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As the most common nonlinear optical process, second harmonic generation (SHG) has important appli-
cation value in the field of nanophotonics. With the rapid development of metal nanomaterial processing
and chemical preparation technology, various structures based on metal nanoparticles have been used to
achieve the enhancement and modulation of SHG. In the field of nonlinear optics, plasmonic metal nano-
structures have become potential candidates for nonlinear optoelectronic devices because of their highly
adjustable physical characteristics. In this article, first, the basic optical principles of SHG and the source
of surface symmetry breaking in metal nanoparticles are briefly introduced. Next, the related reports on
SHG in metal nanostructures are reviewed from three aspects: the enhancement of SHG efficiency by
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double resonance structures, the SHG effect based on magnetic resonance and the harmonic energy
transfer. Then, the applications of SHG in the sensing, imaging and in situ monitoring of metal nano-
structures are summarized. Future opportunities for SHG in composite systems composed of metal nano-
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structures and two-dimensional materials are also proposed.

1. Introduction

Shortly after the invention of the ruby laser in 1961, Franken
et al. used a ruby laser with an output wavelength of 694 nm to
produce ultraviolet light at a wavelength of 347 nm when
passed through a quartz crystal. This was the first observation
of the optical second harmonic generation (SHG) phenom-
enon and also the first experimental discovery of a nonlinear
optical process, marking the birth of nonlinear optics."”> Many
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theoretical and experimental studies have been carried out on
nonlinear optics.>* Nonlinear optics plays a crucial role in the
development and application of optical technology. Nonlinear
optics can accomplish many unique functions, such as optical
phase conjugation,” laser source creation,® signal transmission
and conversion in optical fibers,” and photoelectric signal
modulation.® A nonlinear optical effect is produced by the
interaction between light and the medium, which itself is very
weak.'° Therefore, the enhancement of nonlinear signals has
become an important aspect of nonlinear optics.

Metal nanostructures have attracted much attention
because of their unique electromagnetic plasmon resonance
characteristics, which are closely related to their size and
shape. Metal nanomaterials have been widely used in many
fields, such as surface-enhanced Raman scattering,"*™® bio-
chemical sensing,'*'® chemical catalysis,"” medicine,'®'® and
nanophotonics.”>*! In recent years, the nonlinear effects of
metal nanostructures at the subwavelength scale have received
extensive attention.”>*> When light irradiates a metal nano-
structure, the conduction electrons in the metal nanostructure
will oscillate collectively to form surface plasmon resonance
and generate a strong local electromagnetic field,** which can
enhance the weak nonlinear signal.>® By meticulously design-
ing plasmonic metal nanostructures, we can also experi-
mentally achieve the enhancement of SHG signals. Early SHG
enhancement experiments with surface plasmons were carried
out on an electrolytically roughened surface of bulk silver and
the SHG enhancement was four orders of magnitude stronger
than the SHG signal generated on a smooth silver surface.”®
Moreover, small changes in the geometry of metal nano-
structures also have a great impact on surface plasmons, and
this sensitivity produces the SHG signals of metal nano-
structures with good tunability.””2° With further develop-
ments, researchers are constantly pursuing the lightness and
portability of tools, and integrated optical circuits and inte-
grated optical chips have become an urgent need.’® Because
the size of traditional materials is mostly greater than 10 nm,
the preparation of integrated nonlinear optical devices is
difficult.®’ The emergence of metal nanostructures effectively
solves this problem and their extremely small size creates good
conditions for designing devices with extremely small
volumes. Therefore, studying nonlinear optical properties
based on metal nanostructures is highly important for design-
ing nonlinear optical devices. These advantages have led to
widely studied and wide-ranging nonlinear optical effects on
metal nanostructures.

This mini-review focuses on the research on SHG in metal
nanostructures. First, the basic optical principles of SHG in
metal nanostructures are briefly described. Second, the
enhancement and modulation of second harmonic signals in
metal nanostructures are reviewed from three aspects: double-
resonance-enhanced SHG, magnetic-resonance-enhanced SHG
and harmonic energy transfer-enhanced SHG. Third, the appli-
cations of SHG based on the metal nanostructure in sensing,
imaging and in situ monitoring are discussed. Finally, future
developments in the field of SHG are proposed.

This journal is © The Royal Society of Chemistry 2024
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2. Basic principle of the second
harmonic generation of metal
nanostructures

SHG, also known as frequency doubling, is a nonlinear optical
process in which two photons with the same frequency inter-
act with a nonlinear medium to generate a new photon with
twice the energy of the initial photon (frequency doubled and
wavelength halved) (see Fig. 1a). SHG involves only the virtual
energy transition process and the energy of two incident
photons with frequency w is equal to the energy of one
emitted photon with frequency 2w.**> According to the law of
conservation of energy, the energy and momentum of the
excited sample itself will not change; thus, the excited sample
will not absorb energy during this process.

