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Editorial

Editorial for Special Issue “Plasmon Assisted Near-Field
Manipulation and Photocatalysis”

Zhenglong Zhang

School of Physics and Information Technology, Shaanxi Normal University, Xi’an 710062, China;
zlzhang@snnu.edu.cn

Accurately establishing the near field is crucial to enhancing optical manipulation and
resolution, and is pivotal to the application of nanoparticles in the field of photocatalysis.
A novel type of modulated optical field that enables the multi-dimensional control of
the amplitude, polarization and phase can be obtained via the precise manipulation of
the plasmonic near field of metal nanostructures. Meanwhile, the energy stored in the
plasmonic field can induce hot carriers in the metal, which ultimately dissipate by coupling
to the phonon modes of the metal nanoparticles, resulting in an elevated lattice temperature.

The plasmonic nearfield, hot carriers and their heating effects can catalyze the chem-
ical reactions of reactants, including molecules and nanomaterials. Firstly, the chemical
efficiency can be enhanced by the plasmonic near field due to its elevated photon density.
Secondly, the hot carriers induced by plasmon decay can transfer to the reactant via the
indirect electron transfer or direct electron excitation process, and the specific chemical
reaction channels can be selectively enhanced by controlling the energy distribution of
hot carriers. Thirdly, the local thermal effect that is followed by plasmon decay offers
opportunities to facilitate the chemical reactions of molecules and induce the crystal growth
and transformation of nanomaterials at room temperature. As a new class of photocatalysts,
plasmonic noble metal nanoparticles that possess the unique ability to harvest light energy
across the entire visible spectrum and produce effective energy conversion have been
explored as a promising novel direction in the amelioration of the energy crisis. These
opportunities have motivated this Special Issue, entitled ‘Plasmon-Assisted Near-Field
Manipulation and Photocatalysis’, which has attracted research and review papers related
to a variety of emerging nanomaterials, as outlined below.

Noble metal (Au/Ag/Cu/Al) nanostructures can produce surface plasmon resonance
to promote or facilitate chemical reactions, as well as photocatalytic materials. In particular,
Ag/Au nanoislands (NIs) and Ag NIs/Au film composite systems were designed, and
their thermo-catalysis performance was investigated using the luminescence of Eu3+ as a
probe [1]. It was discovered that the metal NIs can also generate strong localized heat in
low-temperature environments, enabling the transition of NaYF4 to Y2O3. Furthermore,
anti-oxidation was realized by depositing gold on the surface of silver, resulting in the
relative stability of the constructed complex. These investigations can provide an enhanced
understanding of the surface plasmon catalysis process and extend the potential applica-
tions of metal NIs. For utilization in an alternative application, self-assembled Al NIs with
a thin alumina layer were designed with a plasmonic photothermal structure in order to
achieve nanocrystal transformation via multi-wavelength excitation [2]. The Al NIs with
an alumina layer demonstrated excellent photothermal conversion efficiency even in low-
temperature environments, and their efficacy did decline significantly after storage in air for
three months. Such an inexpensive Al/Al2O3 structure with a multi-wavelength response
provides an efficient platform through which to achieve rapid nanocrystal transformation
and fulfil its potential application in the wide-band absorption of solar energy.

Oxide-supported noble metal nanoparticles, which are one of the primary photo-
catalytic nanomaterials, have been investigated for their potential ability to enhance the
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stability and diminish the cost of photocatalysts. In particular, an Ag-nanoparticles-doped
porous ZnO photocatalyst was prepared [3]. Under visible light irradiation, the heterostruc-
ture showed excellent catalytic activity over 4-nitrophenol due to the hot electrons induced
by the localized surface plasmon resonance of Ag nanoparticles; this provides a novel
heterostructure photocatalyst with the potential to be applied in solar energy and pollutant
disposal. In addition, the optical properties of substitutional-doped aluminum nitride (AlN)
were studied via multi-scale computational simulation methods, combined with density
functional theory and finite element analysis [4]. It was discovered that a strong AlN sur-
face plasmon resonance could be obtained in the near-infrared region by applying various
alkali metal doping configurations, which not only improve the application of multi-scale
computational simulations in quantum surface plasmons, but also promote the application
of AlN in the field of surface-enhanced linear and non-linear optical spectroscopy.

Due to the large inherent loss of metals that occurs in phase matching, and its further
limitations, a larger Q-factor cannot be obtained by utilizing traditional optical cavity
modes and devices based on surface plasmon resonance. A silicon square-hole nano-
disk array device was proposed in order to realize multi-Fano resonances with a high
Q-factor, narrow line width, large modulation depth and enhanced near-field enhancement,
which could provide the basis for the application of a novel method in the realms of
multi-wavelength communications, lasing, and nonlinear optical devices [5]. Then, a
nested composite structured multifunctional metasurface zone plate was designed and
fabricated by integrating the metasurface onto the surface of the multi-level diffraction
lens rings [6]. Based on the global optimization mathematical iterative method, the height
distribution of the multifunctional metasurface zone plate was optimized in order to
realize an extremely efficient achromatic broadband focus. This combination enhances
the degree of freedom that exists in micro–nano optical design, and is expected to be
applied in multifunctional focusing devices, polarization imaging, and various other
fields. Lastly, the self-organizing process of component and array manufacturing was
combined with imprinting technology in order to construct a cheap and reproducible
flexible polyvinyl alcohol nanocavity array that is decorated with the silver nanoparticles [7].
The substrate exhibited excellent mechanical stability in bending experiments, and was
able to achieve low-cost, high-sensitivity, uniform and favorable surface-enhanced Raman
scattering detection, particularly in regard to situ detection; furthermore, it demonstrated
promise in food safety and biomedicine applications.

As a plasmonic photocatalytic mechanism, the photothermal properties of nanoma-
terials have received widespread attention due to their broad applicative potential. The
near-field and photo-thermal temperature distribution of a nanoparticle array was numeri-
cally investigated by considering the scattering light field among particles [8]. It has been
determined that the position of the ‘hot spots’ does not rotate with the polarization direction
of the incident light and always remains in the particle gaps along the line between the
particle centers, which provides theoretical considerations for the near-field manipulation
and photo-thermal applications of nanoarrays.

Finally, it was determined that the surface plasmon could strongly confine electro-
magnetic fields near the metal nanostructures in order to generate a localized near field,
which has been widely utilized in surface-enhanced spectroscopy and nonlinear optics. An
overview of the mechanism of surface plasmon and of near-field nonlinear effects is offered
in one paper published in this volume, and describes some of the latest research that focuses
on the applications of nonlinear optical microscopy systems [9]. Furthermore, the enhanced
near field, hot carriers and localized thermal effect play an important role in photocatalysis.
The other review paper is focused upon surface-plasmon-assisted photocatalysis, including
nanomaterial reshaping, growth and transformation [10]. The current status of and per-
spectives on the future of plasmonic photocatalysis are reviewed, which will promote the
development of surface plasmon in regard to the regulation of nanomaterials.
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Overall, this volume provides a selected collection of papers that covers various
aspects of plasmonic near-field manipulation and photocatalysis; we sincerely hope that
the reader will benefit from such an informative and insightful Special Issue.

Acknowledgments: I am grateful to all the authors who contributed to this Special Issue. We also
acknowledge the referees for reviewing the manuscripts.

Conflicts of Interest: The author declares no conflict of interest.
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Plasmonic Effect of Ag/Au Composite Structures on the
Material Transition

Xiaohua Wang 1, Chengyun Zhang 2, Xilin Zhou 1, Zhengkun Fu 1, Lei Yan 1, Jinping Li 1,*, Zhenglong Zhang 1 and

Hairong Zheng 1,*

1 School of Physics and Information Technology, Shaanxi Normal University, Xi’an 710119, China
2 School of Electronic Engineering, Xi’an University of Posts & Telecommunications, Xi’an 710121, China
* Correspondence: ljping@snnu.edu.cn (J.L.); hrzheng@snnu.edu.cn (H.Z.)

Abstract: Noble metal nanostructures can produce the surface plasmon resonance under appropriate
photoexcitation, which can be used to promote or facilitate chemical reactions, as well as photocat-
alytic materials, due to their strong plasmon resonance in the visible light region. In the current
work, Ag/Au nanoislands (NIs) and Ag NIs/Au film composite systems were designed, and their
thermocatalysis performance was investigated using luminescence of Eu3+ as a probe. Compared
with Ag NIs, the catalytic efficiency and stability of surface plasmons of Ag/Au NIs and Ag NIs/Au
film composite systems were greatly improved. It was found that the metal NIs can also generate
strong localized heat at low temperature environment, enabling the transition of NaYF4:Eu3+ to Y2O3:
Eu3+, and anti-oxidation was realized by depositing gold on the surface of silver, resulting in the
relative stability of the constructed complex.

Keywords: Ag/Au composite structures; surface plasmon resonance; photothermal effect; crystal
transition

1. Introduction

Plasmon photocatalysis, as a new method to enhance the performance of semicon-
ductor laser catalysis based on localized surface plasmon resonance (LSPR) effect, has
attracted great attention in the past decade [1–5]. Compared with conventional thermally
driven catalysis, plasmon catalysis can significantly reduce the reaction temperature and
achieve the desired catalytic activity in a very short time. More importantly, photocatalysis
also shows excellent stability and high selectivity under mild reaction conditions [6]. As a
new family of photocatalysts, the catalytic performance of plasmon driven and enhanced
photocatalytic and electrocatalytic reactions are highly dependent on the rational design of
plasmon nanostructures.

The surface plasmon resonance (SPR) of metal nanostructures can be adjusted by
selecting suitable plasmon materials [7,8], particles [9], composites [10], and morpholo-
gies [11], et al. As the most common and effective surface plasmon material, Au, Ag and Cu
have strong optical adsorption capacity in the visible region [2,6,12]. Au is used for catalysis
due to its unique stability and excellent catalytic properties, but it is expensive [13,14]. Ag
has advantages with intense electromagnetic field enhancement from a larger extinction
cross-section, along with a narrow plasmon linewidth; it is often used as catalyst [15], but
the catalytic efficiency of Ag nanostructures gradually weakens with the time stored in air.
Thus, the investigation on the plasmon composite structures and their properties that can
enhance the advantages and reduce weaknesses of a single element is necessary.

For the study of bimetals, Taerin Chung et al. reported the transfer of metal nanois-
lands from glass to other different substrates using various dewetting methods, enabling
high-throughput and low-cost control and applications of metal nanoislands on different
substrates provides direction [16]. Kateryna Loza et al. also used chemical reduction and
laser burning methods to obtain the alloy and studied the characterization of the alloy [17].

Nanomaterials 2022, 12, 2927. https://doi.org/10.3390/nano12172927 https://www.mdpi.com/journal/nanomaterials
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In these reports, the preparation methods of nanoislands are still relatively complicated,
and the influencing factors of plasmonic photothermic effect of nanoislands need further
study. Our previous work investigated the photothermal properties of surface plasmon
polaritons (SPPs) on metallic NIs by Au [18,19] to induce rapid crystal transitions, which
can monitor the local temperature of metal nanoparticles, so here we also use this method
to study the plasmonic photothermal effect of bimetallic nanoislands.

In this work, using the method of thermal evaporation, we hope to construct a stable
bimetallic nano-island structure, and choose to deposit Au on the Ag surface for the purpose
of anti-oxidation. The surface plasmon catalytic effect of Ag NIs and bimetal structures
that include the nanoislands formed by Ag/Au (Ag/Au NIs) and Ag NIs covered with
Au film (Ag NIs/Au film) were investigated by monitoring the fluorescence of Eu3+. It is
found that the plasmonic photothermal effect of metal nanoislands can be controlled by the
annealing temperature, ambient temperature and the size of the nanoislands. Additionally,
compared with Ag NIs, Ag/Au NIs and Ag NIs/Au film present higher catalytic efficiency
and better stability, and significant localized heat generated by LSPR of NIs is capable of
driving crystal transitions even at low temperature environment. These investigations
can provide a better understanding of the surface plasmon catalysis and extend possible
applications of metal NIs.

2. Materials and Methods

Ag/Au NIs was prepared on a pre-cleaned glass substrate through high vacuum evap-
oration. The schematic in Figure 1 shows the preparation procedure of Ag/Au composite
NIs structures, in which the annealing was performed in air at RT–400 ◦C for 30 s. The
specific preparation steps were as follows: first, 15 nm Ag film was evaporated on the sub-
strate. Ag NIs/Au film was obtained by annealing the Ag film to obtain Ag NIs, and then
a layer of 12 nm Au film was deposited on the surface; then the same annealing treatment
was performed. During the evaporation process, the vacuum degree of the vacuum coater
was 2.4 × 10−4 Pa, and the deposition rate was 0.03 Å/s, and the metal targets were Au
wires and Ag nanoparticles with a purity of 99.999%. Polycrystalline NaYF4:Eu3+ particles
were synthesized by wet chemical method. All reagents, including Ln (NO3)3 (Ln = Y, Eu)
(99.9%) and NaF (98%), as well as solvents, were purchased from Sigma-Aldrich Chemicals
Co. (Shanghai, China), and used without any further treatment. During the experimental
study, the NaYF4 particles were evenly spread on the metal film.

 
Figure 1. Preparation process of Ag/Au NIs and Ag NIs/Au film.
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3. Results and Discussion

To investigate the thermocatalytic efficiency of metal NIs film structure, we prepared
two types of composite nanosystems, Ag/Au NIs and Ag NIs/Au film, by different
deposition and annealing processes. Ag NIs is prepared as the control group that is
annealed, at 200 ◦C, for 30 s. As shown in Figure 2a–f, the AFM characterization results
of Ag NIs, Ag/Au NIs and Ag NIs/Au film indicate that the averaged sizes of the island
are 25 nm, 20 nm and 30 nm, respectively, and different colors under natural light are
presented. In Figure 2g, compared with Ag NIs, the UV–Vis absorption spectra shows
that Ag/Au composite nanostructures have a broadened spectral band width and a red-
shifted spectral peak position, and the LSPR peak is located at 480 nm, which can better
match the irradiation wavelength of 532 nm. The elemental composition of the Ag/Au
composite system, Ag/Au NIs and Ag NIs/Au film were determined using a high Angle
Ring dark field scanning transmission electron microscope (HAADF-STEM) and the results
areas shown in Figure 2h,i. The energy dispersive X-ray (EDX) elemental mapping analysis
further demonstrated the microstructure of the composite nanoislands. The characterization
results of Figure 2 show that the Ag/Au composite systems have a diverse microstructure
compared with Ag NIs, which further leads to its absorption spectrum being adjusted in a
wide range.

Figure 2. Characterization of metal NIs structures. (a–c) AFM image, (d–f) photo and (g) absorption
spectrum of Ag NIs, Ag/Au NIs and Ag NIs/Au film. (h,i) HAADF-STEM image, and (I–IV) EDX
elemental mapping of Ag/Au NIs and Ag NIs/Au film.

Plasmon thermocatalysis of NI films was investigated by observing the transformation
of NaYF4:Eu3+ particles, which was obtained through co-precipitation process. As shown
in Figure 3a, the SEM image shows that the product has a flower-like structure, and the
overall size is about 500 nm. In the upper right corner is its tenfold magnified SEM

7
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image, more detailed sample characterization information is given in Figure S1. The
plasmonic photothermal catalysis efficiency of metal NI films were studied by distributing
the polycrystalline NaYF4 particles uniformly on the NI films and monitoring the spectral
changes in the samples under laser irradiation. Figure 3b and Figure S3 show the in situ
luminescence spectra of Eu3+-doped single sub-microparticle on the metal NI films before
and after irradiation with 532 nm wavelength laser. It was found that the luminescence
intensity and monochromaticity were greatly improved, and the morphology of the sub-
microparticle changed from nanoflower to smoothly spherical particle, of which the image
of the sample morphology was located in the upper right corner of Figure 3b. Based
on the fluorescence spectra, SEM images, and previous work [20], it is suggested that
the Eu3+-doped particles after laser irradiation are single crystal spherical Y2O3:Eu3+. To
determine the thermal catalysis of metallic NIs, polycrystalline NaYF4:Eu3+ on a glass sheet
were irradiated with laser, and the spectrum did not present any change after 15 min of
irradiation with a 23 mW 532 nm laser, as shown in Figure S2. The process by which the
transition occurs can be understood as follows: by laser irradiation, the LSPR of NIs is
excited and the coherent plasmonic oscillations decay is formed through Landau damping,
from which the hot electrons and local heat was generated. Then, these hot electrons
can rapidly redistribute energy among low-energy electrons through an electron-electron
scattering process. Subsequently, electrons transfer energy to the lattice through electron–
phonon coupling, and the equilibrium characterized by high lattice temperature occurs
within picoseconds. Due to the high thermal conductivity of NaYF4 compared to the
surrounding medium (air), the heat generated by the NIs dissipates through the interface
with NaYF4 nanoflowers through phonon–phonon interactions. Continued thermalization
will eventually lead to the temperature equilibrium between NIs and NaYF4 within a few
nanoseconds. When sufficient heat is delivered to the lattice, NaYF4 nanoflowers will begin
to transform and finally recrystallize into spherical single-crystallineY2O3 nanoparticles
with minimal specific surface area.

 

Figure 3. (a) SEM images of NaYF4:Eu3+, the inset is the SEM image after ten times magnification;
(b) In situ luminescence spectra of Eu3+-doped sub-microparticle before and after laser irradiation
(23 mW), and inserted SEM images show initial and transformed sub-microparticles, respectively.

The dynamic process of crystal conversion driven by NIs plasmon can be studied by
monitoring the fluorescence emission of Eu3+ while controlling the laser irradiation time,
and all Nis were obtained by annealing in air, at 200 ◦C. Firstly, the plasmonic thermocat-
alytic rate of metal NIs can be regulated by varying the laser radiation power. Figure 4a
shows the dependence of irradiation time and power required for the transformation of
NaYF4 particle into single crystal Y2O3. As the power increases from 5.0 mW to 22.5 mW,
the time required for the crystal transition decreases. For the same irradiation power, Ag

8
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NIs, Ag/Au NIs and Ag NIs/Au film catalyze crystal transformation with different rates.
Compared with Ag NIs, the crystal transition rate of Ag/Au NIs and Ag NIs/Au film
are 4 times and 10 times higher, respectively. At low temperature of 213 K (−60 ◦C), the
metal NI films still present a strong LSP thermal effect, and the generated local heat can
also drive the crystal transition. As shown in Figure 4b, when the temperature decreases
from 20 ◦C to −60 ◦C, although the time required for crystal transformation increases, the
transformation can also occur in a short time. In particular, compared with Ag NIs, the
stability of the LSPR of the prepared Ag/Au composite NIs system is much better than Ag
NIs. As shown in Figure 4c, the transition time also depends on the storage time of the
NI films in air. As the storage time increases, the crystal transition time driven by Ag NIs
increases. After the one-month storage, the transition time is 17 times that of the original.
This is due to the active properties of Ag, which is easily oxidized and reduces the thermal
effects of LSPR. However, for Ag/Au NIs and Ag NIs/Au films, the LSPR thermal effect
is much more stable even after being stored in the air for one month. It is proved that the
Ag/Au composite system can overcome the weakness of the Ag NIs through depositing
the Au on the surface of the Ag, which brings the obvious improvement in the catalytic
efficiency and stability.

 

Figure 4. (a) Irradiation power dependence on transformation time; (b) transformation time at
low temperature environment with a laser power of 22.5 mW at 532 nm; (c) NI film storage time
dependence on the transformation time in air, and the irradiation power is 20 mW laser.

Since the LSPR of metal NIs depends on the geometric properties island size and gap, a
series of Ag/Au composite structures were prepared at different annealing temperatures to
study the LSPR thermocatalytic efficiency. As shown in Figure 5, the annealing temperature
in the range of RT to 400 ◦C was selected to study the effect of plasmon driven crystal
transformation of Ag/Au NIs (a) and Ag NIs/Au films (b). With the increase in temperature,
the island particle size and gap increases. Under 532 nm and 22.5 mW laser radiation, the
transformation rate of LSPR photothermal drive crystal first increases and then decreases
for NIs of I to V in Figure 5, and the fastest transformation was obtained with the NIs III. At
the same temperature, the transformation time of Ag NIs/Au film is faster than that of the
Ag/Au NIs, as shown in Figure 5c,d. These results suggest that the photothermal catalytic
efficiency of LSPR can be controlled by changing the size and gap of plasmonic NIs.
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Figure 5. (a) Ag/Au NIs and (b) Ag NIs/Au films’ AFM images of smooth (I) and annealing at
100 ◦C, 200 ◦C, 300 ◦C, 400 ◦C (II–V), respectively; (c,d) are the corresponding nano-island-driven
crystal transition times, respectively.

4. Conclusions

The plasmonic thermocatalytic effect of metal NIs was investigated by monitoring
the transformation rate of the polycrystalline NaYF4:Eu3+ particle to single crystalline
Y2O3:Eu3+ particle. Compared with Ag NIs, Ag/Au NIs and Ag NIs/Au film composite
systems present better LSPR stability and thermocatalytic efficiency. It is found that the
LSPR thermocatalytic efficiency of metal NIs can be controlled by changing the laser
radiation power and morphology of the NIs. Even at a low temperature, NIs can still
generate enough amount of heat to drive the crystal transformation. The current study
can provide a simple and fast way for the application of Ag plasmon catalysis, which may
enable researchers to break the limitation of traditional methods to obtain crystal transition.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano12172927/s1, Figure S1: (a) Transmission electron microscopy
(TEM) characterization of NaYF4:Eu3+ nanoflowers; (b) XRD pattern of NaYF4:Eu3+ and standard
pattern of cubic NaYF4. Figure S2: In situ luminescence spectra of NaYF4:Eu3+ on glass irradiated with
532nm laser irradiation. Figure S3: Evolution of the luminescence spectra for crystal transformation
Ag NIs/Au thin film substrate, under 532 nm laser irradiation (22.5 mW at the sample).
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Abstract: The plasmonic photothermal effects of metal nanostructures have recently become a new
priority of studies in the field of nano-optics. Controllable plasmonic nanostructures with a wide
range of responses are crucial for effective photothermal effects and their applications. In this work,
self-assembled aluminum nano-islands (Al NIs) with a thin alumina layer are designed as a plasmonic
photothermal structure to achieve nanocrystal transformation via multi-wavelength excitation. The
plasmonic photothermal effects can be controlled by the thickness of the Al2O3 and the intensity
and wavelength of the laser illumination. In addition, Al NIs with an alumina layer have good
photothermal conversion efficiency even in low temperature environments, and the efficiency will
not decline significantly after storage in air for 3 months. Such an inexpensive Al/Al2O3 structure
with a multi-wavelength response provides an efficient platform for rapid nanocrystal transformation
and a potential application for the wide-band absorption of solar energy.

Keywords: surface plasmon; plasmonic photothermal; rare earth doped nanocrystal; wide-range absorption

1. Introduction

In recent years, there has been increasing interest in the plasmonic photothermal
effects of metal nanostructures, which are widely used in a variety of applications in-
cluding biomedical therapy [1–4], photocatalysis [5–8], photothermal imaging [9,10] and
optofluidic technology [11,12]. Oscillations of charge carriers in plasmonic metal nanopar-
ticles activated by resonant absorption of light are accompanied by local temperature
increase due to nonradiative plasmon damping, and the heat generated is subsequently
transferred to the surrounding medium; the whole process typically occurs at timescale of
nanoseconds [13–15]. According to the surface plasmons decaying process, the plasmonic
photothermal effects have the characteristics of efficient photothermal energy conver-
sion, fast heat production rate, and the generation of extremely high temperatures on the
nanoscale. It is important to effectively use the thermal energy from surface plasmons
light absorption. In addition, plasmonic photothermal effects are strongly dependent on
the intrinsic frequency of the metal nanostructures and the excitation wavelength. Metal
nanostructures with narrow plasmon linewidths can only respond to a specific wavelength,
forming a photothermal mode and reducing the efficiency of light utilization, which limits
their applications such as solar energy harnessing [16,17].

The basic strategy to change the spectral absorption and improve the efficiency of
photothermal conversion is to select suitable metal materials and modify the construction
of nanostructures [18,19]. Aluminum nanomaterials possess a much wider optical range of
localized surface plasmon resonances (LSPR) than gold, silver and copper, from the ultravio-
let to the near-infrared region. In addition, its low cost, high natural abundance, and ease of
processing make Al a sustainable plasmonic material [20,21]. Since aluminum is susceptible
to oxidation and the resulting degradation of optical properties, a thin oxide layer formed
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rapidly on the surface of high-purity aluminum is important to protect it from further
oxidation and contamination, and to improve durability. Recently, it has been reported that
photothermal efficiency can be improved by fabricating aluminum micro/nano-structures
to achieve anti-icing/deicing and solar water desalination [22,23]. However, the prepara-
tion of these broadband absorbing structures demands a complex nanofabrication process
and often relies on sophisticated equipment, further limiting their large-scale production.
It is valuable for practical applications to fabricate aluminum nanostructures with high
plasmonic property by simple, rapid and low-cost technology processes.

In this work, simply prepared self-assembled Al NIs with an alumina layer are selected
as a plasmonic photothermal substrate to achieve a fast transformation of rare-earth-doped
nanocrystals. It has been found that Al NIs with an alumina layer can respond to several
different wavelength lasers simultaneously, and they have a wide range of absorption, from
visible to near-infrared light. With the increase in the thickness of the alumina heat-trapping
layer, the heat utilization is further enhanced, thus significantly improving the transfor-
mation efficiency of the nanocrystals. Additionally, the Al/Al2O3 structure still produces
efficient nanocrystal transformation even in low temperature environments. Additionally,
the alumina layer on the Al NIs surface prevents further oxidation of the aluminum and
keeps the crystal transformation efficiency stable in air for at least three months.

2. Materials and Methods

The substrates used are glass, which are cleaned before loading into the high vacuum
coating. It consists of soaking glass substrates with piranha solution for 24 h and then
ultrasonically cleaning with alcohol, acetone and deionized water for half an hour. Piranha
solution is a mixture of 98% concentrated sulfuric acid and 30% hydrogen peroxide solu-
tion according to the volume ratio of 3:1. Due to its own strong oxidizing property, the
solution can be used to remove organic residues from the glass substrate. NaYF4:Eu3+ was
prepared by a wet-chemical method. The raw materials were NaF (98%), Y(NO3)3 (99.9%),
and Eu(NO3)3 (99.9%). All reagents were purchased from Sigma–Aldrich Chemicals Co.
(Shanghai, China) First, suitable stoichiometric proportions of NaF, Y(NO3)3 and Eu(NO3)3
were dissolved in a conical flask with an appropriate amount of deionized water to form a
mixture, and then the complex solution was heated at 75 ◦C for 2 h. After the temperature
was cooled down, the solution was centrifuged and washed with deionized water and
ethanol twice, forming the white precipitated product. The white precipitated product was
then dried at 55 ◦C for 12 h to obtain the target material.

To characterize the sample morphologies, scanning electron microscopy (SEM) images
were obtained with a FEI-Nova NanoSEM 450 at 10 kV, and atomic force microscopy (AFM)
images were obtained with a Bruker-JPK Nano Wizard Ultras (Karlsruhe, Germany). The
X-ray diffraction (XRD) pattern was obtained by using a Bruker D8 Advance diffractome-
ter (Karlsruhe, Germany). UV–Vis spectra were acquired with a PerkinElmer Lambda
950 spectrometer (Waltham, MA, USA). Conventional bright-field TEM images were ob-
tained with a Thermo Fisher Talos F200i (Waltham, MA, USA) operated at 200 kV. In
situ laser irradiation and luminescence spectra measurements were conducted with a Lab
Ram HR Evolution Raman system with a 100× (NA = 0.9) objective. To avoid any crystal
transformation during luminescence spectral acquisition, a low laser power (0.2 mW) was
used to obtain luminescence emission.

3. Results and Discussion

Figure 1a illustrates the configuration of a wide-range laser wavelengths response
photothermal system, which is excited by a multi-wavelength laser to produce heat for
crystal transformation. Using Al/Al2O3 with a broadband plasmon resonance activity as a
plasmonic heat source, the excitation of a rare-earth-doped nanocrystal placed on top with
a multi-wavelength laser can lead to rapid nanocrystal transformation. Figure 1b shows the
preparation process of the plasmonic photothermal system. Firstly, aluminum is deposited
onto preprocessed glass substrates by thermal evaporation under a high vacuum, and
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then annealed at 300 ◦C under argon atmosphere to form aluminum nanoparticle arrays
(Al NIs films). Then, Al2O3 layers with different thicknesses are deposited onto the Al
NIs by atomic layer deposition (ALD). Finally, rare-earth-doped luminescent nanocrystals
(NaYF4:Eu3+) are deposited on the Al/Al2O3 structure by dropwise addition.

Figure 1. (a) Schematic illustration of the fast transformation of nanocrystals driven by the plasmonic
photothermal system with a multi-wavelength response. (b) Preparation process of the plasmonic
photothermal system.

