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TOPICAL REVIEW — Nanophotonics
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Photoluminescence (PL) from bulk noble metals arises from the interband transition of bound electrons. Plasmonic
nanostructures can greatly enhance the quantum yield of noble metals through the localized surface plasmon. In this work,
we briefly review recent progress on the phenomenon, mechanism, and application of one-photon PL from plasmonic
nanostructures. Particularly, our recent efforts in the study of the PL peak position, partial depolarization, and mode
selection from plasmonic nanostructures can bring about a relatively complete and deep understanding of the physical
mechanism of one-photon PL from plasmonic nanostructures, paving the way for future applications in plasmonic imaging,
plasmonic nanolasing, and surface enhanced fluorescence spectra.
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1. Introduction

The definition of photoluminescence (PL) is the light re-
emission after absorbing a photon with energy higher than the
band gap in solid physics. In semiconductors, the typical PL
is from the recombination of excited electrons in the conduc-
tion band and holes in the valence band. PL from bulk noble
metals and metallic nanostructures has received an enormous
amount of attention in the past few decades. Initial works have
revealed that when the excitation photon energy is above the
direct interband transition, the one-photon PL from bulk noble
metals shares the same mechanism as that of semiconductors,
where a three-step process is involved: (i) photoexcitation of
electron—hole pairs, (ii) relaxation of the excited electrons, and
(iii) recombination of the electron—hole pairs.!!-?! Since the re-
combination rate of the electron-hole pairs is much slower
than other nonradiative channels, the quantum efficiency of
PL from bulk noble metals is extremely low (in the order of
~ 10719). As a comparison, PL from metallic nanostructures
with a typical size larger than 50 nm is strongly modified
by the localized surface plasmon resonance (LSPR), where
the corresponding quantum efficiency has demonstrated to be
strongly enhanced by a million times.*-3! Pioneering study on
the time-resolved PL from gold nanoparticles has also demon-
strated that the LSPR can act as a radiative channel to gen-
erate ultrafast emission (< 50 fs) comparable with the LSPR
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dephasing time.!”) When the excitation photon energy is be-
low the direct interband transition, the mechanism has been
contentious for the PL from bulk noble metals and metallic
nanostructures. To date, main explanations include intraband

[6.10.11] 55 well as the

excitation and emission of hot electrons,
prompt electronic Raman scattering.!'%!3 It is hard to identify
these two mechanisms from the phenomenological microcopy
spectra. Despite the fact that a clear quantum mechanism still
needs to be confirmed among these explanations, a universal
nature of the PL normalized by the scattering spectrum has
been revealed in our recent works, which emphasize an inter-
nal energy redistribution process related to the broadband PL
spectrum. [14.15]

In this paper, we briefly review recent progress on the
one-photon PL from plasmonic nanostructures by following
the logical line of phenomenon, mechanism, and application.
In Section 2, we give a simple introduction on the excitation
and decay of LSPR, which plays a key role in the PL. emis-
sion process from plasmonic nanostructures. In Section 3,
we present our recent studies on the fundamental phenomenon
and mechanism of PL from plasmonic nanostructures, includ-
ing the enhancement of quantum yield through LSPR (Sub-
section 3.1), the comparison of peak position between PL and
scattering spectra (Subsection 3.2), and the partial depolariza-
tion and mode selection during the PL emission process (Sub-
section 3.3). In Section 4, we briefly introduce typical engi-
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neering and application of PL from plasmonic nanostructures.
In the last section, we present our conclusions and outlook.