The optical response of a nonlinear medium can be deter-
mined by the electric polarization intensity P and the incident
radiation field intensity E, and the total polarization intensity
is usually expressed as follows:*

P=gfyWE+yPE? 4 yCE + ..

where ¢, is the vacuum dielectric constant, ;((”) is the nth-order
susceptibility of the dielectric material, ) is the linear suscep-
tibility, y* is the second-order susceptibility and 4® is the
third-order susceptibility. The first term e, "E corresponds to
the absorption, scattering and reflection of light in the linear
optical response. The second term ey PE? reflects second-
order nonlinear optical effects such as SHG. The third term
eoy®E® describes third-order nonlinear optical effects, such as
third harmonic generation, stimulated Raman processes,
coherent anti-Stokes Raman scattering and two-photon
absorption. In linear optics, the field strength is moderate;
thus, the higher-order terms in the equation can be neglected.
In this case, the outgoing light has the same frequency and
wavelength as the incident light. In nonlinear optics, the field
strength is extremely large and higher-order terms can no
longer be neglected. In this case, in addition to the linear
response, light twice the incident frequency is produced and
the process is SHG. Thus, SHG not only is related to the
strength of the photoelectric field but is also correlated with
the second-order susceptibility 5 of the dielectric material.

Next, we explain the differences in the SHG signals between
bulk materials and nanoparticles (see Fig. 1b). In bulk
materials, appreciable SHG signals only appear when the gen-
erated SHG signals move through the material at the same
speed as the incident photons, resulting in constructive inter-
ference.>® The constructive interference is a consequence of
the phase-matching conditions of SHG. In contrast, due to the
small diameter of nanoparticles relative to the wavelength of
the incident light and the wavelength of the SHG signal, strict
phase-matching conditions are not required to obtain a signifi-
cant SHG signal.*® Due to their small size, the SHG signals
generated anywhere in the material will always be in approxi-
mately the same phase, thus allowing scattering in multiple
directions.?®*”
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Fig. 1 The mechanism of SHG and surface symmetry breaking in metal nanostructures. (a) Energy-level diagram describing SHG. (b) Comparison of
SHG in bulk materials and nanoparticles. Adapted with permission from ref. 35. Copyright 2012 John Wiley & Sons, Inc. (c) Schematic diagram of
symmetry breaking-induced nonlinear response on the surface of a gold sphere. (d) Calculation of the spatial distribution of nonlinear current and
the near-field map of the corresponding harmonic field amplitude of a 150 nm gold nanoparticle. Adapted with permission from ref. 42. Copyright

2010 The American Physical Society.

Under the electric dipole approximation, there is no
second-order nonlinear effect in a centrosymmetric medium.
The atomic arrangement of common metals (for example,
gold, silver, and copper) is centrosymmetric; thus, SHG will
not exist under the electric dipole approximation. However,
this statement is not consistent with the experimental results,
especially when surface plasmon resonance occurs in metal
nanostructures, and the SHG signal is clearly observed.*® This
phenomenon actually occurs because the central symmetry at
the interface of two centrally symmetric media is disrupted,
resulting in the generation of a second harmonic signal in the
interface layer.>**° Using spherical gold nanoparticles in solu-
tion as an example, the nonlinear susceptibility ¥surrounding
medium 1N the solution environment is zero and the nonlinear
susceptibility yparticle buik inside the gold sphere is also zero;
therefore, symmetry breaking occurs on the surface of the gold
sphere, the nonlinear susceptibility ysurface On the surface of
the gold sphere is no longer zero, and the SHG response can
then be observed experimentally (see Fig. 1c). Wang et al. pre-
pared rectangular subwavelength hole arrays with different
shapes on a gold film on a glass substrate. Due to symmetry
breaking, the atoms on the gold film surface have a nonzero
second-order nonlinear susceptibility and the SHG signal

5962 | Nanoscale, 2024, 16, 5960-5975

could be observed under the excitation of an incident femtose-
cond pulsed laser. In contrast, the bulk atoms inside the gold
film have no SHG response due to their central inversion sym-
metry.*' Their experimental results were consistent with those
of other international research groups. With the finite element
method, the spatial distributions of nonlinear currents on the
surface and inside the bulk of 150 nm gold nanoparticles and
the near-field distributions of the corresponding harmonic
field amplitudes were theoretically simulated. The results also
showed that the second harmonic signal on the surface of
metal nanoparticles was much larger than the nonlinear
signal caused by the field gradient inside the particles (see
Fig. 1d).*> For plasmonic metal nanostructures, the com-
ponent perpendicular to the surface has the largest proportion
of surface nonlinear susceptibility; therefore, when exploring
the surface nonlinear effect of metal nanostructures, only the
nonlinear effect perpendicular to the surface was usually
studied.****

In general, the signals of second-order nonlinear processes
are not obvious in the centrosymmetric structures. The
research results of Kauranen et al. confirmed that the key to
improve SHG conversion efficiency lies in the non-centro-
symmetric local field distributions caused by the asymmetric

This journal is © The Royal Society of Chemistry 2024
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morphology of metal nanostructures.*® Therefore, researchers
have designed various asymmetric metal nanostructures to
obtain controllable local field distributions.*® These different
metal nanostructures have different effects on the SHG
enhancement. A few examples are given here. The SHG signal
of a T-shaped dimer nanostructure composed of gold nano-
particles is generated by the asymmetric distribution of the
local fundamental field. When the fundamental field is asym-
metrically distributed around the perimeter of the nanodimer,
the local surface susceptibility of the particle will generate a
strong SHG signal.’” For G-shaped chiral nanostructures,
structures with different orientations can produce different
intensities of SHG for left and right circularly polarized light.*®
A metamaterial consisting of a U-shaped split-ring resonator
breaks the original symmetry of the array, thus allowing the
nanostructure to generate SHG enhancement.*” The non-
centrosymmetric effect caused by a subwavelength-size tri-
angular nanoaperture on a metal thin film makes it exhibit a
better SHG enhancement effect than a circular nanoaperture.>°
The second harmonic response of a sharp metal tip is the
strongest for incident light polarized along the tip axis, due to
the lower symmetry of tip-shaped structures relative to spheri-
cal structures.>® Moreover, Chen et al. proposed a method to
quantify the influence of local field effects on second-order
nonlinear susceptibility using white-light supercontinuum
signals, and quantitatively extracted the contribution of non-
centrosymmetry in a cross-shaped Ag nanohole to second-
order nonlinear susceptibility through the experimental data.
The results show that the second-order nonlinear suscepti-
bility increases with an increase in the asymmetry of local field
distribution in metal nanostructures.”® The studies listed
above point out new directions for improving the nonlinear
conversion efficiency of metal nanostructures.

