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Abstract

The study on the nonlinear optical responses arising from plasmonic nanoanten-

nas, known as nonlinear plasmonics, has been massively investigated in recent years.
Among the most basic nonlinear optical responses, second-harmonic generation
(SHG) and multiphoton photoluminescence (MPL), two-photon photoluminescence
in particular, has aroused extensive interests, due to their distinct properties of being
ultrasensitive to the spatial symmetry and ultrafast response time of hot electrons. In
this review, we give insights into fundamental roles dominating the radiations of such
nonlinear optical processes and their recent research advances. Different from other
reviews on nonlinear plasmonics, which mainly focused on parametric processes, this
review pays equal attentions to the incoherent process of MPL. An in-depth descrip-
tion on the excitation and emission processes of MPL in accordance with recent stud-
ies is fully presented. By using the high ‘symmetry rule’ of SHG and ultrafast response
time of MPL, advanced applications in surface enhanced spectroscopy, ultra-sensitive
photodetector, biosensor and ultrafast laser pulses are highlighted in the end.

Introduction

Nonlinear optical phenomena have an indication that the response of a material system
to an applied optical field depends nonlinearly on the strength of the optical field [1].
The optical responses induced by the light-mater interactions can be characterized by
the polarization P. When the excitation electric field becomes intensive, especially in the
focus volume of ultrafast laser pulses, the polarization induced involves not only linear
responses P, but also nonlinear parts Py;. This can be represented mathematically as
[1]: P(w):sa)(wE(w)+SOO((Z)E(LL))Z+)((3)E(co)3+,,,), where g, is the permittivity of free
space, YV, x® and y® are the first three terms of susceptibilities, which are described
as a second, third, fourth, ... rank of tensor in practice. y¥) leads to the linear optical
responses and higher orders of susceptibilities lead to the study of nonlinear optics [1].
Nonlinear optics was established shortly after the development of the first laser sys-
tem in the world [2, 3]. The related optical processes involving optical Kerr effect [4],
optical phase conjugation [5, 6], four-wave mixing [7, 8], Raman amplification [9-11],
stimulated Brillouin scattering [12, 13], multi-photon absorption [14, 15] and multiple
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photoionization [16—18] were systemically investigated in the last several decades [19].
Their advanced applications range from optical fiber [20], optical switch [21, 22], pho-
tonic crystal [23, 24], super continuum light source [25, 26] and other optical devices to
the modern plasmonic nanostructures [19].

Plasmons are generated by the coherent oscillations of conduction-electrons in
response to incident light. When the light interacts with nanoparticles (NPs) whose sizes
are smaller than the excitation wavelength, a local charge oscillation around NP is pro-
duced in resonance with the light frequency, which is well known as localized surface
plasmon resonance (LSPR) [27, 28]. This capability of restricting the light at a nanoscale
dimension provides NPs with tremendous unique features, including large electromag-
netic field enhancements [29-31], high photothermal conversion efficiency [32-34], and
rich spectral responses [15, 35-37].

Compared to linear optical processes, such as scattering [38—40], absorption [38, 41,
42] and one-photon photoluminescence (OPL) emission [35, 43], the generation of non-
linear optical signals requires a much stronger excitation field. Plasmonic nanoantennas
can be used for the excitation of these optical processes since the field intensity is hugely
enhanced by some orders of magnitude in their vicinities thanks to the LSPRs [15]. Their
influences on nonlinear optical properties of plasmonic nanoantennas such as SHG
[19, 44-53], two-photon photoluminescence (TPL) [36, 37], third and higher harmon-
ics generation (THG and HHG) [54-56], four-wave mixing [57] as well as multi-photon
photoluminescence (MPL) [14, 58, 59] have been thoroughly investigated. The potential
applications are explored as well, ranging widely from nonlinear plasmonic sensing [60,
61], ultrasensitive photodetector [62] ultrafast laser pulse generation [63, 64] and so on.
Nonlinear plasmonics, as a branch of nano optics, which merges the knowledge from
both nonlinear optics and plasmonics, has emerged recently [3, 19].

Among different nonlinear optical processes from plasmonic nanoantennas, SHG
and TPL are among the most basic second-order and third-order of nonlinear optical
responses, and earn particular interests in single NP detection [65, 66], laser beam char-
acterization [67, 68], symmetry imaging [6, 60, 69], fluorescence microscopy and spec-
troscopy [70, 71]. In this review, physical insights into fundamental rules of SHG and
MPL radiation and their advanced applications are systemically discussed. Being alter-
native to recent reviews on nonlinear plasmonics [3, 72, 73], which mainly focused on
the coherent nonlinear processes such as SHG, THG and FWM, this review pays suf-
ficient attentions to the incoherent process of MPL. An in-depth description on excita-
tion and emission process of MPL in accordance with the studies in recent years is fully
presented. By using the high ‘symmetry rule’ from SHG and ultrafast response time of
hot electrons from MPL, advanced applications in surface enhanced spectroscopy, ultra-
sensitive photodetector, biosensor and ultrafast laser pulses are highlighted in the end of
the review.

This review is organized as follows. In session 2, two dominant factors including res-
onance effects and mode matching which lead to a strong far-field SHG are selected
and analyzed. We emphasize the first contribution, which is then further divided into
two cases: resonance effect in the fundamental and SH fields. In session 3, the physical
mechanisms of three stages of MPL are discussed sequentially: absorption, relaxation

and emission. In the absorption process, two mechanisms are compared and analyzed:
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coherent two-photon absorption and two sequential one-photon absorption. In the
relaxation process, we focus on the electrons thermalization dynamics and thermal
damaging threshold, which are both tough topics rare studies in nonlinear plasmonic
touch. In the emission process, two emission channels involving carriers recombination
and plasmon emission will be introduced and explained in details. New promising appli-
cations of SHG and MPL that could be utilized in practice are reviewed in the session 4.
The conclusions and outlooks are given in the end.

SHG
Among different nonlinear optical processes, SHG has advantages of being sensitive to
the centrosymmetry of plasmonic nanostructures as well as their spatial configurations
[19, 66, 74—77]. SHG is a coherent scattering process in terms of the second order of
susceptibility. From the quantum view, SHG can be regarded as “absorbing” two pho-
tons with the frequency w from a lower energy level to a virtual energy level followed
by the generation of one photon with doubled frequency 2w [78], as shown in Fig. 1a. It
is known that SHG is forbidden in the bulk of centro-symmetric media within dipolar
approximation [79]. Nevertheless, this symmetry is broken at the boundary between two
centro-symmetric medias, and SHG can arise from the surfaces of metallic nanostruc-
ture [3, 80-82]. In 1968, Bloembergen et. al. attributed the generation of SHG arising
from centrosymmetric materials to bulk contributions induced by electric quadrupoles
and magnetic dipoles, as well as surface contributions from the dipoles at interfaces
where the symmetry breaks [83]. The surface SHG becomes more and more predomi-
nant as the surface-to-volume ratio increases. With respect to NPs, the bulk SHG can be
neglected due to the high surface-to-volume ratio [3, 15].