Compared with lithography and chemical synthesis, metal evaporation followed
by short-term thermal annealing is a simple, fast and low-cost method and allows the
formation of well-separated nanostructures over large areas [24]. Figure 2a is the SEM
image of aluminum deposited on Si substrate with annealing at 300 ◦C, where Al NPs are
well separated to form an array of aluminum nanoparticles. As shown in the AFM image in
Figure 2b, the root mean square value of the surface roughness of Al NIs is 3.741 nm. Due
to the AFM tip-sample convolution effect, the nanostructured particles in the AFM image
are larger in size compared to the SEM. During AFM scanning, the tip-sample convolution
effect is caused by the geometrical interactions between the tip and surface features being
imaged. The tip-sample convolution effect is one of the main causes of AFM artifacts, owing
to the finite sharpness and characteristic geometry of tips [25]. In addition, aluminum films
of the same deposited thickness are annealed at different temperatures, and as seen from the
optical and AFM images the average size and gap of the particles do not change significantly
with increasing annealing temperatures (Figure S1). It is the spontaneous oxidation of
aluminum that produces the alumina layer, which improves thermal stability, effectively
increasing the heat resistance of the aluminum film and limiting the migration rate of
aluminum atoms during the annealing treatment [26,27]. In the subsequent experiments,
Al NIs films annealed at 300 ◦C are selected as the substrates. Next, the Al2O3 layer is
uniformly deposited on the surface of the Al NIs. The SEM image of the cross-section of the
Al/Al2O3 structure shows that the thickness of Al2O3 is approximately 52 nm (Figure 2c).
More detailed information of the Al/Al2O3 structure is shown in Figure S2.

Rare-earth-doped luminescent nanocrystals (NaYF4:Eu3+) are prepared by a wet-
chemical method (see Materials and Methods). The SEM image in Figure 3a shows that the
NaYF4:Eu3+ particles are in the shape of flowers, with uniform size and good dispersion. A
single nanoflower particle size of about 500 nm is shown in the TEM image in Figure 3b, and
the suitable particle size and good dispersion are favorable for the subsequent photothermal
study of the surface plasmon induced nanocrystal transformation of the metal nano-islands
films. The high-resolution TEM image in Figure 3c shows that the NaYF4:Eu3+ nanoflower
consists of many small grains, and the crystallinity of the sample is poor because the
sample was not treated at high temperature during the synthesis process. In addition, the
XRD pattern shows that NaYF4 is a cubic phase, and the intensity and sharpness of the
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diffraction spectrum of the sample are slightly lower, indicating the poor crystallinity of
the sample (Figure S3). The EDX elemental mapping of the nanoflower in Figure 3d shows
the presence of Na, Y, F and Eu.

 

Figure 2. (a) SEM image of the Al NIs with annealing at 300 ◦C. (b) AFM image of the Al NIs annealed
at 300 ◦C on a glass substrate. (c) SEM image of a cross-section of the Al/Al2O3 structure.

 

Figure 3. (a) SEM image, (b) TEM image, (c) enlarged high-resolution TEM image, (d) HAADF-STEM
image and EDX elemental mapping of the NaYF4:Eu3+ flower-shaped nanocrystals.

The luminescence spectrum of doped Eu3+ is used to monitor the crystal transfor-
mation of the matrix materials [28,29]. A low power (0.2 mW) 532 nm laser is used as
the excitation source to obtain the luminescence spectrum, and a high power (23 mW)
976 nm laser is used as the irradiation light to drive the crystal transformation. The in situ
luminescence spectra of a single nanoflower before and after 976 nm laser irradiation are
shown in Figure 4a. Wide bands of luminescence centered at 590 nm, 615 nm and 700 nm
with weak intensity are observed, which indicates the poor crystallinity of the initial NaYF4.
After laser irradiation, there is a sharp band at 610 nm with strong luminescence intensity,
indicating that the nanocrystal has better crystallinity. From the inset in Figure 4a, it can be
seen that the single flower-like NaYF4 nanocrystal is transformed in situ into a spherical
particle. The distribution of Y, O and Al elements in the product shows that the NaYF4:Eu3+

particle transformed to Y2O3:Eu3+ after laser irradiation (Figure 4b). More details on the
product can be found in previous work [8]. Because of the short relaxation time and the
high temperature of the plasmonic photothermal effects, it is difficult to detect and measure
the heat production by conventional methods. On the other hand, thermal effects play
an important role in the plasmon driven crystal transformation, and hot electrons play
an auxiliary and synergistic role. Therefore, the irradiation time of the plasmon-driven
rare-earth-doped luminescent nanocrystal transformation is used to estimate the plasmonic
photothermal effects. The rate of the above crystal transformation can be easily controlled
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by the power of laser irradiation. As shown in Figure 4c, the irradiation time required
for the transformation to Y2O3 depends on the laser power. As the laser power increases
from 10 mW to 22 mW, the irradiation time decreases from approximately 1.5 s to 40 ms for
976 nm with the Al/Al2O3 structure, indicating that the plasmonic photothermal effects
improve. With the increase in laser intensity, the electromagnetic field of surface plasmons
can be enhanced in the same proportion, and the density and thermal effect of hot elec-
trons caused by electromagnetic field attenuation can also increase, thus improving the
transformation efficiency of the luminous crystals.

Figure 4. (a) In situ luminescence spectra of a Eu3+-doped single nanoflower before and after 976 nm
laser irradiation, and inserted SEM images show the initial and transformed nanocrystal. Scale
bar, 300 nm. (b) EDX elemental mapping of the spherical product. (c) Laser power dependent
irradiation time.

As shown in Figure 5a, the response of the Al/Al2O3 structure to different laser
wavelengths of 532 nm, 633 nm and 976 nm is investigated, and all these laser irradiations
can induce structural transformations in the crystals. In Figure 5b, by using Al NIs without
an Al2O3 layer as the photothermal substrate, it is found that 532 nm, 633 nm and 976 nm
laser irradiation could induce crystal structural transformation, but 532 nm and 633 nm as
the irradiation laser could not induce the complete crystal transform to Y2O3. Figure 5c
shows that both Al NIs and the Al/Al2O3 structure have absorption in the range of
350–1100 nm, and the intensity of the Al/Al2O3 structure is even weaker. These three
different wavelengths of laser irradiation can all induce collective resonant behavior of
the electrons and generate heat to drive the transformation of the rare earth nanocrystals.
The introduction of alumina can effectively improve the plasmon-induced photothermal
conversion efficiency.

Figure 5. Luminescence spectra of the (a) Al/Al2O3 structure and (b) Al NIs plasmon driven
nanoflower transformation after laser irradiation at 532, 633, and 976 nm. (c) UV–Vis spectra of Al
NIs and Al/Al2O3 structure.
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The difference occurs because the Al2O3 layer alters the polarizability and absorption
cross-section of the aluminum nanoparticles, increasing the heat production efficiency [30,31].
On the other hand, the alumina layer has a relatively higher thermal conductivity than
the glass substrate. Therefore, the heat transfer is more favorable through the alumina
layer rather than through the air and the glass substrate. Figure 6a shows a heat transfer
schematic diagram with and without the Al2O3 heat trapping layer. The arrow points
in the direction of the heat flow. A large amount of heat generated by the aluminum
nanoparticles around the sample can be transferred to it via the Al2O3 layer, reducing heat
diffusion into the air and the glass substrate, leading to an increase in the temperature of
the nanocrystals and an enhanced crystal transformation efficiency. In order to further
investigate the dependence of the Al2O3 layer enhanced crystal transformation efficiency,
the crystal irradiation time as a function of Al2O3 thickness is shown in Figure 6b. The
irradiation laser used in the experiment is 976 nm (23 mW). Firstly, the required irradiation
time is about 600 ms at a thickness of 5 nm Al2O3 and then decreases gradually within the
thickness range from 5 to 40 nm and finally plateaus at 40 ms from 40 to 70 nm. Initially,
as the thickness of the alumina increases, it enhances the heat transfer to the crystal and
raises the crystal temperature rapidly; later, as the thickness further increases, the mild
change in crystal temperature is not sufficient to affect the crystal transformation time. In
addition, NaYF4:Eu3+ was placed on a smooth glass or on only a 50 nm Al2O3 layer, and
the particles were irradiated with a 976 nm laser for 30 min (Figure S4). The nanoflower
spectra hardly changed before and after irradiation, indicating that the heat driving the
nanocrystal transformation mainly comes from the metal under laser irradiation.

Figure 6. (a) Schematic diagram of heat transfer in the system with and without the Al2O3 heat
trapping layer. (b) Crystal irradiation time for Al NIs as a function of Al2O3 thickness, from 5 to
70 nm.

With the Al2O3 heat-trapping layer, plasmon driven nanocrystal transformation is
also realized in low temperature environments. As shown in Figure 7a, the required
laser irradiation time increases from 2 s to 36 s with a decreasing temperature from 20 to
−60 ◦C. Although a longer irradiation time is required in low temperature environments,
nanocrystal transformation still occurs in an acceptably short time. In addition, both Al NIs
and the Al/Al2O3 structure can be stored stably in air for at least three months. As shown
in Figure 7b, the required transformation times for Al NIs with and without Al2O3 are both
well stabilized. Al oxides rapidly in air and forms a thin self-limiting oxide layer. Because of
the compact texture of alumina, it protects the metal inside from further oxidation, making
the plasmonic photothermal effects stable. Therefore, the plasmonic photothermal system
has very good heat production in low temperature environments and long-term storage
stability in air, which make it more suitable for practical applications.
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Figure 7. (a) Irradiation time in low-temperature environments with a laser power of 21.5 mW at
976 nm. (b) The stability of irradiation time for Al NIs and the Al/Al2O3 (50 nm) structure.

4. Conclusions

In summary, a fast crystal transformation from polycrystalline NaYF4 nanoflowers to
globular crystal Y2O3 is realized, with the self-assembled Al NIs with a thin Al2O3 layer as
a plasmonic photothermal substrate. It has been demonstrated that the Al/Al2O3 structure
can be excited by lasers with a wide range of wavelengths. The Al2O3 heat-trapping
layer is shown to facilitate the coupling of heat generated near the Al nano-islands into
the NaYF4:Eu3+ nanoflowers. The increased thickness of the Al2O3 layer enhances the
efficiency of the heat transfer, resulting in a faster crystal transformation rate. In addition,
the Al/Al2O3 structures show excellent photothermal effects even in low-temperature
environments and can be preserved in air for at least three months. The low cost, simple
preparation process, broad plasmon resonance activity and excellent stability make the
Al/Al2O3 structure potentially useful in solar thermal conversion.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano13050907/s1, Figure S1: (a) Optical and (b) AFM images
of the Al film without annealing (corresponding to I) and with annealing at 100 ◦C, 200 ◦C, 300 ◦C,
400 ◦C and 500 ◦C (corresponding to II–VI), respectively. Figure S2: (a) SEM image and (b) AFM
image of the Al/Al2O3 structure. (c) AFM image of 50 nm Al2O3 later. Figure S3: XRD pattern of
the as-synthesized NaYF4:Eu3+ nanoflower and the standard pattern of cubic-phase NaYF4 (JCPDS
No.77-2042). Figure S4: Luminescence spectra of NaYF4:Eu3+ (a) on a glass substrate without Al
NIs and (b) with 50 nm Al2O3 deposited on a glass substrate before and after 976 nm (23 mW) laser
irradiation for 30 min.
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Abstract: Oxide-supported Ag nanoparticles have been widely reported as a good approach to
improve the stability and reduce the cost of photocatalysts. In this work, a Ag-nanoparticles-doped
porous ZnO photocatalyst was prepared by using metal–organic frameworks as a sacrificial precursor
and the catalytic activity over 4-nitrophenol was determined. The Ag-nanoparticles-doped porous
ZnO heterostructure was evaluated by UV, XRD, and FETEM, and the catalytic rate constant was
calculated by the change in absorbance value at 400 nm of 4-nitrophenol. The photocatalyst with a het-
erogeneous structure is visible, light-responsive, and beneficial to accelerating the catalytic rate. Under
visible light irradiation, the heterostructure showed excellent catalytic activity over 4-nitrophenol
due to the hot electrons induced by the localized surface plasmon resonance of Ag nanoparticles.
Additionally, the catalytic rates of 4 nm/30 nm Ag nanoparticles and porous/nonporous ZnO were
compared. We found that the as-prepared Ag-nanoparticles-doped porous ZnO heterostructure
catalyst showed enhanced catalytic performance due to the synergetic effect of Ag nanoparticles and
porous ZnO. This study provides a novel heterostructure photocatalyst with potential applications in
solar energy and pollutant disposal.

Keywords: Ag nanoparticles doped porous ZnO heterostructure; photocatalysis; localized surface
plasmon resonance; synergetic effect

1. Introduction

Semiconductor nanomaterials have been widely explored in the field of photocatalysis
because of their unique electronic and optoelectronic properties. Under light irradiation,
photoexcited electrons (e−) and holes (h+) can be generated at the conduction band (CB)
and valence band (VB) if the energy absorbed by the semiconductor photocatalyst is greater
than the band gap. However, due to the recombination and poor optical cross-section in
the visible region, only part of the photogenerated e−–h+ pairs can be transferred to the
surface of the photocatalyst to drive the oxidation and redox reactions, resulting in a slow
reaction rate and low catalytic efficiency [1–4]. To speed up the catalytic reaction, noble
metal nanoparticles have been widely used due to their strong localized surface plasmon
resonance (LSPR) in the visible and near-infrared regions [5–9]. Intriguingly, the integration
of a semiconductor and noble metal nanoparticles is a successful example of a plasmon-
enhanced photocatalyst that can inhibit e−–h+ recombination, reduce activation energy,
open up new reaction pathways, lower the cost, and promote the effective utilization of
solar energy [10]. The hybrid nanostructures composed of a semiconductor and plasmon
metal nanoparticles are mainly designed as core–shell, noble metal nanoparticles deposited
on semiconductor surfaces, Janus structure, and so on [11]. According to the contact form,
they can also be divided into three types: embedded, encapsulated, and isolated forms [12].
Many approaches have been studied to add metal nanoparticles to semiconductor oxides,
for example, anchor metal nanoparticles on the surface of semiconductor nanostructure by
a microwave polyol process, electrodeposition, photodeposition [13–15], grown semicon-
ductor shell around the preprepared metal nanocore by reducing corresponding metal ions
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or cation exchange, or others [16–20]. Compared with other plasmon nanoparticles, oxide-
supported Ag nanoparticles (Ag NPs) have been widely studied as a high-performance
catalyst because of being easier to synthesize and having a stronger LSPR in the visible
region [21,22].

Metal–organic frameworks (MOFs) are crystalline materials formed by extensive
coordination of metal ions or clusters with organic linkers, characterized by high porosity,
large specific surface area, and adjustable pore size. Many kinds of nanoparticles have
been encapsulated in the cavities of MOFs [23,24]. Because of the instability of the organic
ligand, MOFs are used as a sacrificial precursor to obtain corresponding metal oxides by
thermal decomposition; fortunately, the porous structure can still be retained [25].

As one of the water pollutants, 4-nitrophenol (4-NP) has posed a serious threat to
human health; therefore, it is of great importance to reduce 4-NP to 4-aminophenol (4-AP),
which is less toxic [26]. One of the most popular photocatalysts for 4-NP reduction is noble
metal nanoparticles doped semiconductors. The heterostructure composed of a noble metal
and semiconductor can not only enhance light absorption but also increase the junction
interface, which is beneficial to electron transfer and accelerates the catalytic rate. In the
presence of light irradiation, the electron is transferred between metal nanoparticles and
semiconductors, so that the catalytic reactions are accelerated. However, the role of the hot
electrons excited by the LSPR of noble nanoparticles in a heterostructure was ignored in
most studies [27–31].

In this work, a new Ag NPs doped porous ZnO (Ag/p-ZnO) heterostructure material
that responds to visible light was successfully synthesized by calcining Ag+-doped MOFs.
The catalytic activity and mechanism of the heterostructure under dark, UV, and visible
light were analyzed. Four mixing kinds of 4 nm/30 nm Ag NPs and porous and nonporous-
ZnO (p and non-p-ZnO, respectively) over 4-NP were compared. The results showed that
in addition to the synergistic effect of the heterostructure, the LSPR of Ag NPs excited
by visible light also has a strong influence on the electron transfer efficiency from NaBH4
to 4-NP. These findings help to understand the importance of plasmon catalysis from
noble nanoparticles in the heterostructure and design of a photocatalyst with a reasonable
structure and effective absorption of visible light.

2. Experimental

2.1. Materials

In this study, we used zinc nitrate hexahydrate (Zn(NO3)2·6H2O), zinc acetate (Zn(CH3
COO)2), sodium hydroxide (NaOH), adenine (C5H5N5), 4,4’-stilbenedicarboxylicacid
(C16H12O4), N, N-dimethylformamide (DMF), purchased from Sigma-Aldrich, St. Louis,
MO, USA. Silver nitrate (AgNO3), sodium borohydride (NaBH4), 4-nitrophenol (4-NP), and
hexadecyl trimethyl ammonium chloride (CTAC), purchased from Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China. All of the reagents and solvents were used without
further purification.

2.2. Materials Sample Preparation

The process for preparing the Ag/p-ZnO heterostructure is shown in Figure 1a. The
MOFs were prepared via a solvothermal reaction according to the previously reported
method with minor modifications [32]. To obtain more uniform nanospheres, except for
the reaction carried out under magnetic stirring at 85 ◦C for 5 h in the water bath, the other
conditions remain unchanged. The Ag/p-ZnO heterostructure were prepared according
to the previously reported method with minor modifications [33]. The as-prepared MOFs’
aqueous solution was soaked in AgNO3 solution and continuously stirred for 3 h at
room temperature; in the meanwhile, Me2NH2

+ was replaced by Ag+ via a simple cation
exchange process as well as the strong interactions between Ag+ and the nitrogen atoms of
the adenine linkers [34,35]. Ag+-doped MOF composites were collected by centrifugation,
then the excess Ag+ on the surface of MOFs was washed away using DI water and dried
at 60 ◦C for 12 h again. Finally, the Ag+ was reduced into Ag NPs, MOFs were thermally
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decomposed into p-ZnO at 500 ◦C in air for 2 h at a heating rate of 5 ◦C/min, and the
powder of the Ag/p-ZnO composite was obtained.

Figure 1. Ag-doped porous ZnO. (a) The synthesis procedures of Ag+ doped MOFs via cation
exchange and Ag/p-ZnO heterostructure by calcining. (b) XRD patterns of Ag/p-ZnO. (c) TEM
image of sample Ag/p-ZnO.

First, 4 nm Ag NPs were synthesized by mixing an aqueous solution of CTAC (10 mL,
0.1 M) and AgNO3 (250 mL, 0.01 M); then, the solution became dark brown when NaBH4
(60 μL, 0.1 M) was added under rapid stirring. The 4 nm Ag NPs were obtained by
continuously stirring for 2 min. We synthesized 30 nm Ag NPs according to the previously
reported method [36]. The non-p-ZnO was prepared via a solvothermal reaction. The
aqueous solution of Zn(CH3COO)2 (27.2 mL, 0.2 mol/L) was added to a beaker flask, then
a NaOH aqueous solution (7.8 mL, 2.8 mol/L) was added drop by drop under continuous
magnetic stirring for 10 min. After that, the sample was transferred into a Teflon-lined
stainless-steel autoclave kept at 180 ◦C for 24 h, cooled to room temperature, then washed
with DI water 2~3 times.

2.3. Structural and Optical Characterization

The structure and morphology of Ag/p-ZnO were characterized by X-ray diffraction
(XRD, Bruker AXS, D8 advance, Karlsruhe, Germany ad field-emission transmission elec-
tron microscope (FETEM, J-2100, JEOL, Chiyoda, Japan); the UV–vis absorption spectrum
was measured by a Perkin Elmer Lambda 950 spectrometer (Perkin Elmer, Lambda 950,
Shanghai, China).

2.4. Catalytic Reduction of 4-NP

Typically, the catalyst was added to a mixture of 1 mL 4-NP (0.4 mM) and 1 mL NaBH4
(40 mM) aqueous solution and immediately shaken homogeneously, and then transferred
to a cuvette. The absorption spectra were collected from 300 to 500 nm. The corresponding
mass and volume are shown in Table S1. For the blank experiment, 1 mL of 4-NP was
mixed with 1 mL of NaBH4 without catalyst, and the Ag NPs solution was replaced by the
same volume of DI water when 5.705 mL. A conventional 3 W UV and visible LED with
3 W was used as the light source.
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3. Results and Discussion

3.1. X-ray Diffraction and Field Emission Transmission Electron Microscope

The XRD patterns indicated that the Ag/p-ZnO heterostructures are highly crystalline
(Figure 1b). All diffraction peaks could be attributed to hexagonal ZnO (JCPDS PDF NO.38-
1451) or cubic Ag (JCPDS PDF NO.04-0783). The FETEM image of sample Ag/p-ZnO
(Figure 1c) showed that the Ag NPs were embedded in p-ZnO.

3.2. Catalytic Performance

The catalytic performance of the prepared sample Ag/p-ZnO was studied for the
reduction hydrogenation reaction of 4-NP using a NaBH4-assisted reducing agent in an
aqueous solution, as shown in Figure 2a. In the absence of a catalyst, electrons cannot
directly transfer from NaBH4 to 4-NP; therefore, they do not react and show a yellow-green
color [37]. Once the catalyst was added, 4-NP reduced to 4-AP; at the same time, the
yellow-green color gradually faded away and the intensity of 4-NP absorption spectra at
400 nm drastically decreased. As shown in Figure 2b, the Ag/p-ZnO sample showed the
catalytic ability for 4-NP reduction under natural light, with digital photos of color changes
in the insert.

Figure 2. Catalytic reaction of 4-NP to 4-AP. (a) The catalytic reaction equation. (b) Time-dependent
UV–Vis spectra showing gradual reduction of 4-NP over the sample Ag/p-ZnO collected in the
cuvette under natural light, with digital photos of color changes before (left) and after (right) the
reaction inserted.

To study the influence of light on the catalytic rate, the reaction was performed in the
dark, under UV, and with visible light irradiation. The kinetic equation for the reduction
can be written as Ln(Ct/C0) = Ln(At/A0)= −kappt, where Ct/At and C0/A0 represent the
concentration/absorbance of 4-NP at time t and t0, respectively; therefore, the rate constant
kapp (min−1) can be obtained by the slope of Ln(Ct/C0) versus the reaction time (min) [38].
In Figure 3, according to the change of the slope, it can be observed that regardless of
being in the dark or under light irradiation, the Ag/p-ZnO heterostructure showed the
catalytic ability for 4-NP reduction and relatively high catalytic activity under visible light
irradiation. Additionally, the slope exhibits little difference whether in the dark or under
UV light irradiation.

Figure 3. Plots of Ln(Ct/C0) versus the reaction time for the reduction of 4-NP over Ag/p-ZnO in
the dark, and under UV and visible light irradiation.
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3.3. Catalytic Mechanism

It is thought that there are two pathways for electron transfer between Ag NPs and
p-ZnO under light irradiation, as shown in Figure 4. The wavelength of the irradiated
light determines which component of the heterostructure is excited. Under UV light, the
electrons transfer from p-ZnO to Ag NPs, while under visible light, the electrons transfer
occurs from Ag NPs to p-ZnO. Under UV light, the photons are absorbed by p-ZnO, then
e− and h+ are generated from CB and VB, respectively. The photoexcited electrons transfer
from CB to Ag NPs due to the Schottky barrier at the interface; as a result, the recombination
of e−–h+ pairs is effectively prevented. The Ag NPs serve as sinks and promote charge
separation. Under visible light, due to the strong LSPR effect from Ag NPs, a large number
of photoexcited hot electrons are produced on the surface of Ag NPs, which overcome the
Schottky barrier during the decay of the LSPR and transfer from Ag NPs to CB [15,39].
Based on the above experimental results, it can be seen that visible light plays a more
important role in promoting the catalytic rate than that under UV light. The results showed
that the hot electrons induced by the LSPR of Ag NPs more easily transfer between Ag NPs
and p-ZnO, and the catalytic rate is improved.

 

Figure 4. Schematic diagram of photocatalytic mechanism Ag/p-ZnO heterostructure under (a) UV
and (b) visible light.

Without light, the proposed catalytic mechanism is as follows: both 4-NP and NaBH4
are adsorbed on the surface of Ag/p-ZnO, and NaBH4 in an aqueous solution reacts with
hydroxyl-containing substances such as water, slowly releasing H2, which is dissociated
into polar hydrogen Hδ− and Hδ+ by Ag NPs. Hδ− forms Ag-H on the surface of Ag NPs,
which can reduce -NO2 to -NH2 [40].

The effect of the content of Ag NPs in a Ag/p-ZnO heterostructure on the reduction
rate was examined. The content of Ag NPs in Ag/p-ZnO heterostructure could be altered
by changing the concentration of AgNO3, as shown by the different colors of powder in
Figure S1. They were labeled as p-ZnO, Ag/p-ZnO-1 to -5. The XRD patterns are shown
in Figure S2. Due to the ratio of silver to adenine, which could induce the transformation
of MOFtoMOF, p-ZnO was surrounded by Ag NPs [34]. The UV–Vis absorption spectra
(Figure S3) of p-ZnO showed a sharp absorption peak at about 370 nm due to excitonic
absorption [41], while a broad absorption peak at 420–800 nm was due to the surface
plasmon resonance (SPR) of Ag NPs with uneven size [42]. The absorption peak of p-
ZnO gradually decreased with the increase in Ag NP loading. For samples Ag/p-ZnO-4
and Ag/p-ZnO-5, the Ag NPs absorption peak became a diagonal line, while the p-ZnO
absorption peak gradually decreased. The most likely explanation for such changes is that
Ag NPs were aggregated.

As the heterostructure showed a high catalytic rate under visible light, the following
catalytic experiment was conducted under natural light. The catalytic activity of the
heterostructure was optimized, as shown in Figure 5. The catalytic conversion of 4-NP over
Ag/p-ZnO heterostructure under natural light was shown in Figure S5. The catalytic rate
and conversion are shown in Table S2. Sample Ag/p-ZnO-1 showed excellent catalytic
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activity with a rate of about 0.482 min−1 and conversion of 99%. However, we observed
that the content of Ag NPs was not directly proportional to the reaction rate. For example,
Ag/p-ZnO-4 and Ag/p-ZnO-5 samples had higher Ag NPs content, but the catalytic rate is
reduced by about four to five times. Compared with the Ag/p-ZnO sample, the p-ZnO
sample had a lower catalytic rate, so we concluded that a small amount of Ag NPs doping
will greatly improve the reaction rate.

Figure 5. Plots of Ln(Ct/C0) versus the reaction time for the reduction of 4-NP over the Ag/p-ZnO
heterostructure under natural light.

In addition to the wavelength of radiation light and the content of Ag NPs, the contact
form between Ag NPs and ZnO also affected the catalytic rate. Comparative experiments
were conducted under natural light, as shown in Figures 6 and S6. The mixture of p-ZnO
and 30 nm Ag NPs showed higher catalytic activity than that of non-p-ZnO and 4 nm
Ag NPs. However, despite the Ag NPs being attached to the surface of p/non-p-ZnO,
their catalytic rates were not as fast as that of the Ag/p-ZnO heterostructure. p-ZnO had
a large specific surface area and possessed more active sites; additionally, the embedded
structure provided more contact interface between Ag NPs and p-ZnO, forming separated
“islands” at the heterointerface [22]. We concluded that the excellent catalytic activity of
the Ag/p-ZnO heterostructure is due to the Schottky barriers formed between Ag NPs
and p-ZnO. The adequate contact surface between Ag NPs and p-ZnO not only facilitates
electron transfer but also significantly enhances the catalytic performance of 4-NP.

Figure 6. Plots of Ln(Ct/C0) versus the reaction time for the reduction of 4-NP over different catalysts
under natural light.