Different plasmonic metal nanostructures have different
abilities to enhance SHG signals due to their different asym-
metries. Here, the effective second-order nonlinear suscepti-
bility and the nonlinear conversion efficiency achieved using
several representative metal nanostructures in the process of
enhancing the SHG effect have been summarized, which can
provide a reference for relevant researchers. For the nanocup
formed using a metal-capped hemispherical nanoparticle, its
maximum conversion efficiency is 1.8 x 107° during the
enhanced SHG process and its effective second-order suscepti-
bility is 3.2 pm V™ .°* A multiresonant log-periodic nano-
structure composed of polarization-independent three-arm tra-
pezoidal silver nanoantennas can realize the SHG effect with a
conversion efficiency of 1.25 x 10™° and a maximum second-
order susceptibility of 1.9 pm V™'.>* A plasmonic metal nano-
structure with sub-5 nm “double gaps” formed by placing gold
nanoparticles in the trenches of gold thin films can effectively
enhance SHG emission. The conversion efficiency of this
system is 1.8 x 1077 and its effective second-order suscepti-
bility is 6.1 pm V~'.>> A metal-dielectric-metal nanostructure
assembled using gold nanoparticles and a porous anodic
alumina template has superior nonlinear conversion perform-
ance and its second harmonic conversion efficiency and

This journal is © The Royal Society of Chemistry 2024
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effective second-order nonlinear susceptibility are 3.84 x 107°
and 140 pm V', respectively.’® A planar 4n Archimedean
nanospiral array structure with subwavelength dimensions can
generate second harmonic light from any polarization state
due to its inherent lack of symmetry. The maximum SHG con-
version efficiency and effective second-order nonlinear suscep-
tibility of this nanostructure are 1.3 x 10~° and 15.3 pm V/,
respectively.”” The second-order susceptibility of different
nanostructures listed above is in the same order of magnitude
as that provided by widely used nonlinear crystals, which
proves that these metal nanostructures can enhance SHG
signals well.

3. Enhancement and modulation of
SHG in plasmonic metal
nanostructures

3.1 Double-resonance-enhanced SHG

Based on the inherent characteristics and advantages of SHG,
such as its stable signal characteristics, ultrafast signal
response and inherent polarization sensitivity, high-efficiency
SHG conversion is necessary. To improve the low conversion
efficiency of SHG, researchers have adopted many methods to
enhance and modulate the nonlinear conversion efficiency. In
traditional nonlinear optics, phase matching conditions,>®>°
enhanced incident light intensity®® or natural materials with
high nonlinear coefficients®®> are generally used to enhance
SHG. However, these conditions are harsh and difficult to
achieve, which greatly limits the SHG enhancement.

For metal nanostructures, when light is incident on the
metal surface, it will lead to an interaction between free elec-
trons on the metal surface and the incident electromagnetic
field, which will produce a clear field enhancement on the
metal surface and lead to the surface plasmon resonance
phenomenon.®*®* In the early study of classical nonlinear
optical and hydrodynamic models, the SHG signal of the
sample was nonlinearly enhanced with an increase in the
amplitude of the fundamental frequency electric field.
Therefore, excitation of the surface plasmon resonance in the
metal nanostructures can improve the efficiency of SHG
conversion;*> ® this is a simple way to enhance the nonlinear
response strength of SHG. The advantage of enhancing non-
linear optics by the surface plasmon resonance effect of metal
nanostructures is that the resonance size of the sample is
small and consequently the phase matching conditions can be
disregarded. This approach relies mainly on the unique elec-
tromagnetic resonance characteristics of surface plasmon reso-
nance to enhance the nonlinear effect.®® Metzger et al. focused
a pulsed laser on an aluminum nanoantenna array to excite
the surface plasmon resonance of a structure and achieved
more than an order of magnitude enhancement in the SHG
conversion efficiency.®® The increase in the intensity of SHG
due to this regulation method was very limited. In this study,
the enhancement of the fundamental frequency field is only