Classically, the fundamental near-field driven by incoming wave induces a non-
linear surface polarization due to the nonlinear surface susceptibility X¢r Xeurf 1S
described using a third rank tensor including 27 elements, as it is shown in Fig. 1b.
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Fig. 1 SHG principles. a Energy level diagram for SHG. SHG is a parametric process involving virtual states
(indicated as dashed horizontal lines), corresponding to the destruction of two fundamental photons
followed by the generation of one SH photon. b Classical description of SHG. The fundamental near field
driven by the incoming wave induces a nonlinear surface polarization Py ¢, (r.2w) due to the nonlinear
surface susceptibility X, (step 1). The second step is the electromagnetic radiation of the nonlinear sources.
Reprinted with permission from The Journal of Physical Chemistry C 2016, 120, 17699-17710. Copyright 2016
American Chemical Society



Wang et al. PhotoniX (2023) 4:32 Page 4 of 30

The non-zero independent elements decrease considering the surface symmetry.
Among different contributions, the normal component of the surface polariza-
tion Py | (1, 20) induced by the X ¢ ;,  (where | denotes the component normal
to the surface) of the surface tensor becomes dominant for SHG from plasmonic
nanostructures [15, 60]. Other contributions, such as tangential components of
the surface tensor, contribute weakly to total SH responses [3]. The local nonlinear
polarization can be simplified as [15, 74]:

Py, 1 Qo) = Xguf, 111 En(@)Ey(w) 1)

The nonlinear emission in SH frequency can then be quantified by using the Lor-
entz reciprocity theorem [84]:

Ey(20) o / / Poug.1 (20) - En(20)ds @

where E,(20) is the nonlinear mode at the SH frequency normal to the surface of the
nanostructure.

From the above equations, potential factors that induce a strong SHG emission at
least include: a) Nonlinear materials with highy,f 1, 1; b)A highly localized elec-
tric field at both fundamental (E,(w)) and second harmonic (E,(2w)) frequencies; c)
Constructive interference between the nonlinear polarization mode and its harmon-
ics, which plays a crucial role during the propagating process of SHG signals from
the near-field to far-field [84]. For the nonlinear materials, we will focus on the plas-
monic metals, Au in particular (Xguf,1 11 ~ 2.3 X 10713 cm?/statvolt at the pump
wavelength of 800 nm [3]), due to their strong and tunable plasmonic responses and
ease of fabrications. Hereafter we systematically investigate the following influenc-
ing factors leading to a strong SHG radiation: local electric field enhancement taken
in charge by resonance effect and mode matching at SH frequency.

Resonance effect

We firstly consider the influence of resonance effect. When the electromagnetic
wave interacts with a metallic nanostructure, the local field could be strongly
enhanced by matching the oscillating frequency of the fundamental laser field or
higher order harmonic fields to the plasmonic resonance. The conversion yield of
nonlinear optical processes, which varies nonlinearly with the fundamental inten-
sity, might increase with the fourth or a higher power with the local field factor
L(w) evaluated at the fundamental frequency [15]. The plasmon enhanced SHG was
reported in 1974, in which the reflected SHG intensity increased by several orders
of magnitude when the incident angle allowed surface plasmon polaritons propagate
on a silver film [3, 80]. Since this effect was observed, it has become a well-known
strategy to boost nonlinear optical effects, SHG in particular, of plasmonic nano-
structures up to date [19, 73, 85, 86]. Here, we are trying to use a phenomenological
model to quantify the SHG enhancement induced by resonance effect at the funda-
mental laser field, and then expand the model to higher orders of driving field.
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Resonance effect at the fundamental frequency

When a metallic NP is excited by an optical field, the induced polarization can be ana-
logically regarded as mechanical vibrations under a periodic driving force for a damped
single degree-of-freedom system [27]. The Lorentzian oscillator in electromagnetism is
basically a special application based on such a classical vibration theory, where the driv-
ing force F is replaced by electric force —eE(t). Such a mechanical analogue is necessary
to better understand the resonant excitation, the driving amplitude and phase during
light-matter interactions and especially the couplings between two or more NPs.

The unperturbed Lorentzian model can be expressed as:

. ) e
X+ 2yx + ng = —aE(t) (3)

where x(t) represents the electron oscillating displacement, y indicates the system damp-
ing, wg = y/k/m is the resonance frequency, e and m are the electron charge and mass,
respectively. The solution in frequency domain is given by [73]:

x(w) = — =g (w)E(w) (4)

where g(w) =-(0*w >+ 2iyw) ™ is the linear response function of the Lorentzian oscilla-
tor. The local field enhancement factor in fundamental frequency L(w) is proportional to
the absolute value of g(w) [73, 87]. Therefore, the plasmonic resonance with a peak posi-
tion that is closer to the fundamental excitation or with a sharper linewidth results in a
stronger L(w). The recent study introduced a resonant excitation factor (REF) to quantify
this effect [19]:

Y
REF(w,y) = W (5)
where y=y,+ Ay. The term y, denotes the damping constant of free electrons, which is
determined by material properties. Ay denotes the lifetime of plasmonic mode, which
can be characterized by the full-width at half maximum (FWHM) of the resonance. If
spectral linewidth broadening is neglected, a resonance profile approaches a delta func-
tion [88]. In this case, Ay approaches zero, and the system damping is only determined
by the material properties [19].

For plasmonic NPs, taking a nanosphere for example, the resonance frequency w,
could be evaluated in quasi-static approximation if Frohlich condition is satisfied for the
polarization:

€—¢
P = 4mepema’ T E
obm €+ 2em 0 (©)

where g, e and e, is the permittivity of the free space, metal nanosphere and surround-
ing medium, respectively. a is the radius of the nanosphere. E is the incidence elec-
tric field. As can be seen from Eq. (6), when the denominator of the linear polarization
approaches zero, a resonant enhancement would appear at a certain optical frequency
(@)

Figure 2a shows the scattering spectra of Au nanodiscs with varying diameters. As the
diameter of Au nanodisc increases from 80 to 200 nm, the dipolar plasmonic mode red
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Fig. 2 Resonance effect at the fundamental frequency. a The scattering spectra for single Au NPs with
varying disc diameters. The dashed black line represents the fundamental wavelength 778 nm. Reprinted
with permission from Nanoscale 2019, 11, 23,475-23,481. Copyright 2019 Royal Society of Chemistry.

b SHG enhancement is achieved by matching the fundamental wavelength to the plasmonic resonance

of a BaTiO3@Au core—shell nanocavity. Reprinted with permission from Physical Review Letters 2010, 104
(20), 207,402. Copyright 2010 American Physical Society. ¢ SHG enhancement is achieved by matching the
fundamental wavelength to the surface lattice resonance. Reprinted with permission from Nano Letters 2019,
19, 165 — 172. Copyright 2019 American Chemical Society. d SHG enhancement is achieved by matching the
fundamental wavelength to the epsilon-near-zero wavelength of ITO layer. Reprinted with permission from
Nano Letters 2020, 20, 7, 5421-5427. Copyright 2020 American Chemical Society

shifts from ~ 580 nm to ~ 800 nm [19]. Wang et al. found that strong SHG intensity can
be obtained if the LSPR of Au nanodisc was approaching to the fundamental wavelength
(dashed vertical lines) [19]. They calculated REFs in accordance with Eq. (5), which agree
very well with experimental results of SHG emission intensity, validating such a simple
but sufficiently precise model to design efficient SHG emitters.

Plasmonic NPs are also used to enhance the SHG radiation of traditional nonlinear
crystals. For example, as shown in the inset of Fig. 2b, Pu et al. used BaTiO3@Au core—
shell nanostructures to enhance the radiation of SHG [89]. By tuning the diameter of the
core and the thickness of shell, plasmonic resonances of such stratified nanostrucutres
can be tuned in a broad wavelength band. As shown in Fig. 2b, by matching fundamental
excitations with plasmonic resonances, an experimental enhancement of over 500 times
in the SH radiation power was achievable [89].