4. Conclusions

In summary, a new visible-light responsive Ag/p-ZnO heterostructure photocatalyst
was successfully synthesized using MOFs as the sacrificial precursor. The excellent catalytic
performance for 4-NP indicates that the light-excited hot electrons from the LSPR can
greatly accelerate the electron transfer from NaBH4 to 4-NP. The rate constant of the
heterostructure over 4-NP can reach about 0.482 min−1 and is 40 times faster than that of
p-ZnO under natural light. By comparing the catalytic activity of the heterostructure with
that of four mixing kinds of 4 nm/30 nm Ag NPs and p/non-p-ZnO, we propose that the
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catalytic rate is affected by direct contact forms. Increasing the junction interface as much
as possible between Ag NPs and p-ZnO is not only favorable for the catalytic reaction, but
reduces the aggregation of Ag NPs. Our findings help with understanding the electron
transfer process of heterostructure and designing a low-cost photocatalyst that is more
environmentally friendly.
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//www.mdpi.com/article/10.3390/nano12162863/s1. Figure S1: Digital photos of p-ZnO with
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Figure S3: This is a figure. Schemes follow the same formatting. The UV-visible absorption spectra
of Ag/p-ZnO with different Ag NPs loading; Figure S4: Time-dependent UV-vis spectra showing
gradual reduction of 4-NP over Ag/p-ZnO collected at 1 min intervals continuously under natural
light; Figure S5: Catalytic conversion of 4-NP over Ag/p-ZnO heterostructure under natural light;
Figure S6: Comparative mixture catalysts collected at 1 min intervals continuously under natural
light. (a) 1 mg-p-ZnO + 0.27 mg 4 nm Ag NPs, (b) 1 mg-p-ZnO + 0.27 mg 30 nm Ag NPs, (c) 1 mg-non-
p-ZnO + 0.27 mg 4 nm Ag NPs, (d)1 mg-non-p-ZnO + 0.27 mg 30 nm Ag NPs; Table S1: Sample mass
and concentration of reaction solution required for catalytic reaction; Table S2: The rate constants
kapp (min−1) and conversion rate calculated from Figures 5 and S5.
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Abstract: In this work, we used multi-scale computational simulation methods combined with density
functional theory (DFT) and finite element analysis (FEA) in order to study the optical properties of
substitutional doped aluminium nitride (AlN). There was strong surface plasmon resonance (SPR) in
the near-infrared region of AlN substituted with different alkali metal doping configurations. The
strongest electric field strength reached 109 V/m. There were local exciton and charge transfer exciton
behaviours in some special doping configurations. These research results not only improve the
application of multi-scale computational simulations in quantum surface plasmons, but also promote
the application of AlN in the field of surface-enhanced linear and non-linear optical spectroscopy.

Keywords: impurity controlled; surface polarirons; plasmon

1. Introduction

Surface plasmons (SPs) are coherent electron collective oscillations (CEO) that prop-
agate along the interface with electromagnetic waves, and are prevalent at the interfaces
of different materials [1,2]. SPs are typically observed in nano-scale metal and non-metal
interfaces. Due to the nature of the interface and the electromagnetic field mode, some
SPs are limited to a small region (LSPRs) [3,4], and some SPs will propagate along various
paths (PSPPs) [5,6]. These two different SPs are commonly referred to as localised surface
plasmons and propagated surface plasmons, respectively. The former are widely used
to enhance weak signals, such as surface-enhanced Raman spectroscopy (SERS) [7–9],
tip-enhanced Raman spectroscopy (TERS) [10–13], and surface-enhanced fluorescence. The
latter plays an irreplaceable role in remote photocatalyst reactions and integrated optical
devices, such as miniature optical waveguides and modulators. The SPs’ materials are
widely used in these fields, in which SPs resonance (SPR) is distributed in ultraviolet
or visible light regions. For some special applications, such as optical communication,
biological detection in vivo, and photon medicine [14,15], SPR in the near-infrared band
is more prevalent. However, due to the rapid development of non-linear optics, SPR
also plays a very important role in some non-linear optical spectroscopy fields, such as
surface-enhanced two-photon excited fluorescence (SE-TPEF) [16–18], second harmonic
generation (SE-SHG) [19], and coherent anti-Stokes–Raman scattering (SE-CARS) [20].
These applications require that the intensity of femtosecond lasers be enhanced in the
near-infrared region, making the development of near-infrared SPs with improved SPR
properties imperative. To generate SPs, the real part of a material’s complex dielectric
function must be negative in a certain wavelength range, and the imaginary part should
be as large as possible. Because almost all metals, especially Ag and Au [21], meet these
conditions in this region, these two precious metals are often used in SPs to enhance Raman
or fluorescent signals. Therefore, regulating the dielectric function of materials is very
important to extend the application of SPs. Heterostructure and doping are often used to
regulate a material’s properties. However, obtaining a material’s accurate dielectric func-
tion after doping and modification is challenging. Common methods include traditional
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Drude [22–24] models and equivalent media theory [25–27]. However, the practical effects
of these methods on calculating the dielectric functions of doped and low-dimensional
systems are very modest. Because these situations involve quantum mechanical effects,
more precise quantum mechanical methods are needed.

Density functional theory (DFT) is an ab initio quantum mechanical algorithm that
does not rely on any empirical parameters [28]. It is a reliable condensed matter physics
and first-principles theory that can accurately calculate the electronic structure and op-
tical properties of materials [14]. Because exchange-correlation functionals in DFT can
thoroughly describe the exchange-correlation effects between electrons in a multi-electron
system, this method is universally applicable to materials composed of various elements,
and is not limited to the crystal structures and components. The Finite Element Analysis
(FEA) is the simulation of any given physical phenomenon using the numerical technique
called Finite Element Method (FEM) [29]. AlN is a common, traditional semiconductor
material similar to gallium nitride (GaN) [30–32]. AlN was first synthesised in 1877. By
the 1980s, aluminium nitride was widely used in microelectronics [33–35]. The stability
of doped nano-cages is evaluated through binding energy calculations [36–39]. Unlike
beryllium oxide, aluminium nitride is non-toxic. Aluminium nitride is treated with metal
and can replace alumina and beryllium oxide in many electronic devices. AlN’s energy gap
is as high as 6.2 eV, which is measured in vacuum ultraviolet reflectance.

In this work, we conducted theoretical research on the electronic structure, optical
properties, and SPR characteristics of a disk array using DFT on alkali doped AlN crystals.
After the Li atom replaces the Al atom, the local electric field intensity between the disks at
1300 nm is as high as 109 V/m. This excellent property can be applied in many fields that
require near-infrared SPR, such as biomedicine, Raman spectroscopy, non-linear optics,
and non-linear surface plasmons. The multi-scale calculation method used in this work,
that is, the method of analysing the surface plasmon properties of a doped system through
quantum mechanical calculations, can guide theoretical research into the optical properties
of materials under the same conditions.

2. Materials and Methods

We established an AlN hexagonal lattice using DFT calculations. Two thiophenes
are used as the smallest repeating units. The periodic boundary direction is consistent
with the polymer’s length direction. A vacuum layer of 15 Å is present in the other two
directions. The atomic centre basis set and the GGA-PBE functional [40,41] are calculated
using the QuantumATK-2018.06-SP1 software package [42,43]. Full optimisation of the
atomic geometry is performed until all of the components of the residual forces are less
than 0.05 eV/Å and the total energy converges within 10−6 eV. The k-mesh is 7 × 7 × 1
and the cut-off energy is 1200 eV. Using the same cut-off energy in the optical property
calculations, LCAO (linear combination of atomic orbitals) is used for the basis set, the
k-mesh increases to 15 × 15 × 1, and the self-consistent field convergence limit increases
to 10−8 eV. With the current calculation experience, the calculation method chosen in this
paper is more accurate [29,44–46].

3. Results and Discussion

3.1. Crystal Lattice Structures

In this work, the geometries and optical properties of different alkali metal atom
substitution doping AlN crystal cells are calculated via the ab initio method. The crystal
structures optimised by DFT are shown in Figure 1. Alkali metals are doped in two
configurations. In the first, alkali metal atoms occupy the position of N atoms in AlN
crystals. As shown in Figure 1c–e, one N atom at the same position is replaced with Li, Na,
and K atoms, respectively. Since the AlN crystal point group belongs to D3h, it is equivalent
to substituting any N atom. After the N atom is replaced by three alkali metals, compared
with the intrinsic AlN structure (Figure 1a), the structure after doping undergoes relatively
large changes. The alkali metal shifts from the original N atom position and squeezes the
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Al atom position. Due to the different radii of alkali metal atoms, the coordination mode
of the atoms changes considerably. However, when the alkali metal atom replaces the Al
atom, the crystal structure inevitably changes, as shown in Figure 1f–h. When Li atoms
and Na atoms are substituted with Al atoms, the crystal structure changes only slightly, as
shown in Figure 1f,g. This is because the atomic radii of the Li atoms and Na atoms are
not significantly different from those of the Al atom. However, the radius of the K atom is
relatively large (Figure 1h), so when the K atom replaces the Al atom, the crystal distortion
is large.

Figure 1. The crystal structure (a) and k-space schematic diagram (b) of intrinsic AlN. The (c–h) are
the alkali metal substitution (N@Li, N@Na, N@K, Al@Li, Al@Na, Al@K) doping AlN crystal lattices,
respectively.

3.2. Electronic Structure

Changes in the crystal structure can cause differences in the electronic structure. As
shown in Figure 2a, the electronic band structure of AlN is a classic insulator material.
The top of the valence band and the bottom value of the conduction band occur at the
gamma point (Γ). The inter-band transition in AlN is a direct transition. The p orbital of
the N atomic contribution plays a key role in the valence band, and the conduction band
is contributed by the s and p orbitals of the Al atom. The real part of different cartesian
component dielectric functions of AlN is greater than zero. Therefore, there are no strong
interactions between electromagnetic waves and AlN. There is surface plasmon polarisation
on the material surface where the real part of the dielectric function is less than zero and
the imaginary part is as large as possible. The imaginary part of the dielectric function is
greater than zero, and the real part is greater than zero. The peaks of the imaginary part of
the dielectric function of AlN occur in the deep ultraviolet region. These properties limit
the application of AlN on SPR, especially the optical and optoelectronic properties.
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Figure 2. The projected electronic energy band structure, density of states (DOS) spectra (a) and
frequency dependent isostropic dielectric function (b) of intrinsic AlN.

After doping, the electronic structure of AlN changes dramatically. First, replacing the
Al atom position with Li or Na atoms causes the Fermi level to enter the original valence
band. Near the Fermi level, no impurity level appears in the forbidden band, as shown in
Figure 3a,b. However, the entry of the Fermi level into the valence band significantly affects
the electronic transition. According to the DOS spectrum, there is a large state density
above and below the Fermi level, so strong intra-band transitions occur. After the K atom
replaces the Al atom (Figure 3c), there are no impurity levels in the forbidden band, but
some p and d orbital components of the K atom are mixed into the conduction band, and
the width of the forbidden band (Eg) decreases. Although Eg decreases, it is still large for
electronic transitions (~4 eV). Second, after the Li atom replaces the N atom position, the
Fermi level enters the conduction band, as shown in Figure 3d. In addition, there is no
small state density near the Fermi level. Therefore, in this configuration, there are no small
in-band transitions. Unlike the substitution of Li atoms for Al atoms, this is an in-band
transition of the conduction band, and it causes the transition in the p orbit of the Al atom.
Third, after the Na and K atoms replace the N atoms, Eg significantly decreases. However,
the Fermi level remains in the forbidden band, and the density of states near the Fermi
level is not small, as shown Figure 3e,f. Thus, there are no small inter-band transitions in
these two configurations. Unlike the first five configurations, after the K atom replaces the
N atom, the impurity level of the K atom appears in the forbidden band (Figure 3f), and the
Fermi energy level is the K atom contribution and the Al atom contribution, respectively.
Therefore, not only the inter-band transition but also the charge transfer transition occurs
in this doped configuration. The metal–insulator transition depends on the relationship
between the Fermi energy level and the energy band. When the conduction band or valence
band of the intrinsic material overlaps or interleaves with the Fermi energy level, the
metal–insulator transition will occur, and of course topological phenomena may also occur.
This is also shown in the dielectric constant below. In summary, when Li atoms and Na
atoms are substituted with Al atoms, intra-band transitions on N atoms in the valence band
occur. When the Li atoms are substituted by N atoms, there are intra-band transitions on
the Al atoms inside the conduction band. When the Na atoms and K atoms are substituted
by N atoms, low-band transitions and charge transfers occur in the crystal.
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Figure 3. (a–f) are the electronic structures (projected energy band structure and DOS spectra) of
alkali metal substitution (Al@Li, Al@Na, Al@K, N@Li, N@Na, N@K,) doping AlN, respectively.

3.3. Optical Properties of Doping AlN

Changes in the electronic structure can drastically affect the optical properties. Accord-
ing to the prior description, intra-band transitions and low-energy inter-band transitions
occur in many configurations after doping. Therefore, the dielectric functions of the six
configurations are calculated separately. Of course, the DFT theory does not consider
temperature effects, but the ab initio molecular dynamics theory that considers temperature
has little effect on the permittivity. Since AlN is a uniaxial crystal, the dielectric functions
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in the x and y orientations are equal. The dielectric functions of the three types of AlN and
doped AlN are shown in Figure 4, respectively. Figure 4a,c and Figure 4b,d demonstrate
cases in which Al atoms and N atoms are replaced, respectively. A necessary condition
for the existence of a surface plasmon at a certain wavelength position is that the real part
of the dielectric function is less than zero, and the imaginary part is not equal to zero.
Because this is the dielectric property of metals, surface plasmons are originally found
on rough precious metal surfaces. First, when Li atoms and Na atoms are substituted
with Al atoms, the real part of the dielectric function in the xx orientation is less than
zero in the near-infrared region, as shown in the top half of Figure 4a. However, when K
atoms are substituted with Al atoms, the dielectric function has no properties in the visible
and near-infrared regions that can help excite the surface plasmons. This is discussed
in Section 3.2. Although the forbidden band width decreases, the inter-band transition
remains in the ultraviolet region. For the z orientation shown in Figure 4c, when Li atoms
replace Al atoms, the real part of the dielectric function also has a certain negative value,
and the imaginary part in the corresponding region is not small. Thus, there may also be
surface plasmons in the z direction. The same phenomenon also occurs after three kinds
of alkali metal atom substitution types are doped at the N atom position, as shown in
Figure 4b. After Li atoms are doped with N atoms, the dielectric function is less than zero
in a long near-infrared region, and the value is large, reaching below −10 a.u. However,
in N atom and K atom substitution doped N atoms, although there is a certain negative
dielectric function at approximately 800 nm, the value is very small. This is because when
the two doping configurations are used, the material has the properties of a semiconductor
with a relatively small Eg. Therefore, in this configuration, excitons should appear in the
near-infrared region, not surface plasmons.

Figure 4. The xx and zz orientation dielectric function of alkali metal substitution (Al@Li, Al@Na,
Al@K) (a,c) and (N@Li, N@Na, N@K,) (b,d) doping AlN.
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The absorption spectrum can characterise the interaction strength between materials
and electromagnetic waves. The absorption coefficient is defined as follows:

α =

√√√√√
ε2

1 + ε2
2 − ε1

2
, (1)

where ε1 and ε2 are the real and imaginary parts of the dielectric function, respectively.
Therefore, the absorption spectrum can be used to comprehensively analyse the effect of
the complex dielectric function. When Li and Na atoms replace Al atoms, they cause strong
absorption in the near-infrared region, indicating the presence of surface plasmons, as
shown in Figure 5a. When K atoms are substituted, there is almost no absorption coefficient
in the visible and near-infrared regions, as demonstrated in Figure 5c. However, when Li
atom substitutional doping is performed, since the material also exhibits metallic properties,
it also has a strong absorption peak, as shown in Figure 5b,d. After the Na atoms and K
atoms replace the N atoms, the system exhibits semiconductor properties, so the absorption
spectra are very close.

Figure 5. The x and z orientation absorption coefficients of alkali metal substitution (Al@Li, Al@Na,
Al@K) (a,c) and (N@Li, N@Na, N@K,) (b,d) doping AlN.

3.4. Plasmonic and Exciton Properties

Based on the prior discussion, a surface plasmon analysis is performed for configu-
rations that may have surface plasmons or exciton behaviour. The AlN disk array model
is applied to the analysis of surface plasmons. This is because in materials with surface
plasmons, there are hot spots between the disks. Therefore, in the FEA model, a disk array
with a radius of 40 nm and a thickness of 20 nm with a gap of 10 nm is placed on the Si
surface, as shown in Figure 6a. This is the most common array configuration. Because this
work emphasises the effect of the material’s properties on the surface plasmons, the fixed
model size only studies the SP properties of different doping configurations. Figure 6b
shows the transmission spectra of a disk array with different doping configurations. The
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transmission spectra peaks indicate the presence of SPR at this position. This is also where
the electric field strength is strongest. The figure demonstrates that the positions of the SPR
peaks are different, but they all occur in the near-infrared region. Therefore, in addition
to the configuration in which the K atom replaces the Al atom, the near-infrared SPR
exists in other configurations. The absolute value of the transmission spectrum of the first
three configurations in Figure 6b is relatively large because these three configurations have
metallic properties. The latter two configurations exhibit semiconductor properties, and
the absolute value of the transmission spectrum is relatively small. Correspondingly, the
electric field intensity of the first three configurations is strong and the wavelength is longer
in Figure 6c, while the electric field intensity of the latter two configurations is weaker and
the wavelength is shorter.

Figure 6. Cont.
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Figure 6. (a) The AlN disks array model of FEA analysis. The transmission spectra (b) and maximum
electric field strength (c) of various configurations. (d–h) The top views of electric field mode of Al@Li,
Al@Na, N@Li, N@Na, and N@K doping AlN, respectively. The carmine arrows are the direction of
SPs polarization modes.

According to the prior analysis, there is a charge transfer exciton in the last con-
figuration. As previously mentioned, the nature of the first three configurations and
electromagnetic field interaction is SPR, so the electric field model diagram demonstrates
that the locality of the electromagnetic field is very strong, as shown in Figure 6d–f. Never-
theless, the nature of the latter two configurations is exciton, so the locality is weaker (the
electric field mode in the diagram in Figure 6g,h looks “brighter”). However, although the
electric field modes are all similar, the polarisation directions of SPR differ significantly.
When Li atoms are substituted with AL atoms, the SPR wavelength is the longest, and
the polarisation direction inside the material is very stable, while the net polarisation at
the hot spot is almost zero, as shown in Figure 6d. In the latter two SPR materials, the
polarisation inside is partially stable, while the polarisation direction at the hot spot is
opposite to the polarisation of the incident electromagnetic wave. The polarisation of the
two semiconductor-type doped configuration disks is minimal. When Li atoms are doped
with N atoms, the real part of the dielectric function has the smallest value, and there is a
maximum electric field strength at 1000 nm, which reaches approximately 109 V/m.

4. Conclusions

In this work, we conducted multi-scale computational simulation studies on the quan-
tum surface plasmon and exciton properties of AlN doped with alkali metal substitutions
at different positions. Depending on the doping type and location, a large SPR intensity
exists in the near-infrared region. In Al@Li, Al@Na, and N@Li configurations, SPR occurs at
1400 nm and 1000 nm, respectively. At 800 nm, there are excitons in N@Na and N@K config-
urations, especially charge transfer excitons in N@K configurations. This paper starts from
the atomic scale, simulates the optical properties of AlN doped by quantum mechanical
frameworks, and analyses the surface plasmons. AlN modification improves the near-
infrared surface plasmon properties (the electric field strength reaches almost 109 V/m),
promoting their applications in non-linear optics, CARS, and SRS surface enhancement.
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Abstract: Exciting Fano resonance can improve the quality factor (Q-factor) and enhance the light
energy utilization rate of optical devices. However, due to the large inherent loss of metals and
the limitation of phase matching, traditional optical devices based on surface plasmon resonance
cannot obtain a larger Q-factor. In this study, a silicon square-hole nano disk (SHND) array device is
proposed and studied numerically. The results show that, by breaking the symmetry of the SHND
structure and transforming an ideal bound state in the continuum (BIC) with an infinite Q-factor into
a quasi-BIC with a finite Q-factor, three Fano resonances can be realized. The calculation results also
show that the three Fano resonances with narrow linewidth can produce significant local electric
and magnetic field enhancements: the highest Q-factor value reaches 35,837, and the modulation
depth of those Fano resonances can reach almost 100%. Considering these properties, the SHND
structure realizes multi-Fano resonances with a high Q-factor, narrow line width, large modulation
depth and high near-field enhancement, which could provide a new method for applications such as
multi-wavelength communications, lasing, and nonlinear optical devices.

Keywords: Fano resonance; anapole resonance mode; toroidal dipole (TD) mode; quality factor (Q-factor)

1. Introduction

The quality factor (Q-factor) can represent the energy limiting efficiency of optical in-
teraction between the external environment and a material. High Q-factor resonators have
an important role in various fields of optical applications, such as nonlinear optics [1–3],
optics sensors [4], lasers [5], and optical switches [6]. Fano resonance, produced by the
destructive interference between discrete and continuous states, can form a typical sharp
asymmetrical line shape and is an effective method used to achieve a high Q-factor in
metasurfaces [7,8]. In the past few years, researchers have discovered that metal meta-
surfaces based on plasmonic resonance can generate Fano resonance [9,10]. However, a
clear shortcoming is that the inherent ohmic loss of a metal metasurface is very large,
which reduces the utilization rate of light energy [11]. Meanwhile, Fano resonances formed
in the metal metasurface are mainly electric resonances, such as electric dipole, electric
quadrupole, and high-order electrode modes, which will also cause serious radiation loss
and render Q-factor enhancement difficult [12]. For both cases, because ohmic loss is an
inherent property of a metal metasurface and is difficult to change, there is a need to design
a special metal metasurface structure, such as the split ring structure [13,14], to excite
the magnetic resonance modes and reduce energy loss, which can increase the Q-factor.
Unfortunately, this method can limit the freedom of optical device design and severely
limit practical applications.
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Several studies have shown that a high-refractive-index all-dielectric metasurface [15,16]
can significantly reduce ohmic and radiation losses, which can achieve a high Q-factor Fano
resonance not matchable by a metal metasurface based on plasmon resonance. Compared
to a metamaterial based on plasmonic resonance, where resonances are often dominated
by electric resonance modes, all-dielectric metasurfaces can support a series of BIC and
Mie resonances. Bound states in the continuum (BIC) represents an ideal physical system,
which can also be referred to as capture mode. The energy is confined in the resonant
cavity, showing zero radiation loss, and has the characteristic of an infinite Q-factor. By
breaking the symmetry of the all-dielectric metasurfaces, a channel for energy leakage
into free space is provided and BIC can be converted into quasi-BIC with a finite Q-factor,
which is called the leakage mode. It is an effective method to obtain a high Q-factor
in all-dielectric metasurfaces [17–20]. Mie resonance means that when electromagnetic
waves are irradiated on dielectric particles, they will interact with each other to realize
scattering in response to electric or magnetic fields [21,22]. This can not only generate
electric resonance modes but also generate magnetic and toroidal resonance modes [23,24],
thereby significantly reducing radiation loss. Currently, electric dipole (ED), magnetic
dipole (MD) and toroidal dipole (TD) resonances are considered to represent the three types
of fundamental modes of electromagnetics. ED resonance is generated from the separation
of negative and positive charges; MD resonance is induced by the closed circulation of
electric current; and TD resonance can be produced by a pair of adjacent current loops with
opposite MD moments, as proposed by Zel’dovich in 1957 [25] and first experimentally
observed in 2010 [26]. In an all-dielectric metasurface, the fundamental resonance is a series
of magnetic resonance modes, which are useful for the confinement of the incident field
within the metamaterial, leading to near-field enhancement inside the dielectric devices
so that magnetic Fano resonance can be easily induced [27,28]. When the ED and TD
resonances overlap, scattering the amplitude and antiphase, the non-radiating anapole
mode can be generated [29,30]. Owing to the non-radiating character and efficient energy
confinement of the anapole mode, a high Q-factor resonance can be achieved, which has
important application in nano-lasers [31,32] and enhances nonlinear effects [33,34].

As the wide application of multiplexing methods in various devices has developed,
the research focus on optical Fano resonance has also expanded from single Fano resonance
to multi-Fano resonance [35,36]. Multi-Fano resonance can be used efficiently in a multi-
channel biosensor and multi-band slow-light device. As recent studies have shown, multi-
Fano resonance is useful in enhancing multi-band multi-harmonic generation, such as
second and third harmonic generation [37], where different Fano resonances match different
fundamental wavelengths and different harmonic wavelengths.

In this article, an all-dielectric silicon square-hole nano disk (SHND) array metasurface
was designed and evaluated. Similar structures have been proposed previously. For
example, Algori et al designed two metasurfaces based on hollow nanostructures with
Q-factors of 2.5 × 106 and 1.71 × 106, but only one Fano resonance was excited [38,39],
while Jeong et al. designed a dielectric metasurface structure in which two Fano resonances
were excited with a Q-factor of 728 [40]. In the present investigation, by adjusting the inner
square along the x-axis and breaking the symmetry of the all-dielectric metasurface, the
BIC mode with an infinite Q-factor was transformed into a quasi-BIC mode with finite
size, which induced triple Fano resonance. The influence of the extinction coefficient on
Q-factor was investigated. Then, applying multilevel decomposition theory, it was found
that the anapole, toroidal, magnetic quadrupole, and MD resonance modes were excited
simultaneously. All the three Fano resonances were based on magnetic resonance and
showed a high Q-factor because of weak radiative and non-radiative decay. The maximum
Q-factor was able to reach 35,837 in magnitude and the modulation depths of all the Fano
resonances were nearly 100%. In addition, the electromagnetic near-field enhancements
could be confined inside the metasurface and were greatly enlarged by breaking the
symmetry of the SHND nanostructure, which provided an effective method to modulate
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the localized field. Therefore, the SHND structure could operate in multi-wavelength
communications, lasing, and nonlinear optical devices.

2. Materials and Methods

The SHND nanostructure array, shown in Figure 1, was placed on a glass substrate
with a refractive index of 1.5 and completely submerged in water with a refractive index
of 1.33. The thickness of the entire structure is H, the side length of the outer square
with center O is L, the side length of the inner square hole with center P is W, and the
distance between points O and P is defined as an asymmetry parameter g. The material
that constituted the SHND structure was amorphous silicon, and the optical parameters
were obtained from experimental data [41]. The initial parameters of the SHND structure
were L = 600 nm, W = 200 nm, H = 100 nm, g = 0 nm, and the periodic parameters of the
unit cell were Px = Py = 680 nm. The incident plane wave enters the SHND structure along
the z-axis, whereas the polarization of the electric field follows the positive direction of the
y-axis. All the simulation results were obtained using COMSOL Multiphysics 5.6 software,
which is based on the finite element method. A three-dimensional SHND model was
built in the software, and the structure was subdivided by a free triangular mesh. The
degrees of freedom were 14,238 and the periodic boundary conditions were adopted as the
boundary conditions. The SHND nanostructure can be prepared using a standard nano-
process, as follows: firstly, deposit a thin silicon film on a silicon dioxide substrate using
a low-pressure physical vapor deposition (LPCVD) method; secondly, etch rectangular
holes using electron beam lithography (EBL), or a reactive ion-etching method; and finally,
remove the photoresist and rinse the nanostructure with deionized water.

Figure 1. (a) Schematic of the SHND nanostructure array and the incident light polarization configu-
ration; (b) Top view and geometric parameters of a unit cell of the SHND.

3. Theory

The investigation of the electromagnetic properties of the dielectric nanostructures is
based on the decomposition of multipole moments in a Cartesian coordinate system. A
general expression for multipoles is as follows:

Electric dipole moment:

p =
1

jω

∫
V

J(r)dr (1)

Magnetic dipole moment:

m =
1

2υb

∫
V
[r × J(r)]dr (2)
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Toroidal dipole moment:

t =
1

10υb

∫
V

[
(r · J(r))r − 2r2J(r)

]
dr (3)

Electric quadrupole moment:

Qe
αβ =

1
j2ω

∫
V

[
rα Jβ + rβ Jα − 2

3
δαβ(r · J(r))

]
dr (4)

Magnetic quadrupole moment:

Qm
αβ =

1
3υb

∫
V
{[ r × J(r)]αrβ + [r × J(r)] βrα]}dr (5)

where j denotes the current density, υb the speed of light in the medium, r is the radial
vector, and the subscripts for the electric and magnetic quadrupoles are α, β = x, y, z. When
the scatter wavelength is smaller than the incident wavelength, the higher-order terms (e.g.,
octupole) can be neglected.

The radiation powers for different multipole moments are given as follows:

IP =
2ω4

3υ3
b
|p|2 (6)

It =
2ω6

3υ5
b
|t|2 (7)

Im =
2ω4

3υ3
b
|m|2 (8)

IQe =
ω6

5υ5
b

∣∣∣Qe
αβ

∣∣∣2 (9)

IQm =
ω6

40υ5
b

∣∣∣Qm
αβ

∣∣∣2 (10)

This multipole decomposition method allows for the identification of the contributions
stemming from TD moments and hence identification of the conditions for the anapole
mode excitation [42–44].

4. Results and Discussion

4.1. Excitation of Fano Resonance in the SHND Structure and Influence Factors of Q-Factor

Figure 2 shows the transmission spectra of the proposed metasurface at different
asymmetry parameters. When g = 0 nm, the square hole is located at the center of the entire
structure. In this case, points O and P coincide and the SHND nanostructure is completely
symmetrical. There is only one asymmetric Fano resonance in the transmission spectrum.
As shown in Figure 2, when g = 0 nm, there is no transmission peak except F0, which
means that the Q-factor tends to infinity, showing a BIC mode. When the inner square
hole moves horizontally to the right, the symmetry of the SHND nanostructures is broken;
there are two obvious transmission dips near λ = 1294.9 nm and λ = 1389.5 nm, which
show obvious Fano characteristics. This means that the BIC state becomes unstable with
increase in the asymmetric parameter, and the breaking of symmetry provides a zero-order
radiation channel for the metasurface, which leads to leakage of energy and the BIC mode
is transformed into a quasi-BIC mode. The larger the asymmetry parameter, the greater the
radiation loss energy and the smaller the Q-factor. When g = 40 nm, three Fano resonances
appear in the transmission spectrum, which are denoted by F1, F2, and F3. Figure 2 shows
that their resonance peaks are at 1182.2 nm, 1294.9 nm, and 1389.5 nm, respectively. The
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Q-factor is defined by Q = ω0/2γ [45,46], where ω0 is the resonance frequency and γ is the
damping loss. Figure 3 shows the variation in the Q-factor of F3 with different asymmetric
parameters. When the asymmetry factor is 5 nm, the Q-factor can reach 35,837. With
increase in the asymmetry parameter g, the Q-factor decreases rapidly.