Nanoscale, 2024, 16, 5960-5975 | 5963
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used to improve the SHG conversion efficiency. If the reso-
nance enhancement of the fundamental frequency and
doubled frequency fields can be excited at the same time in
double resonance mode,”® the SHG conversion efficiency will
be further enhanced. The principle of double resonance
matching to enhance SHG is that the fundamental frequency
mode increases the electric field intensity to amplify the SHG
signal and then the amplified SHG signal is efficiently radiated
outwards in frequency-doubling mode. Martin et al. designed
an aluminum nanoantenna composed of three arms to achieve
double resonance at the fundamental frequency and second
harmonic frequency. They combined the surface integral
equation (SIE) method with sensitive nonlinear optical experi-
ments to verify that when quadrupole and dipole modes were
coupled at the second harmonic wavelength; the SHG signal

double-resonantly
enhanced SHG

w 2w
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strength of the double resonance structure was greatly
enhanced compared with that of a simple dipolar nanoan-
tenna, which only supported the fundamental wavelength reso-
nance. This detailed study on the enhancement mechanism of
SHG in double resonance plasmonic nanoantennas has impor-
tant guiding significance for the design of different nano-
structures to enhance the strength of SHG (see Fig. 2a).”" Li
et al. prepared Au nanodumbbells (NDs) with enlarged ends by
a wet-chemical method and Au NDs were prepared with homo-
geneous and tunable end sizes. The transverse surface
plasmon resonance and near-field enhancement were greatly
improved at both ends of the end-enlarged Au NDs. When the
end size of the Au NDs was adjusted to a certain size, the near-
field enhancement of the fundamental and double frequencies
could reach the maximum at the same time and then the Au
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Fig. 2 SHG enhancement based on a double resonance structure. (a) Aluminum double resonant nanoantenna composed of three arms and its
second harmonic signal enhancement principle. Adapted with permission from ref. 71. Copyright 2017 American Chemical Society. (b) Double reso-
nance structure of Au NDs with enlarged ends. Adapted with permission from ref. 72. Copyright 2022 American Chemical Society. (c) Double res-
onant system of a single Au nano-bipyramid coupled to a fiber cavity. Adapted with permission from ref. 73. Copyright 2021 American Chemical
Society. (d) Large area arrays of ball-in-bowl plasmonic nanostructures by assembling gold nanoparticles with porous anodic alumina templates.
Adapted with permission from ref. 56. Copyright 2020 American Chemical Society. (e) Metal BNAs in the form of 4 x 4 square periodic arrays.
Adapted with permission from ref. 74. Copyright 2012 Optical Society of America. (f) Au rod-cup NCs and Au NRs prepared by a controllable wet-
chemical method and their experimental SHG strength comparison. Adapted with permission from ref. 75. Copyright 2022 Springer Nature.
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NDs exhibited a double resonantly enhanced SHG signal,
which was 10.3 times greater than the SHG signal of the Au
nanorods (NRs) (see Fig. 2b).”> Ai et al. coated an Au nano-
bipyramid grown by the seed-mediated method on the surface
of an optical fiber and then adjusted the diameter of the
optical fiber by flame heating to achieve the highest quality
factor (Q ~ 160). When the high-order fiber cavity mode reso-
nated with the second harmonic wavelength, the fundamental
wave light and the second harmonic light will propagated
coherently in the fiber cavity dozens of times. Therefore, this
doubly resonant plasmon-fiber system could achieve an ultra-
high SHG conversion efficiency. This work has improved the
practical application value of plasmon-enhanced SHG non-
linear optical devices based on metal nanostructures (see
Fig. 2¢).”> Wu et al. prepared large-area arrays of ball-in-bowl
plasmonic nanostructures by assembling gold nanoparticles
with porous anodic alumina templates using a solution-proces-
sing approach, which supported two resonance modes in the
visible and near-infrared regions. The gap geometry of the
ball-in-bowl nanostructures enlarged the size of the gap cavity
and achieved a wide-angle response to polarization-indepen-
dent SHG radiation (see Fig. 2d).>® Park et al. designed metal
bowtie nano-apertures (BNAs) as a 4 x 4 square periodic array
by ion beam etching. The plasmonic resonance of this array
structure at the fundamental wave could cause local field
enhancement and its Fabry-Pérot resonance could promote
the efficient transmission of the second harmonic signal. An
SHG conversion efficiency of 1.4 x 10~ was achieved in the
experiment. Combined with the finite-difference time-domain
(FDTD) simulation, the SHG response enhancement of the
doubly resonant structure was one order of magnitude greater
than that without second harmonic resonance (see Fig. 2e).”*

Kang et al. synthesized Au rod-cup nanocrystals (NCs). This
nanostructure has several plasmon modes, including transverse
dipole (TED), longitudinal electric dipole (LED), magnetic dipole
(MD) and toroidal dipole (TD)-modulated LED resonances
(anapole state). They found that the SHG intensity of the Au rod-
cup NCs was dozens of times greater than that of Au NRs. When
the TD and LED modes of the Au rod-cup NCs were in phase
oscillation, the sample has a large extinction cross section, allow-
ing efficient capture of light energy in the fundamental frequency
mode. Moreover, the LED, TED-based plasmon coupling and MD
modes enabled the Au rod-cup NCs to have extremely high scat-
tering efficiency and powerful enhanced near-field effects in fre-
quency-doubled mode (see Fig. 2f).”

3.2 Magnetic-resonance-enhanced SHG

There are many intrinsic modes in plasmonic nanostructures;
these modes include electric dipoles, magnetic dipoles, elec-
tric quadrupoles, and magnetic quadrupoles.”® When the exci-
tation conditions of the intrinsic mode are met, resonance
occurs in the plasmonic nanostructure. If suitable plasmonic
nanostructures can be designed, the SHG signal is also
expected to increase. In addition to the nonlinear signal
enhancement caused by the common electric dipole reso-
nance, the magnetic dipole resonance generated in some