From the Eq. (5), it is also found that a sharper resonance at the fundamental excita-
tion wavelength leads to a stronger resonance effect. People also try to find the reso-
nances with higher figure of meris (FoM) to obtain larger enhancement factors of SHG.
Surface lattice resonances (SLRs) coupling the LSPRs with the Rayleigh Anomaly are
introduced to enhance the radiation of SHG [90-92]. The FoM of SLRs is always is more
than one order of magnitude larger than that of pure LSPRs [93] The resonance position
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can be tuned by varying the lattice constant or the incidence angle. As shown in Fig. 2c,
by patterning the Au nanodiscs in an array with a period of 600 nm, a sharp SLR locating
at 872 nm can be found from the transmission spectra [91]. By tuning the fundamental
wavelength and incidence angle, Hooper et al. enhanced the SHG signal by up to 450
times [91].

Besides, it is recently found that strong local field enhancement can be achieved at
or near the epsilon-near-zero (ENZ) wavelength, at which the real part of the permit-
tivity switches from a positive to a negative value [94]. ENZ behaviors are observed at
the onset of a plasmonic response in metals or highly doped semiconductors [95, 96].
Indium-tin oxide (ITO) and aluminium-doped zinc oxide are among the most investi-
gated ENZ materials. By coupling the C3 plasmonic metasurfaces with an ITO layer, as
shown in Fig. 2d, Deng et al. observed an approximately 104-fold experimentally meas-
ured SHG enhancement at normal incidence at the fundamental wavelength near the
ENZ condition of ITO [96].

Resonance effect can not only enhance the SHG, but also other higher harmonic genera-
tions from plasmonic nanostructures. Taking THQG for instance, as shown in Fig. 3, experi-
mental THG intensities excited by different fundamental laser wavelengths generally follow
the tendencies of their linear extinction spectra [87]. This supplies further evidences to the
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Fig. 3 Third-harmonic generation intensities follow the tendencies of plasmonic resonances. Reprinted with
permission from Optics Letters 2012, 37, 4741-4743. Copyright 2012 Optical Society of American
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predominant role of fundamental local fields in far-field intensities of coherent nonlinear

optical signals.

Resonance effect at the high-order harmonics

The unperturbed Lorentzian model used above quantifying resonance effect simply
neglects nonlinear terms supported by high-order driving frequencies, e.g., second- or
third-harmonic excitations. It is, however, worth noting that matching plasmonic reso-
nances to the second-harmonic frequency can also lead to a strong SHG radiation. As
reported by Bernd Metzger et. al. [97], far-field SHG intensities excited by various laser
wavelengths clearly follow the plasmonic resonances presented at their SH frequencies, see

Figs 4a~b.

A phenomenological model based on the Lorentzian oscillator was proposed [73]:

1? (20) o 0?|LQ2w)L(0)?[

Fundamental laser wavelength (nm)

900 1000 1100 1200
0.61(a)

Reflectance

Measurement

€

£

>

PYe] /=800 nm

g 1@

@]

£

2 DRA

5 DA

3 0 300 650 1000

Wavelength (nm)

(‘wou) Aysusiul HS ©

Fundamental laser wavelength (nm)
900 1000 1100 1200 10
0.6t (b) 0
T
0] =1
€ 0.4 &
s Z
2 <
0.2 3
3
N e -
Model 0
200
Eo
>
208 )=400 nm
0 200 400
X (nm)
@ 1.4] (f)
'c
=}
o s
£
e it
% oL~ DAFit.
%) 0 20 40 60 80 100

Input power (mW)

Fig. 4 Resonance oscillating effect by matching plasmonic resonances to second-harmonic wavelengths.
(a~b) Experimental (a) and modeled (b) polarization-resolved SHG spectra together with corresponding
reflectance spectra of Al nanorod arrays. The black solid lines are reflectance spectra, the blue and
green curves are the SH spectra in p- and s-polarized light, respectively. Reprinted with permission from
Nano Letters 2015, 15,3917 —3922. Copyright 2016 American Chemical Society. c-f Double resonant
nanoantennas. The electric field distributions at the fundamental (c) and second-harmonic wavelength d.
The scattering spectra (e) and SHG intensity (f) are compared between double resonant antenna (DRA) and

dipole antenna (DA). Reprinted with permission from Optics express 2012, 20, 12,860-12865. Copyright 2012

Optical Society of American
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where I?(20) is far-field SHG intensity using p-polarized light, L(2w) and L(w) are local
field enhancements due to SH and fundamental driving fields, respectively. As proposed
by Bernd Metzger et. al., L(2w) for plasmonic nanorods can be evaluated by

2
12 (20)

@
L®20) o« (o

(8)

where IP(Z)(Qa)), 1P (2w) are SHG intensity using p- and s-polarized light, respectively. For
the plasmonic nanostructures with other shapes, p-polarized light can be generalized to
a light inducing a plasmonic resonance near the SH excitation, while s-polarized light
inducing none plasmonic resonance near the SH excitation or a plasmonic resonance far
from SH excitation.

As shown in Eq. (7), the SHG intensity is not only determined by the local field
enhancement at the fundamental frequency L(w), but also the SH frequency L(2w). Thus,
an optimal idea is to design multiple plasmonic resonances matching both the funda-
mental and other high orders of driving frequencies, which are referred to as double or
multiple resonant nanoantennas. As shown in Fig. 4c~f, a nanostructure consists of
three nanorods with 20 nm of nanogaps has plasmonic resonances at both fundamental
(800 nm) and SH wavelength (400 nm) [98]. The experimental results confirm that such
a double resonant antenna (DRA) emits a stronger SHG than that of a simple dipole
antenna (DA) with only a resonance at fundamental wavelength. Similar studies report
that matching the longitudinal and transverse dipolar plasmonic resonances of Ag-
coated LiNbO; core—shell nanocuboids to the fundamental and SH wavelengths shows a
giant enhancement of SHG by a factor of 3 x 10° in comparison to the case of matching
only a single plasmonic resonance [99].

Similar improvements of SHG could be achieved by matching the fundamental or
higher-order driving fields to other kinds of resonances, e. g. Fano resonance [60, 100],
magnetic resonance [101] and so on. Taking the Fano resonance for example, Thyagara-
jan et. al. showed that SHG benefited from the presence of Fano resonance at the funda-
mental wavelength in a multiple resonant nanoantennas, see Fig. 5a [60]. By matching
the Fano dip at 800 nm and another scattering peak at 400 nm, the silver haptamer
obtained 3 times stronger of SHG under the Fano resonance excitation (blue curve) than
that of mere dipolar resonance excitation (violet curve), as shown in Fig. 5b. Alterna-
tively, Chandrasekar et. al. designed a plasmonic metasurface consisting of coupled sil-
ver nanostrips gratings, and aligned its magnetic and electric resonances in fundamental
and second-harmonic frequencies, respectively, as can be seen in Fig. 5c~d [101].
The SH conversion efficiency of such nanostructure reached 1.32 x 107'°, which was

increased by around 30% in comparison with mere matching the only electric resonance.