2. Excitation and decay of localized surface plas-
mon

Surface plasmon is the collective oscillation of free elec-
trons within the conduction band of the metal, which usu-
ally forms at the interface between metals and dielectrics.[>10]
Typical materials possessing the surface plasmon response in-
clude noble metals (Au, Ag, Pt) at the visible-infrared re-
gion, aluminum at the ultraviolet region, and graphene at
the terahertz region. Figure 1(a) simply describes the cre-
ation of a surface plasmon oscillation and its propagating
state in the waveguide, i.e., the surface plasmon polariton
(SPP).['7-18] Photon-SPP coupling usually exists at the infi-

nite metal/dielectric interface through prism or grating cou-
pling methods. Here we focus on another type of surface plas-
mon which is closely related to the PL from metallic nanos-
tructures. In the case of metallic nanostructures with sizes
much less than the incident wavelength, the electron oscilla-
tions are mainly localized within the nanostructures, termed as
localized surface plasmon (LSP), as shown in Fig. 1(b).[7-18]
The excitation of LSPR in metallic nanoparticles results in an
extreme concentration of light and an enhanced electric field
around the nanostructures, leading to the significant enhance-
ment in absorption and scattering efficiencies for photons at
the resonant energy.!'”! The LSPR induced strong electric field
localization (hot spot) has been widely applied for surface en-
hanced Raman scattering (SERS), as shown in Figs. 1(c) and

l(d).[20,21]
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Fig. 1. (color online) Schematic of (a) surface plasmon polaritons on the surface of gold film and (b) the localized surface plasmon

resonance in gold nanosphere.*?) LSPR induced hot electron generation in (c) bowtie nanostructure for (d) SERS application

For simple metallic nanostructures (also called plasmonic
atoms), such as nanosphere, nanorod, and nanodisk, the LSPR
can act as a radiative channel to transfer the energy and mo-
mentum of LSP within metallic nanostructures to free space.
Normally, the scattering light from simple metallic nanostruc-
tures exhibit different colors determined by the material they
are made from, the surrounding media, the size, and shape.
For example, figures 2(a) and 2(b) show the dark-field (DF)
images and scattering spectra of Au nanorod, disk, and trian-
gle, where different colors are actually determined by the dif-
ferent resonant energies of their LSPRs. According to the Mie
scattering theory, the resonant wavelength of the fundamental
LSPR is usually proportional to the nanostructure’s size. As
a result, the scattering color of a simple metallic nanostruc-
ture is mainly determined by its size rather than the shape.l!
However, such a conclusion is only correct for simple metal-
lic nanostructures with sizes below the quasi-static limit. As
shown in Fig. 2(c), the LSPR peak of a single Au nanodisk
shows a gradual red shift with increasing size, while the LSPR
response is more complicated for nanodisks with sizes beyond

5. [20.21]

the quasi-static limit (a diameter larger than 140 nm). Firstly,
the strength of the fundamental LSPR will gradually decrease
and the high-order LSPR will be excited. Then, the resonant
positions of LSPR will become more sensitive to the incident
angle of the illumination light and no longer shift monoton-
ically to the low-energy region./”>) We have successfully ex-
plained these complicated scattering spectra by accurately em-
ploying the DF illumination instead of the conventional plane
wave illumination in the simulation.

For complex metallic nanostructures (also called plas-
monic molecules), such as polymer, core-shell, and dolmen-
like nanostructures, the inside LSPR coupling can be well de-
scribed by the surface plasmon hybridization theory.*#%3] Re-
cently, Dr. Hu measured the polarized DF scattering spectra
from Au nanodisk dimers with different gaps, as shown in
Fig. 2(d). The position of the excited dipolar LSPR mode un-
der horizontal excitation consistently red shifts with decreas-
ing gap size due to the enhanced plasmonic bonding cou-
pling, while the mode excited under vertical excitation only
blue shifts slightly due to the anti-bonding coupling.!'* Based
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on the inside coupling, plasmonic color printing is one at-
tractive application of the complex metallic nanostructures,
where bright-field color prints with resolution up to the op-
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Fig. 2. (color online) (a) DF images and (b) scattering spectra of gold nanorod, disk, and two triangles."®! (c) Scanning electron microscope (SEM),
DF images, and scattering spectra of Au nanodisks with a diameter from 80 nm to 200 nm (experiment and simulation).'>3! (d) SEM and DF scattering

spectra of Au nanodisk dimer under horizontal and vertical excitations./*]

interaction of nanodisks with different diameters and separations. (f) The full palette of colors and the test imag

(e) Plasmonic subwavelength-resolution color printing realized by the
[26,27]
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Fig. 3. (color online) Non-radiative decay process of LSPR in metal nanoparticles. Details are explained in the main text.[?®!