This journal is © The Royal Society of Chemistry 2024
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metal nanostructures can also greatly enhance the intensity of
the SHG signal. In addition to the metal nanostructures pre-
pared by micro-nano processing technology, the strong mag-
netic plasmon resonance of metal nanoparticles prepared by
chemical synthesis can also greatly enhance the SHG signal.
Ding et al. used a simple chemical method to synthesize Au
nanocups and Au-Ag heteronanocups with controllable asym-
metric geometries. The magnetic plasmons of these colloidal
nanoparticles have excellent nonlinear optical responses. The
maximum SHG signal of the bare Au nanocups was produced
by the synergistic effect of the optimized magnetic plasmon
resonance and the “lightning-rod effect”. Among other
aspects, they demonstrated for the first time that Au-Ag het-
eronanocups with overgrown Ag nanoparticles were nonli-
nearly enhanced by synergistic magnetic and electric plasmon
resonance and that the hybrid nanostructure has a double
resonance mode, which was 21.8 times stronger than the SHG
signal of bare Au nanocups (see Fig. 3a).”” Razdolski et al.
grew BTIG with a thickness of 4 pm on a gallium gadolinium
garnet (GGG) substrate and then deposited a 100 x 100 pm
thick (120 nm) Au fringe array on it to prepare an Au/(Bi,Tm)
iron garnet (IG) structure. The enhanced magnetization of
surface plasmon resonances (SPRs) in this kind of magnetic
plasmonic crystal induced an enhancement of SHG and the
sensitivity of SHG to SPR at the buried Au/garnet interface was
also demonstrated by SHG magnetic contrasts (see Fig. 3b).”®
In recent years, the magnetic properties of nonlinear optical
phenomena such as SHG in metamaterials have been exten-
sively studied. Kruk et al. experimentally prepared a regular
array composed of metal-dielectric-metal nanodisks. This
optical metasurface structure has both electrical resonance
and magnetic resonance. The experimental results showed
that the intensity of the second harmonic signal greatly
increased near the magnetic resonance of the metasurface.
The numerical results further confirmed that the enhance-
ment in the SHG signal originated from the superposition of
the magnetic dipole and electric quadrupole of the metasur-
face structure (see Fig. 3c).”® Although the study of second har-
monic radiation is very complex, researchers have been
attempting to achieve directional radiation. Zhang et al
designed metal nanocups with variable orientations using a
simple and efficient nanomanufacturing technique. This
three-dimensional (3D) plasmonic nanostructure has a mag-
netic dipole resonance that could greatly enhance the local
field.®>®! They experimentally found that adjusting the relative
direction of the nanocup and incident light could change the
second harmonic radiation direction; in addition, when the
excitation power P(w) was fixed, as the nanocup angle
increased, the conversion efficiency of SHG, sy = P(2w)/P(w),
also constantly improved. The finite element method was used
to numerically study the nanocup with the same parameters as
those used in the experiment. The results showed that the
second harmonic light scattered by the nanocup was influ-
enced by the orientation of the nanocup, which was essentially
due to the magnetic dipole mode of the nanocup enhancing
the SHG intensity; moreover, the magnetic dipole scattered the

Nanoscale, 2024, 16, 5960-5975 | 5965
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Fig. 3 SHG enhancement based on magnetic dipole resonance. (a) Au nanocups and the nonlinear dual-resonance antennas of Au—Ag heterona-
nocups. Adapted with permission from ref. 77. Copyright 2019 American Chemical Society. (b) Au/(Bi, Tm) iron garnet (IG) perforated magnetic
plasma crystals. Adapted with permission from ref. 78. Copyright 2015 American Chemical Society. (c) Metal—dielectric—metal nanodisk optical
metasurface structure. Adapted with permission from ref. 79. Copyright 2015 Optica Publishing Group. (d) The orientation of the 3D nanocup affects
the direction of second harmonic radiation. Adapted with permission from ref. 53. Copyright 2011 American Chemical Society. (e) Pointed nanocaps,
open nanoshells, and hollow nanostars. Adapted with permission from ref. 82. Copyright 2021 Royal Society of Chemistry.

SHG around the nanocup into a circular profile along its orien-
tation (see Fig. 3d).>® Zhou et al. used chemical synthesis to
prepare pointed nanocaps, open nanoshells and hollow nano-
stars by adjusting the morphology of Au nanoshells using six-
pointed PbS nanostars as templates. Since the amount of
chloroauric acid was continuously adjusted during the syn-
thesis process, the plasmon resonance peak of the sample also
redshifted and broadened due to the synergistic effect of the
electric and magnetic plasmon modes. When the opening size
of the nanoparticles was appropriate, two maximum SHG
intensities could be experimentally observed; these intensities
were caused by symmetry breaking and were essentially due to
the electromagnetic field enhancement caused by the rich
morphology of the nanoparticles (see Fig. 3e).®”

3.3 Harmonic energy transfer-enhanced SHG

In addition to the common methods of enhancing SHG, which
are summarized in the above two sections, enhancing SHG

5966 | Nanoscale, 2024, 16, 5960-5975

based on regulating the energy transfer of the harmonic field
also provides an effective way to enhance nonlinear effects and
is more conducive to the design of efficient and compact nano-
devices and their application in light field control engineering.
Therefore, we introduce related research on harmonic energy
transfer in metal nanostructures. Qiu et al. used chemical
methods to synthesize hollow Au stars by a three-step method.
These Au stars had a broadband response covering fundamen-
tal, second-harmonic (SH) and third-harmonic (TH) frequen-
cies; in addition, based on the experimental observation, the
greatly enhanced SH radiation was caused by the excitation of
three resonances at the fundamental, SH and TH frequencies.
Through experimental measurements, harmonic resonance
energy transfer (HRET) from TH excitation to linear receptors
mediated by ® — 4 cooperation was observed in the Au star
antennas. ;((3) - )((2) collaboration was also observed and elec-
tric field-induced harmonic energy transfer (E-HET) from TH
excitation to the SH field occurred.®® This research result has