Mode matching

Symmetry breaking

Stronger SHG emissions are normally observed by breaking the centrosymmetry
of nanostructures.For example, split-ring resonators has led to a substantial SHG
enhancement, due to large field confinements associated with magnetic resonances and
potential changes of second-order nonlinear-optical susceptibility [102, 103]. Other non-
centrosymmetric shapes such as chiral G-shaped nanostructures [104, 105], L-shaped
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Fig. 5 Matching the fundamental and SH driving fields to Fano (a~b) and magnetic field (c~d) resonances
to enhance the SHG radiation. a Experimental (red) and simulated (blue) scattering spectra of a silver
haptamer. The inset shows the SEM image. b SHG intensity comparisons among a dipole antenna (DA), a
double resonant antenna (DRA), a haptamer excited at the fundamental wavelengths of 950 nm and 800
nm. Reprinted with permission from Nano Letters 2013, 13, 1847 — 185. Copyright 2013 American Chemical
Society. ¢ SEM image of coupled silver nanostrips gratings. d Experimental (solid) and simulated (dashed)
transmission spectra for sample 1 and 2. Reprinted with permission from Optical Materials Express 2015,
5(11), 2682-2691. Copyright 2015 Optical Society of American

nanostructures [106], T-shaped Au nanostructures [107] and nanoholes in metallic films
[108, 109] were designed to improve SHG radiations based on different principles, as
shown in Fig. 6a ~d. In general, a symmetry-breaking nanostructure would allow higher
net dipole modes and constructive overlapping between the linear modes and nonlinear
modes, giving rise to a higher SHG emission in the far field [84].

The symmetry breaking could also be achieved by using so called heterodimers, in
which two constituting nanoantennas are made of different materials and closing to
each other by a subwavelength nanogap. Benefiting from both advantages of asym-
metry and nanogaps, a heterodimer becomes an attractive option of being SHG emit-
ter. Wang et. al. achieved extremly strong SHG intensity from Au-Al heterodimers by
precisely controlling the size and gap of NPs [19], As shown in Fig. 6e. They compared
the SHG emission among three kinds of nanoantennas which have the same size of
NPs: an Al monomer, an Au monomer and an Au-Al heterodimer. They found that
Au-Al heterodimer has the strongest SHG emission. SHG intensity of Au-Al heter-
odimer is even stronger than the sum of those of the individual Au and Al NPs. One
of obvious strategies they used is that such an Au-Al heterodimer was served as a
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Fig.6 SHG emission from noncentrosymmetric nanostructures. The split-ring (a, f) chiral G-shaped (b),
L-shaped (c), T-shaped (d) and single Au-Al heterodimer (e) nanostructures were used to enhance the SHG
emissions. Reprinted with permission from Advanced Materials 2019, 31, 1806479 (a), Nano Letters 2009,

9, 3945-3948 (b), Nano Letters 2012, 12,673-677 (c), Nano Letters 2007, 7, 1251-1255 (d), Nanoscale 2019,
11,23,475-23,481 (e). Copyright 2019 Wiley-VCH GmbH; 2009, 2012, 2007 American Chemical Society; 2019
Royal Society of Chemistry

DRA, in which a dipolar-dipolar coupled plasmon mode and a quadrupolar-quadru-
polar-like coupled plasmon mode of Au-Al heterodimer matched the fundamental
and second-harmonic excitations, respectively [19].

To quantify the influence of geometric asymmetry on the nonlinear polarization
and thus SHG emission. O’Brien K et al. defined a parameter of asymmetry ratio R
[84]. Taking the “U”-shaped nanoantenna for example, as shown in the inset of Fig. 6f,
R equals to L /L 4. In their experiments, they observed the maximum SHG emission
corresponds to an asymmetry ration R=0.18 +0.02, as shown in Fig. 6f, which was
then predicted by using a nonlinear scattering theory.
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Mode / phase interference

It is worth noting that neither a noncentrosymmetric shape nor a strong localized fun-
damental field necessarily definitely result in a strong SHG radiation in the far-field.
Essential impacting factor should include constructive interference between the non-
linear polarization mode and its harmonics. Mode interference issues are aroused
from an interesting phenomenon: although strong electromagnetic field enhancements
at the fundamental or SH frequency can be observed from so called ‘hot spots; e.g., in
the nanogap of two constituting NPs, far-field SHG intensity becomes extinct in some
cases. Bouhelier et. al. observed so called SHG silencing effect by using three optical
gap antennnas with the gap values of 0, 15 nm and 70 nm, as can be seen from Fig. 7a
[110]. Interestingly they found that the nanoantenna with the gap size of 70 nm radiated
a stronger SHG in the gap region than the one with a gap size of 15 nm, as shown in
Fig. 7b. Further simulations revealed the fact that although there were extreme stronger
confinements of electric field in the gap of the nanoantenna with a gap of 15 nm, polari-
zation vectors at each side of the nanogap were out of phase and their contributions to
the far-field SH wave tent to cancel each other out, as can be seen from Fig. 7c~d. The
destructive interference finally resulted in a limited far-field SH signal.

In their following work [111], the same research group observed remote emission
of two-photon luminescence and SHG from micrometer-long nanorods at the oppo-
site side of local illumination, regardless of a central gap, as shown in Fig. 7e. The gap
between two nanorods otherwise allows the coupling and propagation of excited surface
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Fig.7 Mode or phase matching at the SH frequency. SEM images (a) and optical images at SH wavelength
(b) of three gap antennnas with the gap values of 0, 15 nm and 70 nm from the bottom to top. ¢, d show

the electric field distributions of the gap antennas with the gap value of 15 nm at the fundamental and SH
wavelengths, respectively. Reprinted with permission from Optics Express 2012, 20, 10,498-10508. Copyright
2012 Optical Society of American. e Remote excitation of SHG and TPL of Au gapped nanorods through
excitation of surface plasmons. Reprinted with permission from Physical Review Letters 2015, 115, 19,740.
Copyright 2015 American Physical Society. f, g An SH photon was created by annihilating two copropagating
surface plasmons. Reprinted with permission from Physical Review Letters 2012, 108, 136,802. Copyright 2012
American Physical Society. h An SH photon was created by annihilating two counterpropagating surface
plasmons. Reprinted with permission from Nano Letters 2017, 17(12), 7803-7808. Copyright 2017 American
Chemical Society
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plasmons. They confirmed that constructive surface plasmon mode developing in the
antenna carries enough energy to produce a distributed nonlinear response during its
propagation.

A more systematical picture of surface plasmon-induced SHG could be found
from the work of Grosse N B et al. [112]. They employed k-space spectroscopy in the
Kretschmann geometry, to examine the emitted SHG in a way that provides precise
information on surface plasmon nonlinear phase-matching. As shown in Fig. 7f, g, in
addition to two channels where an SH photon (both homogeneous ‘H’” and inhomogene-
ous ‘IH’) is generated by two fundamental photons (ff-f), they observed another even
more significant channel where two copropagating surface plasmons annihilate to create
an SH photon (pp-f). Besides of using copropagating surface plasmons, Li Y et al. found
that SH photons could be created perpendicular to an Ag nanowire where two surface
plasmons are counterpropagating and annihilated, as shown in Fig. 7h [113].

In summary, mode (for localized systems) or phase (for propagating systems) match-
ing is essential for the process of two surface plasmons annihilating and generating one
SH photon. This matching condition ensures conservation of energy and momentum
while optimizing the interference and coupling between plasmons by tuning incidence
or geometric parameters. Phase-matched surface plasmons thus provide another effi-
cient route to converse the fundamental photons into SH photons.