LSPR in nanostructures can be damped radiatively by
re-emission of a photon through scattering or non-radiatively
through the creation and relaxation of hot electron—hole pairs
(Fig. 3).28391 To be specific, the LSPR is excited at the initial
time (Fig. 3(a)). Then the energy of LSPR can be transferred

into electron-hole pairs via Landau damping on a time scale
of 1-100 fs, which results in non-equilibrium hot electrons
(Fig. 3(b)). Subsequently, the hot electrons generated from
plasmon decay will quickly redistribute their energy among

many lower-energy electrons via electron—electron scatter-
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ing processes such as Auger transitions and form a quasi-
equilibrium Fermi—Dirac-like distribution on a time scale of
100 fs to 1 ps (Fig. 3(c)). In the final step, the electron—phonon
and phonon—phonon interactions via the lattice will dissipate
the heat generated from the hot electrons into the surrounding
medium on a time scale of 100 ps to 10 ns (Fig. 3(d)).

3. Photoluminescence from plasmonic nanos-
tructures — phenomenon and mechanism

3.1. Enhanced quantum yield via LSP-mediated excitation
and radiative decay

The first PL of Au film (Fig. 4(a)) with peak position
~ 510 nm was observed by Mooradian in 1969, which
is from the radiative recombination of the sp-band electrons
above the Fermi level with the d-band holes, as shown in
Fig. 4(b).[®]
sion quantum yield (QY) of bulk gold is extremely low in the
order of ~ 107191141 An enhanced PL due to the strong lo-
cal electric field of LSPR was first observed by Boyed et al.

Due to the huge nonradiative transitions, the emis-

in 1986 from a rough metal surface (Fig. 4 (c)).>*! Then PL
from metallic nanostructures aroused wide interest and signif-
icantly enhanced PL was demonstrated, where nanorod and
nanotube have shown a QY in the order of ~ 10~ and ~ 1072,
respectively. [*8] Recently, Gong’s group measured the QY's of
PL from gold nanospheres and nanorods with different exci-
tation wavelengths, finding that the QY is higher when the
excitation energy is close to the LSPR of the nanoparticles
(Figs. 4(d)—4(f)).B" They explained that the coupling effi-
ciency between the free electron oscillation driven by the exci-
tation light and the intrinsic LSPR mode of the gold nanoparti-
cles is responsible for the excitation wavelength dependent lu-
minescence QY. To explore the gap plasmon enhancement ef-
fect, we designed a cross-like nanostructure of a Ag nanowire
(NW) on a single Au nanobeam (NB) with an Al,O3 insu-
lator layer (6 nm), as shown in Fig. 4(g).[*?! The PL image
(Fig. 4(h)) shows a hot spot at the intersection of the Ag NW
and Au NB when the gap plasmon mode is excited and the
absolute PL emission rate from the intersection area is higher
than that from pure Au NB, as shown in Figs. 4(i) and 4(j).
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Fig. 4. (color online) (a) PL spectra of gold and copper film at room temperature.[!! (b) The band structure of gold near X and L close to the Fermi
surface.[ (c) The enhanced PL spectra from rough copper film (dashed lines) as compared to that of the smooth sample (solid lines)./?! (d)—(f)
QYs of PL from gold nanoparticles are strongly dependent on the overlap between the excitation wavelengths and LSPR positions. ! (g)(j) Gap-
plasmon enhanced PL (457 nm excitation) from a Ag nanowire on a single Au nanobeam with a 6 nm-thick Al,O3 insulator layer.m] (k) Excitation
wavelength dependent gap-plasmon enhanced PL from gold nanospheres on a gold film with a 3.4 nm-thick Al,O3 insulator layer. 33!
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A similar work based on the gold nanospheres on a gold
film with a 3.4 nm-thick Al,O3 insulator layer has demon-
strated that the gap plasmon enhanced PL is also dependent on
the excitation wavelength, where the magnitude of enhance-
ment reaches up to 28000 under 633 nm excitation instead of
532 nm (far from the gap-plasmon resonance wavelength), as
shown in Fig. 4(k).1?3 Based on these works, the enhanced QY
of PL from plasmonic nanostructures can be explained by two
parts, one is from the efficient photoexcitation of bound elec-
trons or free electron oscillation through the LSP,>31331 and
the other is from the efficient radiative decay from the LSPR
channel.[734]

