F., Baker M. S., Goldys E. M., Homogeneous Silver-Coated
Nanoparticle Substrates for Enhanced Fluorescence Detection,
J Phys Chem B 2006, 110, 23085–23091.
[78] Aslan K., Holley P., Geddes C. D., Metal-enhanced fluorescence
from silver nanoparticle-deposited polycarbonate substrates, J

| 489

Mater Chem 2006, 16, 2846–2852.
[79] Xu S., Cao Y., Zhou J., Wang X. N., Wang X., Xu W. Q., Plasmonic
enhancement of fluorescence on silver nanoparticle films, Nanotechnology 2011, 22, 275715.
[80] Cao S. H., Cai W. P., Liu Q., Xie K. X., Weng Y. H., Li Y. Q.,
Turning on fluorescence by plasmonic assembly with large tunable spacing: a new observation and its biosensing application,
Chem Commun 2014, 50, 518-520.
[81] Bek A., Jansen R., Ringler M., Mayilo S., Klar T. A., Feldmann J.,
Nano Lett 2008, 8, 485.
[82] Zhang Z. L., Yang P. F., Xu H. X., Zheng H. R., Surface enhanced
fluorescence and Raman scattering by gold nanoparticle dimers
and trimers, J Appl Phys 2013, 113,033102(1–3).
[83] Zhang Y. X., Dragan A., Geddes C. D., Wavelength Dependence
of Metal-Enhanced Fluorescence, J. Phys Chem C 2009, 113,
12095–12100.
[84] Zhang X., Marocico C. A., Lunz M., Gerard V. A., Gun’ko Y. K., Experimental and theoretical investigation of the distance dependence of localized surface Plasmon coupled Förster resonance
energy transfer, ACS Nano 2014, 8, 1273–1283.
[85] Bujak Ł., Olejnik M., Brotosudarmo T. H. P., Schmidt M. K.,
Czechowski N., Piatkowski D., Aizpurua J., Cogdell R. J., Heisse
W., Mackowski S., Polarization control of metal-enhanced fluorescence in hybrid assemblies of photosynthetic complexes
and gold nanorods, Phys Chem Chem Phys 2014, 16, 9015–
9022.
[86] Reineck P., Gómez D., Ng S. H., Karg M., Bell T., Mulvaney P.,
Bach U., Distance and Wavelength Dependent Quenching of
Molecular Fluorescence by Au@SiO2 Core-Shell Nanoparticles,
ACS Nano 2013, 7(8), 6636–6648.
[87] Cheng D., Xu Q. H., Separation distance dependent fluorescence enhancement of fluorescein isothiocyanate by silver
nanoparticles, Chem Commun 2007, 3, 248–250.
[88] Guerrero A. R., Aroca R. F., Surface-Enhanced Fluorescence with
Shell-Isolated Nanoparticles(SHINEF), Angew Chem Int Ed 2011,
50, 665–668.
[89] Abadeer N. S., Brennan M. R., Wilson W. L., Murphy C. J.,
Distance and Plasmon Wavelength Dependent Fluorescence of
Molecules Bound to Silica-Coated Gold Nanorods, ACS Nano
2014, 8, 8392–8406.
[90] Wang L., Song Q. W., Liu Q. L., He D. C., Ouyang J., PlasmonEnhanced Fluorescence-Based Core–Shell Gold Nanorods as a
near-IR Fluorescent Turn-On Sensor for the Highly Sensitive Detection of Pyrophosphate in Aqueous Solution, Adv Funct Mater
2015, DOI: 10.1002/adfm.201503326
[91] Stöckle R. M., Suh Y. D., Deckert V., Zenobi R., Nanoscale chemical analysis by tip-enhanced Raman spectroscopy, Chem Phys
Lett 2000, 318, 131–136.
[92] Zhang R., Zhang Y., Dong Z. C., Jiang S., Zhang C., Chen L. G.,
Zhang L., Liao Y., Aizpurua J., Luo Y., Yang J. L., Hou J. G., Chemical mapping of a single molecule by plasmon-enhanced Raman
scattering, Nature 2013, 498, 82–86.
[93] Bailo E., Deckert V., Tip-Enhanced Raman Spectroscopy of Single RNA Strands: Towards a Novel Direct-Sequencing Method,
Angew Chem Int Edit 2008, 47, 1658–1661.
[94] Sun M. T., Zhang Z. L., Zheng H. R., Xu H. X., In-situ
plasmon-driven chemical reactions revealed by high vacuum
tip-enhanced Raman spectroscopy, Sci. Rep. 2012, 2, 647.
[95] Sun M. T., Zhang Z. L., Chen L., Sheng S. X., Xu H. X., Plasmonic
Gradient Effects on High Vacuum Tip-Enhanced Raman Spec-