Figure 2. Transmission spectra of the SHND nanostructure with different asymmetry parameters.

Figure 3. Q-factor of F3 with different asymmetric parameters.
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In practical applications, errors in the Q-factor may be caused by factors such as
technology and the environment. For example, the actual all-dielectric metasurface is
uneven, which will lead to an increase in transmission loss and decrease in the Q-factor. As
the substrate in our simulation is transparent glass, loss of silicon is the main consideration.
By adding an extinction coefficient k (i.e., the imaginary part of the refractive index of
silicon) [47], the results can include the absorption and scattering losses caused by surface
roughness in the real manufacturing process. As shown in Figure 4a, when k = 10−11 or
10−7, the Q-factors decrease as g increases; when k = 10−3, the Q-factor maintains nearly the
same value. Figure 4b shows the F3 resonance curves with different k values of g = 40 nm.
It can be seen that when k = 10−1, there is no transmission peak in the F3 wavelength range;
when k is less than 10−1, the transmission peak gradually appears in the F3 wavelength
range, and the Q-factor increases accordingly. This is because decrease in the k value leads
to decrease in loss.

Figure 4. (a) Q-factor of F3 at k = 10−3, 10−7 and 10−11 with different asymmetric parameters.
(b) Transmission spectra of F3 with different extinction coefficients k at g = 40 nm.

4.2. Multipole Decomposition of Fano and Analysis of Its Resonance Mode

To gain insight into the optical properties of the designed multi-Fano resonance
device and to identify the contribution of different multipole resonance modes to the Fano
resonances, the electric field and magnetic field distributions were calculated.

To understand the specific characteristics of the Fano resonance with g = 0 nm, the
electric and magnetic field distributions at the resonance peak of 1172.6 nm are shown in
Figure 5a,b. From the electric field distribution in Figure 5a, it can be observed that the
SHND structure generates four magnetic loop currents on the x–y plane simultaneously.
The MD moments of the two magnetic loop currents on the left are along the negative
direction of the z-axis, whereas the MD moments of the two magnetic current loops on the
right are along the positive direction of the z-axis. The TD resonance is generated, and its
direction points to the negative direction of the y-axis, which is shown by the blue arrows
in Figure 5a,b. This result coincides with the radiant energy distribution of each multipole
resonance mode of the SHND structure with g = 0 nm, as shown in Figure 5c, indicating
that the TD mode is dominant at F0.
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Figure 5. When g = 40 nm, the SHND nanostructure is symmetric. (a) Electric field enhancement and
electric field vector distribution of F0 in the x–y plane. (b) Magnetic field enhancement and magnetic
field vector distribution of F0 in the x–z plane. (c) Radiant energy of each multipole resonance mode
at F0.

However, further analysis shows that the amplitudes of the current Cartesian ED
moment |Py| and the TD moment |ikTy| are nearly equal at 1172.6 nm, as shown in
Figure 6a. Meanwhile, the phase difference of the ED and TD moments |ϕ(ikTy) − ϕ(Py)|
is approximately equal to π, as shown in Figure 6b. The far-field radiation of the ED and TD
resonances interfere destructively with each other; thus, the subradiant resonance anapole
mode can be induced. In addition to the destructive interference between ED and TD
resonances, the incident field can be efficiently trapped into the unit cell of the SHND
metasurface, which plays an important role in the shaping of the resonance line type.

Figure 6. (a) Amplitude of the Cartesian electric dipole moment |Py| and toroidal dipole moment
|ikTy| of F0 when g = 0 nm. (b) Phases, with the differences of Py and ikTy.

Figure 7 shows the electromagnetic field distributions of the three Fano resonances
of the SHND structure with g = 40 nm. Figure 7a,b show that the electromagnetic field
enhancement of F1 is greater than that of F0 and the electromagnetic field distribution of F1
changes slightly. Figure 7e shows the electric field distribution of F2 at 1294.9 nm in the
x–y plane; there are also four MD resonances generated by the four magnetic loop currents
in the middle of the four outer edges of the square cavity. From the combination of the
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magnetic field distribution in the x–z and y–z planes shown in Figure 7f,g, it can be inferred
that two of the four magnetic loop currents in Figure 7e can be combined with each other
to form TD resonance modes. Thereafter, these TD resonance modes are formed in the
diagonal direction of the SHND structure, and the resonance moment directions of the
two TD resonance modes on the same diagonal line are opposite. This resonance mode can
be regarded as magnetic quadrupole (MQ) resonance. The multipole decomposition of F2
is shown in Figure 8a, where the energy of the magnetic quadrupole (MQ) moment is the
largest, indicating that the generation of FR2 is mainly due to MQ resonance. Figure 7c,d
show the electric field distribution and magnetic field distribution of F3 in the x–y plane
and x–z plane, respectively. It can be seen from the figure that the electric field in the x–y
plane forms a ring current, and that there is a negative direction of the magnetic field along
the z-axis. The multipole decomposition of F3 is shown in Figure 8b. It can be seen that the
energy of the MD moment is the largest, so F3 is dominated by MD resonance, and the MD
moment is along the negative direction of the z-axis.

Figure 7. When g = 40 nm, the symmetry of the SHND nanostructure is broken. (a,c,e) show the
electric field enhancement and electric field vector distribution of F1, F2, and F3 in the x–y plane.
(b,d,f) show the magnetic field enhancement and magnetic field vector distribution of F1, F2, and F3
in the x–z plane. (g) shows the magnetic field enhancement and magnetic field vector distribution of
F2 in the y–z plane.
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Figure 8. Radiant energy of each multipole resonance mode at (a) F2, and (b) F3.

By continuing to analyze the electromagnetic field enhancement features of F1, F2,
and F3, it can be determined that the electromagnetic field enhancements of the three Fano
resonances are nearly three times stronger than the electromagnetic field enhancement of
the golden cross-shaped dimer structure [48]. In particular, the maximum electric field
enhancements of F1 and F2 are found to be 71.1- and 77.45-fold, respectively; therefore,
the SHND nanostructure can be applied in areas where significant near-field enhancement
is required.

In addition, the modulation depth [49,50] is an effective parameter of Fano resonance,
which can be used to describe the intensity range of Fano resonance. The modulation
depth is usually defined as ΔT = Tpeak − Tdip, where Tpeak and Tdip are the intensities of
the resonance peak and dip, respectively. According to this definition, the modulation
depths of F0, F1, F2, and F3 of the SHND structure at g = 0 nm and g = 40 nm are all
reached at nearly 100%, which provides a technique for obtaining equipment with high
modulation depth.

4.3. Influence of Geometric Parameters on F1, F2, and F3 of the SHND Structure

To study the dependence of the transmission spectra characteristics on the different
geometric parameters of the SHND structure, the corresponding transmission spectra
characteristics to variable parameters when g = 40 nm were calculated and are shown in
Figure 9.

As the asymmetry parameter g value increases, it can be observed from Figure 9a that
the transmission spectra of F1 undergoes a significant red shift and F3 exhibits a significant
blue shift. Compared with F1 and F3, the position of F2 can be considered as not moving,
which shows that F2 is not sensitive to changes in g. In addition, with increase in g, the
resonance modes F1, F2, and F3 are all widened; in Figure 9b, with decrease in the outer
length L, the three Fano resonances are blue-shifted. The reason is that with decrease
in L, the surface area of SHND also decreases, resulting in a decrease in the effective
refractive index. In Figure 9c, with increase in the SHND structure height H, the three Fano
resonances show a significant simultaneous red-shift, because the increase in H leads to an
increase in the effective refractive index of the SHND surface. At the same time, an increase
in H has little effect on the resonant line width and Q-factor. It can also be observed from
Figure 9d that, with increase in the width of the inner cavity W, the three Fano resonances
also exhibit a clear blue-shift. The reason is that increase in W leads to a decrease in the
SHND surface area, which leads to a decrease in the effective refractive index of the surface.
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Figure 9. Transmission spectra of multi-Fano resonance of the SHND structure with different (a) asym-
metry parameter g, (b) structure height H, (c) outer edge length L, and (d) inner cavity width W.

By comprehensively comparing and analyzing the three Fano resonance characteristics
in the four cases, we can confirm that F1 is very sensitive to changes in the outer edge length
L, the structural height H, and the internal cavity width W. F2 is insensitive to changes in
the asymmetry parameter g, and sensitive to changes in the width of the inner cavity W, the
outer length L, and the structure height H. F3 is most sensitive to changes in the structure
height H. The above results show that, in practical applications, the multi-Fano resonance
of the SHND metasurface can be adjusted flexibly according to the specific conditions. In
addition, when g, L, H, and W are all changed in different ways, the modulation depths of
the three Fano resonances F1, F2, and F3 generated by the SHND structure are all practically
100% and their FWHMs are very narrow. This result supports the design of optical devices
with multiple Fano resonance, a high Q-factor, and high modulation depth.

5. Conclusions

We have demonstrated that, by breaking the symmetry of all-dielectric SHND meta-
surfaces and converting the BIC mode into a quasi-BIC mode, multi-Fano resonance with
a high Q-factor and nearly 100% modulation depth can be obtained. The influence of the
extinction coefficient k on the Q-factor was also examined. Due to the formation of subradi-
ation hybrid resonance modes, such as anapole and TD resonance modes, the light energy
efficiency of the SHND metasurface interacting with incident light is increased, resulting in
Fano resonances producing extremely narrow FHMWs and higher Q-factors. Moreover, the
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maximum Q-factor was found to reach 35,837 in magnitude. In addition, by changing the
geometric parameters of the SHND, a larger Q-factor and a wide range of adjustments of
the Fano resonance positions can be obtained. Therefore, this type of multi-Fano resonance
with a high Q-factor and non-localized characteristics can enhance adaptability, enabling
the SHND structure to be applied to optoelectronics and nonlinear optical devices in the
visible light range, achieving higher-efficiency large-scale optoelectronic integration.
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Abstract: In this paper, comprehensively utilizing the diffraction theory and electromagnetic reso-
nance effect is creatively employed to design a multifunctional metasurface zone plate (MMZP) and
achieve the control of polarization states, while maintaining a broadband achromatic converging
property in a near-IR region. The MMZP consists of several rings with fixed width and varying
heights; each ring has a number of nanofins (usually called meta-atoms). The numerical simulation
method is used to analyze the intensity distribution and polarization state of the emergent light, and
the results show that the designed MMZP can realize the polarization manipulation while keeping
the broadband in focus. For a specific design wavelength (0.7 μm), the incident light can be converted
from left circularly polarized light to right circularly polarized light after passing through the MMZP,
and the focusing efficiency reaches above 35%, which is more than twice as much as reported in
the literature. Moreover, the achromatic broadband focusing property of the MMZP is independent
with the polarization state of the incident light. This approach broadens degrees of freedom in
micro-nano optical design, and is expected to find applications in multifunctional focusing devices
and polarization imaging.

Keywords: metasurface; zone plate; achromatic

1. Introduction

To make optical components lightweight and multifunctional has always been one of
the goals pursued in optics. Fresnel zone plate (FZP) is a typical representative [1–8]. In par-
ticular, developed on the basis of FZP, the multi-level diffraction lens (MDL) has achieved
an achromatic imaging function range from visible to long-wave infrared bands via a
globally optimized numerical iterative algorithm [9,10]. However, it can not modulate the
polarization state of incident light while focusing with wide spectrum achromatic [11–13].

It is worth noting that the proposal of metasurface opens a new field of vision in
the multi-functional design of optical components [14–17]. The free manipulation of the
amplitude, phase and polarization of light by the metasurface has completely broken
the limitation of optical materials [18,19]. Recently, many research studies devoted to
the polarization transformation based on metasurface have appeared. Some of these
works are also considered multifunctional optical elements which provide polarization
transformation and focusing simultaneously [20–23].

Gwanho Yoon et al. proposed a new type metasurface called metasurface zone plates
(MZP), achieved focusing and polarization manipulation for a single-wavelength via
replacing the typical FZP rings by metasurface [24]. At present, MZP can achieve single-
wavelength polarization conversion while focusing on several discrete wavelengths by
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using metal or dielectric subwavelength nano-antennas [25]. In addition, the focusing
efficiency of these MZPs is generally low, just around 10% [26–30], and the highest focusing
efficiency reported so far is 17% [31]. Obviously, it is still a very challenging task to
achieve efficient broadband achromatic focusing while ensuring the control of polarization
states. In my opinion, the main reason why MZP is not efficient is that all these research
works replace the rings via metasurface, which discards the powerful amplitude control of
traditional diffraction elements.

In this research, a novel nested composite structured multifunctional metasurface zone
plate (MMZP) is designed via the combination of the diffraction theory and the electromag-
netic resonance effect, which formed by integrating metasurface on the surface of the MDL
rings. Based on the global optimization mathematical iterative method, the height distribu-
tion of the MMZP is optimized to realize the highly efficient achromatic broadband focus.
Furthermore, the polarization state of incident light is accurately regulated by scanning and
iterating the dimension parameters of the composite structure. This combination broadens
degrees of freedom in micro-nano optical design, and is expected to find applications in
multifunctional focusing devices, polarization imaging, and other fields [32–34].

2. Methods

The MMZP consists of several rings with fixed width and varying heights, each with a
number of nanofins (usually called meta-atoms) above it. The high focusing efficiency over
broadband wavelengths is achieved by selecting the multiple height levels dictated by the
nonlinear optimization methodology. The polarization state of light can be manipulated,
benefitting from the advantage of extreme form birefringence of metasurface. Herein,
employing the diffraction theory and strong electromagnetic resonances simultaneously,
broadband focusing and polarization-modulation are achieved. A left circularly polarized
(LCP) light can be trasformed as a right circularly polarized (RCP) light. Figure 1a shows a
schematic diagram for the MMZP.

Figure 1. Schematic diagram of the MMZP designed for broadband focusing and polarization
manipulation. The colors of the beams represent the different wavelengths. The arrow represents the
spin state of the beam. (a) Three-dimensional diagram. (b) Sectional view.

To design an MMZP, the multi-level diffraction lens should be modeled first. After that,
the phase profiles of each ring can be generated by changing the geometry parameters
(length and width) of the nanofins. Then, the appropriate electromagnetic response pro-
duces the desired optical characteristics by the combination of MDL and metasurface as a
novel hybrid design.

2.1. Design of Broadband MDL

The MDL design aims at high focusing efficiency over all wavelengths interested using
a direct binary search (DBS) algorithm [35]. In essence, the design of MDL is a process of
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inversely solving the height distribution on the premise of knowing the desired optical
field distribution of the imaging plane. For the broadband wavelengths, the diffracted field
at the imaging plane is given by the Fresnel transformation [36]:

U
(
x′, y′; λ

)
=

eikd

iλd

∫∫
gillum(x, y; λ)T(x, y; λ)ei k

2d [(x′−x)2+(y′−y)2]dxdy (1)

where x′ and y′ are the coordinates of the image plane. x and y are the coordinates of the
MDL plane. λ is the wavelength, and k = 2π

λ is the wave number. d is the propagation
distance. gillum = 1 when the unit amplitude illumination wave is on-axis.

The corresponding transmission function of the MDL is

T(x, y; λ) = eiφ(x,y;λ) = eikΔh(n−1) (2)

where Δh = hmax
Nlevels

is the height perturbation; hmax is the maximum height of the profile;
Nlevels is the total number of quanitization levels. Meanwhile, the x and y coordinates
determine the ring width of MDL [36].

When designing the broadband MDL, the weight factor (noted as ωi) is introduced
into the above model. Moreover, the continuous band is separated into N parts of operating
wavelengths (where N is the given positive integer). At this point, the maximal average
focusing efficiency of the broadband can be found by adjusting (increasing or decreasing
operations for example) the height of each ring, while the width of each ring is fixed.

Obviously, the design problem of MDL has been transformed into a mathematical
optimization problem. The numerical iteration algorithm is implemented to solve this
nonlinear optimization problem. Given an initial height distribution of MDL, positive or
negative height perturbation (Δh) is applied to each groove until the iteration termination
condition is satisfied. Here, the iteration stop condition is defined as the figure-of-merit
(FOM), which is coupled with the average focusing efficiency. The FOM is defined by [36]

FOM =
∑N

i=2 ωiμi

N
− 10 × ∑N

i=2 ωiεi

N
(3)

where ωi is the weight factor to balance contributions from different wavelength. N is
the total number of the wavelengths. μi is called the efficiency, and εi is the normalized
absolute difference, which can be expressed by the following two equations [36]:

μi =

∫∫
Ii(x′, y′)Fi(x′, y′)dx′dy′∫∫

Ii(x′, y′)dx′dy′
(4)

εi =

∫∫ |normalize(Ii(x′, y′))− Fi(x′, y′)|dx′dy′∫∫
dx′dy′

(5)

Here, Ii(x′, y′) = |U(x′, y′; λ)|2 is the intensity at the image plane of the i-th wavelength.
As the first-order approximation of a focusing point-spread-function (PSF), the objective

function (Fi(x′, y′)) is defined as a Gaussian function centered at
(

x′min+x′max
2 , y′min+y′max

2

)
with full-width-at-half-maximum (FWHM) Wi determined by the far-field diffraction
limit [36,37]:

Fi(x′, y′) = exp

⎧⎪⎨
⎪⎩−

(
x′ − x′min+x′max

2

)2
+

(
y′ − y′min+y′max

2

)2

(Wi
2 )2

⎫⎪⎬
⎪⎭ (6)

Wi =
λi

2NA
(7)
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NA = sin
[

tan−1
(

D/2
f

)]
(8)

where x′min, x′max, y′min and y′max delimit the integration range from the leftmost to the
rightmost of the MDL design. λi is the i-th incident wavelength. NA is the numerical
aperture. D is the diameter of the MDL and f is the designed focal length.

Note that the efficiency μi is defined proportionally to the focusing efficiency η, which
is used as the power ratio of the focal spot (with a radius of just three times the FWHM
spot size) to the total incident optical power. This means that the termination of the
iterative calculation is conditional on maximizing the focusing efficiency. When the expect
parameters (focal length, element aperture, ring width, and the material refractive index)
are determined, the optimized height of each ring can be evaluated.

2.2. Design of the MMZP

To realize the polarization manipulation while maintaining broadband focusing, di-
electric metasurfaces are introduced for the transmission phase modulation based on the
MDL design. Metasurface is often used to generate new optical elements according to the
geometric Pancharatnam-Berry (P-B) phase and dynamic phase. The P-B phase metasurface
change the orientation angle of the nanofins to realze the dependent phase of transmit-
ted or reflected light. For the dynamic phase metasurface, the phase modulation can be
chieved by changing the geometry of the nanofin. Due to the interplay of the P-B phase and
dynamic phase, dielectric metasurfaces can generate arbitrary polarization states, allowing
light manipulation in the vectorial regime. In addition, the physical mechanism of the
broadband focusing is based on the diffraction theory. It can be seen that the polarization
characteristics and broadband focusing characteristics are independent of each other in
our design.

When a birefringence nanofin is illuminated by a linear polarization light, the relation
between the input (Ei) and the output (Eo), electric fields can be expressed as follows [38]:

[
Eo

x
Eo

y

]
= R(−θ)

[
eiφx 0
0 eiφy

]
R(θ)

[
Ei

x
Ei

y

]
(9)

where Ei
x and Ei

y are the input electric field components of the x and y direction, and Eo
x

and Eo
y are the output electric field components of the x and y direction. θ is the orientation

angle of the anisotropic meta-atoms. Denote φx and φy as phase delays of the meta-atoms
for x-linearly polarized (XLP) and y-linearly polarized (YLP) light. As we know, a linearly
polarized (LP) optical wave can be viewed as a linear superposition of a LCP and a RCP
optical wave. By selecting a group of suitable parameters of the nanofin, the relation
between the modulation phase and the anisotropic meta-atoms’ properties is given by the
formula [38]: ⎧⎪⎨

⎪⎩
∣∣φx − φy

∣∣ = π

φ+(x, y) = φx + 2θ

φ−(x, y) = φy − 2θ

(10)

where φ+(x, y) and φ−(x, y) are the modulation phase of two arbitrary orthogonal states
of polarization, which are based on φx and 2θ. The geometrical size and the refractive
index of the nano-fin determin the dynamic phase φx . The PB phase 2θ is related to the
orientation angle.

According to this equation, when a series of meta-atoms with the phase (φx, φy) satisfy
Equation (10), dielectric metasurfaces can achieve complete phase coverage to cover the
whole Poincaré sphere in the design wavelength [24]. In our research, the LCP optical
wave will be transformed into the right circularly polarization state after passing through
the nanofin when the phase difference between φx and φy is π.

The phase difference created by the waveguide effect is described as 2π
λ ne f f H, where

ne f f and H are the effective index and height of the unit cell [31]. Here, H is limited
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by the height of each ring in MDL. Then, the value of ne f f can be changed by adjusting
the geometrical size of the nanostructure when the material is identified. The phase
difference can be numerically analyzed by the Finite-Difference Time-Domain (FDTD)
solver (Lumerical Solutions, Inc., Vancouver, BC, Canada). Different from the classical MZP
design, the ring width and ring height of MDL limit the period and height of the unit cell.
Besides, the nanostructure parameters of each ring need to be optimized separately. Finally,
the characteristics of broadband focusing and polarization regulation can be achieved
simultaneously after combining the nano-fins on each ring, which maintains the same
height as the MDL.

3. Results and Discussion

3.1. Broadband Focusing Characteristic of MDL

The MDL is designed for the wavelength range from 0.7 μm to 0.8 μm, which is
a typical photoelectric detection band. The diameter is set as 9.9 μm, considering the
computational load of numerical simulation. The width of each ring is fixed as 0.3 μm,
which limits the period of the meta-atom for the polarization regulation in next step.
Considering manufacturability, the material of the MDL is selected as SiO2 thin film. NA is
0.9 to get a good focusing effect. The iterative algorithm mentioned earlier is implemented
programmatically. After 122 times of iterations, the optimized height distribution of the
MDL is shown in Figure 2a. The maximum height is 3.5 μm, which provides a degree
of freedom for phase control design. The height distribution is input into the FDTD
commercial software to simulate optical field. Perfectly matched layers (PML) are applied
at x and y directions and the propagation direction z.

Figure 2. Focusing characteristic of the MDL. (a) Optimized height distribution. (b) Normalized
intensity distribution along transversal axis (x axis). (c) FWHM and (d) Focusing efficiency at
corresponding focal plane as a function of wavelength.
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Figure 2b shows the intensity distributions at the x–z plane. Focusing is accompa-
nied with a sidelobe, which is also a common phenomenon for the diffraction elements.
The FWHM as function of wavelength is plotted in Figure 2c. It is noted that all wave-
lengths achieve sub-wavelength focusing. The focusing efficiency is shown in Figure 2d.
The average focusing efficiency in the near infrared band is above 33%, which is nearly
40% at 0.7 μm wavelength.

3.2. Hybrid Designed Results of the MMZP

To realize the phase difference of π between x-polarized and y-polarized light incident,
the unit cell of the metasurface zone plate should be designed rigorously. The unit cell
consists of a SiNx meta-atom embedded on the SiO2 cell of the MDL ring as shown in
Figure 3a,b. The high refractive index helps to reduce the aspect ratio of the structure. Si is
not selected because the refractive index difference between upper and lower materials
is too large, which will produce strong interference effect to interfere with broadband
focusing [39]. The SiO2 and SiNx used here have refractive index of 1.5 and 2.1, which can
be prepared by plasma enhanced chemical vapor deposition (PECVD) [40].

Figure 3. (a) Side-view and (b) top-view of the the unit cell: the period of a cell is P, and the length,
width, and height are L, W, and H, respectively. (c) Simulated phase difference and (d) Simulated
transmittance as a function of the nanofin size for the incident light of 0.7 μm.

The FDTD method is implemented to obtain the phase difference range and the
transmission coefficients as shown in Figure 3c,d. The incident wavelength is plane
wave with an x or y polarization and propagates along +z direction. Periodic boundary
conditions (PBC) are applied at y directions and perfectly matched layers (PML) at the
directions x and z. Here, the height of the meta-atom is limited by the height distribution
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of the MDL, and the refractive index of the material is also determined. The length (L)
and width (W) swepting from 50 to 300 nm of the nanofin can be changed to obtain the
suitable value for the phase difference of

∣∣φx − φy
∣∣. As can been see from the results,

the corresponding phase difference span from −π to π, and meanwhile the transmissions
can reach up to more than 90%. For example, for the first ring, the height of SiO2 is set as
0.5 μm, the height of SiNx is set as 1.1 μm. We select L = 290 nm and W = 110 nm,then
the phase difference can be π, which is our expected value. This calculation should be
performed 17 times to obtain the required structural parameters. Figure 4 shows the
height distribution of MDL and MMZP. Both are 9.9 μm in diameter. They maintain the
same height distribution. The difference is that MMZP is composed of nested composite
structures. The meta-atom building blocks are arranged into periodic arrays, while the
three-dimensional drawing of designed MMZP is shown in Figure 5.

Figure 4. Height distribution of (a) MDL and (b) MMZP.

Figure 5. The three-dimensional drawing of designed MMZP.
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3.3. Broadband Focusing and Polariztion Manipulation of the MMZP

In order to verify whether the hybrid design can keep the broadband focusing charac-
teristic and realize the polarization manipulation at the designed wavelength simultane-
ously, thirty-three kinds of structures are used as meta-atoms to simulate the behavior of
the MMZP incident by the circularly polarized light. PML are applied at x or y directions
and the propagation direction z. The simulated results can be seen in Figure 6.

Figure 6. Focusing characteristic and polarization manipulation of the MMZP. (a) Numerical intensity
profiles along axial planes at various incident wavelengths for LCP (top row) and RCP (bottom row)
incident light. (b) Normalized intensity distribution of the MMZP along transversal axis (x axis).
(c) FWHM and (d) Focusing efficiency at corresponding focal plane as a function of wavelength.
(e) Simulated phase difference of various incident wavelengths for LCP light.

Figure 6a shows the intensity distribution of the cross section plane. The focal length
maintains almost the same while incident light varies, verifying the realization of a near-
infrared achromatic broadband focusing feature. Due to the structural characteristics of
rotational symmetry, LCP and RCP light have almost the same light field distribution.
Figure 6b shows the intensity distributions at the x–z plane. The FWHM and the focusing
efficiency is shown in Figure 6c,d. All FWHM are nearly half of the corresponding incident
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wavelength. The focusing efficiency decreased by about 3% compared to MDL, which is
due to the reduced duty cycle of the structure resulting in the decrease of energy utilization.
Figure 6e shows the results of polarization manipulation. The incident LCP light is set as the
superposition of a XLP and YLP light, which has a phase difference of −90◦. For the design
wavelength of 0.7 μm, the phase difference is close to 90◦, which meets our expectation.
It means the incident light can be converted from left circularly polarized light to right
circularly polarized light after passing through the MMZP. It can be seen that the hybrid
design can realize the polarization manipulation while keeping the broadband achromatic
in the near-IR.

3.4. Polarization-Insensitive Feature of the MMZP

The MMZP exhibits insensitivity to the polarization of incident light. Figure 7a,b show
the normalized intensity distributions at the x–z plane under the incidence of XLP and
YLP light, respectively. Figure 7c,d show the normalized intensity distributions at the x–z
plane under the incidence of an arbitrary linearly polarized light (45◦) and the elliptically
polarized incident light. The MMZP maintains the broadband achromatic property when
the incident light is in different polarization states.

Figure 7. Numerical intensity profiles along axial planes at various incident wavelengths for (a) XLP,
(b) YLP, (c) 45◦ linearly polarized (45◦-LP) and (d) elliptically polarized (EP) incident light.
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Figure 8 shows the FWHM of 0.74 μm wavelength with the different polarization
states. After passing through the MMZP, the elliptically polarized incident light has the
strongest light intensity, followed by the linearly polarized light (45◦). The XLP and YLP
light has the weakest light intensity. The results indicate the polarization-insensitive feature
of MMZP.

Figure 8. Numerical intensity profiles along axial planes at various incident wavelengths for Intensity
distributions of the corresponding focal plane.

It can be seen that the LCP light can be converted into RCP light while achieving
efficient achromatic broadband focusing under normal incidence. In fact, by adjusting
the geometry of the composite structure, the light wave of any polarization state can be
obtained by this method [24]. Based on this, the application of MMZP in polarization imag-
ing is the next step to be carried out. Besides, the refractive index of the coating changes
with the temperature. Therefore, temperature certainly has an effect on focusing and even
polarization modulation. Discussion of the relevance of the temperature dependence of the
coating is expected to be carried out in the further research.