3.2. Peak position of PL.

The peak position of PL from plasmonic nanostructures
has been demonstrated to show a blue shift as compared to
the corresponding scattering peak in some previous works.
The first blue shift phenomenon was reported by Beversluis
et al. in 2003,[°! where the PL peak from gold nanoparticles
excited by 780 nm femtosecond pulses has shown a slight
blue shift compared to the scattering peak. Such an indis-
tinctive phenomenon was ignored for a long time. Until re-
cently, PL studies under continuous wave (CW) laser exci-
tation have confirmed this blue shift again in different plas-
monic nanostructures.'*3-371 Fang et al. in 2012 reported a
slightly growing blue shift in the PL from three gold nanorods
with gradually increased aspect ratio. In one of our works,

Hu et al. in 2012 observed a more apparent size-dependent
blue shift in the PL from single gold nanodisks with a diame-

ter from 60 nm to 140 nm, where a maximum ~ 50 nm blue

shift was demonstrated (Fig. 5(b)).!"*] Huang et al. in 2015 re-

ported that this blue-shift behavior is universal for both single
gold nanoparticles and gold nanodimers, as shown in Figs. 5(c)
and 5(d).’®) Lin et al. in 2017 also observed apparent PL

blue shifts from the nanorods of larger aspect ratio that res-

onate at longer wavelengths (Fig. 5(e)).l'*) However, finding

a clear physical mechanism behind the blue-shift PL. behavior
is still an urgent requirement. In the initial work, Beversluis
et al. simply explained that the blue-shift PL originates from

the large number of available electronic states near the inter-

band transition edge of bulk gold.!®! In Huang et al.’s work,

they tried to explain the blue shift by comparing the PL spec-

tra with absorption spectra, but have not been successful yet.

In our previous work,!'*

complete explanation by assuming that PL is proportional to
the production of the population profile of thermalized elec-
trons and the density of plasmonic states (DoPS). This qual-
itative explanation was actually developed from Beversluis’s
initial explanation and it is supported by the phenomenolog-
ical PL/scattering spectra of different gold nanostructures, as
shown in Figs. 6(a) and 6(b). In Lin et al.’s work, they also

agreed with our explanation and observed consistent normal-

ized PL/scattering spectra of different nanorods (Fig. 5(e)).
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Fig. 5. (color online) (a) Comparison of PL (532 nm excitation) and DF scattering spectra of three gold nanorods with gradually increased
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Recently, we further conducted a quantitative work to
support our qualitative explanation.[!>! We studied the correla-
tion of PL and DF scattering spectra of a designed dolmen-like
nanostructure, which has two intrinsic LSPR modes depen-
dent on the excitation polarization, i.e., the Lorentz-like LSPR
mode under horizontal excitation and the Fano-like LSPR
mode under vertical excitation. As shown in Figs. 6(c) and
6(d), the peak position of the Lorentz-like line shape PL is blue
shifted ~ 20 nm relative to the DF scattering peak, while the
dip position of the Fano-like line shape PL is almost stable at
~ 660 nm. The fitting results match well with the experimen-
tal spectra. As shown in Figs. 6(e) and 6(f), we have proposed
a simple three-step PL process to well explain the peak and
dip position behaviors.

i. Excitation Electrons are excited to a certain high-level
state by a CW 532 nm laser (photon energy above the direct
interband transition).

ii. Relaxation The excited electrons relax into lower-
level states with population redistribution (the blue solid line).

iii. Plasmon-modulated emission for Lorentz-like line-
shape PL The redistributed electrons radiative through the
LSPR scattering channel with Lorentz-like DoPS. The ob-
served PL is proportional to the production of the population
redistribution function (PRF) of electrons and the Lorentz-like
DoPS of LSPR. The PRF used in the fitting equation is an ex-
ponential decay curve extracted from the PL of bulk gold film.
As a result, the PL peak position will be blue shifted via the
modulation of exponential PRF.