MPL

The metallic photoluminescence was first observed by Mooradian from bulk copper and
Au in 1969 [35]. In his experiment, excited by a 488 nm monochromatic light, a broad
peak centered near the interband absorption edge was observed. The emission peak was
attributed to direct radiative recombinations of electrons near the Fermi level with holes
in the first d-band. Due to the high density-of-state, interband transitions would prefer-
entially take place near specific symmetry points of the Brillouin zone [36, 114]. Rosei
developed quantitative models to calculate inter-conduction-band transitions involv-
ing Fermi surface [115-118]. G. T. Boyd et. al. measured one-photon and multiphoton-
induced luminescence from silver, copper and gold films with both smooth and rough
surfaces [36]. A classical model combining Fresnel coefficients and Rosei’s interband
transitions was put forward to calculate photoluminescence intensity for smooth metal-
lic films [36, 118]. With respect to rough films, Fresnel factors were corrected by macro-
scopic local-field factors, where rough surfaces were modelled as hemispheroids locating
on smooth metallic films [36].

Metallic photoluminescence is generally described as a three-step process, as shown
in Fig. 8a. (1) Excitation stage. An electron from the ground state is promoted to the
excited state by absorbing one (leading to OPL) or more photons (leading to MPL), leav-
ing a hole behind. (2) Relaxation stage. Excited electrons arrive at the emission state if a
thermal equilibrium is achieved via electron—electron, and electron—phonon scatterings
[119, 120]. (3) Emission stage. The electrons in the emitting state recombine with the
holes in the ground state in step (1), either radiatively in terms of photoluminescence
(solid arrow) or non-radiatively in terms of heat dissipation (dashed arrow) [15]. Hereaf-
ter we take TPL as an example to discuss the three stages of metallic photoluminescence
in details.
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experiments. Reprinted with permission from The Journal of Physical Chemistry Letters 2013, 4, 1634-1638.
Copyright 2013 American Chemical Society. ¢ Two sequential one-photon absorption (1PA) processed occurs
near the symmetry points of X and L of the first Brillouin zone of gold. Reprinted with permission from The
Journal of Physical Chemistry B 2005, 109, 13,214-13,220. Copyright 2005 American Chemical Society

Excitation process

The excitation process of metallic photoluminescence is generally described by using a
two-photon absorption (TPA) process. In such a physical model, electrons in the ground
state absorb two photons simultaneously through a virtual intermediate state and are
finally excited to an excited state. In the time domain, ideally there is no delay between
the two absorbed photons. This description fits well with the classical nonlinear optics
and is largely accepted in theoretical calculations [15, 36].

However, more and more experimental investigations evidence that the absorbing
of two photons is incoherent, in which two sequential one-photon absorption steps
through real intermediate states are involved. For instance, Xiaofang Jiang et. al dem-
onstrated that in gold nanorods the excitation process arised from two sequential one-
photon absorptions by power dependence measurements, as it is shown in Fig. 8b [121].
Taking gold for instance, two sequential one-photon absorptions (1PAs) are further
understood that the first photon is absorbed by sp electron below Fermi level Ef, which
is followed by intraband transitions and excitation to the state above E;. The second
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photon is absorbed by the d band electron, which is then excited to the sp band through
interband transitions. These sequential processes finally create holes in d band and elec-
trons in sp band. The whole process can be illustrated through Fig. 8c, which shows the
intraband transition (step 1) and interband (step 2) transition of electrons near symme-
try points of X and L of the first Brillouin zone of gold, due to their high joint density of
states [36, 37, 114, 116]. Two sequential 1PA steps model taking the real energy bands of
metals into account become more and more accepted in the recent studies [36, 37, 43,
114, 122].

Relaxation

As a luminescent process, the excited electrons are not simultaneously emitting photons
at the excited states, but it undergoes a time-dependent relaxation process. In such a
process, nonequilibrium hot electrons become gradually equilibrium and transfer ener-
gies to the deeper electrons and lattices through electron—electron and electron—pho-
non scattering processes. In according to Hohlfeld’s description, the relaxation process
is divided into three intervals in time sequency, as it is shown in Fig. 9a [119] At the
first stage, the electron distribution becomes highly nonequilibrium immediately after
the laser excitation. The hot electrons move to deeper surface with velocities close to
the Fermi velocity and develop the temperature to the electrons around the Fermi level
through electron—electron collisions. At the second stage, a thermal equilibrium among
hot electrons is reached. The electron distribution follows a Fermi—Dirac function. At
the meantime, driven by the temperature gradient, the hot electrons diffuse the thermal
energy to the deeper bulk through electron—phonon couplings. The diffusion dynam-
ics can be described by the two-temperature model. At the last stage, the electrons and
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Fig. 9 Transient electron and atom temperature distributions in the Photoluminescence relaxation process.
a Three relaxation stages of optically excited electrons. T, and T, represent the temperature of electrons

and lattice, respectively. 7, and .., are the time of electron-electron scatterings and electron-phonon
couplings, respectively. Reprinted with permission from Chemical Physics 2000, 251, 237-258. Copyright
2000 Elsevier Publishing Group. b Snapshots of Au 6266 simulated using the revised Perdew-Burke-Ernzerh
machine-learning force fields (rPBE ML-FF) at different nominal simulation temperatures, with atoms coloured
according to the clustering algorithm. Red: solid inner; yellow: liquid inner; dark blue: solid high-coordination
surface; light blue: liquid high-coordination surface; dark green: solid low-coordination surface; light green:
liquid low-coordination surface. Reprinted with permission from Nature Communications 2021, 12, 6056.
Copyright 2021 Springer Nature Publishing Group
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the lattices reach thermal equilibrium. The temperature of local hot spots would further
decrease due to the thermal diffusions to cooler lattices and the ambient.

One inevitable topic in this process is the thermal damage, considering relatively low
melting points of metallic nanostructures. The criterion of thermal damages could be
that thermalized lattice temperature becomes equal to the melting point of nanostruc-
tures. The lattice temperature dynamics of the bulk material can be usually described by
the two-temperature model or more precise three- temperature model, taking the ther-
mal diffusions from the lattices to the ambient into account. Now the key issue turns to
how to quantify the thermal dynamics of the plasmonic NPs, since there are significant
differences from macroscopic ones. One widely adopted solution is molecular dynamic
method, which simulates the atomic motion based on the Newtonic mechanics. For
example, Wang et. al. combined molecule dynamics and the two-temperature model to
simulate ultrafast laser interaction with free gold NPs with sizes 2.44 ~6.14 nm (up to
7164 atoms) [123]. Zeni et. al. combined interpretable machine learning force fields with
molecule dynamics to investigate the thermodynamic stability of gold NPs of different
sizes (1 to 6 nm), containing up to 6266 atoms [124]. Figure 9b shows their simulations
on the phase evolution of a gold NP containing 6266 atoms at different nominal temper-
atures. As we can see, with the temperature increases, the liquid phase atoms increase
from the surface to the center of mass. Wang et. al. used molecule dynamics simulation
to analyze the coalescence of two gold NPs [125]. The simulation results were in good
agreement with the experimental results.

Emission

When thermalized electrons relaxed to the emission state, the metallic photolumines-
cence is ready to generate. Classical description attributes MPL emission to recombi-
nations of excited electrons in the higher conduction bands (above the Fermi level Eg)
and holes in the lower valence bands. The emission spectral profile is thus mainly deter-
mined by intrinsic material properties, e. g. the energy bands [36, 37, 114]. This mech-
anism successfully explains the most experimental results from metallic films or bulk
crystals [35, 36, 114]. For instance, Boyd et. al. predicted the emission spectra of TPL for
the rough films of bulk gold, Cu and Ag, considering the electron-hole recombination
near the L symmetric points between 6—5 bands and 6—4 bands [36].