4. Conclusions

In summary, unlike typical MZPs, which use metasurface instead of diffraction rings,
the novel nested composite structured MMZP was successfully modeled by integrating
metasurface on the surface of the MDL rings. Based on the global optimization mathe-
matical iterative method, the height distribution of the MMZP is optimized to realize the
highly efficient achromatic broadband focusing. The focal length maintains almost the
same while incident wavelength varying from 0.7 to 0.8 μm, indicating the realization of
a broadband achromatic converging property in near-IR region. The focusing efficiency
reaches above 35%, which is more than twice as much as reported in the published results.
Furthermore, the polarization state of incident light is accurately regulated by scanning
and iterating the dimension parameters of the composite structure. These results indicate
that the MMZP has promising practical application prospects in multifunctional focusing
devices and polarization imaging.
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Abstract: The focusing field effect excited by the cavity mode has a positive coupling effect with
the metal localized surface plasmon resonance (LSPR) effect, which can stimulate a stronger local
electromagnetic field. Therefore, we combined the self-organizing process for component and array
manufacturing with imprinting technology to construct a cheap and reproducible flexible polyvinyl
alcohol (PVA) nanocavity array decorating with the silver nanoparticles (Ag NPs). The distribution
of the local electromagnetic field was simulated theoretically, and the surface-enhanced Raman
scattering (SERS) performance of the substrate was evaluated experimentally. The substrate shows
excellent mechanical stability in bending experiments. It was proved theoretically and experimentally
that the substrate still provides a stable signal when the excited light is incident from different
angles. This flexible substrate can achieve low-cost, highly sensitive, uniform and conducive SERS
detection, especially in situ detection, which shows a promising application prospect in food safety
and biomedicine.

Keywords: surface-enhanced Raman spectroscopy; localized surface plasmon resonance; flexible
SERS substrate; cavity

1. Introduction

The Raman spectrum has been widely used in qualitative and quantitative analysis
as a nondestructive analysis tool, which can provide molecular vibration information [1].
However, the weak signal due to the low Raman cross-section area greatly hinders the
development of this technology [2,3]. Surface-enhanced Raman scattering (SERS) has been
widely used in food and environmental safety, early disease diagnosis, drug detection, in
situ monitoring of biological environment and chemical reactions, which can efficiently
enhance the Raman signal [4–8]. As we all know, the amplification of the Raman sig-
nal is usually realized by an electromagnetic mechanism that is mainly depends on the
localized surface plasmon resonance (LSPR) effect whereby collective oscillation of the
metal’s conduction band electrons is excited upon light excitation [9]. It is reported that
the electromagnetic field intensity is inversely proportional to the distance parameter,
which means that the effective SERS signal is generated on the premise that the molecule
is located in the confined area around the plasmonic material [10]. Various types of SERS
substrate structures ranging from nanoparticle (NP) aggregates [11–15], multidimensional
structure [16–20] and composite substrate [21–29] were prepared to explore the better en-
hancement factor (EF) under various conditions. Among them, the cavity system has been
paid more and more attention because of its unique light trapping characteristics [30–38].
The combination of surface and cavity plasmonic modes can provide an effective way for
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electromagnetic field enhancement. For instance, alumina nanocavity arrays were prepared
by drying and decomposing the aqueous solution of Al (NO3)3 spun on the monolay-
ers of PS spheres [39], which provided the distribution of hotspots in three-dimensional
space. Compared with uncomplicated structures (such as nanoparticles and films), the
light reflection caused by gradient refractive index and multiple internal scattering can
be effectively suppressed in metal nanocavities [40]. Inspired by the equivalence of light
propagation between media containing gradients in optical properties and warped geome-
tries of space-time, Peng Mao et al. designed and proved that warped spaces can be used
to introduce extremely localized energy [41]. More recently, Zewen Zuo et al. prepared a
polydimethylsiloxane-supported Ag nanocone array covered by gold nanoparticles (Au
NP), where multiple types of plasmonic coupling occur in this multi-focus field mode, re-
sulting in significantly enhanced electromagnetic fields and large hot spots area. Generally,
ultra-high sensitivity is the basic performance of a superior SERS sensor, but signal stability,
uniformity and low production cost in the real-work application are also crucial issues to
be investigated [42,43].

Most of the substrate templates used to fabricate cavity structures relied too much on
expensive and energy-consuming precision machining processes, such as electron beam
lithography and focused ion beam pattern lithography, which greatly limits the practical
application of high-performance and reliable SERS substrates. Based on this strategy, we
combined the self-assembly technology with the imprinting process to prepare a periodic
hemispherical cavity array structure, which can be used as a highly sensitive sensor for
transmitting stable, uniform and repeatable signals. Here, we chose PVA as the template
layer and the PS microsphere monolayer self-assembled in periodical arrangements as the
object to be imprinted to obtain a flexible imprinted hemispherical cavity array. Then, the
silver nanoparticles are sputtered in the hemispherical cavity to synergize the metal surface
plasmon resonance (LSPR) with the cavity mode, which further enhances the Raman signal.
With the aim of calculating the enhancement effect of this substrate, we detected different
concentrations of rhodamine 6G (R6G), Crystal Viole (CV) and Malachite green (MG); their
Raman signals were enhanced to varying degrees, accompanied by good uniformity. The
geometry of metal nanostructures can affect the plasmon resonance effect to a great extent;
thus, we compared the different roles of silver film and silver nanoparticles in the cavity.
The effects of Ag film and Ag nanoparticles on the strength of hot spots were compared
by finite-different time-domain (FDTD) simulation. When silver nanoparticles are orderly
attached to the inner wall of the hemispherical cavity, more hot spots are generated between
the adjacent nanoparticles. The three-dimensional distribution of hot spots in Ag NP-cavity
simulated by COMSOL confirmed this point. In addition, the stability of the substrate was
also tested. As the results show, the flexible substrate can be used for quantitative and
qualitative analysis and has a wonderful application prospect for reliable in situ detection.

2. Materials and Methods

2.1. Chemicals and Materials

Acetone (CH3COCH3), Ethanol (C2H6O), Sodium dodecyl sulfate (SDS, C12H25NaO4S)
and Toluene (C7H8) were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shang-
hai, China). Monodisperse polystyrene (PS) sphere suspensions (5 wt% in water) with
diameters of 500 nm were purchased from Maxinne dareen (China). Single-sided polished
silicon wafers were purchased from Lijing Technology Co., Ltd. (Shenzhen, China). PVA
1788 (87.0–89.0% alcoholysis degree) and malachite green (MG, MW:463) were purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Rhodamine
6G (R6G, MW:479) was purchased from Meilun Biotechnology Co., Ltd. (Dalian, China).
Crystal violet (CV, MW:407) was purchased from Yuanye Biotechnology Co., Ltd. (Shang-
hai, China).
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2.2. Preparation of Tightly Packed Polystyrene Sphere Monolayer

PS microsphere arrays were prepared by gas-water interface self-assembly technology:
The cleaned slides were firstly treated by oxygen plasma for 120 s to obtain a highly
hydrophilic surface. Subsequently, after mixing ethanol and PS microspheres at the ratio of
2:1 and ultrasonic treatment of 15 min, a small amount of the mixture was dripped on the
slide, covering the entire upper surface of the slide. Then, it was left at room temperature
for an hour until a large area of the continuous molecular layer of PS microspheres was
formed on the surface of the slide. Sodium dodecyl sulfate with a concentration of 2 wt%
was prepared as a surfactant drop on the surface of deionized water (DI) to change the
surface tension of the DI and drive the nanospheres into a hexagonal and tightly packed
monolayer [44]. The PS microsphere monolayer on the glass slide was detached from the
deionized water surface in the beaker, and then the molecular film was obtained from the
silicon wafer, which was also treated by oxygen plasma; thus, the self-assembly monolayer
of the PS microsphere was transferred to the silicon wafer.

2.3. Preparation of Ag NPs/PVA Nano-Bowl Cavity Array Substrate

In order to make the PS microspheres firmly adhere to the silicon wafer surface, we
heated the PS spherical monolayer on the silicon wafer surface to 20 min at 90 ◦C PVA
aqueous solutions with different concentrations were prepared by stirring the mixture of
polyvinyl alcohol powder and deionized water at 80 ◦C for 6 h, and then spin-coated on
the monolayer of PS spheres by a homogenizing machine and dried at 60 ◦C for 40 min to
obtain sandwich structure on silicon wafers. With the transparency of PVA in mind, we
stuck a tiny label film that is chemically stable and has no effect on the substrate to the
corner of the sample to distinguish between the positive and negative sides of the substrate.
Before completely soaking and etching the PS microspheres in toluene solution, the silicon
wafers were peeled off to obtain the structure of a single-layer PS microsphere array covered
with PVA. After soaking in toluene solution for 40 h, the PVA flexible substrate with sunken
bowl-shaped cavity array (PC) was fabricated. Silver nanoparticles were Sputtered on the
PVA bowl cavity structure by the Denton Vacuum DESKTOP PRO turbo pumped confocal
sputter deposition system, and the size of Ag NPs was changed by setting different times.
The preparing technology was completed when the sample was coated with an ultra-thin
gold film (3 nm) to slow down the oxidation reaction, the Ag NPs/PVA bowl-shaped cavity
array composition was obtained.

2.4. Characterization

The morphologies and compositions of the prepared samples were characterized by
scanning electron microscopy (SEM, Zeiss Gemini Ultra-55, Jena, Germany) equipped with
energy-dispersive X-ray spectroscopy. SERS spectra were measured using the Horiba
HR Evolution 800 Raman spectrometer (Kyoto, Japan). Raman measurement condi-
tions: laser power = 0.48 mW; diffraction grid = 600 g/nm; objective lens = 50×; laser
wavelength = 532 nm. All the detected molecules were prepared by dissolving them into
ethanol solution.

2.5. Theoretical Simulation

The electromagnetic field distributions of Ag NPs/PVA nano-bowl cavity (Ag NP-
on-PC) and Ag film-on-PC structures were first simulated by FDTD, and the x-z cross-
sectional views were compared. In order to visualize the distribution of hot spots in the
3D nanocavity, we then used commercial COMSOL Multiphysics software to simulate the
distribution of silver nanoparticles in the PVA cavity. To control the uniqueness variables,
in all models, the diameters of silver nanoparticles and hemispherical cavities were set to 35
nm and 500 nm, and the nano-gap between the particles was set to 3 nm. The polarization
direction was set along the x-axis. In all the directions, the absorption boundary condition
was the perfect matching layer (PML). The incident light with the wavelength of 532 nm
was used and incident along the z-direction. The corresponding refractive index of PVA
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was set as 1.4835 and the dielectric functions of Ag were taken from Palik. The refractive
index of the surrounding medium was 1.0 for air.

3. Results

3.1. Morphologies of PVA Nanocavity Arrays and the Effect of the Concentration of PVA

The preparation process of the 3D flexible Ag NPs/PVA bowl-shaped cavity array
substrate is illustrated schematically in Figure 1. More information about the synthesis
process and SERS spectrum measurement is shown in the Materials and Methods. During
the preparation of the PVA flexible nano-bowl array template, we found that different
morphologies could be obtained by covering different concentrations of polyvinyl alcohol
on the monolayer PS microsphere array. The SEM images of these structures are shown
for comparison. The morphology dependence of the concentration of PVA solution can be
understood from the fluidity before it is fixed to form hemispherical cavities. When the
concentration is 10 wt% (Figure 2a), the extremely fluid PVA permeates every gap between
the microspheres, leaving a double-layer solidified reticular structure of PVA after the
microspheres are completely corroded. When the concentration of PVA increases to 15 wt%,
the PVA solution will not flow to the bottom of some PS microspheres, and the monolayer
nano-bowl structure begins to appear. As the concentration increases, the fluidity of the
PVA solution weakens, the area of double-layer reticular decreases, and the substrate
gradually tends to be uniform. When the concentration of PVA reaches 25 wt%, we obtain
a large area of uniform and tightly arranged bowl-shaped cavity array structure as shown
in Figure 2d. The efficient and intuitive views illustrate the effect of the concentration of
PVA solution on the morphology.

In order to endow SERS activity, silver nanoparticles were sputtered on the surface of
the obtained PVA flexible nano-bowl array template. Subsequently, we separately detected
the R6G molecule with a concentration of 10−6 M on these different structures, and the
results are shown in Figure 3. Apparently, the double-decker covered with a reticular
composition exhibits relatively poor SERS activity. As can be seen in the illustration in
Figure 2a–c, the diameter of the upper meshwork is smaller than the underlying hemispher-
ical cavity so that the silver electron beams are blocked and composed of nanoparticles on
the upper meshwork. The number of Ag nanoparticles attached to the inner wall of the
hemispherical cavity is much lower; thereupon, the Ag NP-cavity system cannot be formed,
which weakens the coupling effect between metal plasma and intracavitary-focusing field,
the Raman performance was greatly reduced. In contrast, the remarkably strongest Raman
signal was detected on the Ag-PC-25 substrate, indicating that the pure hemispherical
cavity structure is more conducive to coupling.

3.2. SERS Performance and the Dependence of the Ag NPs/PVA Nanocavity Array

Figure 4a presents the Raman spectra of the 10−6 M R6G alcoholic solution detected
on fabricated Ag NPs/PVA nanocavity arrays, which were obtained by sputtering silver
with different duration, where the change in the Raman signal intensity with increasing the
deposition time from 20 s to 80 s is exhibited. Evidently, the optimal enhancement effect on
the Raman signal can be achieved when the sputtering time is 70 s. The intensities of the
Raman peaks at 613, 1365 and 1651 cm−1 plotted as functions of the sputtering time are
shown in Figure 4b, from which we can observe that the Raman intensities increase with Ag
sputtering time increasing until 70 s, and then decrease when the time continues to increase.
The SERS activity dependence of the sputtering time can be understood from the coupling
strength of the cavity mode with the metal particle plasma. In the process of deposition, 3D-
coated silver nanoparticles instead of continuous films are produced in the early stage due
to the limited wettability of the substrate [45]. When the sputtering time is not long enough,
the small size of the nanoparticles not only leads to the weak LSPR effect but also weakens
the focusing field effect because the cavity film is not formed. When the sputtering time
is appropriate, a sufficient amount of LSPR is generated between the silver nanoparticles,
and all the particles attached to the bowl-shaped inner wall form a focusing field. There
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is a strong coupling between the two modes, and with the enhancement of the coupling,
a stronger hot spot is produced. However, when the sputtering continues after the “best
time”, the gap decreases gradually, the hot spot decreases, and the coupling effect weakens.
For a homogeneous material, it was proved that the Raman properties of nanoparticles on
planar substrates are much worse than those on warped surfaces because of their uniform
refractive index and electromagnetic field, although other variables are consistent [46,47].
To that end, we collected the SERS spectra of R6G over PVA cavity, Ag NP-on-PC, Ag
film-on-PC and continuous Ag film substrates in addition. As illustrated in Figure 4c, all
the characteristic Raman peaks of R6G can be detected in these four cases, in which the
enhancement effect of the PVA cavity was measured with R6G at a concentration of 10−2 M,
and R6G at the concentration of 10−6 M is tested for the other substrates. Obviously, it can
be seen the enhancement effect of Ag NP-on-PC structure is much stronger than that of that
on FP, which is attributed to the cavity mode. It is expected that the higher signal strength
exhibited on Ag NP-on-PC, whether compared to Ag film-on-PC or nudity PVA cavity,
provides further evidence of the high-density hot spots generated because of the synergy.

 

Figure 1. The fabrication process of hierarchical Ag NPs/PVA bowl-shaped cavity
array nanostructure.

We implement 3D simulations of hot spots among nanoparticles in the cavity by
using COMSOL. Before establishing the model, we calculated a statistical analysis of the
diameter distribution of Ag NPs based on SEM images of Ag NP-on-FP obtained in the
same experimental environment (Figure 5a), acquiring a logarithmic normal distribution
with a mean value of 35 nm and a standard deviation of 5 nm, as shown as in Figure 5b. In
Figure 5c, it can be seen that the hot spots excited by the LSPR effect are 3D-distributed
between the adjacent particles. In order to further demonstrate the influence of silver
nanoparticles and silver film on the focusing field effect, we simulated the Ag NP-on-
PC and Ag film-on-PC structures. The incident light is concentrated and forms a strong
focusing field in the hemispherical cavity under 532 nm light excitation. The local electric
field distributions at x-z cross-section of these two structures were shown in Figure 5d,e,
where it can be observed that the Ag NP-cavity can produce more local electromagnetic
fields (hot spots) distributed in the narrow gaps between the silver nanoparticles compared
with the Ag film-cavity. In addition, the weak reflection ability caused by its discontinuity
produces a weak focus field similar to the latter. On the other hand, the silver film cavity
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can excite a stronger focusing field mode; even so, its overall enhancement effect is not
comparable to that of silver nanoparticles. As we know, the metal nanoparticles themselves
can produce a higher local electric field, and there is coupling between the particles,
resulting in more hot spots. Because the focusing field has a larger electromagnetic (EM)
energy density than the incident plane wave, the plasmon resonance excited by the focusing
field makes the local field of the nanoparticles stronger, thus strengthening the coupling
between the particles. As a result, a further enhanced electric field is generated in the gap
between the adjacent particles, which leads to stronger hot spots in the focus field of the Ag
NP-cavity, although the focusing field is relatively weak. It was proved that the synergistic
effect of plasmon resonance of metal nanoparticles and cavity mode is particularly effective
for SERS.

 

Figure 2. Morphology of the fabricated sunken bowl-shaped microcavity arrays, which were obtained
by preparing a PVA solution with a concentration of (a) 10 wt% (PC-10), (b) 15 wt% (PC-15), (c) 20 wt%
(PC-20) and (d) 25 wt% (PC-25), respectively.

Figure 3. (a) The Raman spectra of R6G molecules were detected on these four different structures,
which were obtained with the PVA concentration of 10 wt% (Ag-PC-10), 15 wt% (Ag-PC-15), 20 wt%
(Ag-PC-20) and 25 wt% (Ag-PC-25). The Raman characteristic peak intensities of R6G are shown on
(b), respectively. It is calculated that RSD = 18.14%, 30.31%, 21.08%, 5.9%, correspondingly.
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Figure 4. (a) SERS spectra of R6G (10−6 M) over substrates with different sputtering times were detected, and (b) the
intensity of the corresponding characteristic peaks were shown. (c) SERS spectra of R6G (10−2 M) over PVA cavity, and the
spectra of R6G (10−6 M) over Ag NP-on-PC, Ag NP-on Flat PVA(FP), Ag film-on-PC and continuous Ag film substrates.

Figure 5. (a) SEM images of Ag NPs sputtered on the flat PVA film (Ag NP-on-FP) under the same conditions with Ag
NP-on-PC. (b) The distribution of particle diameter is calculated. (c) Simulated electric field distribution of Ag NPs in the
inner wall of the cavity and the x-z plane electric field distribution of (d) Ag NP-on-PC and (e) Ag film-on-PC.
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3.3. Optimized Ag NPs/PVA Nanocavity and SERS Performance

The morphology and structure of the PS microsphere array (Figure 6a), PVA cavity
array (Figure 6b) and hemispherical cavity array assembled by Ag nanoparticles (Figure 6c)
were characterized by scanning electron microscope (SEM). In Figure 6b, it can be seen
that the cavity array was composed of hexagonally arranged hemispherical voids, which
replicate the features of the PS microsphere array well. Figure 6c exhibits the morphology
of intact substrate, where the hexagonal arrangement and the closely stacked concave
array structure were observed in the low power scanning electron microscope images,
which was uniformly covered with silver nanoparticles, and the average size was about
30 nm. EDS elemental mappings (Figure 6d) of local samples showed that carbon (purple),
oxygen (yellow) and silver (orange) elements were uniformly distributed on the tested
samples. The large-scale highly ordered inverse PS hemispherical monolayer template
ensures the successful preparation of the hemispherical cavity array and further ensures the
high uniformity of SERS spectra at different positions on the whole substrate. This simple
method makes the silver hemispherical cavity array assembled by different batches of
silver nanoparticles have high structural repeatability, thus ensuring the high repeatability
of SERS spectra. In addition, we also measured the UV–vis spectra of Ag NPs/PVA
nanocavity and pure PVA film (Figure S1a,b), and it can be seen that composite substrate
maintains a higher absorption of light with the band from 200 to 500 nm, which is related
to its low reflectivity in this band as shown in Figure S1b.

 

Figure 6. Morphology characterization from PS microsphere array (a), hemispherical cavity array
(b), Ag NPs/PVA cavity composite substrate (c), respectively. (d) EDS elemental maps from C, O and
Ag on (c).

In order to evaluate the Raman properties of the Ag NPs/PVA cavity composite struc-
ture, R6G, MG and CV alcoholic solution were prepared to be detected as probe molecules,
and the SERS spectra of them are shown in Figure 7a,d,e, respectively. Apparently, the
intensity of the Raman signal lessens gradually with the decrease in the concentration
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of probe molecules. Figure 7a shows the SERS spectra of R6G alcoholic solution with
concentrations ranging from 10−5 to 10−10 M. It can be observed that distinguishable peaks
are demonstrated even at diluted concentrations of 10−10 M, and the limit of detection
(LOD) of this flexible substrate is obtained. In order to quantize the SERS performances,
the enhanced factor (EF) was evaluated using the formula [48]:

EF =
ISERS/NSERS

IRS/NRS

where ISERS and IRS represent the intensity of SERS spectra and normal Raman and NSERS
and NRS refer to the average number of molecules within the laser spot excited by SERS
and normal Raman, respectively. Here, the value of NRS/NSERS was estimated with the ratio
of the respective molecule concentrations. The peak strength of 10−2 M R6G at 613 cm −1

on PVA is 232, and the peak intensity of 10−10 M R6G on Ag NPs/PVA cavity composite
structure is 637 (Figure S2). As a result, the average EF is 2.75 × 108, which proves that this
substrate has high SERS activity. In order to examine the ability of quantitative detection,
the experimental values were logarithmically plotted to evaluate the correlation between
concentration and relative intensity at 613 and 771 cm−1, and then the linear fitting curve
(two solid lines) with a high coefficient of determination (R2

613 = 0.991, R2
771 = 0.983) was

obtained, as shown in Figure 7b. Repeatability and universality are two indispensable
indicators to measure the practical application of the SERS sensor.

Figure 7. (a) SERS-normalized spectra of R6G on Ag NPs/PVA cavity composite structure at varying concentrations from
10−5 to 10−10 M. (b) Linear relationships: Raman intensities at 613 and 771 cm−1 as a function of the concentrations of
R6G molecules on Ag NPs/PVA cavity composite structure. (c) The waterfall map consists of Raman spectra obtained by
detecting target molecules with different batches of samples (Ag NPs/PVA cavity composite structure). (d,e) SERS spectra
of MG and CV at varying concentrations from 10−5 to 10−9 M detected on the Ag NPs/PVA composite substrate. Insets in
(d,e) are the enlarged SERS spectrum of 10−9 M MG and CV, respectively. (f) Plots of the logarithmic integrated intensities
of the Raman peaks at 1372 cm−1 for CV and 1622 cm−1 for MG as functions of the logarithmic concentration, and the solid
lines are the linear fittings of the data.
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Figure 7c presents the Raman spectra of different batches of R6G with the concentration
as 10−6 M confirming the reliability of the substrate to generate reproducible SERS signals.
Then MG and CV molecules with concentrations of 10−5 to 10−9 M were also detected;
the curves in Figure 7d,e correspond to their Raman spectra in turn. For the spectrum
measured at the concentration of 10−9 M, the main characteristic peaks of MG and CV can
still be clearly distinguished, as shown in the illustration. Similarly, the intensity values
of the corresponding characteristic peaks of the two substances at each concentration are
linearly fitted, and it is calculated that R2

MG = 0.997 (green line) and R2
CV = 0.993 (red

line) as shown in Figure 7f. The results of these linear analyses well prove the quantitative
analysis ability of the substrate. In addition, three kinds of probe molecules can be detected
quantitatively, which proves that the Ag NPs/PVA composite structure is universal in the
practical application of Raman detection.

By taking practical application into account, high sensitivity is only one of the critical
aspects that the substrate should provide, and stability signal is also very important. To
further examine the application performance of Ag NPs/PVA cavity composite structure,
the mechanical stability of the thin film was tested firstly. We bent the substrate repeatedly
and caught the real-time response after the substrate was restored to steady state, and the
SERS spectra were obtained, as shown in Figure 8a. Figure 8b presents the intensity at
613 cm−1 of these Raman spectra. The changing trend of Raman signals with the increase
in bending times from these histograms can be more intuitively observed. As we can see,
the Raman signal detected has a slight downward trend with the increase in bending times
because the micro-deformation of the bowl-shaped cavity changed the gap between the
silver nanoparticles attached to the inner wall of the cavity driven by the external force and
the hot spot changed accordingly. The “n” was defined as the ratio of the reduced peak
intensity (ΔE) to its original intensity (E), n80 = 7.02%, which means that even under the
interference of repeated 80 times of high-frequency bending, a slight decrease occurred in
peak intensity, which will have a negligible impact on quantitative detection. Furthermore,
R6G on Ag NPs/PVA composite structure was detected with laser incident from different
angles to investigate the optical stability of the substrate. Generally speaking, strong
coupling occurs only when the polarization direction of the excited light is perpendicular
to the particle-film interface in the particle-on-film system [49]. As shown in Figure 8c,d,
therefore, there is a slight enhancement when the incident angle is 15◦. The Raman signal
is basically maintained at a stable level with slight fluctuations. In order to further verify
this conclusion, we carried out a theoretical simulation, as shown in Figure 8e–j. It can be
seen from the simulation results that, as the detected Raman signal shows, the intensity of
hot spots changes slightly in a small category. Especially when the incident angle is less
than or equal to 60 degrees, the hot spot intensity remains in order of magnitude. Thus far,
the mechanical stability and optical stability of the flexible substrate have been verified,
which demonstrates that Ag/PVA cavity substrate is a promising candidate for practical
curved surface SERS detection.
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Figure 8. (a) Real-time SERS spectra of R6G on Ag NPs/PVA cavity during the bending experiment,
and the inset shows the implementation process of bending experiment. (b) The corresponding
histogram of intensity distribution of the peak at 613 cm−1 (the average intensity is marked with a
purple line, and the purple zone represents the ±10% fluctuation). (c) SERS spectra of R6G on Ag
NPs/PVA cavity with laser incidence from different angles (0◦, 15◦, 30◦, 45◦, 60◦, 75◦). The schematic
illustration is shown in the inset. (d) The corresponding histogram of the intensity of the peak at
613 cm−1. (e–j) Electric field distribution by COMSOL simulation of an optical incidence angle from
0◦ to 75◦ for every 5◦.

4. Conclusions

To summarize, we developed a flexible 3D Ag NPs/PVA cavity array composite
structure that produces dense hot spots through the coupling effect between the focusing
field of the incident light and the plasmon effect of Ag NPs in hemispherical cavities. It
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was shown that the corresponding morphologies of cavity layer structures with various
concentrations of PVA solution. The effect of different sputtering times on the Raman
properties of the substrate was discussed. Through theoretical simulation, it was concluded
that under the excitation of the same cavity mode, Ag NP-cavity could produce a stronger
coupling effect than intact Ag film-cavity, which is consistent with the experimental results.
Using R6G, CV and MG as probe molecules for Raman detection, the composite substrate
shows excellent enhancement effect, outstanding uniformity. Moreover, the signal stability
of the substrate is evaluated by changing the incident angle of the laser and the bending
times of the film. These results support that it is expected to be used for quantitative and
qualitative SERS analysis in environmental monitoring and food safety.
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molecules were detected on Ag NP-on PC and 10−2 M R6G molecules on PVA.
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Abstract: The near-field and photo-thermal properties of nanostructures have always been the
focus of attention due to their wide applications in nanomaterials. In this work, we numerically
investigate the near-field and photo-thermal temperature distribution in a nanoparticle array when
the scattering light field among particles is considered. ‘Hot spots’, which represent strong electric
field enhancement, were analyzed at the difference of the particle size, particle spacing and the
polarization direction of the incident light. Interestingly, it is found that the position of the ‘hot
spots’ does not rotate with the polarization direction of the incident light and always remains in
the particle gaps along the line between particle centers. Moreover, the near-field is independent
of the polarization in some special areas, and the factor of near-field enhancement keeps constant
in these spots when the illumination polarization varies. As for photo-induced heating, our results
show that both the temperature of the structure center and maximum temperature increase linearly
with the particle number of the array while decreasing with the increase in particle spacing. This
work provides some theoretical considerations for the near-field manipulation and photo-thermal
applications of nanoarrays.