iv. Plasmon-modulated emission for Fano-like line-
shape PL. The narrow dark mode (nonradiative) formed in
the dimer interacting destructively with the bright mode in the
monomer leads to an LSPR radiative channel with Fano-like
DoPS. In this case, the exponential PRF can hardly affect the
dip position of PL after a convolution with Fano-like DoPS.
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Fig. 6. (color online) (a) Comparison of PL (532 nm excitation) and DF scattering spectra of gold nanorod, gold nanotriangle, and gold
nanodisk with a typical size of 80 nm.!'¥ (b) Comparison of the PL normalized by DF scattering spectra of three gold nanostructures and the
PL from gold film. (c) and (d) Comparison of measured and fitted PL (532 nm excitation) and DF scattering spectra of dolmen-like plasmonic
nanostructures. (e) A simple three-step model to describe the PL process in the dolmen-like plasmonic nanostructure. (f) Peak and dip positions
of PL from the dolmen-like plasmonic nanostructure can be explained by the convolution of the PRF of electrons (solid blue curve) and the

DoPS of intrinsic LSPR modes (dotted green and purple curves).!”]

We should note that a proper PRF used in our model is
critical for a successful quantitative explanation on the PL
peak position in arbitrary plasmonic nanostructures. The PRF
is not only closely related to the nonradiative decay of bound
electrons that can be modulated by the excitation energy and
the crystalline quality of bulk metals, in some cases it is also
closely related to the nonradiative decay of hot electrons gen-
erated by LSPR that would be strongly modulated by the size
and shape of plasmonic nanostructures. An apparent blue shift
of PL peak position usually occurs in the intensively decaying
area of PRF,!'*1537] while a red shift of PL peak position may

occur when the scattering peak of the LSPR mode is located
in the rising area of PRF. 7]

3.3. Partial depolarization and mode selection

The depolarization of PL from noble metals is a natu-
ral process due to the relaxation process of carriers,!!l dur-
ing which the excited electrons go through decoherence,
electron—electron and electron—phonon collisions, and they
completely lost their original polarization. 3331 As a compari-
son, since the scattering of LSPR is an elastic and polarization-

maintaining process,*”! PL from the metallic nanostructures

097803-6



Chin. Phys. B Vol. 27, No. 9 (2018) 097803

through the fast-radiative decay LSPR channel*'*?] will be
encoded with the same polarization characteristics of the
LSPR modes.?*%344] When a plasmonic nanostructure is ex-
cited by a polarized laser, the excited electrons will finally ra-
diatively decay from all intrinsic LSPR channels in the nanos-
tructure, including the channel with the same polarization of
the initial excitation laser and others with different polariza-
tions. We called this phenomenon partial depolarization.3%43]
Figure 7(a) shows the polarization dependent PL from a sin-
gle gold nanorod,®! where both transverse and longitudi-
nal LSPR modes can be observed no matter whether under
parallel or vertical excitation-collection configurations. Fig-
ure 7(d) shows the PL from a plasmonic nanoflower, where
similar partial depolarization can be observed and the de-
polarization ratio is found to be strongly dependent on the
polarization of the excitation laser.!*®! Since the plasmonic
nanoflower does not have a regular shape, it is difficult to