It is known that roughened surfaces usually lead to strong metallic photoluminescence
due to lightning rod effects, or local field enhancements supported by particle plasmons
(PPs) [36]. Similar to surface enhanced fluorescence spectroscopy, PPs in the emission of
metallic photoluminescence is generally regarded to be a supplier for strong local field
enhancement, which alters radiative and non-radiative decay rates during the electron—
hole recombination [36, 126—128]. This is also the reason why the investigations on NPs
becomes more and more of importance due to dependences of PPs on individual shapes,
sizes, and dielectric environment. T. V. Shahbazyan et. al established a model for cal-
culating plasmon-assisted metallic photoluminescence from the view of quantum field
theory [128]. In his theory, the local field enhancement derives not only from the surface
plasmons, which are the collective excitations of conduction band electrons, but also
from the excitations of d-band holes through Auger scatterings [128, 129].
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Nevertheless, more and more studies evidence that the spectral shape and energy of
metallic photoluminescence closely follow the scattering or extinction spectra of NPs,
which clearly demonstrates the fingerprints of PPs [15, 37, 120]. The emission of metal-
lic photoluminescence is then attributed to the radiative decay through energy levels
of PPs [37, 43, 122, 130]. The PPs modulated OPL was firstly observed by Dulkeith E.
et. al. from the gold NPs [130]. A photoluminescence efficiency of 10~° which is four
orders of magnitude higher than the one from metal films was found. They attributed
such efficient metallic photoluminescence to radiative decay of PPs, which are gener-
ated by the nonradiative recombination of d-band holes and sp electrons [130]. Hu H. et.
al. compared the OPL with the corresponding scattering spectra using lithographically
defined gold nanostructures [120]. They found that OPL has similar spectral profiles but
with a reproducible blue shift of peak positions to the corresponding scattering spec-
tra, as shown in Fig. 10a. Fang Y. et. Al [131]. (Fig. 10b) and Wackenhut F. et. Al [43]
reported that the OPL from gold nanorods closely resemble to the scattering spectra.
They assigned metallic photoluminescence to the radiative decay of longitudinal surface
plasmons generated after fast interconversion from either the transverse surface plas-
mons or electron—hole pairs. Similar to OPL, Horneber A. et. Al [122] and Wang J. et.
Al [15] observed PPs-like emission spectra of TPL from gold nanoparticles. They attrib-
uted the metallic TPL to the radiative decay of thermalized electrons from the plasmon
energy states.

An alternative interpretation of metallic photoluminescence might derive from both
physical mechanisms, namely carrier recombination and plasmon emission channels.
By comparing the emission spectra of gold NPs of varying sizes with the correspond-
ing dark-field scattering spectra, Wang J. et. al. observed two nearly static emission
modes and one shifting emission mode, as shown in Fig. 10c [37]. They attributed the
static modes to the emission of radiative decay of electron—hole pairs, and the shifting
mode to the emission of radiative decay of PPs [37]. A new physical mechanism was
proposed as shown in Fig. 10d. The excited electrons and holes either recombine radia-
tively in terms of photons ((D) or non-radiatively by exciting phonons (@) or plasmons
(®). The excited PPs either decay radiatively in terms of photons (@) or non-radiatively
in terms of phonons (). Therefore, two contributions are responsible for the emission
of photoluminescence: radiative recombination through the electron—hole pair chan-
nel D and radiative decay through the PP channel @. The intensity ratio between two
emission channels in the emission process is mainly determined by the d-hole scattering
rate, which might be inversely proportional to the nanoparticle size. In consequence, the
plasmons can be considered to play a twofold role during the whole Photoluminescence
processes: in the excitation process they provide the local field enhancement, and in the
emission process they offer extra radiation channels.

The above discussions on the emission mechanism of MPL is based on the fact that the
lattice temperature is lower than the melting point of NPs, which could be referred to as
in weak excitation case. In such a case, the NPs remain the designed sizes and shapes,
the plasmonic nature plays an important role in the emission process of MPL. However,
in the strong excitation situation, in which the lattice temperature is beyond the melting
point, or the laser intensity is beyond the optical breakdown threshold, MPL shows dis-
tinct emission behaviors. For instance, the number of the absorbed photon for an optical
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Fig. 10 Plasmonic fingerprints in the emission process of metallic photoluminescence. a Normalized OPL
(solid line) and dark-field scattering (open squares) spectra of single gold discs. The disc diameter ranges
from 60 to 140 nm with a step of 20 nm. Reprinted with permission from ACS Nano 2012, 6, 10,147-

10155. Copyright 2012 American Chemical Society. b Normalized OPL (solid line) and dark-field scattering
(open circles) spectra of single gold NRs. Inset: Relationship between the photoluminescence and scattering
maxima. Reprinted with permission from ACS Nano 2012, 6(8), 7177-7184. Copyright 2012 American
Chemical Society. ¢ Normalized TPL and dark-field scattering spectra of single gold discs. The scale bar in the
SEM images represents 100 nm. Three emission modes are visible in the TPL spectra: one mode whose peak
position shifts to longer wavelengths as the disc size increases (mode 1) and two nearly stationary modes
with a shoulder centered at 540 nm (mode 2, blue dashed line) and a sharper peak situated at around 630
nm (mode 3, green dashed line). Reprinted with permission from Nanoscale 2018, 10, 8240-8245. Copyright
2018 Royal Society of Chemistry. d Sketch for the physical mechanism of the photoluminescence emission.
PPs represent particle plasmons. Reprinted with permission from Nanoscale 2018, 10, 8240-8245. Copyright
2018 Royal Society of Chemistry

transition, namely the power law exponent coeflicient, is not larger than two in the weak
excitations, due to the fast relaxation of the first excited electron in the conduction band
[132]. Nevertheless, a value larger than 10 has been reported in the strong excitations,
for example in the avalanche-like MPL (AMPL) from coupled gold nanowires, as shown
in Fig. 11a [133, 134]. Similar phenomena were observed from Ag nanowire arrays and
Au-Al nanodimers [135-137]. As shown in Fig. 11b, the power law exponent coefficient
increases from 2 to 3 at certain critical incident laser intensity, which, however, don’t
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permission from Scientific Reports 2016, 6, 18,857. Copyright 2016 Springer Nature Publishing Group.
b Double logarithmic plot of the photoluminescence intensity from a single Au120-Al160 heterodimer as a
function of the incident laser intensity. The incident beam is linearly polarized along the long dimer axis. Four
regimes with different excitation intensity dependences are divided: (D pre-AMPL step, @ AMPL occurring
step, @ post-AMPL step with continuous increase in the incident intensity and @ post-AMPL step with
decreasing laser intensity. Reprinted with permission from The Journal of Chemical Physics 2021, 154, 074701.
Copyright 2021 American Institute of Physics. € Photoluminescence spectra taken below (blue) and above
(red) the AMPL threshold, respectively. Open circles with error bars represent the fitted slope values versus
photon energy. Reprinted with permission from Scientific Reports 2016, 6, 18,857. Copyright 2016 Springer
Nature Publishing Group. d MPL spectra of a single contacted Au120-Al160-g20 nanodimer before (red)
and after (blue) the AMPL occurrence. For guiding the eyes, the emission signals of pre-AMPL are multiplied
by 25. Reprinted with permission from The Journal of Chemical Physics 2021, 154, 074701. Copyright 2021
American Institute of Physics

recover to 2 even when the laser intensity decreases to the original value. Beside the
emission intensity and the power law exponent coefficient, the emission spectra also
show distinct profiles, such as linewidth broadening (Fig. 11c) and the loss of plasmonic
footprints [137], as shown in Fig. 11d. The emission spectrum was regarded as surface

plasmon assisted black body radiations in such a strong excitation case [134].