Keywords: Ag nanoparticles; square arrays; near-field enhancement; photo-induced heating;
photothermal temperature distribution

1. Introduction

Noble metal nanoparticles have attracted extensive interest in physics, chemistry,
and biology due to their surface plasmon properties. When the free charges oscillate,
collectively driven by the incident light at resonance frequency, the local surface plasmon
(LSP) phenomenon occurs [1]. Noble metal nanoparticles have optical properties of strong
light absorption and near-field enhancement in the visible band when LSP occurs. The LSP
of noble metal nanoparticles has been widely studied in the last 20 years [2]. Researchers
have made great contributions to the optical properties of nanoparticles with different
shapes [3] and of periodic array structures [4,5]. Our group has also studied the factor of
near-field enhancement and determined the near-field distribution of Ag dimer [6]. The
optical properties of nanoparticles have been widely applied in surface enhanced Raman
scattering [7], photovoltaic [8,9], photocatalytic and other fields [10].

At the same time, the strong light absorption of noble metal nanoparticles in the
visible light band increases the temperature of the nanoparticles themselves, and the photo-
thermal effect is another important property of plasmonic structures [11]. For a long time
in the past, the photo-thermal effect was regarded as a negative effect by researchers and
was reduced or suppressed [12]. Later, researchers gradually found that the photo-thermal
properties of nanoparticles could be applied to thermos-physics [13], biomedicine and other
fields [14], and it has attracted increasing attention since [15]. Now, the photo-thermal
effect of nanostructure has been widely used in the fields of photo-thermal therapy [16],
drug release [17], solar energy collection [18] and other areas.

Nanomaterials 2022, 12, 3924. https://doi.org/10.3390/nano12213924 https://www.mdpi.com/journal/nanomaterials
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Due to the long-range ordered periodicity, nanoarrays have the characteristics of expand-
ing the electromagnetic enhancement space, generating collective lattice resonances [4,5],
increasing scattering efficiency, and enhancing thermal accumulation effects [19]. Thus, we
investigated the absorption, scattering, near-field enhancement and photothermal proper-
ties of Ag nanoarrays. In this article, discrete dipole approximation (DDA) and thermal
Green's function method are introduced to investigate near-field enhancement and photo-
thermal temperature distribution, respectively. The influences of particle radius, particle
spacing, particle number of the array and illumination polarization angle on the unique op-
tical properties of Ag nanoarrays are discussed. The purpose of this work is to understand
the near-field and photo-thermal temperature distribution of Ag nanoarrays and to explore
a method for designing the nanostructure in photo-thermal and near-field regulation.

2. Theories and Methods

Figure 1 is a schematic diagram of a square array of spherical nanoparticles. R and d
denote the particle radius and spacing, respectively. The plane of the array is located at the
xoy and the center of the array structure is located at the coordinate origin. The incident
light travels along the negative direction of the z-axis.

Figure 1. Schematic diagram of square array of spherical nanoparticles.

We used DDA to study the near-field enhancement, absorption, and scattering prop-
erties of the nanoparticle array. Based on the absorption properties of nanoparticles and ther-
mal Green's function method, the photo-thermal temperature distribution was investigated.

2.1. Discrete Dipole Approximation Method

DDA is a method used to calculate the scattering and absorption of electromagnetic
wave radiation by targets with an arbitrary geometry whose size is less than or equal to
the wavelength of incident light [20]. The main idea is to treat the target model as a set of
multiple point dipoles. Each point dipole occupies a position in the target lattice. They
are polarized to generate an electric dipole moment when the incident electromagnetic
wave illuminates the target. Then, each point dipole is affected not only by the external
electric field but the scattering field of other surrounding point dipoles. Therefore, the
electromagnetic field around the target point dipole is the superposition of the incident
field and the scattering field of the other multiple point dipoles. Draine and Flatau [21]
developed a ddscat7.3 program code based on DDA theory to calculate the electric field
distribution of electromagnetic scattering from various nanostructures. In this article,
ddscat7.3 is used to calculate the absorption, scattering, and near-field enhancement of the
Ag nanoparticle array.
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2.2. Thermal Green's Function Method

As for the plasma thermal behavior of metal nanoparticle assembly, we commonly use
the thermoplasmonics theory [15]. The thermal effect produced by the interaction between
incident light and particles increases the temperature of the particles themselves and the
temperature of the surrounding medium increases due to thermal diffusion. As shown in
Figure 1, the heat absorption power of the ith nanoparticle in the structure is:

Qi =
1
2

ncε0σabs
∣∣Eext

i
∣∣2, (1)

where n stands the refractive index of the surrounding medium, c stands the speed of
light, ε0 stands the dielectric constant of vacuum, Eext

i stands the external electric field
intensity around the particles after the incident light interacts with the nanoparticle array.
The electric field intensity can be calculated using the DDA method. Siahpoush et al. [22]
used this method in the study of the effect of plasmonic coupling on the photo-thermal
behavior of random nanoparticles. σabs stands the absorption cross-section of nanopar-
ticles. Here, σabs + σsca = σext.σsca and σext stand the scattering and extinction cross-
sections, respectively. Correspondingly, Qabs, Qsca and Qext stand the absorption effi-
ciency, the scattering and extinction efficiencies, respectively. For spherical nanoparticles,
σabs = Qabs · πR2(σsca = Qsca · πR2, σext = Qext · πR2), which shows that σabs is a quantity
with dimensions of area [23].

The steady-state temperature distribution of the ith nanoparticle isolated in a homogeneous
medium is considered. The details of the mechanism explanation and process are given in
Reference [15]. For |r − ri| > R,

T(r) =
Qi

4πκs|r − ri| + T∞. (2)

For |r − ri| ≤ R,

T(r) =
Qi

4πκsR
+ T∞. (3)

where κs stands the thermal conductivity of the surrounding medium, T∞ stands the
temperature at which the distance is infinite (ambient temperature).

In the case of an array structure, the increased temperature at the position vector r in
the outer space of the particles is provided by the collection of other j nanoparticles.

ΔT(r) =
N2

∑
j=1

G
(
r, rj

)
Qj, (4)

where
G
(
r, rj

)
=

1
4πκs

∣∣r − rj
∣∣ . (5)

The increased temperature inside the ith particle is

ΔTi =
N2

∑
j = 1
j �= i

G
(
ri, rj

)
Qj +

Qi
4πκsR

. (6)

The first term of the above formula is the temperature contribution of N2 − 1 par-
ticles around ith particle. The second term is self-contribution of ith particle. Therefore,
Equation (6) can also be written as

ΔTi = ΔText
i + ΔTsel f

i . (7)
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3. Results and Discussions

The optical properties of the Ag nanoparticle array were investigated carefully. In
the following section, the influences of the radius, spacing and number of the particles
and the illumination polarization angle on the absorption, near-field enhancement and
photo-thermal temperature distribution are discussed in detail. The main parameters we
set are as follows: The refractive index function file of Ag is given in Reference [24]. The
refractive index of ambient medium is 1.33. The thermal conductivity of the medium is
0.599W/(m · K) (considered in the water environment). The irradiance of incident light is
1.27 × 108W/m2.

3.1. Optical Properties of Array Structure
3.1.1. The Influence of Particle Spacing

In the case of y-polarized incident light, we calculated and analyzed the effects of
particle spacing d on the optical properties of the array with 3 × 3 particles. Figure 2 shows
the relationship of absorption and scattering efficiencies versus the particle spacing. The
results show that the absorption and scattering peaks were broadened and redshifted
with the decrease of the particle spacing, especially when d ≤ 2R. It is considered that
the surface plasmon phenomenon occurs when light is incident upon the array. In our
case, each nanoparticle can be simply regarded as point dipoles, and the electron cloud
inside them produces reciprocating oscillation behavior under the action of the electric
field from incident light, as shown in Figure 3. While the nanoparticle spacing is close, the
free electron oscillation inside each particle has different driven external field due to the
scattering field from the surrounding particles, leading to the more oscillation frequencies
of the free electronics. Multi-frequency of electron oscillation causes a broadened resonance
peak. Considering the charge distribution of the particles, a decrease in the particle spacing
weakens the restoring force of free electron oscillations inside particles due to the charge
interaction of adjacent particles parallel to polarization (see Figure S1). Moreover, the
resonance frequency decreases, and the resonance peak red-shifts. The weakening of
the restoring force leads to the decrease in the amplitude of the electron oscillation. The
decrease in the amplitude denotes the decrease in the absorption, and absorption efficiency
becomes smaller. Generally speaking, the scattering energy includes the contribution of the
first scattering from the particle and the multiple scattering between particles. Comparing
the absorption efficiency, the intension of the scattering efficiency changes little when the
particle spacing changes. The main reason is the scattering contribution of the light passing
particle’s surface for the first time, not the multiple scattering between particles.

Figure 2. The absorption and scattering efficiencies of the 3 × 3 square array of Ag nanoparticles at
different particle spacing with radius R = 14nm : (a) absorption efficiency (b) scattering efficiency.
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Figure 3. Schematic diagram of near-field coupling between particles in array under
horizontal polarization.

Figure 4 shows the near-field distribution at different particle spacings. The results
show that the ‘hot spots’—strong electric field enhancement regions—appear in the particle
gaps in the direction of polarization, especially when the particle spacing is smaller than
the particle radius. ‘Hot spots’ become weaker gradually as the particle spacing increases,
and electric field enhancement regions are limited to the light polarization direction near
the surface of nanoparticles. ‘Hot spots’ exit because near-field coupling occurs between
the nanoparticles when the particle spacing is small.

Figure 4. Near-field enhancement of the 3 × 3 square array of Ag nanoparticles with the radius of
14 nm and the incident light wavelength of 532nm: near-field distribution with different particle
spacing (the top) and field enhancement factor curve along the y-axis of the array center (the bottom).

3.1.2. The Influence of Particle Radius

Similarly, in the case of y-polarized incident light, we calculated and analyzed the
effects of particle radius R on the optical properties. Figure 5 shows the relationship of
absorption and scattering efficiencies versus the particle radius. The results show that the
absorption and scattering peaks are broadened and redshifted with the increase of the
particle radius. Especially when the radius is 23 nm and 26 nm, two absorption peaks
appear in Figure 5a and three scattering peaks appear in Figure 5b. While the nanoparticles’
radius increases, the driven electric field of incident light in the particle has a nonuniform
phase and causes the phase difference of electron movement inside the particle, and ‘Phase
delay’ effects occur. Moreover, each particle also has inconsistent oscillation frequencies
due to the influence of the multiple scattering field. These lead to the broadening of the
resonance peak. For the resonance peak shifting, considering the electric field force exerted
by adjacent particles' charges (see Figure S2), the restoring force of free electron oscillations
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inside particles decreases as the number of surface free net charges of the neighboring
particles increase. Therefore, the resonance frequency decreases and the resonance peak
red-shifts as the particle radius increases. As we know, increasing particle radius leads
to a decrease in absorption efficiency and an increase in scattering efficiency for a single
particle (see Figure S3). The same occurred in nanoparticle arrays. On the one hand, the
decrease in amplitude of the electron oscillation denotes the energy of electrons absorbing
electromagnetic waves decreases. On the other hand, the contact area between particles
and light increases with the particle's radius. Therefore, the absorption peak falls while
the scattering peak rises when increasing the particle radius. For single particle, 2 × 2 and
3 × 3 arrays, we found that the peak number of scattering or absorption increases with
particle number (see Figure 5 and Figure S3).

Figure 5. The absorption and scattering efficiencies of the 3 × 3 square array of Ag nanoparticles with
different particle radiuses with spacing d = 10nm : (a) absorption efficiency (b) scattering efficiency.

Figure 6 shows the near-field distribution when the particle radius varies. The result
shows that ‘hot spots’ appear in the polarization direction of particle gaps with the increase
in particle radius. Firstly, the absorption and scattering efficiencies of arrays with different
radii are different at the wavelength of 532 nm, which affects the field or energy distribution
around particles. Secondly, the number of free electrons in the particle goes up with the
increase in particle radius, and more free electrons take apart in the oscillation due to drive
by incident light, so the coupling between particles is significantly improved. However,
different phenomena may occur at other wavelengths.

3.1.3. The Influence of Illumination Polarization

Furthermore, we investigated the influences of different illumination polarization
on the optical properties of the array with 3 × 3 particles. Figure 7 shows the absorption
and scattering efficiencies spectra of the Ag nanoparticle array. The result shows that
the absorption and scattering efficiencies of the structure remain entirely unchanged as
the polarization angle of the incident light increases from 0◦ to 90◦. Firstly, the sphere is
a highly centrosymmetric structure, and Ag nanoparticles in the array are isotropic and
uniform materials. Therefore, the dependence of the polarization angle only needs to be
considered as the particle arrangement position. Secondly, the square array conforms to
orthogonal symmetry. When polarized light at any angle illuminates the array, polarization
orthogonally decomposed into transverse and longitudinal modes [25]. To sum up the
above two points, it is easy to conclude that the transverse and longitudinal modes of the
absorption and scattering efficiencies are equal in the square array. Therefore, the absorption
and scattering efficiencies are naturally independent of the incident polarization.
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Figure 6. Near-field enhancement of the 3 × 3 square array of Ag nanoparticles with the particle
spacing of 10nm and the incident light wavelength of 532 nm: near-field distribution with different
radius (the top) and field enhancement factor curve along the y-axis of the array center (the bottom).

Figure 7. The absorption and scattering efficiencies of the 3 × 3 square array of Ag nanoparticles
at different illumination polarization angles with particle radius R = 14nm and particle spacing
d = 10nm : (a) absorption efficiency (b) scattering efficiency.

Then, we investigated the near-field enhancement effect at different illumination
polarization angles from 0◦ to 45◦. The near-field enhancement of the single Ag particle,
2 × 2 and 3 × 3 arrays of nanoparticles were calculated, shown in Figure 8. It is easy to
observe that the direction of the near-field enhancement region rotates with the illumination
polarization angle and the rotation is completely synchronous for a single nanoparticle. For
arrays, it is noted that ‘hot spots’ tend to remain in the gap between nearest neighboring
particles along the y-direction (or x-direction), although their intensity varies with the
deflection of the polarization direction.
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Figure 8. Near-field distribution of single and square arrays at different illumination polarization
angles with the incident light wavelength of 532nm: the single (R = 20nm), 2 × 2 array (R = 20nm,
d = 10nm ) and 3 × 3 array (R = 14nm, d = 10nm ).

Interestingly, we found that the near-field intensity of the center of any four adjacent
particles is kept constant when the illumination polarization changes. We call these points
‘constant spots’. Figure 9 shows the field enhancement factors along the dotted lines in
Figure 8. We found that near-field enhancement remains invariable in ‘constant spots’ when
the polarization changes, whether with 2 × 2 or 3 × 3 arrays. However, ‘hot spots’ arrive
the strongest at the polarization direction of y-direction or x-direction, and monotonically
decrease with the increase of the illumination polarization angle. The main reason is that
the electron cloud oscillation inside the nanoparticles varies with illumination polarization.
When the illumination polarization angle is located at the x-axis or y-axis, the distance
of the surface oscillation charges between particles' surfaces arrives at a minimum, and
the near-field enhancement reaches a maximum in the gap among particles due to the
superposition of electric field excited by surface charges of neighbor particles. Interestingly,
some researchers reported polarization independent of the photo-thermal temperature or
absorption in nanostructures [25,26]. Here, we found polarization shielding or polarization
independent of near-field enhancement in nanoparticle arrays. Our findings may contribute
to the study of the near-field invariance of nano structures and provide new considerations
for near-field modulation and control.
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Figure 9. Enhancement factor curve at the dotted line in Figure 8 (a) x-direction of 2 × 2 array,
(b) y-direction of 2 × 2 array (c) x-direction of 3 × 3 array, (d) y-direction of 3 × 3 array.

3.2. Photo-Induced Heating of Array Structure

In this section, the thermal Green's function method is used to investigate the photo-
induced heating of spherical Ag nanoparticle arrays. To discuss the central temperature
and temperature state of the array, ζ, a dimensionless parameter to indicate the state of
temperature is defined as [11]

ζ =
ΔTsel f

0
ΔText

0
, (8)

where ΔTsel f
0 stands the temperature contribution of the central particle itself, and ΔText

0
stands the temperature contribution of the surrounding N2 − 1 nanoparticles. If ζ � 1,
indicates that self-contribution is dominant, and the structure is a temperature confinement
regime. If ζ � 1, it indicates that external contribution is dominant, and the structure is
a temperature delocalization regime. When multiple scattering is negligible, the external
field Eext

i is equal to the illuminating incident field Einc
i . Based on the reference [11], we

draw the expression without considering the multiple scattering effect between particles as

ζ =
d + 2R

3(N − 1)R
. (9)

We used the thermal Green’s function method to calculate the dimensionless parameter
under multiple scattering and compared with Equation (9) (see Figure 10) and explored this
dimensionless parameter of the array varying with the radius, particle spacing and particle
number. From the calculation results in Figure 10, it can be seen that the state parameters
with multiple scattering are between 0.02 and 1.04, which indicates that the structure under
consideration is basically in the temperature delocalization state. It is obvious that the
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dimensionless parameter decreases with the increase of radius and particle number, shown
in Figure 10a,c. Interestingly, the parameters increase linearly with particle spacing.

Figure 10. The relationship between the dimensionless parameter ζ and the parameter of the array
structures: (a) radius, (b) particle spacing, (c) particle number.

In order to observe the temperature distribution of the array more intuitively, we
calculated the temperature distribution of some structures and the temperature variation
curve of the horizontal center line, shown in Figure 11. Each particle can be regarded
as an individual nano heat source when ζ = 1.04. However, as ζ decreases, the thermal
coupling effect becomes obvious, and the temperature of the array tends to be more
uniform. So, we can draw the conclusion that the parameter ζ of our structures denotes the
temperature delocalization regime.

Figure 11. Photo-induced heating of Ag nanoparticle array illuminated by uniform 532nm light
with light irradiance I = 1.27 × 108W/m2: (a) 3 × 3 array (R = 14nm, d = 70nm, Qabs = 0.2635
), (b) 3 × 3 array (R = 14nm, d = 10nm, Qabs = 0.5601 ), (c) 3 × 3 array (R = 26nm, d = 10nm,
Qabs = 1.0154 ), (d) 9 × 9 array (R = 14nm, d = 10nm, Qabs = 0.5601 ), (e–h) Temperature variation
curve of horizontal center line.

Similarly, to analyze the temperature distribution in detail, we explored the center
and maximum temperature of the array varying with the radius, particle spacing and
particle number. We found that the maximum temperature is not the position of the array
center, which is reflected in Figure 11. As for maximum and center temperatures, they
significantly rise quickly as the particle radius increases when 8nm ≤ R ≤ 20nm, shown in
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Figure 12a. However, the effect of plasmonic coupling leads to the decrease in temperature
when R > 20nm. The center and maximum temperature of the array decrease when the
particle spacing increases, and it increases linearly with the number of particles, as shown
in Figure 12b,c.

Figure 12. The central and maximum temperature of Ag nanoparticle array structure: (a) radius
dependent, (b) particle spacing dependent, (c) particle number dependent.

It is always a major subject to control the temperature distribution by using nanoscale
particles, and it has been reported that specific temperature distribution can be achieved by
designing structures [27]. This can be used to manipulate single cell adhesion [28] and other
fields [29]. It has broad application prospects. In the study, we found that, as shown in
Figure 13, the plasma coupling effect led to an unconventional temperature distribution in
the array, which varied with the number of particles. Therefore, we consider that adjusting
the plasma coupling mode can also be a way to achieve temperature distribution regulation.

Figure 13. Temperature distribution under the effect of plasmonic coupling.

4. Conclusions

The near-field enhancement and photo-thermal temperature distribution of Ag nanopar-
ticle arrays were investigated by using DDA and thermal Green's function methods. The
results show that in the polarization direction, ‘hot spots’ appear in the particle gap when
the particle spacing is smaller than the particle radius. The particle radius also affects the
generation of ‘hot spots’. It is noted that the absorption and scattering efficiencies of the
array are unchanged when the illumination polarization angle is changed, and the position
of the ‘hot spots’ do not rotate with the polarization direction of the illumination light.
Moreover, we find that ‘constant spots’, which are located at the array center composed
of four adjacent particles, and the factor of near-field enhancement stay constant in these
spots when the illumination polarization varies. As for photo-induced heating, we deter-
mined a parameter ζ to describe the temperature delocalization state. Each particle can be
regarded as an individual nano-heat source when the dimensionless parameter ζ = 1.04.
However, as ζ decreases, the thermal coupling effect becomes obvious, and the temperature
of the array tends to be more uniform. Interestingly, the maximum temperature is not
always located at the position of the array center. However, the center and maximum
temperature vary with the parameter of the array with a similar law. Here, we propose that
the coupling effect of a scattered light field between particles may also be used to regulate
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temperature distribution. This work provides some theoretical considerations for the field
manipulation of nanostructures.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/nano12213924/s1, Figure S1: The absorption and scattering efficiencies of
chain composed by 3 Ag nanoparticles with different particle spacing and radius. (a,b) The chain is
perpendicular to polarization. (c,d) The chain is parallel to polarization; Figure S2: The absorption
and scattering efficiencies of chain composed by 3 Ag nanoparticles with different particle radius
and spacing d = 10 nm (a,b) The chain is perpendicular to polarization. (c,d) The chain is parallel
to polarization; Figure S3: The absorption and scattering efficiencies of the different structure of Ag
nanoparticle with different particle radius (a,b) a single Ag nanoparticle (c,d) 2 × 2 square array of
Ag nanoparticles with particle spacing d = 10 nm.
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Abstract: Improving nonlinear optics efficiency is currently one of the hotspots in modern optical
research. Moreover, with the maturity of nonlinear optical microscope systems, more and more
biology, materials, medicine, and other related disciplines have higher imaging resolution and
detection accuracy requirements for nonlinear optical microscope systems. Surface plasmons of
metal nanoparticle structures could confine strong localized electromagnetic fields in their vicinity
to generate a new electromagnetic mode, which has been widely used in surface-enhanced Raman
scattering, surface-enhanced fluorescence, and photocatalysis. In this review, we summarize the
mechanism of nonlinear optical effects and surface plasmons and also review some recent work
on plasmon-enhanced nonlinear optical effects. In addition, we present some latest applications of
nonlinear optical microscopy system research.

Keywords: plasmon; nonlinear optics; microscopy systems

1. Introduction

As one of the essential branches of modern physical photonics, the discovery of
nonlinear optics benefits from the invention of lasers [1,2]. Nonlinear optics takes the
physical phenomena and reality applications resulting from the interaction between glaring
light and nonlinear materials as research goals, including the generation of harmonics,
optical detection, frequency modulation, etc. [3]. In 1961, Fraken produced a light with
a wavelength of 347 nm by irradiating a crystal with a ruby laser [4]. The wavelength
of this new light is not the same as the wavelength of the incident light and is exactly
half the wavelength of the incident light. This finding from the experiment verifies the
second harmonic generation (SHG) for the first time. Since then, Schawlow et al., have also
theoretically analyzed nonlinear optical phenomena such as quasi-phase matching and
phase matching in the resonant cavity [5,6]. Effects such as stimulated light scattering, two-
photon absorption, and optical Kerr effect are found in early nonlinear optics research [7–9].
The early discovery and exploration of nonlinear optical phenomena by researchers laid
the foundation for the development of the field [10]. Based on the advantages of nonlinear
optical effects, photonic devices such as nonlinear optical microscopes have matured [11,12].
However, due to the requirement of the high-intensity electric field, the inherent nonlinear
optical response of the material is not obvious. Some nonlinear optical crystals usually use
complementary ways to increase conversion efficiency, but they are challenging to use in
fabricating integrated optoelectronic devices due to size constraints [13]. Therefore, how to
improve the nonlinear response and conversion efficiency in the nanoscale is the current
barrier to nonlinear optics research.

In 1921, Albert Einstein proved and revealed the existence of the photoelectric effect
through experiments and won the Nobel Prize in Physics, which opened the research
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chapter of modern photoelectric interaction [14]. The unique reflective luster of the noble
metal surface is closely related to the metal’s unique optical properties and the free charge
shifting inside the metal [15]. When electromagnetic waves of a specific wavelength irra-
diate the metal nanostructures, the plasmon effect generated on the surface can bind the
electromagnetic waves to the vicinity of the metal nanostructures [16]. Plasmonic nanos-
tructures could control linear and nonlinear optical processes and enhance the interaction of
light and material by confining electromagnetic waves in the subwavelength range, which
has a wide range of application prospects in the fields of single-molecule detection [17],
super-resolution detection [18], light capture and emission [19], and optical force manip-
ulation [20]. Meanwhile, the plasmon effect’s modulation of nonlinear optical processes
can also help improve the nonlinear optical effect under low-light conditions and reduce
the size of nonlinear optical devices [21]. The discovery of these traits has a tremendous
guiding effect on the research and development of integrated optoelectronic devices and
has aroused the interest of researchers [22]. The generation of nonlinear optical effects
relies on high-intensity external electromagnetic fields. Surface plasmons can trap light in
nanostructures in free space and form huge local electromagnetic field enhancements [23].
Combining surface plasmons with nonlinear optical effects can realize nonlinear effects
under low-light conditions and has excellent potential for developing nonlinear sensing
and all-optical regulation.

This review starts from nonlinear optics and surface plasmons’ characteristics and
introduces the research progress on the nonlinear optical effects of surface plasmon metal
nanostructures. In addition, we also review the experimental results of the combined use
of nonlinear optical microscopy systems and prospect the emerging application prospects
of this field and the potential research directions for the existence of nonlinear optics
in nanostructures.

2. Nonlinear Optics Effect Process of Surface Plasmon

Under the excitation of an external electric field, the free electrons located in the
conduction band around the Fermi level in the interior of the metal nanoparticle will collec-
tively oscillate on the particle surface. The electric field energy in the charge resonance state
will be converted into the kinetic energy of the collective oscillation of free electrons on the
particle surface and generate the surface plasmon (SP) effect, which includes the surface
plasmon polariton (SPP) and localized surface plasmon (LSP) resonance [24]. Localized sur-
face plasmon resonance refers to the collective oscillation of surface free electrons for metal
nanoparticles under the excitation of an external field, resulting in boundary conditions
due to the size and shape of the nanoparticles. Free electrons could resonate and enhance
the local electric field strength around the metal nanoparticles under specific excitation
conditions. The LSP peak intensity and position are affected by the morphology, size, mate-
rial type, and dielectric constant of the metal nanoparticles, resulting in displacement or
intensity change [25]. Assuming that there is an isotropic metal sphere with radius d inside
the isotropic medium, and the radius d of the sphere is much smaller than the incident
wavelength λ , it can be approximated that the electric field around the metal sphere is the
same everywhere. In the other words, the model is a quasi-static approximation [26]. The
extinction cross-section (σext) of the metal sphere is shown in Equation (1):

σext = σabs + σsca = kπd312εd
3/2

(
ε
′′
m

(ε′m + 2εd)
2 + ε

′′
m2

)
(1)

where the wave vector k = 2π/λ. σsca and σabs are the scattering cross-section and
absorption cross-section of the metal sphere, respectively. εm and εd, respectively, represent
the complex permittivity of the metal sphere and the medium. When the σext reach
the most significant situation, most of the incident light is absorbed or scattered, which
is the LSP resonance state. Complex permittivity of the metal sphere εm = ε(ω, d) =
ε′m(ω, d) + iε′′m(ω, d), which means the complex permittivity of the metal sphere is closely
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related to the frequency of incident light and the size of metal particles. In addition,
the imaginary and real parts of the complex permittivity correspond to the position and
width of the LSP resonance peak, respectively. This indicates that the LSP resonance peak
position and full half-high width could be regulated by changing the complex permittivity
of the metal particles, which provides a way to study the controllability of LSP resonance.
Researchers usually use chemical synthesis to prepare metal nanoparticles with controllable
size and morphology and find that the curvature of metal nanoparticles is closely related
to the enhancement of the local electric field [27]. In particular, nanotips, protrusions, and
other “antenna”-like shapes have strong electromagnetic hot spots around them. In recent
years, researchers have also found that the coupling effect of metallic nanogap can cause
an extreme electric field enhancement in this region, which as shown in Figure 1. The
local field strength variation law of electromagnetic coupling “hot spots” between metal
nanoparticles by controlling the distance between metal nanoparticles [28].

Figure 1. (a) Localized surface plasmon resonance on the surface of metal nanoparticles. (b) The hot
spot with nanogap is when the two Au nanospheres with a diameter of 20 nm are separated by 3 nm.
(c) The “tip-hot spot” effect at the tip of Au nanocones with regular tetrahedral structure.