identify all possible LSPR modes in the partially depolarized
PL. Figure 7(e) shows our recent work on the polarization-
dependent PL from the dolmen-like plasmonic nanostructure
excited under different lasers. We can confirm two intrin-
sic LSPR modes (Lorentz-like and Fano-like) from the PL
under four excitation-collection configurations.*”! More im-
portantly, the partially depolarized PL from such a plasmonic
molecule was found to be strongly dependent on the excita-
tion wavelength. In particular, the most apparent partial de-
polarization can be observed when the excitation wavelength
is 532 nm that is close to the transverse LSPR of a single
nanorod, indicating that the indirect energy transfer from the
transverse LSPR mode to the longitudinal LSPR mode of a
single nanorod plays a critical role in the partially depolar-
ized PL from the dolmen-like plasmonic nanostructure. The
indirect energy transfer between different LSPR modes can be
realized via the non-radiative decay process (Fig. 3).
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Fig. 7. (color online) (a) PL of a single gold nanorod at four orientations of excitation and detection polarizations. 1451 (b) SEM image, (c) DF scattering,
and (d) PL spectra of gold nanoflowers under excitation of 532 nm and 633 nm lasers with different polarization angles.*®! (e) Excitation-wavelength
dependent partially depolarized PL spectra from the dolmen-like plasmonic nanostructure under four excitation-collection configurations. 7]

Mode selection in the PL from plasmonic nanostructures
was reported in our recent work. 3! Figure 8(b) shows the PL
from Au nanodisks with a diameter from 80 nm to 200 nm

(Fig. 8(a)). Itis clear to see that only fundamental LSPR mode

‘a—d’ can be observed for those relatively small nanodisks,
while the PL spectra are dominated by the high-order LSPR
mode ‘g—h’ for those relatively large nanodisks. The calcu-

lated absorption spectra in Fig. 8(c) clearly demonstrate that
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the fundamental and high-order LSPR modes are contributed
from the out-of-plan and in-plan wave vectors of the excita-
tion laser, respectively. To further explain such mode selec-
tion phenomenon, we show the calculated absorption spec-
tra for those relatively large nanodisks under right-side in-
plan illumination in Fig. 8(d). Now both fundamental and
high-order LSPR modes can be observed for those relatively
large nanodisks. The preferential excitation of the high-order
LSPR mode for those relatively large nanodisks in Fig. 8(b)
is found due to the destructive interference under symmetric
in-plan illumination. Specifically, the fundamental and high-

120 nm

Vo

80 nm

100 nm
™\

(b)

140 nm

order LSPR modes present an identical (ID) and an opposite
(OP) charge distribution along the central axis of the 200 nm
nanodisk (see inset), respectively. Under symmetric in-plan
illumination, destructive and constructive interference will oc-
cur for the LSPR mode with ID and OP charge distribution, re-
spectively. In our experiment, 532 nm laser was focused onto
the sample with a typical size of ~ 720 nm, and the incident
angle was gradually increased from the spot center to the edge.
As aresult, those relatively large nanodisks would be more ef-
ficiently excited by the symmetric in-plan wave vectors and
present a mode selection phenomenon in the PL.
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Fig. 8. (color online) (a) SEM images of Au nanodisks with a diameter from 80 nm to 200 nm. (b) Size-dependent PL from Au nanodisks
under 532 nm excitation. In PL. measurements, the polarization of excitation is along the horizontal direction and the collection is unpolarized.
The numerical aperture of the objective lens is 0.95.18! (¢) Calculated absorption spectra of Au nanodisks under out-of-plan and symmetric
in-plan illumination conditions. (d) Calculated absorption spectra of those relatively large Au nanodisks under right-side in-plan illumination.
The inset shows the charge distributions of the 200 nm nanodisk for the fundamental (h”) and high-order (h’) LSPR modes.

4. Photoluminescence from plasmonic nanos-
tructures — engineering and applications

Tailoring the linewidth of PL from plasmonic nanostruc-
tures is important for plasmonic applications which require op-
tical resonance with high quality factors. One recent work
based on the excitation of the gap plasmon mode reported
significantly shrinking the linewidth of PL, where the PL
linewidth of Au nanosphere dimer on metal film substrate was
reduced ~ 4.6 times as compared to that on the silica substrate
(Fig. 9).191 Such a narrowed PL signal presents promising ap-

plications in plasmonic nanolasing and sensing.