Advanced applications

SHG

Due to nonlinear dependences on the excitation laser intensity, nonlinear optical
microscopy such as using SHG and two-photon fluorescence has intrinsic ability to
restrict excitation to a tiny focal volume in the samples. Thus, a higher resolution can be
obtained in comparison with the conventional optical microscope. Another advantage of
nonlinear optical microscopy is a greater imaging depth, owing to reduced light scatter-
ing of long wavelengths that are used for excitation. Therefore, nonlinear optical signals
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such as SHG and MPL open new perspectives towards the advanced applications for
imaging in various scientific fields such as physics, chemistry and biology.

Hellwarth and Christensen first implemented an SHG based optical microscope to
visualize the microscopic crystal structure in 1974 [138]. The first biological SHG image
was reported by Freund in 1986 [139]. These images showed distinct contrast levels from
regular (linear) microscopy. For instance, as shown in the left of Fig. 12a, Carvalho et.
al. used a dark-field SHG microscope to efficiently probe grain boundaries and edges in
monolayer dichalcogenides (i.e., MoSe,, MoS,, and WS,) [140]. The frequency depend-
ence of this emission in MoSe, monolayers was explained in terms of plasmon-enhanced
SHG related to the defect’s metallic character, as shown in the right of Fig. 12a. Due to a
higher resolution in comparison with the linear emission microscopy, SHG is employed
to detect the single NPs. As shown in Fig. 12b, Jin et. Al [65]. observed the single Ag
monomers, dimers and nanorods by using the SH signals, which was confirmed by the
transmission electron microscopy. The dependences of nanorods and dimers on the
excitation polarization were explained using the one-photon resonant driven nonlinear
oscillator response mechanism.

Besides of high-resolution imaging, since SHG is sensitive to the shape asymmetry
of nanostructures, the far-field emission could reveal any small deviation (several nm)
from slight size changes and perfectly symmetric shapes. Wang et. al. demonstrated that
angle-resolved SHG was able to detect a diameter change with a resolution as high as
50 nm [15]. They used the linear polarized light but with varying polarization angles to
excite the gold nanodimers and collected the far-field SHG intensity at each angle. The

Fig. 12 SHG applications. (@) The grain boundaries and edges of the monolayer dichalcogenides were
observed by using a dark-field SHG microscope. Reprinted with permission from Nano Letters 2020, 20,
284-291.

Copyright 2020 American Chemical Society. (b) Single silver nanodimer and nanorod were observed by
using SHG mapping. Reprinted with permission from Journal of the American Chemical Society 2005, 127,
12,482-12,483. Copyright 2005 American Chemical Society. (c) Far-field SHG intensity plotted in a polar
diagram showed a flip of 90° as the diameter of gold nanodimer increases. Reprinted with permission from
The Journal of Physical Chemistry C 2016, 120, 17,699-17,710. Copyright 2016 American Chemical Society.
(d) Far-field SHG intensity plotted in a polar diagram revealed a slight symmetry break in the shape of gold
nanorod. Reprinted with permission from Nano Letters 2013, 13, 1787-1792. Copyright 2013 American
Chemical Society
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SHG polar maps from both the experiment and the calculation clearly showed a flip of
90° as the diameter increases, as shown in Fig. 12c. The reason they claimed was the
switch of resonant plasmon mode. Jeremy et. al. found that a slight of surface roughness
or deformation of a gold nanorod was clearly revealed by the angle-resolved far-field
SHG, while linear responses barely handle, as shown in Fig. 12d [60]. They used a lin-
ear polarized light which was along the long axis of nanorod, and calculated the angle-
resolved SHG intensity in the detection path. Further studies show that angle-resolved
far-field SHG keeps their sensitivities to the geometric change in the excitation optical
path as well. These investigations unambiguously evidence that SHG is a promising tool
for sensitive optical characterizations of plasmonic nanostructures and for the advanced
applications in sensing the displacement, the temperature, the pressure, the thermal
deformation and so on.

MPL
We now turn our attentions to the applications of MPL. We show some examples from
the aspects of TPA, relaxation and emission stages of a MPL process sequentially.

As we analyzed in session 3.4, one of the key roles of PPs in a MPL process is to pro-
vide strong electromagnetic field enhancement in the excitation stage, i.e., TPA. This
usually can be realized by matching the LSPR of nanoantennas to the fundamental
laser wavelength. The plasmon enhanced TPA process leads to numerous applications,
involving entangled TPA [141], high-performance silicon-based optical correlators
[142] and medical thermal therapies [143]. As shown in Fig. 13al, Smoleaninov A et. al.
designed and fabricated a coaxial split-ring and disc array to enhance the photocurrent
of a Si photodiode [142]. They compared the responsivity of the photodetector with and
without nanoantennas in different collection wavelengths, as shown in Fig. 13a2 ~a4.
They observed that the nanoantenna array on the photodetector surface increased the
TPA-induced peak photocurrent generation by factors of 2.77, 2.97 and 3.07 at the wave-
lengths of 1340, 1400 and 1550 nm, respectively [142]. This kind of photodiode can gen-
erally overcome the limit of material bandgaps and provide a considerably broad-band
detection. In addition, by taking the full advantages of thermal energy associated with
TPA process, noble metal NPs become ideal nanoscale heat sources for the treatment of
photodynamic therapy and photothermal therapy [143—145]. For example, Kong et al.
designed and constructed a metal-fluorophore microhybrid combining silver NPs and
cyano-carboxylic carbazole derivative (Ag-CECZA) [143]. The TPA cross-section of Ag-
CECZA was found 13 times higher than that of pure CECZA. After the injection into
the Hela cells and irradiated with a 780-nm continuous-wavelength laser, almost 54% of
the Hela cells were killed, which demonstrated the high photothermal conversion effi-
ciency of such plasmonic-enhanced metal-fluorophore complex.

As a special case of linear and nonlinear optical absorption, saturation absorption
(SA) becomes an indispensable process for the material-based SAs, in order to achieve
a stable passive mode-locking for the ultrafast lasers. Colloidal nanorods were firstly
proposed to serve as plasmonic-assisted SAs [146—148]. However, the optical proper-
ties of such colloids behave more like averaged ones due to dispersed sizes and random
orientation, and in the end the conclusions drawn have been poorly linked to the plas-
monic nature. Wang et al., however, employed planar nanotechnologies to fabricate 2D
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Fig. 13 MPL applications. a A plasmonic split-ring and disc array were fabricated to enhance the
photocurrent of a Si photodiode: (a1) The SEM images of the plasmonic nanoantennas; (a2 ~a4) Photocurrent
comparisons between the photodiodes with the antennas and the ones without antennas in different
collection wavelengths. Reprinted with permission from Optics Letters 2016, 41(19), 4445-4448. Copyright
2016 Optical Society of American. b Plasmonic metasurfaces served as SAs in the fiber laser cavities: (b1)
Plasmonic metasurface SA were implemented into a free space-coupled fiber laser cavity; (b2) Nonlinear
transmission spectrum of the gold nanorod metasurface; (b3) The gold nanorod metasurfaces were
fabricated on the endface of a commercial single-mode fiber jumper. Reprinted with permission from
Light: Science & Applications 2020, 9, 50 (b1,b2) and Light: Advanced Manufacturing 2022, 3,45 (b3).
Copyright 2020 Springer Nature Publishing Group and 2022 Jihua Laboratory. ¢ Plasmon enhanced
Schottky photodetectors: (c1) Schematic images of the 1D and 3D plasmonic Schottky photodetector;