Unlike LSP, surface plasmon polaritons refer to the resonant coupling of free electrons
and incident photons on the surface of metal substrates with periodic structures such as
metal nanodiscs and gratings to form an electromagnetic mode. In this case, evanescent
waves are generated at the dielectric interface and propagate parallel to the interface [29].
SPP refers to a new hybrid electromagnetic mode generated by the resonant coupling of in-
cident photons of an external field and free electrons on the surface of metal nanosubstrates,
which propagates horizontally along with the interface between the surface of the metal
substrate and the mediu [30]. The electric field amplitude decays exponentially along the
vertical direction of the interface. In general, the field attenuation of air or glass above the
metal is 1/2 of the incident light wavelength, and the metal’s attenuation depends on the
surface depth of the metal. The real (Kr) and imaginary (Ki) parts of the SPP wave vector
can be represented by Equations (2) and (3):

Kr =
ω

c

(
ε′mεd

ε′m + εd

)1/2

(2)
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Ki =
ω

c
ε
′′
m

2ε′m2

(
ε′mεd

ε′m + εd

)3/2

(3)

where ω is the angular frequency of the incident light and c is the speed of light. ε′m and
ε
′′
m are the real and imaginary parts of the metal dielectric constant and εd is the dielectric

constant of the medium. If the frequencies are the same, the plasmon wave vector on the
metal surface is larger than the light wave vector (KSPP > ω

C ). There will generate the
SPP effect at the interface between metal and medium. Therefore, we must use the wave
vector matching method to realize the resonance coupling excitation of surface plasmon
and incident light.

The incident light wave must be excited on the metal surface to generate surface
plasmon polaritons so that the effective control of the SPP mode can be accomplished.
According to the SPP dispersion relationship in Figure 2c, it could be shown that at the
same frequency, the photon wave vector is smaller than the surface plasmon polariton wave
vector generated by exciting the metal surface [31]. Taken as a whole, only by increasing
the wave vector of the incident light wave can the surface plasmon polaritons be excited on
the metal surface.

Figure 2. Electric field properties of SPP at the interface between dielectric and metal surface:
(a) Coupling and electronic oscillation of SPP electromagnetic waves. (b) The electric field component
of the SPP is bound on both sides of the interface and decays exponentially. (c) Dispersion plot of SPP.

The necessary condition for the generation of nonlinear optical effects is the interaction
of high-intensity light with optic materials [32]. Nonlinearity in nonlinear optics means that
the response of a substance to an external light field is in the form of a nonlinear equation,
and is closely related to the intensity of the external light field [33]. For a material system,
the relationship between the external light field intensity E(t) and the polarization intensity
P(t) is shown by Equation (4):

P(t) = P(1)(t) + P(2)(t) + P(3)(t) + · · · = ε
[
χ(1)E1(t) + χ(2)E2(t) + χ(3)E3(t) + · · ·

]
(4)

where ε is the dielectric constant in vacuum, and χ(n) is the nonlinear polarizability of the n
order. P(1)(t) is the linear part, where the resonance amplitude of the applied electric field is
linearly related to the optical response of the materials. As the intensity of the applied light
field increases, the nonlinear response of P(t) to the light field begins to appear gradually.
Among them, the second-order nonlinear optical effect is closely related to χ(2), which
includes the second harmonic generation (SHG), sum-frequency generation (SFG), and
difference frequency generation (DFG). The third-order nonlinear optical effects originating
from polarizability χ(3) mainly include triple harmonics generation (THG), four-wave
mixing (FWM), coherent anti-Stokes Raman scattering (CASR), and so on. χ(n) (5 ≤ n) is
the higher-order nonlinear optical process that usually produces higher-order harmonics
generation (HHG). Among the common nonlinear optical processes, the nonlinear processes
of χ(2) and χ(3) are relatively common, and the localized electromagnetic field enhancement
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caused by surface plasmon resonance could improve the conversion efficiency in nonlinear
optics, so that has received extensive attention from researchers.

3. Surface Plasmon Resonances Enhanced the Nonlinear Optics Microscopy

3.1. Nonlinear Optical Enhancement in Surface Plasmons of Metal Nanoparticles

The essence of using surface plasmon resonance to enhance nonlinear optical effects
is to match the frequency of the excitation light or frequency-doubling light with the
surface plasmon resonance frequency to achieve the effect of excitation or emission en-
hancement [34]. Based on this condition, a variety of metal nanostructures were prepared by
researchers, such as noble metal dimer structure [35,36], metal nanograting structure [37],
metal nanocube structure [38], vertical Au nanorods (AuNRs) array structure, and so
on [39,40]. Furthermore, for even-order nonlinear optical effects (e.g., SHG), the symmetri-
cal structure of the material is essential [41]. Mi et al. [42] found that multi-surface plasmon
resonance (MSPR) induced by Au@Ag NRs structure with frequency doubling effect could
enhance CARS and two-photon excited fluorescence (TPEF) in nonlinear optical microscopy.
By controlling the ratio of Hexadecyltrimethyl-ammonium bromide (CTAB), HAuCl4, and
AgNO3, they prepared Au@Ag NRs with different aspect ratios by wet chemical reduc-
tion method under a specific temperature and humidity environment. They successfully
realized the frequency-doubling relationship of the UV-vis absorption peak positions of
Au@Ag NRs. The fundamental and doubling peaks of Au@Ag NRs are at 800 nm and
400 nm, respectively. Meanwhile, they also demonstrated the enhancement effect of MSPR
on nonlinear optical processes by TPEF and two-photon CARS characterization images of
the two-dimensional (2D) material g-C3N4.

As shown in Figure 3a–c, they successfully coated a 10 nm-thick Ag shell on the
surface of AuNR to form Au@Ag NRs. The length of the inner AuNR is 100 nm, and
the diameter of the AuNR is 12 nm. Different from AuNRs, the emerging core-shell
NR structure constructed by Au@Ag NRs will blueshift the resonance peak of AuNRs
from 910 nm and 520 nm to 800 nm and 500 nm, and generate a new resonance peak at
400 nm, which is shown in Figure 3d. As a typical nonlinear optical phenomenon, TPEF
approximates two high-intensity lower-frequency photons as one higher-frequency photon
(frequency doubling relationship) to excite the fluorescence signal of the materials. The
absorption peak of g-C3N4 in the 2D material is at ~400 nm, and the fluorescence emission
peak is at ~450 nm, as shown in Figure 4b. Figure 4a is an optical microscopy image of
g-C3N4 monolayer. Figure 4c,d are two-photon excitation (800 nm) fluorescence microscopy
images of g-C3N4 and Au@Ag NRs/g-C3N4. Comparing the microscopic imaging results,
it could be found that in Figure 4c, g-C3N4 only produces fluorescence under local focus,
and the intensity is weak. In Figure 4d, there are Au@Ag NRs particles on the surface
of g-C3N4. Based on the enhanced local electric field generated by the surface plasmon
of Au@Ag NRs, the fluorescence intensity of g-C3N4 was significantly enhanced. The
frequency-doubling absorption peak of Au@Ag NRs just matches that of g-C3N4, and the
two photons could be absorbed in this band that realizes the fluorescence enhancement of
g-C3N4. In addition, they also investigated the enhancement of CARS characterization of
g-C3N4 by Au@Ag NRs, which is another nonlinear optical effect. The CARS and TPEF
nonlinear optical signals of g-C3N4 can be distinguished after plasmon enhancement of
Au@Ag NRs, because the frequency doubling of Au@Ag NRs at 800 and 400 nm enhances
the non-linear optical signals. The simulations in COMSOL software strongly support the
experimental results. At an incident angle of 30◦, the enhancement factors (EF) of Au@Ag
NRs surface plasmons for CARS and TPEF can reach 1.6 × 104 and 6 × 1016, respectively,
which is huge for the nonlinear optical signal enhancement of g-C3N4 alone. This research
not only enables the enhancement of nonlinear optic signals by frequency doubling of metal
nanorods but also demonstrates the great potential of MSPR for accurate characterization
and improved imaging resolution in the future.
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Figure 3. (a,b) Characterization image of Au@Ag NRs, respectively, by the scanning electron micro-
scope (SEM) and transmission electron microscope (TEM). (c) Characterization results of different
elemental compositions of Au@Ag NRs. (d) UV-Vis absorption spectra of experimentally synthesized
Au@Ag NRs [42]. Republished with permission from Ref. [42]. Copyright 2022 Walter de Gruyter.

Figure 4. (a) Optical brightfield image of g-C3N4 without Au@Ag NRs.(b) Absorption and fluores-
cence (PL) spectra of g-C3N4. (c,d) are the TPEF images of g-C3N4 without and with Au@Ag NRs on
the surface, respectively [42]. Republished with permission from Ref. [42]. Copyright 2022 Walter
de Gruyter.

Based on the frequency-doubling relationship of Au@Ag NRs, Cui et al. success-
fully realized the nonlinear microscopic characterization of CARS and TPEF of plasmon-
enhanced non-fluorescent microorganisms according to previous research, which is shown
in Figure 5 [43]. They found that Au@Ag NRs with frequency-doubled surface plasmon
resonance (SPR) peaks (400 nm/800 nm) could effectively induce the linear fluorescence
signal of E. coli and also enhance the nonlinear spectral signal of its TPEF. Besides, the
CARS nonlinear spectral signals of E. coli and S. aureus can also be effectively enhanced
by the SPR effect of Au@Ag NRs. Figure 5a,b are the TEM characterization results of the
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Au@Ag NRs parallel array after the self-assembly experiment and the E. coli incubated
in Au@Ag NRs solution, respectively. Between each self-assembly, Au@Ag NRs parallel
array nanogap would generate the hotspot, which would enhance the local intensity of the
electromagnetic field around the nanorod. They first performed confocal imaging of two
standard CARS peaks of E. coli at 1094 cm−1 and 2993 cm−1 with light at 532 nm, as shown
in Figure 5c,d. The left side of the blue dotted line is the colony area without Au@Ag NRs,
and the right side is the colony area with Au@Ag NRs.

Figure 5. (a,b) are the TEM images of the self-assembled Au@Ag NRs and E. coli, respectively.
(c,d) are the results of CARS imaging of E. coli at 1094 cm−1 and 2933 cm−1, respectively. (e–h) are the
CARS imaging results of S. aureus at 1094 cm−1 (e), 1340 cm−1 (f), 1589 cm−1 (g) and 2933 cm−1 (h),
respectively. (i–n) are the TPEF imaging signals of E. coli and S. aureus under brightfield microscopy
(i,j), 570–630 nm (k,l), and 495–540 nm (m,n) channel regions, respectively. In the nonlinear micro-
scopic imaging image, the right and left sides of the blue dotted line are the regions with and without
Au@Ag NRs, respectively [43]. Republished with permission from Ref. [43]. Copyright 2022 Elsevier.

The imaging results clearly show that the nonlinear signal of E. coli CARS enhanced
by the metal surface plasmon is more obvious, and the imaging resolution of the colony is
greatly improved. They then also performed confocal imaging of the characteristic CARS
signal of S. aureus. Similar results are shown in Figure 5e–h, the CARS imaging intensity
on one side (right side of the blue dotted line) coated with Au@Ag NRs is significantly
higher than that on the other side. This is because the SPR intensity of Au@Ag NRs is
strongest at 800 nm, which can well enhance the different light in CARS. Meanwhile, it
also proves that the surface plasmon of Au@Ag NRs indeed enhances the CARS signal.
In order to better prove that plasmons can enhance nonlinear optical efficiency, they also
verified the TPEF process of E. coli and S. aureus by using the plasmon frequency doubling
effect of Au@Ag NRs. Analyzing the microbial environment and activity using CARS
technology is cumbersome, and the fluorescent metabolite signals of microorganisms are
more commonly used in research to confirm the life state of microorganisms. Figure 5i,j,
respectively, are bright-field microscopic images of E. coli and S. aureus, from which the
distribution of colonies and the effect of Au@Ag NRs on colony growth could be observed.
Figure 5k–n are the TPEF confocal images of E. Coli and S. Aureus in the 575 nm to 630 nm
and 495 nm to 540 nm channels under two-photon excitation at 800 nm, respectively. The
blue dotted line is also used as the coverage with or without Au@Ag NRs. The imaging
results could clearly demonstrate the signal amplification in the nonlinear optical process
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of two-photon fluorescence imaging by plasmon-enhanced. The research results provide
a promising prospect for applying frequency-doubling metal nanoparticles in plasmon-
enhanced nonlinear optical processes and microscopic imaging.

Shen et al. [44] designed a reusable plasmon-enhanced SHG (PESHG) substrate suit-
able for near-ultraviolet (NUV) wavelengths synthesizing Ag mushroom arrays. As shown
in Figure 6a, they fabricated Ag mushroom arrays on Si/Au film substrates using nano-
lithography imprinting technology and the electrochemical deposition process. Figure 6b,c
are the SEM characterization results of this array, which intuitively illustrate the uniformity
of the array, and this periodic structure is the key to the SPP effect. In addition, controlling
the nanogap spacing between mushrooms also helped generate more electromagnetic
hotspots. Metal mushroom arrays are characterized by reducing their centrosymmetry at
the three-dimensional level and can significantly enhance the SHG signal. Compared with
the SHG signal generated by the surface of Au film alone, the SHG signal released by the
Au mushroom array (GMA) was enhanced by 13 times, as shown in Figure 6d. Benefiting
from the superior metal activity of Ag compared to Au, they deposited an Ag film on the
surface of the Au mushroom array (SMA). They found that the new Ag mushroom array
improved the SHG signal significantly. Under different fundamental frequencies, SMA has
improved SHG signal than GMA, as shown in Figure 6e, especially at the fundamental
wavelength of 860 nm, it has a nearly 80-fold improvement. This finding has guiding
significance for applying SHG in nonlinear optics, such as optical communication and
surface detection.

Figure 6. (a) Schematic diagram of the fabrication of metal mushroom arrays. (b) The top view of
SEM characterization of SMA. (c) A single Ag mushroom has a height of 220 nm and a diameter
of 300 nm, which is the side view. (d) Signal comparison of GMA and SHG on the surface of Au
film substrate. TPEL is expressed as two-photon excitation should. Inset is the SEM characterization
of GMA. (e) Fundamental wavelength-dependent comparison of PESHG performance of SMA and
GMA [44]. Republished with permission from Ref. [44]. Copyright 2022 American Physical Society.

Apart from the surface plasmon effect produced by common metal nanoparticles
(nanorods, nanoparticles . . . ), metal tips as a typical metal structure, produce a huge local-
ized electromagnetic field focus effect, which is widely used for scanning probe microscopy
(SPM), tip-enhanced Raman scattering (TERS) and other research [45,46]. Jiang et al. [47]
achieved coherent nonlinear imaging and graphene nanospectroscopy detection by means
of metal tip excitation. They achieved the SPP effect by etching the periodic grating struc-
ture on the outer ring of the Au tip, as shown in Figure 7a, and a huge local electromagnetic
field was generated at the Au tip with a radius of 10 nm, so they were able to detect the
four-wave mixing (FWM) response of graphene. Figure 7b shows the imaging results of
different layers n of graphene according to different response strengths.
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Figure 7. (a) Schematic illustration of the Au tip after grating etching for localized FWM excitation.
(b) Near-field FWM imaging of monolayer and bi- and tri-layer graphene. The white dotted line is the
edge of the graphene. (c) Fitted model of the dependence of thickness (n) on the intensity of integrated
FWM (IFWM) [47]. Republished with permission from Ref. [47]. Copyright 2022 Springer Nature.

As n increases, the strength (IFWM) of the FWM then exhibits a quadratic dependence
(IFWM ∝ N2), which is shown in Figure 7c. Based on this research, the number of graphene
layers could be judged according to the value of IFWM. More essentially, this study demon-
strates the feasibility of near-field nonlinear optics research in the nanometer range. Among
them, the increase in nonlinear signals due to nano-focusing and near-field enhancement
enables the further development of nonlinear nano-optics of two-dimensional materials
and their nanostructures. This also makes it possible to finally develop nonlinear optical
integrated devices with ultra-high sensitivity.

MoS2 as a transition metal dichalcogenide (TMDs), has similar physical structure and
chemical properties to the typical two-dimensional material graphene and is currently a
research hotspot in the field of semiconductors and two-dimensional materials. Wang et al.
used a finite-difference time-domain (FDTD) method to investigate the properties of the
MoS2 monolayer with the Ag tip to enhance two-photon-excited fluorescence (2 pF) [48].
Figure 8a shows the model structure of MoS2 tip-enhanced by 2 pF. The incident light in
the model is irradiated to the MoS2 surface with a thickness of 1 nm on the Ag substrate by
oblique incidence. The inset is a detailed schematic of the model. Among them, the incident
angle is θ, the tip radius is r, the tip full cone angle is β, and the tip inclination angle and
spacing are denoted by α and d, respectively. In the general fluorescence process, due to
the low photon density of the incident light, a fluorescent molecule can only absorb one
photon simultaneously and then emit a fluorescent photon through the radiation transition,
which is called single-photon fluorescence.

For the two-photon fluorescence process, the intensity of the excitation light source
is relatively high, and the photon density meets the requirement of simultaneous absorp-
tion of two photons by fluorescent molecules. In the normal two-photon fluorescence
emission process, the photon density is insufficient to produce two-photon absorption,
so a femtosecond pulsed laser is usually used, and its instantaneous power can reach the
order of megawatts. The wavelength of two-photon fluorescence is shorter than that of
the excitation light, but the photon energy density is higher, which is equivalent to the
effect produced by half-excitation wavelength excitation, which is shown in Figure 8b,
which is a schematic diagram of the energy level of 2 pF. Compared with the single-photon
fluorescence emission, the high-order nonlinear optical process in the tip-enhanced 2 pF
process leads to the greatly enhanced fluorescence emission. As shown in Figure 8c,d,
the 2 pF overall enhancement factor of MoS2 under Ag tip enhancement is much higher
than 1 pF, and a distinct fluorescence emission peak can be observed at the 630 nm exciton
transition. To enable resonance matching of the SPR with the exciton transition process
at 677 nm, a maximum enhancement of 2 pF at r = 65 nm was achieved by varying the
radius of the Ag tip (25 nm to 65 nm) and was 41 for EF2 pF/EF1 pF. This shows that the
strength of 1 pF can be increased by at least 40 times using the 2 pF process of the tip to
MoS2. These works also show that the metal tip in the SPM can improve the conversion
efficiency of nonlinear optical processes, achieve coupling, and enhance the strength of
nonlinear optical signals under specific conditions.
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Figure 8. (a) Model of the 2 pF process on the Ag tip with the MoS2 surface. (b) Energy level diagrams
of excitation and emission processes of 1 pF and 2 pF. (c) Comparison in enhancement factors of
1 pF and 2 pF on MoS2 surface. (d) The change in the Ag tip radius couples the SPR and enhances
the exciton emission peak at 677 nm [48]. Republished with permission from Ref. [48]. Copyright
2022 Elsevier.

3.2. The Application of Nonlinear Optical Microscopy System

Nonlinear optical microscopy, as a type of laser scanning microscopy, is to image
the optical signals generated by the nonlinear interaction between incident light and the
sample. There is a nonlinear relationship between the size of the imaged optical signal and
the intensity of the incident light. Compared with traditional linear optical microscopes,
nonlinear optical microscopes have the advantages of long-wavelength excitation, high
spatial resolution, and ultrafast lasers as light sources that could reduce the average power
of laser pulses. In recent years, nonlinear optical microscopy systems (such as CARS, SHG,
and TPEF microscopy imaging techniques) have been widely used in biological sciences,
medical research, and nanomaterials research and development [49]. Among them, the
study of SHG signals on the surface of transition metal dichalcogenides (TMDCs) with a
certain torsion angle and at the heterojunction based on the polarization-dependent nonlin-
ear microscopies presents a possibility for the application of nonlinear optical microscopy
in surface optical inspection [50,51]. In this section, we focus on reviewing the work of
nonlinear optical systems in practical applications.

Li et al. imaged porous carbon structures by building the nonlinear optical microscopy
system [52]. The specific optical path of the nonlinear optical microscope system is shown
in Figure 9b. Figure 9a shows an optical image of the porous carbon after the removal of the
nickel structure, in which the synthesis of the porous carbon is completed on the surface of
the nickel structure, and the nickel structure has been removed in the optical measurement.
The inset in Figure 9a is the Raman signal measured at five different points in the optical
image, which can demonstrate the reproducibility and homogeneity of the Raman spectrum
of the porous carbon material. Figure 9c,d are the bright-field images and SHG imaging
results of the porous carbon material, respectively. The structure of the porous carbon
material can be clearly distinguished by comparison. Optical transitions and scattering can
be performed in non-centrosymmetric media due to nonlinear optical effects. The stacking
of multilayer porous carbon structures could induce SHG generation. Moreover, when
the multilayer material is grown epitaxially, the perturbation of the Dirac cone causes the
bandgap to open. This indicates that the centrosymmetry is broken, and thus the second-
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order nonlinear optical response of the porous carbon material can be enhanced. Figure 9e,f,
respectively, are the CARS imaging results at 1587 cm−1 and 1360 cm−1. Figure 9g shows
the imaging signal and image structure of the porous carbon material TPEF, which is
clearly showing the porous carbon material structure. The transfer of photon momentum
in TPEF to the electron system is also demonstrated. Figure 9h is the combined image of
Figure 9a–e. The upper and lower figures in Figure 9i are the characterization comparison
of CARS and Raman spectra of porous carbon materials, respectively. The nonlinear optical
microscope system can reveal that the optical properties of porous carbon materials can be
well revealed by the nonlinear optical characterization results of CARS, SHG, and TPEF by
the nonlinear optical microscope system. The nonlinear optical microscopy system also
provides a potential channel for studying other micro and nanoscale materials. Sun et al.
studied the nonlinear optical response of single-layer graphene based on this nonlinear
optical system [53]. They found that these nonlinear microscopes could not only clearly
observe the morphology and structure of single-layer graphene but also effectively evaluate
the quality of graphene. This research shows unique advantages in applying 2D material
characterization and biological and medical research.

Figure 9. (a) Bright-field microscopic image of porous carbon after thin nickel structure. Insets are
Raman spectral images at five different points. (b) Optical path diagram of the nonlinear optical
microscope system. (c) Brightfield images of porous carbon materials. (d) SHG image of porous
carbon materials. (e,f) are CARS images at 1587 cm−1 and 1360 cm−1, respectively. (g) is a TPEF
image of the porous carbon material. (h) is the merged image of Figure 9a–e. (i) compares porous
carbon material CARS with Raman spectroscopy [52]. Republished with permission from Ref. [52].
Copyright 2022 Elsevier.
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In the process of medical diagnosis and treatment, drug screening and avoidance
of side effects are essential research directions. However, traditional screening processes
require molecular labeling and detection of fluorescence data. This method of detection
carries the risk of altered biological activity. Francesco et al. developed a label-free imaging
system based on nonlinear optical microscopy [54]. The nonlinear imaging microscope
system combines CARS and Bessel beams to ensure high-resolution spectral imaging and
chemical composition analysis at the same time. Based on the nonlinear optical microscopy
system, they studied the side effects of drug-induced lipid storage in liver tissue, and
successfully extracted the spectral and spatial distribution of lipid and protein components,
providing a new channel for detecting drug reaction side effects. Li et al. used nonlinear
optical microscopy to observe in situ the symbiosis and competition between collagen and
bone during biological evolution [55]. Using nonlinear optical microscopy, they successfully
observed that sdsCO3

−2 and PO3
−2 induced collagen production and bone formation. As

bones mature, collagen is gradually broken down from around the bones. Using CARS
and SHG nonlinear optical microscopy techniques, the evolution and degradation of bone
and collagen can be monitored during snail growth. Figure 10 shows the results of in situ
characterization of snail bone and collagen from the first, three, five, and nine days after
birth. As shown in Figure 10a,b, a large number of sdsCO3

−2 and PO3
−2 on day 1 are

clustering together with the CARS imaging, while the SHG signal of collagen is not very
obvious. The inset is the brightfield microscopic image of the snail corresponding to the
day. In the CARS imaging results of sdsCO3

−2 and PO3
−2 on day 3, it can be found that the

aggregated sdsCO3
−2 and PO3

−2 are forming bone contours. At the same time, collagen
also grows along the outline of the bone with the aggregation of sdsCO3

−2 and PO3
−2. On

day 5, the outline of the snail’s bones gradually became clear, and the texture began to
become apparent. With the rapid development of bones currently, the content of collagen
also reaches its peak. On day 9, the snail’s skeletal outlines were clearly visible in the CARS
imaging, and the circular outlines were fully visible. However, due to the inverse feedback
and biological competition mechanism, the SHG signal of collagen at this time degenerates
and disappears due to bone maturation. The experimental results brilliantly reveal that
the biological evolution of snail bones and collagen has been imaged over time. Based
on the study of the synergistic and competitive relationship between collagen and bone
growth, it is helpful to explore the repair mechanism of fractures or other bone diseases.
The synergistic imaging of these nonlinear optical effects in vivo is helpful to observe the
interaction between various substances in the organism.

Figure 10. (a,b), (c,d), (e,f), (g,h) are the imaging results of CARS of snail bone elements and SHG of
collagen on days 1, 3, 5, 9, respectively. Inset shows brightfield microscopy images of snail evolution
on the corresponding day [55]. Republished with permission from Ref. [55]. Copyright 2022 John
Wiley and Sons.
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In order to improve the imaging and detection level, Andrew et al. proposed a
CARS nonlinear optical system based on Mid-IR assisted (MIRA) [56]. The nonlinear
optical system can effectively obtain coherent Raman scattering signals in a low-noise
background, which making the microscope system a potential option for highly sensitive
spectral characterization and high-precision imaging. Figure 11a is a schematic diagram
of the optical path of the entire nonlinear optical microscope system. They focused two
optical signals (532 nm and IR) into methane gas, and then coupled the Raman signal
generated after excitation into a spectrometer for analysis. Taking the amplitude of χ(3)

as the detuning function of IR-enhanced Raman and CARS can reflect the enhancement
of Raman signal more realistically. The result after they added χ(3) to the Raman signal
is shown in Figure 11b. Compared with traditional CARS, MIRA-based CARS can more
effectively couple the ground and excited states. With the advantages of this system,
the MIRA-based CARS nonlinear optical microscope system provides a new solution for
spectral detection and imaging with high sensitivity.

Figure 11. (a) The optical path of CARS nonlinear optical system based on MIRA. (b) χ(3) as a
detuning function of MIRA and CARS [56]. Republished with permission from Ref. [56]. Copyright
2022 American Physical Society.

As the main energy substance of the human body, glucose is often used in sol-
vent medicines or energy supplements and plays a significant role in the synthesis and
catabolism of cells. The metabolism of glucose itself is closely related to the metabolic
decomposition in various pathological reactions, and it is often used in the early detection
technology of cancer. Long et al. proposed a two-color stimulated Raman scattering (SRS)
imaging method to detect glucose uptake and metabolic activity in mouse brain tissue [57].
As a nonlinear process in optical inelastic scattering, SRS enables high-resolution imaging
of probe substrates. By editing 13C, they constructed a 13C-labeled 3-O-propargyl-D-glucose
(3-OPG-13C3) probe with a new Raman characteristic peak to ensure the visual monitoring
of glucose uptake by the original 3-OPC probe in vivo. Moreover, the probe can achieve
spectral resolution for other types of glucose (D7-glucose).

Figure 12a is their flow chart of experiment. Inspired by the strategy of isotope editing
in vibrational spectroscopy, they successfully synthesized 3-OPG-13C3 with total produc-
tivity is 33%, and the 3-OPG-13C3 probe does not have any crosstalk with the spectrum of
D7-glucose. This new combinatorial probe enables the study of glucose uptake activity and
synergy in adipogenesis by SRS imaging. Figure 12b shows the Raman spectra of different
kinds of probes in prostate cancer cell-3 (PC-3) and PBS dispersion, respectively. Among
them, the red chromatographic line is double-labeled with D7-glucose and 3-OPG-13C3
probes in PC-3 solution, and two different peaks are generated at 2053 cm−1 and 2133 cm−1,
which represent the uptake and metabolism of glucose, respectively. The Raman charac-
teristic peaks of 3-OPG-13C3 reflect the uptake of glucose in PC-3, while the characteristic
peaks of D7-glucose reflect the metabolism of glucose in PC-3. Edited combinatorial probes
are used for simultaneously studying glucose uptake and incorporation activity using SRS
microscopy. This research provides a practical experimental idea for the diagnosis and
treatment of cancer.
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Figure 12. (a) The editing and synthesis process of 3-OPG-13C3 and the structure of D7-glucose.
(b) Raman spectra of different types of glucose probes in PC-3 and PBS solutions. (c) Two-color SRS
imaging of PC-3 cells using 3-OPG-13C3 and D7-glucose probes at 2133 cm−1 and 2053 cm−1, respec-
tively [57]. Republished with permission from Ref. [57]. Copyright 2022 Royal Society of Chemistry.