To date, the main applications of PL from plasmonic
nanostructures have been reported in the aspects of plas-

monic imaging,!®23! plasmonic nanolaser,>*>*63! and sur-

31.64-73] Plasmonic imag-

face enhanced fluorescence (SEF).!
ing is the direct application of PL from plasmonic nanos-
tructures and the other two belong to the indirect one. As
shown in Fig. 10(a), PL from gold nanocubes with high QY of
~ 1072 order was successfully used in the cell imaging of hu-
man liver cancer cells (QGY) and human embryo kidney cells
(293 T) with a common method of one-photon excitation. %]
The idea of plasmonic nanolaser (also called ‘SPASER’) was

proposed in 2003 by two individual groups through different
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models, i.e., gold/silica/dye core-shell nanoparticles and CdS
nanorod on MaF,/Ag film, respectively.[>4-%! Extensive stud-
ies in the subsequent few years were carried out to reduce the
laser threshold, improve the directional emission performance,
and realize tunable wavelength of plasmonic nanolaser.?’-63]
As shown in Fig. 10(b), by integrating Au nanoparticle ar-
rays within microfluidic channels and flowing in liquid gain
materials with different refractive indices, dynamic tuning of
the plasmon lasing wavelength from 850 nm to 900 nm was
achieved.%! Similar to the plasmonic nanolaser, SEF of semi-
conductor quantum dots or dye molecules within plasmonic
nanostructures has also been extensively studied in the past

decade. As shown in Fig. 10(c), by suspending WSe; flakes
onto sub-20-nm-wide trenches in a gold substrate, a giant
PL enhancement of ~ 20000 fold was demonstrated due to
the lateral gap plasmons confined in the trenches and the en-
hanced Purcell factor by the plasmonic nanostructure.>!l Be-
sides these typical applications, Ren’s group recently proposed
a method to retrieve the fingerprint of intrinsic chemical infor-
mation from the SERS spectra based on the PL from the plas-
monic nanostructures in SERS (Fig. 11(d)).’”! The method
is established based on the explanation that the SERS back-
ground originates from the LSPR-modulated PL, which con-
tains the local field information shared by SERS.[!?]
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Fig. 9. (color online) (a) Schematic of two CTAB-coated (light blue) Au nanosphere dimers positioned on a thin Au film (yellow) and on the
silica substrate (light gray) respectively. (b) Measured scattering spectra and PL spectra of the Au nanosphere dimmers (c) on the Au film and

(d) on the silica substrate.
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native chemical information from SERS. 137!
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5. Conclusions and outlook

Based on the pioneering works and our recent new find-
ings, we summarize here a relatively complete mechanism of
one-photon PL from plasmonic nanostructures in the follow-
ing three steps. (i) Excitation. Bound electrons or free electron
oscillation can be excited to a certain state through interband
transition or intraband transition, respectively. The excitation
can be greatly enhanced when the energy of the excitation
laser is overlapped with the LSPR mode. (ii) Relaxation. Ex-
cited electrons relax into the continuous lower-energy states
with population redistribution. (iii) LSPR-modulated emis-
sion. LSPR acts as an ultrafast radiative decay channel for
the excited electrons and can greatly enhance the QY of emis-
sion. PL from plasmonic nanostructures is proportional to the
production of the PRF of electrons and the DoPS of LSPR
modes, during which the peak position of PL can be modulated
by the specific PRF in plasmonic nanostructures. Enhanced
partially depolarized PL can be generated due to the indirect
energy transfer between intrinsic LSPR modes via excitation
and relaxation of hot electrons. Mode selection phenomenon
can occur in the PL from plasmonic nanostructures due to the
preferential excitation of LSPR mode under symmetric in-plan
illumination. The fundamental phenomenon and mechanism
of anti-Stokes one-photon emission,”* two-photon and mul-
tiphoton emission,”>~78! and nonlinear phenomenon!”-8!1 in
the PL from plasmonic nanostructures will be reviewed in our
future work.

The application of PL from plasmonic nanostructures is
currently focused on the plasmonic nanolaser and SEF. Many
urgent scientific issues such as the laser threshold, the re-

S,[82

producibility of plasmonic nanolasers, 2! and the interaction

between fluorescence molecules and plasmonic nanostruc-

s.[83

tures require deeper studies.!®3) Metamaterials and plasmonic-

optical hybrid platforms are expected to attract more attention

for plasmonic nanolasers and SEF applications. 34851
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