This journal is © The Royal Society of Chemistry 2024
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great guiding significance for practical applications. The THG
intensity is very strong in gold bowtie antennas®**®*> and if such
nanostructures need to be used in biotechnology applications,
energy transfer from TH excitation to the SH field is highly
needed (see Fig. 4a). Similarly, Feng et al. used a mild chemi-
cal method to prepare a series of Au/PbS/Au nanostars with
adjustable tip lengths by changing the amount of chloroauric
acid. Due to the asymmetry and local field enhancement, long
spine Au/PbS/Au nanostars were finally experimentally
obtained with the largest SHG intensity. In this study, the har-
monic energy transfer method was also used to enhance the
SHG intensity by suppressing the TH field energy (see
Fig. 4b).*® These results optimized the plasmon-enhanced
SHG strength of metal nanostructures.

Wu et al. experimentally compared the plasmon-enhanced
SHG of Au NRs, Au-Ag NRs and asymmetric Au@CdSe hetero-
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rods. Due to the asymmetric nanostructure and local field
enhancement, the SHG of the asymmetric Au@CdSe hetero-
rods was 617.7 times stronger than that of the Au NRs.
Moreover, excitation wavelength-dependent SHG measure-
ments of Au NRs and Au@CdSe side-heterorods also con-
firmed that the local interband transition of Au caused the
harmonic energy transfer (see Fig. 4c).*”

In addition to the three aspects introduced above, relevant
researchers have also used some other methods to enhance
and regulate the nonlinear conversion efficiency in metal
nanostructures. These methods include utilizing electric field
Fano resonance,®®*® magnetic field Fano resonance,”>°' coup-
ling of metal nanostructures with a nonlinear medium,****
lattice resonance,”®* and so on. In recent years, Fano reso-
nance has gradually become a research hotspot to improve the
nonlinear conversion efficiency of SHG. Fano resonance at the
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fundamental frequency can bind the incident light energy to
the surface of metal nanostructures, thus amplifying the
surface nonlinear current and enhancing the second harmonic
radiation. Zhang et al. experimentally observed fundamental
Fano resonance and enhanced SHG signals using gold split
nanodisks with narrow split gaps. The local electric field inten-
sity in the near field of the structure is more than 70 times
higher than that without Fano resonance and its energy con-
version efficiency is also more than 107'" orders of magni-
tude.® Moreover, Yang et al. used three gold nanodisks of
different sizes to construct a plasmonic metamolecule. The
electromagnetic mode coupling of the metal nanostructure
generated magnetic field Fano resonance, thereby enhancing
the SHG signal.’® Barium titanate is a kind of nonlinear
medium, which can be combined with a gold shell to con-
struct a core-shell nanocavity with an adjustable wavelength of
plasmon resonance. When the excitation wavelength is located
at the plasmon resonance peak of the composite nano-
structure, the light field intensity inside barium titanate at the
fundamental frequency is greatly enhanced and the second
harmonic intensity is also exponentially enhanced.’>® Michaeli
et al experimentally found that the second harmonic
efficiency generated by the split-ring resonator arrays under
oblique incidence was 30 times greater than that under
normal incidence. Through the coupled dipole approximation,
it is proved that surface lattice resonance occurs at the second
harmonic frequency when the nonlinear Rayleigh-Wood
anomaly condition was satisfied, which led to an enhancement
of SHG.”

4. Practical application of SHG
4.1 Nonlinear imaging based on SHG

With the rapid development of nonlinear optics research,
various nonlinear effects have been widely used in modern
optics, such as coherent light sources,”*° all-optical
switches,””° nonlinear imaging,’°*% and nanoprobes.'**
SHG has received extensive attention as a new optical imaging
technique developed in recent years. In this section, we will
focus on the study of nonlinear microscopic imaging of SHG
in metal nanostructures. Sahu et al. reported an ultrasensitive
collective plasmon-enhanced SHG microscopy approach in
which simultaneous visualization and 3D directional imaging
of individual R6G molecules were achieved via the electromag-
netic field enhancement of surface hotspots on the arrays of
plasmonic silver nanoholes. This discovery caused single
molecule detection and molecular directed imaging based on
SHG to be possible (see Fig. 5a).'°> When studying the optical
properties of nanoparticles in solution, systematic measure-
ments do not provide accurate and in-depth results due to the
inhomogeneity of particle shape and size. Therefore, SHG
measurements using a single metal nanoparticle that is sensi-
tive to centrosymmetric breaking of the shape are necessary,
which facilitates a new direction in the study of the nonlinear
optical properties of metal nanoparticles. This approach also
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enables more comprehensive detection of the optical pro-
perties of the metal nanostructures (see Fig. 5b)."°® Chemically
synthesized asymmetric colloidal Au-core/Ag-shell nanorods
with high-efficiency SHG have great application potential in
biomedical imaging. By comparing SHG and the TPL images
of cells using Au-Ag nanorods, SHG images were found to
show stronger intracellular signals, indicating that Au-Ag
nanorods show excellent performance in monitoring morpho-
logical evolution and changes in living cells (see Fig. 5¢)."%”