(c2) Experimental photocurrent responsivity and theoretical calculation of absorption at A= 1500 nm for
embedding depths of 5 nm (blue), 15 nm (green), and 25 nm (red). Reprinted with permission from Nano
Letters 2013, 13, 1687 — 1692. Copyright 2013 American Chemical Society. d Two-photon images of cancer
cells: (d1) Two-photon autofluorescence image of unlabeled cells; (d2) TPL image of nanorod-labeled cells.
Reprinted with permission from Nano Letters 2007, 7, 941-945. Copyright 2007 American Chemical Society

plasmonic metasurfaces and integrated them within a free-space coupled fiber laser
architecture, as illustrated in Fig. 13b1 [63]. They finally obtained a stable self-starting
mode-locked laser operation with a typical single soliton pulse duration of 729 fs, and
a large signal-to-noise ratio of 75 dB in the radio-frequency domain [63]. Remarkably,
matching the fundamental frequency to the longitudinal dipolar plasmon mode, they
measured the modulation depth of the saturable absorption of such plasmonic metas-
urfaces as high as 60%, as shown in Fig. 13b2. More recently, the same research group
further integrated the well-defined plasmonic metasurfaces on the endfaces of commer-
cial single mode fiber jumpers, and implemented so called metafiber into an all-fiber
laser cavity, as illustrated in Fig. 13b3 [64]. By tuning the plasmonic resonances to differ-
ent optical wavelengths, they finally achieved all-fiber sub-picosecond (minimum 513 fs)
soliton mode locked lasers at 1.5 um and 2 pm wavebands. The work opened a virgin
towards ultrathin nonlinear plasmonic devices for the applications where tunable non-
linear transfer functions are needed, such as in ultrafast lasers, optical frequency combs
or neuromorphic circuits.

Relying on the ultrafast relaxation time of hot carriers in the process of MPL,
a variety of devices including broad-band solar cells [149, 150], complementary
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metal-oxide—semiconductor compatible on-chip sensors [151, 152] and ultrasensi-
tive near-infrared photodetectors [153, 154] were intensively studied. A common way
to enhance the responsivity and work wavebands for the photodetectors is to combine
a metallic nanostructure with a semiconductor, forming the well-known Schottky bar-
rier. In such configurations, the hot electrons from the plasmon decay can contribute
to the semiconductor photocurrent even for the excitation energies below the bandgap
of the semiconductor. In 2011, Knight et al. fabricated the gold nanorods on the sur-
face of a n-type Si photodiode [153]. They found that the photocurrent follows similar
profiles of the absorption spectra of individual nanorods, demonstrating that the photo-
currents generated from the Schottky photodiode were indeed tailored by the plasmon
resonances. In one of their following works, they changed the nanorods array into gold
nanowires to better couple the incident light [154]. They found that the embedded depth
and the width significantly alter the responsivity of the Schottky photodetector, as seen
in Fig. 13c1-c2, which were shaped by the plasmonic absorptions of nanowires. These
facts confirm that the photocurrents are indeed from the hot electrons decayed from the
plasmon energy levels.

Using metallic NPs as contrast agents to image the tissues or even the single cells
in situ have attracted much interest for the biologists in the past two decades [155—158].
TPL and three-photon luminescence are among the most investigated nonlinear optical
responses for the applications in biological imaging thanks to their relatively large pen-
etration depths and the efficient quantum yield enhanced by the surface plasmons [156].
For example, by tuning the longitudinal dipolar resonances of gold nanorods to the near-
infrared regime, Durr et al. found that the TPL intensity from gold-nanorod-labeled
cancer cells was 3 orders of magnitude brighter than the two-photon autofluorescence
emission intensity from unlabeled cancer cells [159]. This would allow a sufficiently
high resolution and penetration depth of the bioimaging at a relatively low excitation
laser power and thus prevent the live cells from thermal damages. As it was shown in
Fig. 13d1, d2, the imaging required 9 mW of excitation power in unlabeled cells to get
same signal level obtained with mere 0.14 mW for nanorod labeled cells [159]. Their
strong signal, resistance to photobleaching, ease of synthesis and biocompatibility make
gold nanorods an attractive contrast agent for two-photon imaging.

Conclusion and outlooks
As one of the most significant components in plasmonics, its nonlinear effects like SHG
and MPL have aroused intensive interest in the past decades. This review provides in-
depth physical insights into the light-matter interactions in such a nonlinear regime,
and reveals the fundamental rules and potential applications for SHG and MPL, casting
the light on the related theoretical modeling as well as experimental demonstrations. In
particular, we systematically analyze the key factors giving rise to a strongly plasmon-
enhanced SHG radiation and each physical step of a MPL process. We further highlight
their potential applications in ultra-sensitive sensors or detectors, super-resolution
imaging, efficient photon harvesting and other ultra-compact electro-optic/optoelec-
tronic devices.

By patterning the plasmonic nanoparticles in 2D arrays, nonlinear metasurfaces are
under intense investigations in recent years to manipulate structured light fields with
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complex spatial distributions, tailored phase profiles, customized polarization states and
quantum angular momentums [160—166]. The nonlinear plasmonic effects such as SHG
and MPL provide a foundation for the design and implementation of nonlinear metas-
urfaces. They enable enhanced nonlinear signal generation, localized field engineering,
nonlinear wavefront manipulation, and tunable nonlinear responses. These fundamen-
tal roles drive the development of nonlinear metasurfaces with advanced applications in
optical communication [167, 168], imaging [169], holography, and optical trapping [170,
171], As shown in Fig. 14.

Nevertheless, as the conversion yields of nonlinear optical processes are generally low,
which require a much higher fundamental intensity than linear optical responses, unde-
sirable thermal damages become one of the key challenges for the nonlinear plasmonic
devices, hampering their wide adoptions in practical usages. This particularly holds for
the noble metal nanostructures, as their melting points are relatively low, e. g. around
1000 K for gold [123]. To circumvent this problem, a straightforward solution could be
encapsulating the plasmonic nanostructures with a protection layer which has a much
higher melting point. The protection material could be for example silica glass or trans-
parent ceramics compatible with current nanofabrication technologies. It is noteworthy
that even the shape of nanostructures could be well preserved, the plasmonic properties,
e. g. the resonance peak position and linewidth, would still undergo slight variances due
to a significant lattice temperature change [172]. Another way to circumvent the ther-
mal damage issue is to use alternative plasmonic materials. Such kinds of materials own
either a relative high melting point than the commonly used noble metals or their non-
linear properties can be triggered by other factors, such as electro-optic effect and acou-
sto-optic effect. TiN is among the most investigated candidates from the former respect
due to a similar dispersion relation to gold but three times higher the melting point
[173]. The high melting point, strong insulations to the harsh environment and good
biocompatibility allow TiN to apply in multiple fields, including broadband absorbers,
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nonlinear optic crystals, protective or decorative coatings as well as photoacoustic and
photothermal agents [173—-175]. From the latter aspect, the nonlinear polymers could be
the most promising candidates to lower down the fundamental laser intensities, as their
third-order susceptibilities could be easily tuned by using bias voltages, instead of rely-
ing on the light-induced nonlinearities [176—178]. State-of-art nanofabrication technol-
ogies have successfully manipulated the metallic polymers into well-defined nanoscale
patterns, demonstrating their applications in electrically beam-steering switcher [178].
This opens a new avenue for the integration and miniaturization of the plasmonic or
metasurfaces devices, both in linear and nonlinear regimes.
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