490 | J. Dong et al.
troscopy, Adv Optical Mater. 2014, 2, 74–80.
[96] Snchez E. J., Novotny L., Xie X. S., Near-Field Fluorescence Microscopy Based on Two-Photon Excitation with Metal Tips, Phys
Rev Lett 1999, 82, 4014–4017.
[97] Betzig E., Trautman J. K., Near-Field Optics – Microscopy, Spectroscopy, and Surface Modification Beyond the Diffraction Limit,
Science 1992, 257, 189–195.
[98] Gerton J. M., Wade L. A., Lessard G. A., Ma Z., Quake S. R., Tipenhanced fluorescence microscopy at 10 nanometer resolution,
Phys Rev Lett 2004, 93, 180801.
[99] Frey H. G., Witt S., Felderer K., Guckenberger R., HighResolution Imaging of Single Fluorescent Molecules with the
Optical Near-Field of a Metal Tip, Phys Rev Lett 2004, 93,
200801.
[100] Dong Z. C., Guo X. L., Trifonov A. S., Dorozhkin P. S., Miki K., Vibrationally resolved fluorescence from organic molecules near
metal surfaces in a scanning tunneling microscope, Phys Rev
Lett 2004, 92, 086801.
[101] Mauser N., Hartschuh A., Tip-enhanced near-field optical microscopy, Chem Soc Rev 2014, 43, 1248–1262.
[102] Bharadwaj P., Deutsch B., Novotny L., Optical Antennas. Adv
Opt Photonics 2009, 1, 438–483.
[103] Anger P., Bharadwaj P., Novotny L., Enhancement and Quenching of Single-Molecule Fluorescence, Phys Rev Lett 2006, 96,
113002.
[104] Hartschuh A., Beversluis M. R., Bouhelier A., Novotny L., Tipenhanced optical spectroscopy, Phil Trans R Soc Lond A 2004,
362, 807–819.
[105] Ma Z. Y., Gerton J. M., Wade L. A., Quake S. R., Fluorescence
near-field microscopy of DNA at sub-10 nm resolution, Phys Rev
Lett. 2006, 97, 260801.
[106] Frey H. G., Paskarbeit J., Anselmetti D., Tip-enhanced single
molecule fluorescence near-field microscopy in aqueous environment, Appl Phys Lett 2009, 94, 241116.
[107] Hayazawa N., Furusawa K., Taguchi A., Abe H., Kawata S., Tipenhanced two-photon excited fluorescence microscopy with a
silicon tip, Appl Phys Lett 2009, 94, 193112.
[108] Hu D., Micic M., Klymyshyn N., Suh Y. D., Lu H. P., Correlated
topographic and spectroscopic imaging beyond diffraction limit
by atomic force microscopy metallic tip enhanced near field fluorescence lifetime microscopy, Rev Sci Instrum 2003, 74, 3347–
3355.
[109] Krug J. T., Sánchez E. J., Xie X. S., Fluorescence quenching
in tip-enhanced nonlinear optical microscopy, Appl Phys Lett
2005, 87, 183101(1–3).
[110] Chiang N., Jiang N., Chulhai D. V., Pozzi E. A., Hersam M. C.,
Jensen L., Seideman T., Van Duyne R. P., Molecular-Resolution
Interrogation of a Porphyrin Monolayer by Ultrahigh Vacuum
Tip-Enhanced Raman and Fluorescence Spectroscopy, Nano
Lett 2015, 15(6), 4114–4120.

[111] Zhang H., Li Y. J., Ivanov I. A., Qu Y. Q., Huang Y., Duan X.
F., Plasmonic modulation of the upconversion fluorescence in
NaYF4 :Yb/Tm hexaplate nanocrystals using gold nanoparticles
or nanoshells, Angew Chem Int Ed 2011, 49, 2865–2868.
[112] Sudheendra L., Ortalan V., Dey S., Browning N. D., Kennedy I.
M., Plasmonic Enhanced Emissions from Cubic NaYF4 :Yb:Er/Tm
Nanophosphors, Chem Mater 2011, 23, 2987–2993.
[113] Lee K. T., Park J. H., Kwon S. J., et.al., Simultaneous Enhancement of Upconversion and Downshifting Luminescence via Plasmonic Structure, Nano Lett 2015, 15, 2491–2497.
[114] Lin J. H., Liou H. Y., Wang C. D., Tseng C. Y., Lee C. T., Ting C.
C., Kan H. C., Hsu C. C., Giant Enhancement of Upconversion
Fluorescence of NaYF4 :Yb3+ ,Tm3+ Nanocrystals with Resonant
Waveguide Grating Substrate, ACS Photonics 2015, 2, 530–536.
[115] Saboktakin M., Ye X., Chettiar U. K., Engheta N., Murray C. B.,
Kagan C. R., Plasmonic Enhancement of Nanophosphor Upconversion Luminescence in Au Nanohole Arrays, ACS Nano 2013,
7, 7186–7192.
[116] Wang P. H., Li Z. Q., Salcedo W. J., Sun Z., Huang S. M.,
Brolo A. G., Surface plasmon enhanced up-conversion from
NaYF4 :Yb/Er/Gd nano-rods, Phys Chem Chem Phys 2015, 17,
16170–16177.
[117] Sun Q. C., Mundoor H., Ribot J. C., Singh V., Smalyukh I. I., Nagpal P., Plasmon-Enhanced Energy Transfer for Improved Upconversion of Infrared Radiation in Doped-Lanthanide Nanocrystals, Nano Lett 2014, 14, 101–106.
[118] He E. J., Moskovits M., Dong J., Gao W., Han Q. Y., Zheng H. R.,
Liu N., Luminescence Enhancement Mechanism of LanthanideDoped Hybrid Nanostructures Decorated by Silver Nanocrystals, Plasmonics 2015, 10, 357–368.
[119] Feng A. L., You M. L., Tian L., Singamaneni S., Liu M., Duan Z.,
Lu T. J., Xu F., Lin M., Distance-Dependent Plasmon-Enhanced
Fluorescence of Upconversion Nanoparticles using polyelectrolyte Multilayers as Tunable Spacers, Scientific Reports 2014,
5, 7779.
[120] Schietinger S., Aichele T., Wang H. Q., Nann T., Benson O.,
Plasmon-Enhanced Upconversion in Single NaYF4 :Yb3+ /Er3+
Codoped Nanocrystals, Nano Lett 2010, 10, 134–138.
[121] Mauser N., Piatkowski D., Mancabelli T., Nyk M., Mackowski S.,
Hartschuh A., Tip Enhancement of Upconversion Photoluminescence from Rare Earth Ion Doped Nanocrystals, ACS Nano 2015,
9, 3617–3626.