Bautista et al. used SHG microscopy with cylindrical vector
beams (CVBs) to study the collective effects of plasmonic oligo-
mers composed of Au NRs with different spatial symmetries
and observed that their SHG efficiency strongly dependent on
the polarization of the incident CVBs and on interparticle
effects; this study provided a new way of investigating coupling
effects in the complex arrangements of nano-objects (see
Fig. 5d).'°® High-intensity second harmonic sources within
each unit cell are shown in the SHG microscopy images of
G-shaped gold nanostructure arrays and this study demon-
strated that plasma hotspots could be accurately mapped in
conjunction with SHG microscopy (see Fig. 5e)."°° Grinblat
et al. placed a single ZnO nanowire in the hotspot of a plasmo-
nic oligomer, enabling a precise quantity of SH efficiency and
field enhancement by observing the second harmonic light
emitted from the mixed sample using a confocal microscope
(see Fig. 5f).**°

4.2 Sensing applications based on SHG

The second-order nonlinear effect has wide application value.
In practical applications, the sensing function of SHG in the
field of nonlinear optics is more sensitive than that in the field
of linear optics; therefore, SHG has been widely used in
sensing detection. Metzger et al. obtained measurements of
the near-field distribution of polarization-resolved SHG from a
gold dipole nanoantenna using a directional and polarization-
sensitive aluminium nanoantenna as a local sensor. Using res-
onant plasmonic nanoantennas as local sensors, this novel
and highly sensitive method can be used to study the non-
linear near-field distributions of more complex structures and
may also be widely used in nonlinear nanoimaging in the
future (see Fig. 6a)."*" In 2020, Verma et al. proposed a non-
linear plasmonic sensing method based on Au NRs for fast,
sensitive and label-free detection of mercury in solution. The
SHG of Au NRs as a function of mercury concentration was
detected by two-photon Rayleigh scattering (TPRS). The
method successfully increased the detection limit of mercury
by 2-3 orders of magnitude compared to commonly used
linear localized surface plasmon resonance (LSPR) sensing
(see Fig. 6b)."*? Lan et al. achieved electronically controlled
harmonic light generated using plasmonic crystals in electro-
Iytic solutions. The electrical tunability of the SHG signal in
this hybrid plasmonic-electrolyte system was sensitive to both
the ion concentration and electrolyte type; thus, this work
further demonstrates that combining electrical signals with
nonlinear optical interactions has the potential to be used for

This journal is © The Royal Society of Chemistry 2024
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Chemical Society.

sensing charged substances in any aqueous solution (see
Fig. 6¢).'"

Studies related to sensing devices integrated into microflui-
dic chips based on non-centrosymmetric plasmonic nanoan-
tenna arrays with enhanced SHG have also been reported. The
experimental results were evaluated and found to be at least
three times more sensitive in the nonlinear state than in the
linear state (see Fig. 6d)."** Furthermore, Butet et al. theoreti-
cally calculated the SHG response of silver nanospheres to
refractive index changes using Mie theory and the multipolar
expansion of the electromagnetic field to demonstrate that
sensing using multipolar surface plasmon resonance was
more sensitive than sensing in the linear optical regime. This
report provided theoretical support for further development of
nonlinear spectral technology based on SHG (see Fig. 6e).'"
Yang et al. invented a 3D hotspot platform for quantity detec-
tion of plasmon-enhanced SHG. They placed a drop of a solu-
tion of active nanoparticles coated with a silica layer on a
hydrophobic silicon wafer and it was directly evaporated.

This journal is © The Royal Society of Chemistry 2024

During the evaporation process, as the distance between nano-
particles continued to shrink, the number of 3D hot spots gen-
erated also continued to increase, resulting in a sharp increase
in the SHG signal. The 3D metal shell-isolated nanoparticle
(SHIN) substrates exhibited more stable plasmon-enhanced
SHG signals due to the protective SiO, shells; therefore, 3D
hotspot platforms have great potential for plasmon-enhanced
nonlinear spectroscopy as well as practical sensor applications
(see Fig. 6f)."*°

4.3 In situ monitoring based on SHG

SHG is also widely used in in situ monitoring of various chemi-
cal reactions. Xue et al. performed photocatalytic redox experi-
ments on silver on the surface of colloidal Ag nanoparticles
(Ag NPs) and observed that photocatalytic oxidation of the Ag
NP surface was the main reaction under lower-power femtose-
cond laser irradiation. The formation of silver oxides such as
Ag,0 on the surface resulted in a decrease in the SHG signal.
The photo-induced reduction was also observed under rela-
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tively high laser energy irradiation, which was reflected in the
recovery of the SHG signal. Subtle structural changes on the
surface of metal nanoparticles led to significant changes in
their SHG emission signals, indicating that SHG was a sensi-
tive probe for studying the surface structure of noble metal
nanoparticles (see Fig. 7a).''” Sauerbeck et al. carried out sim-
ultaneous in situ second harmonic scattering (SHS) measure-
ments during the growth of high quality Au nanoshells on col-
loidal silica particles. During shell growth, the SHS intensity
reached a maximum in the middle stage of the reaction and
dramatically decreased when the shell was completely closed.
This in situ nonlinear optical characterization method allowed
the repetitive synthesis of nanoshells with high optical quality
(see Fig. 7b)."'® Time-dependent SHG measurements were
used to study the photocleavage dynamics of colloidal micro-
RNA-functionalized nanoparticles under UV irradiation. By
comparing the intensities of the measured SHG signals, the
photocleaving efficiency of silver nanoparticles was 6 times

5970 | Nanoscale, 2024, 16, 5960-5975

greater than that of the corresponding polystyrene nano-
particles. These results demonstrated that SHG was a very sen-
sitive nonlinear optical technique (see Fig. 7¢)."'° During the
growth of nanoparticles, the corresponding plasmon hotspots
were formed depending on the degree of roughness and
surface inhomogeneity and different degrees of SHG signal
enhancement were observed at different stages of growth.
Based on this feature, the in situ growth dynamics of colloidal
silver-gold core-shell (Ag@Au CS) nanoparticles in water were
monitored by a stepwise synthesis method using the time-
dependent SHG technique, which provided a detailed basis for
studying complex colloidal nanoparticle growth mechanisms
(see Fig. 7d)."*° Surface-sensitive time-dependent SHG spec-
troscopy was also used to study the photothermal cleavage and
release of micro-RNA (miRNA) mimics or small interfering
RNAs (siRNAs) from novel gold-silver-gold core-shell-shell
(CSS) nanoparticles under near-infrared (NIR) irradiation, indi-
cating that SHG-based nonlinear spectroscopy measurements

This journal is © The Royal Society of Chemistry 2024
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could be a powerful strategy for probing biological and nano-
technological phenomena (see Fig. 7e).">"

As a powerful and noninvasive surface-sensitive technique,
SHG can also be used to study the surface charge density of
colloidal nanoparticles. For example, Kumal et al. determined
the surface charge density of 50 nm Au nanoparticles functio-
nalized with mercaptosuccinic acid (MSA) in water by fitting
the experimental SHG measurement results to a function and
a theoretical model for increasing the electrolyte concen-
tration. This SHG ;((3) method is also known as the electric
field induced second harmonic (EFISH) technique. The results
of this study significantly contributed to further understand-
ing the surface chemistry of colloidal nanoparticles in water
(see Fig. 7f).***

5. Conclusions and perspectives

Nonlinear optics is a very important research direction in the
field of optics, and the development of nonlinear optics plays
a tremendous role in promoting the technological progress of
modern society. The rise of plasmonic nonlinear optics based
on metal nanomaterials has led to an upsurge in research on
SHG. This article summarizes related work on plasmonic SHG

This journal is © The Royal Society of Chemistry 2024

based on metal nanostructures from the perspective of prin-
ciple to application. First, the basic principle of SHG and the
origin of SHG on the surface of metal nanoparticles are intro-
duced in the section Basic principle of the second harmonic
generation of metal nanostructures. Then, different SHG
enhancements and regulations via double resonance, mag-
netic resonance, and harmonic energy transfer are discussed.
Finally, the application of SHG in the fields of nonlinear
microscopic imaging, sensors and in situ monitoring is sum-
marized. When the frequency of the incident light matches the
surface plasmon resonance frequency, the light is strongly con-
fined within the metal nanostructure, resulting in a substan-
tial increase in the field intensity. This strong field strength
promotes nonlinear interactions between light and materials,
leading to the generation of second harmonic light. However,
the SHG process in metal nanostructures is not always
efficient and various factors, such as the shape, size, and nano-
structure of the material, can affect the SHG efficiency.
Therefore, further research is needed to optimize the design of
metal nanostructures for enhanced SHG efficiency. With the
continuous improvement of nanofabrication technology, many
nanoparticles with complex geometric structures can be devel-
oped from theory to reality through top-down etching prepa-
ration methods, bottom-up growth methods, or chemical syn-
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thesis methods. We can expect additional research on new
metal nanostructures for use in the innovative design and
application of SHG in the future, which is highly important for
revealing the basic process of interaction between light and
matter at the nanoscale.

With the coordinated development of theory and techno-
logy in the field of nanophotonics, plasmon-enhanced SHG
based on metal nanostructures has ushered in new develop-
ment opportunities. By combining emerging two-dimensional
(2D) materials with plasmonic metal nanostructures in recent
years, the nonlinear effect of SHG has been enhanced to
varying degrees. 2D materials have many advantages, such as
atomic thickness, good structural stability and a strong non-
linear optical response. The nonlinear optical response of 2D
materials is also adjustable and can be enhanced by exciton
resonance and other methods. This approach also provides a
new degree of freedom in energy valleys, which can lead to
new possibilities for the construction of nonlinear optical
devices.'**'?” Therefore, the composite structure formed with
2D materials and metal nanostructures may be used to
develop nonlinear optical devices with high integration and
high conversion efficiency. In recent years, relevant SHG
research results have also been obtained. In 2020, Han et al
used nanoparticles on a mirror model to construct a surface
plasmon nanocavity, controlling its surface plasmon reso-
nance to match the second harmonic emission wavelength of
monolayer WS,, greatly increasing the incident electric field
intensity, and ultimately achieving more than 300-fold SHG
enhancement.’*® Zhang et al constructed a nonlinear
plasmon-exciton coupling system with adjustable second-
order susceptibility. The SHG conversion efficiency of this
system was three orders of magnitude greater than that of bare
exciton materials on a film. This work provided a new powerful
method to enhance SHG.'” In summary, introducing 2D
materials into plasmon SHG systems based on metal nano-
structures is highly beneficial for increasing the control of
SHG and enhancing the intensity of SHG signals. These
characteristics indicate that the combination of SHG based on
plasmonic metal nanostructures and 2D materials will further
promote the application of these materials in the field of
optical information.
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