To achieve high-precision characterization to break through the diffraction limit is one
of the research directions of micro and nano microscopic systems when studying substances
below the optical diffraction limit. Neranga et al. achieved TPEF imaging of single and
nanoclusters (NC) glutathione-protected Au25 (Au25SG18) by near-field scanning optical
microscopy [58]. They adjusted the pH in the Au25SG18 solution to induce a change in the
charge environment in the solution, which facilitated the separation of single Au25SG18
NCs, as shown in Figure 13a. This is due to the increased emission density caused by the
aggregation of Au25 NCs at pH = 5.0. Broader emission spectrum compared to pH = 7.0
solution as shown in Figure 13b. To further verify the effect of solution concentration on
the TPEF imaging of NSOM, they selected 1.4 nm and 12 nm solutions for TPEF imaging
control, which is shown in Figure 13c,d. The nature of the different imaging results
is related to the size of the spacing between the nanoclusters. The imaging results in
Figure 13c demonstrate that TPEF for single NCs can be achieved by NSOM when the
nanocluster spacing is less than 50 nm. Taking advantage of the unique optical properties
of Au25, the nanoenvironment can be assessed by non-optical microscopy of TPEF for
local ultrasensitive detection. Moreover, a single Au25SG18 NC can be used in a biosensing
system and image detection of the local nanoenvironment in the organism, thereby realizing
the early diagnosis of disease.
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Figure 13. (a) Changes in pH lead to changes in the spacing of Au25 nanoclusters. (b) The increase in
pH narrows the change in the full width at half the maximum of the emission peak of the molecule.
(c,d) are the TPEF imaging results of 1.4 nm and 12 nm solutions coated on the glass substrate
surface, respectively [58]. Republished with permission from Ref. [58]. Copyright 2022 American
Chemical Society.

ZnSe doped with a single crystal structure is a popular choice for the preparation
of light-emitting diodes, and its optical properties exhibit nonlinear response character-
istics with the change of incident light intensity. Irradiation of single-crystal ZnSe in the
near-infrared band (~770 nm) with a femtosecond laser results in a two-photon absorp-
tion process followed by blue high-energy fluorescence photons (~475 nm). However,
single-crystal ZnSe is not easy to obtain, and the preparation cost is higher than that of
polycrystalline structure. Geoff’s research group studied the two-photon absorption pro-
cess of polycrystalline ZnSe, and considered whether polycrystalline ZnSe could induce
stimulated emission through two-photon absorption at 775 nm under ultra-high light
intensity [59]. Due to the short fluorescence lifetime, a 0.5 mm thick ZnSe thin layer sample
was mounted in an optical cavity with a length of 10 cm. As illustrated in Figure 14a, a
femtosecond laser was used to irradiate a polycrystalline ZnSe material with high-intensity
incident light with a wavelength of 775 nm, and the two-photon-induced fluorescence
effect was successfully achieved. Figure 14b–e shows that the researchers found that the
fluorescence radiation depth of polycrystalline ZnSe gradually increased under different
incident light intensities. Under long pulses, as the peak intensity of the incident light inten-
sity diminishes, the fluorescence intensity also gradually decreases and penetrates deeper
into the material. Figure 14f shows the lifetime fluorescence intensity versus wavelength
decay with time through the nonlinear optical microscopy system. It could be found that
the fluorescence lifetime decays gradually with the increase in the pumping intensity of
the incident light, which indicates that energy exchange is taking place between the ions.
These findings demonstrate that polycrystalline ZnSe could reach the lasing threshold by
two-photon pumping at 775 nm using a femtosecond laser under appropriate pumping in-
tensity and crystal cooling conditions. This research has great commercialization potential
in developing fluorescent display and lighting equipment.
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Figure 14. The two-photon-induced fluorescence of polycrystalline ZnSe at 775 nm is dependent
on the incident laser intensity. (a) Blue fluorescence front view of polycrystalline ZnSe. (b–e) are
the side views of the fluorescence radiation at incident light intensities of 25GW cm−2, 4GW cm−2,
1.5GW cm−2, and 1GW cm−2, respectively. As the incident intensity decreases, the depth of fluores-
cence radiation in the sample becomes larger. (f) is the time-dependent decay curve of polycrystalline
ZnSe with fluorescence intensity and wavelength [59]. Republished with permission from Ref. [59].
Copyright 2022Chinese Academy of Sciences.

4. Summary

The nonlinear optical effect will make the imaging focal spot smaller than the focal spot
of the excitation light, thus breaking the classical diffraction limit, greatly improving the
spatial resolution of confocal microscopy, and enabling super-resolution three-dimensional
imaging. In particular, the surface plasmon of metal nanoparticles based on the frequency
doubling effect can amplify nonlinear optical signals, improve the efficiency of nonlinear
processes, and enhance the imaging resolution of nonlinear optical microscopes. This
review analyses and summarizes the mechanism of plasmon enhancement of nonlinear
optical signals by introducing and commenting on related research work. In addition, the
applications and prospects of nonlinear optical microscopy systems in biology, medicine,
and materials research are reviewed in this paper. These studies and applications attempted
in practical scenarios will profoundly impact the update and development of nonlinear
optical microscopy systems in the future.

5. Outlook

The electromagnetic field enhancement and hot electron transfer in surface plasmons
can enhance nonlinear optical effects, especially the combination of some surface plasmon
coupling structures and semiconductor materials can significantly improve the nonlinear
conversion efficiency. Although a large number of research and theoretical explorations
are currently striving to build a complete system for enhancing the conversion efficiency
of nonlinear optics, there are still some physical mechanisms that are still being explored
and debated. We believe that the system for nonlinear optical enhancement mechanisms
will become more and more mature shortly, which is also crucial for the construction of
nonlinear optoelectronic devices.
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Abstract: Excitation of surface plasmon resonance of metal nanostructures is a promising way to
break the limit of optical diffraction and to achieve a great enhancement of the local electromagnetic
field by the confinement of optical field at the nanoscale. Meanwhile, the relaxation of collective
oscillation of electrons will promote the generation of hot carrier and localized thermal effects.
The enhanced electromagnetic field, hot carriers and localized thermal effects play an important
role in spectral enhancement, biomedicine and catalysis of chemical reactions. In this review, we
focus on surface-plasmon-assisted nanomaterial reshaping, growth and transformation. Firstly,
the mechanisms of surface-plasmon-modulated chemical reactions are discussed. This is followed
by a discussion of recent advances on plasmon-assisted self-reshaping, growth and etching of
plasmonic nanostructures. Then, we discuss plasmon-assisted growth/deposition of non-plasmonic
nanostructures and transformation of luminescent nanocrystal. Finally, we present our views on the
current status and perspectives on the future of the field. We believe that this review will promote
the development of surface plasmon in the regulation of nanomaterials.

Keywords: surface plasmon resonance; hot electron transfer; thermal field; regulation of nanostructures

1. Introduction

The collective oscillation pattern of conduction band electrons in the nanostructures of
certain metals (e.g., Au, Ag and Cu) can effectively enhance the absorption efficiency of the
nanostructures, known as surface plasmon resonance (SPR) (Figure 1a) [1,2]. The excitation
of SPR can form strong interactions with electromagnetic (EM) radiation and electrons of
nanostructures, and lead to a significant enhanced EM field near the nanoparticles (NPs),
by converging EM radiation to a size smaller than the wavelength of the incident light [3,4].
The high-energy carriers (electron–hole pairs) and local thermal field will generate during
the relaxation of enhanced EM field (Figure 1b) [5–8]. Since the mid-1970s, plasmonic
physics including surface-plasmon-enhanced spectroscopy (Raman scattering, infrared
and fluorescence), sensing and waveguiding has been widely studied [9–11]. In recent
years, the research related to surface plasmon has been extended from plasmonic physics to
plasmon-assisted chemical reactions [12–16]. With the enhanced EM field, hot carriers and
thermal field, SPR can efficiently modulate surface reactions, especially to enable chemical
reactions that are difficult or even impossible to occur under conventional conditions,
forming an important frontier in SPR-assisted chemical reactions [17–22].
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Figure 1. (a) Coherent oscillation of electrons and the enhanced EM field [23]; (b) Scheme illustration
of SPR excitation and relaxation [5]; (c) Catalytic effects of photon (i), plasmonic EM field (ii), hot
carrier transfers (iii) and plamsonic thermal field (iv) [18]. Direct (d) and indirect hot carriers
transfer (e) between metal nanostructure and reactants adsorbed on the surface [1].

High spatial confinement and ultrafast time scale properties of SPR provide a new
approach for the precise control of nanomaterial growth and phase transitions. Although
plasmonic catalysis on molecules has been extensively studied, systematic reports on
the plasmon catalytic effects of nanomaterials are also needed. In this report, we focus
on the plasmon catalysis effect on nanomaterials. First, we discuss the mechanisms of
plasmon catalysis, including plasmonic EM field, hot carrier transfer and local thermal
field. Subsequently, we discuss recent research advances on plasmon catalysis on inorganic
nanomaterials, including the reshaping and self-growth/etching of plasmonic nanomate-
rials, the growth and transformation of non-plasmonic materials. Finally, we present our
view on the current state of the field and development in the field of plasmonic-assisted
nanomaterial optimization.

2. Mechanisms of Surface-Plasmon-Modulated Chemical Reaction

By photoexcitation of SPR, molecules present in solutions or gas streams or on the
surface of metallic NPs can be catalyzed to undergo chemical reactions leading to the depo-
sition of metal atoms or other products, resulting in the growth of nanomaterials. In this
process, it is still the reacting molecules that are catalyzed by plasmonic field, hot carriers or
thermal field, and the reaction mechanism that steams from a plasmon catalyzed reaction
of molecules is applicable in the plasmon-assisted growth of nanomaterials. Therefore, we
begin with the discussion of surface plasmon excitation and relaxation, and the mechanism
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of plasmon catalysis with enhanced EM field, hot carrier transfers and localized thermal
field (Figure 1c) [18].

2.1. The Catalytic Effect of Plasmonic EM Field

For conventional photocatalysis, photon energy excites the electronic transition of
the reactants from the ground state to the excited state, and force the molecules to move
along the potential energy surface of the excited state (Figure 1c). Finally, molecules in the
excited state can either undergo direct chemical reactions or decay back to the ground state
with additional vibrational energy, facilitating the overcoming of activation potential [23].
Similar reaction channels of conventional optical excitation are suitable for plasmonic
EM field catalyzed reactions [24–27]. SPR excitation brings about a change in the spatial
distribution of the optical field, and eventually the photon density on the surface of metal
nanostructures will increase substantially [28,29]. Therefore, the local EM field with higher
photon densities will lead to a significantly enhanced reaction efficiency of molecules in the
vicinity of nanostructures. For catalytic reactions driven by photon or plasmonic EM fields,
resonant energy transfer is required by the energy coupling between the surface plasmon
and the reactant molecules.

2.2. The Catalytic Effect of Hot Carriers

SPR in nanostructures can be radiatively relaxed by re-emission of photons or non-
radiatively relax by landau damping or chemical interface damping [30–32]. If the unoccu-
pied electronic orbitals of the reactance that adsorbed at the interface are coupled to the
nanostructure, a new electronic state associated with the chemical bonding at the interface
will generate [33–35]. The induced electronic states can participate in the coherent oscilla-
tions of SPR and accelerate its relaxation, an effect known as interfacial damping [30,36].
During SPR relaxation with the involvement of interfacial damping, hot electrons are
generated directly in the orbitals of the electronic unoccupied state of the adsorbates, while
hot holes are left in the metal nanostructure (direct electron transfer) (Figure 1d) [1,6]. The
electron transfer will produce negative ionic states with instantaneous lifetimes of tens of
femtoseconds, which is long enough to allow chemical reactions in the excited state or to
increase the vibrational energy of the ground state, thus reducing the reaction potential and
facilitating chemical reaction [37]. For this direct electron transfer mechanism, the energies
of hot carriers need to overlap with the molecule’s unoccupied state orbitals for the electron
exchange to occur. Taking advantage of this feature, the chemical reaction channel can be
enhanced selectively by controlling the hot carriers’ energy to achieve a substantial increase
in reaction efficiency and selectivity.

The damping effect of SPR due to the energy exchange between the collective coherent
oscillation mode of electrons in metals and other particles (e.g., electrons) is called Lan-
dau damping [18,38,39]. The energy exchange will accelerate the relaxation of collective
coherent oscillations of electrons, and generate hot carriers in metal NPs [40–42]. After a
thermalization process, a hot Fermi–Dirac distribution formed, then hot carriers with contin-
uous energy distribution are transferred to the orbitals of the adsorbed molecules (indirect
electron transfer) (Figure 1e) [1,43]. Since the hot electrons are distributed continuously
around the Fermi energy level, the two-step indirect transfer process has a high transfer
efficiency and is the most efficient excitation pathway catalyzed by plasmon [44–47]. The
practical efficiency of indirect electron transfer depends on the position of the unoccupied
state orbitals of the molecule relative to the Fermi energy level of the metal. The position of
the Fermi energy level of the metallic structure is not easily tuned, which means that the
energy of thermalized hot electrons is hard to be controlled by the excitation light or the
frequency of SPR, thus limiting the ability of plasmon to catalyze selective enhancement of
specific chemical reactions.
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2.3. The Catalytic Effect of Plasmonic Thermal Field

The thermal effect generated by SPR relaxation can be used to heat NPs and surround-
ing media, and is currently used in photothermal therapy, nanomaterial growth and vapor
generation, etc. [48–54]. In addition, SPR can also reduce the reaction potential barrier and
modulate the chemical reactions on the surface of metal [17,55–58]. Currently, SPR have
been used to promote the room temperature dissociation of water, oxygen and hydrogen,
as well as the chemical reactions of small molecules on the surface [59–62].

3. Self-Modulatation of Plasmonic Nanostructure

3.1. Plasmonic Thermal-Field-Assisted Reshaping of Plasmonic Nanostructure

The homogeneity of the size and shape of plasmonic metal NPs is the important basis
for their unique optical features and has been accepted as a general outcome for judging
the quality of the synthesized materials. The reduction of the SPR broadening of colloidal
metal NPs that are critically influenced by morphological variations has been a key driver
for further progress in nanomaterial colloidal synthesis. Andrés and coworkers report a
new method to reshape Au nanorods with plasmonic thermal effect to make their SPR
spectra as sharp as those of individual Au nanorods [63]. Femtosecond laser with the
same wavelength of SPR band centered at 800 nm was chosen as the source to irradiate
Au nanorods. It is found that by precisely controlling the irradiation conditions to balance
the relationship between the heat transferred to the surrounding environment and the
energy deposited onto the nanorod surface, the nanorods could be effectively reaped and
its bandwidth could be significantly reduced (Figure 2a–c). The heat dissipation cooling
conditions and the density of surfactants such as CTAB on the surface of Au nanorods are
strongly correlated with the shape of the treated Au nanorods. This plasmonic-assisted
simple, fast and reproducible method can be used for batch processing of Au nanorods,
which is of great importance for its application. Lohmüller and coworkers demonstrated
that taking advantage of plasmonic thermal effect, Au nanorods can be bent and reshaped
to V-shaped nanoantennas (Figure 2d–f) [64]. It is found that Au nanorods need to be freely
dispersed in solution, and it will be bent and printed onto a substrate after light irradiation.
With the combination of thermal effect and optical force, Au nanorods will be continuously
heated and pushed, finally resulting the melting and reaping. This efficient approach holds
great potential for the fabrication of V-shaped antennas in which the bending angle and
the orientation of antennas can be independently adjusted by tuning the intensity and
polarization of irradiated light.

In addition to the self-reshape of plasmonic nanostructure, plasmonic thermal effect
can also be used to realize the assembly and welding of the nanostructure. Morphological
inhomogeneities can lead to a broadening of the SPR of colloidal metal NPs, thus limiting
the feasibility of the plasmon-related technological application. As we can in Figure 2g, with
the femtosecond laser irradiation Au NPs are connected into a continuous thin thread [65].
Au NPs with plasmon resonance at 532 nm are chemically scaffolded into chains with the
use of cucurbit uril (CB) molecules, resulting in resonant redshift to 745 nm. The rigid
gaps (about 0.9 nm) of Au NPs that are glued together lead to plasmonic hotspots in gaps
and promote transient inhomogeneous distribution of thermal effects (Figure 2h). Au
chains are then irradiated with 805 nm pulse laser, resulting in localized threading and
the production of strings of Au NPs. The process of plasmon-assisted assembly of Au
NPs can be tracked via the variation of optical resonance. Furthermore, plasmon-assisted
self-assembly of Au nanorods is realized by irradiation with low flux femtosecond laser
(Figure 2i,j) [66]. It is found that the flux of laser pulse is the most important factor that
affects the self-assembly kinetics. For nanorod trimers with a longitudinal SPR wavelength
of 800 nm (resonating with illumination laser), the number of trimers and longer oligomers
is greatly reduced and the relative number of AuNR dimers is increased after irradiation
by a femtosecond pulse with a fluence of 100 μJ/cm2. If the pulse fluence is greater than
500 μJ/cm2, the temperature of the interparticle gaps increases greatly, causing local melting
of the Au nanorods tips and thus the Au nanorod is welded. Furthermore, plasmon can
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also be used to assist the spherification of Au nanorods. As we can see in Figure 2k,l, with
the femtosecond laser irradiation the Au nanorods in the focal volume of the focusing
objective are reshaped, and the reshaping is selective in the aspect ratio and orientation of
the Au nanorods, by taking advantage of the narrow longitudinal SPR linewidth and the
dipolar optical response of Au nanorods [67]. Additionally, this longitudinal SPR-mediated
selective reshaping is employed to achieve five-dimensional optical information recording
and readout.

Figure 2. (a–c) Reshaping of Au Nanorods with the irradiation of femtosecond laser. (a) Schematic
illustration of optical density spectra of Au Nanorod colloids before (red) and after (blue) laser irradia-
tion. (b,c) Schematic illustration of Au Nanorods morphology before (b) and after (c) laser irradiation.
(d–f) Plasmon-assisted bending of Au Nanorods [64]. (d) Schematic diagram of optical bending
of Au Nanorods. (e) Au nanorods transition from a straight (*) to a bent (**) morphology and the
control of bending angle with the tune of optical power. (f) SEM images of bent Au Nanorods. Scale
bar is 100 nm. (g,h) Plasmon-assisted processing of Au NPs strings [65]. (g) Schematic illustration.
(h) TEM images Au NP chains before (left) and after laser irradiation (right). (i,j) Plasmon-assisted
assembling and welding of Au nanorods [66]. (i) Schematic illustration. (j) TEM images of Au
nanorods before and after assembling. (k,l) Plasmon-assisted spherification of Au nanorods [67].
(k) Schematic illustration of plasmon-assisted spherification of Au nanorods. (l) Patterns observed on
the detector when irradiated by non-polarized broadband light (left) and light with right polarization
and wavelength (right).

3.2. Hot-Electron-Assisted Self-Growth/Etching of Plasmonic Nanostructure

Hot electrons’ generation and transfer during the decay of SPR have attracted much
attention recently, which can be applied on plasmonic catalysis, chemical sensing and
recording of images based on the oxidation of the NPs [68–70]. SPR mode of an Ag
nanocube will be divided into distal and proximal mode (resonance modes localized
at the top and bottom of the nanocube), when it is placed on a glass plate at different
wavelengths. Tatsuma and coworkers realize a site-selective etching of Ag nanocubes, by
taking advantage of plasmon-assisted charge separation and transfer (Figure 3a–c) [71]. Hot-
electron-assisted oxidation of Ag nanocubes can be controlled by the location of EM field.
Additionally, two SPR modes of Ag nanocubes on TiO2 localized at the top (438 nm) and
bottom (648 nm) of the nanocubes can be selective excited by the wavelength of irradiated
light. Therefore, the etching of the top or bottom of Ag nanocubes is optional through
switching the wavelength of irradiated light. With the assistance of hot electrons and holes

123



Nanomaterials 2022, 12, 1329

generated with SPR decay, Ding and collaborators realized the controllable growth and
etching of Au NPs (Figure 3d) [72]. In their study, Au NPs located on Si substrate are
immersed in HAuCl4 solution, and 641 nm laser is selected as the irradiation source. When
the power of light and the concentration of HAuCl4 is relatively low (4 mW, 5 mM), the
size of Au NPs is enlarged. When the light with power the of 6 mW and solution with the
concentration 20 mM are used, the Au NPs are etched. Plasmonic hot-electron-assisted
selective etching is also observed on single Ag nanoprism (Figure 3e) [73]. To investigate the
plasmon-assisted spatially controllable chemical reaction, colloidal Ag nanoprisms which
SPR mode can be flexibly adjusted throughout the visible region and near-infrared range
are chosen. Meanwhile, redox reactions are selected as a model for the chemical reactions
of metal particles, which are driven by the differential electrochemical potential, without
additional additives. It is found that there is a direct correlation between the excitation
intensity and the shift of the in-plane dipole mode, which provides direct evidence for the
role of the SPR mode of optical excitation in influencing the galvanic replacement reaction.
The spatial control of replacement reactions within the Ag nanoprism depends on the
selectively excitation of the SPR mode, which provides a simple and accurate way to design
nanomaterials with unique functionality by switching light of external stimulus.

Figure 3. Plasmon-assisted etching of plasmonic nanostructure. (a–c) Plasmon-assisted site-selective
etching of Ag nanocubes [71]. (a) Schematic diagram. (b) Scattering spectra and EM field distribution
of the Ag nanocubes on the TiO2. (c) Plasmon-assisted electron transition at the interface and site-
selective etching of nanocubes. (d) Schematic illustration and SEM images of hot carrier-assisted
growth/etching of Au NPs [72]. (e) Plasmon-assisted spatially controlled replacement reactions on
Ag nanoprism [73].

The plasmonic field and catalysis of hot carriers can be leveraged to synthesize NPs
with special shape, and structure. Mirkin et al. report a plasmon-assisted method for
converting spherical Ag NPs into triangular nanoprisms by a series of cycles of silver
redox [74]. It is the SPR of seed particles that catalyzes the reduction of Ag+ to Ag0

and induces the conversion to nanoprisms, while Ag+ are sourced from the oxidation
decomposition of small seed particles by O2. The converted colloid shows distinctive
optical properties that stems from the nanoprism shape of the Ag NPs (Figure 4a). The
size of the converted nanoprisms can be modulated by the frequency of irradiated light.
In their subsequent work, they demonstrate that the frequency of irradiated light can
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be further employed to control defect structure of the plasmonic NPs [75]. Structures
with higher number of twin boundaries will be generated, when the irradiated light with
higher frequency is used. The correlation between structural defects and irradiated light
energy originates from the reduction rate of Ag+ that is controlled by the SPR excitation.
Chiral inorganic nanostructures with powerful chromophoric activity and self-assembly
capabilities have important applications in enantioselective catalysis and optoelectronics.
Recently Xu and coworkers propose a plasmon-assisted synthesis method of chiral Au
nanostructure, with anisotropy factor up to 0.44 (Figure 4b,c) [76]. They screened a series
of chiral ligands and introduced left/right circularly polarized light to the nanoparticle
preparation process. By optimizing the wavelength and polarization of the irradiated light,
the formation of symmetry breaking on the high index crystal plane is successfully induced
and finally obtained chiral nanostructures with homogeneous morphology. This method
can be used to achieve the precise synthesis of chiral nanostructures with high optical
anisotropy factors. In the works of Sutter and coworkers, surface plasmon is employed
to assisted the growth of plasmonic anisotropic nanostructures (Figure 4d,e) [77,78]. With
the help of liquid cell electron microscopy, the metal nanoparticle transformation process
in solutions containing seed particles is investigated in situ. With the oxidation of the
sparsely dispersed Ag seeds, Ag0 is uniformly attached to the sides of the nanoprism,
making it larger in size. The rate of attachment can be modulated by the intensity of the
EM field, as the oxidation reaction of Ag seeds is catalyzed by plasmonic hot carriers. They
further investigate the influence of reducing agent and non-aggregation agent to the growth
process of Ag seeds. A new growth mechanism is explored whereby aggregation of small
Ag NPs in dense suspensions promotes the formation of anisotropic nanoprisms, which
coexist and compete with the previously observed direct transformation. The report of
plasmon-assisted anisotropic growth of Au nanoprisms demonstrate that the plasmon-
assisted growth of Ag NPs is also applicable in the synthesis of other plasmonic metals
(Figure 4f,g) [79]. Meanwhile, this work established a fundamental mechanism at the
molecular level for the plasmon-assisted self-growth of plasmonic nanostructures.

Figure 4. Plasmon-assisted growth of plasmonic nanostructures. (a) Schematic illustration of plasmon-
assisted conversion of Ag NPs to nanoprisms. (b,c) Plasmon-assisted synthesis of chiral nanostructure.
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(b) Schematic diagram of chiralization process of Au NPs [76]. (c) Calculated EM field of Au NPs
under excitation of circularly polarized light and SEM images of Au NPs after laser irradiation for
different times. (d,e) Schematic illustrations and TEM images of plasmon-assisted synthetic Ag
nanoprisms [77,78]. (f) Morphology of Au nanoprisms before and after plasmon-assisted growth.
(g) Elemental distribution of Au nanoprisms after plasmon-assisted growth [79].

4. Plasmon-Assisted Selective Deposition of Non-Plasmonic Nanomaterials

In addition to the self-reshaping/growth/etching of plasmonic nanostructures, SPR
can be further used to induce the selective deposition of non-plasmonic nanostructures.
Plasmonic thermal field with the controllable nanoscale heating capability has great po-
tential to control chemical reactions. Temperatures required for deposition can be easily
generated with a tightly focused CW laser beam irradiation on the plasmonic structure.
Brongersma, Goodwin and their colleagues have proposed a novel chemical vapor deposi-
tion method using the efficient plasmonic local heating strategy and applied it to achieve
selective deposition of many types of nanomaterials, such as semiconductor nanowires,
Si nanotubes, PbO nanowires and TiO2 polycrystalline dots (Figure 5a,b) [80,81]. In this
method, a substrate with plasmonic nanomaterials is exposed to a gaseous environment
that contains reactant precursor. Then, with the resonance light irradiation, non-plasmonic
nanomaterial growth can be observed in the illuminated NPs. The high spatial control
and energy-efficient properties of the plasmon-assisted chemical vapor deposition method
inspires new pathways for the building of novel photothermal devices. With Au NPs
as photothermal sources, a plasmonic thermal-field-assisted solvothermal synthesis is
proposed, that can be used to achieve spatially controlled deposition of a wide range of
materials, as long as solvothermal synthesis exists (Figure 5c) [82]. Similarly, Sasaki and
coworkers proposed a plasmon thermal-field-assisted hydrothermal synthesis, and realized
the targeted location of ZnO on the surface of Au nanoantennas, with the help of a confined
heat production function at the nanoscale (Figure 5d) [83].

Figure 5. Plasmon-assisted selective deposition of non-plasmonic nanomaterials. (a,b) Plasmonic
thermal-field-assisted selectively chemical vapor deposition. (a) Deposition of semiconductor
nanowires/Si nanotubes [80] (b) Deposition of PbO/TiO2 on glass substrates [81]. (c) Plasmonic

126



Nanomaterials 2022, 12, 1329

thermal-field-assisted solvothermal synthesis [82]. Schematic illustration (upper panel) and SEM
images of synthetic crystal and the corresponding temperature distribution (lower panel).
(d) Plasmon-assisted growth of ZnO on Au nanoantennas, calculated temperature distributions (left)
and SEM image (right) [83]. (e–g) Plasmon-assisted selective deposition of non-plasmonic materials.
(e) Deposition of Pt. on the ends of Au nanorods, STEM and EDS map of Pt-Au core shell nanorod [84].
(f) Schematic diagram and TEM images of selective dipositive Pd on Al nanocubes [85]. (g) Deposi-
tion of Pt. on Ag cores. Schematic diagram (left) and TEM, EDS maps of products (right) [86].

Then, we discuss plasmon-assisted location of non-plasmonic nanomaterials on the
tips of plasmonic structures with the more concentrated EM fields. With the longitudinal
SPR excitation, plasmonic hot electrons as the redox agent catalyzed the nucleation of Pt0

in the presence of chloroplatinic acid (Figure 5e) [84]. The anisotropic spatial distribution
of hot electrons promotes the selective deposition of platinum onto Au nanorods. In the
work of Halas and coworkers, monodisperse Al nanocubes with sharp corners are obtained.
Taking advantage of plasmon catalysis of Al nanocrystals, they further realized an Al-
Pd heterometallic NPs, by regioselective deposing of Pd nanoclusters on the vertices of
nanocubes (Figure 5f) [85]. Similar strategy is used by Personick et al., and the reduction
of Pt. ions onto Ag cores is realized (Figure 5g) [86]. Ag-Pt core−shell and core−satellite
structures are successfully synthesized by controlling the Pt. ion reduction rate with the
excitation of SPR.

5. Plasmon-Assisted Transformation of Luminescent Nanocrystal

Rare-earth ion-doped inorganic luminescent nanomaterials are widely noticed and ap-
plied because of their rich linear energy level structure, full spectral coverage of fluorescence
emission function in the UV-Vis-IR region and stable physicochemical properties [87,88].
In general, matrix materials with single crystal structures are required for high selectivity
and polarizable photoemission. For micro/nano systems, subsequent annealing treatment
is generally used to achieve the optimization of the crystal structure and improvement
of physicochemical stability and luminescence properties. However, the conventional
annealing process tends to cause the agglomeration and uncontrollable morphology of
particles, and it is hard to realize selective optimization of the particles. Technical bottle-
neck of conventional method is an urgent problem in the field of nanocrystal growth and
luminescent materials research.

Recently, our group has developed a new method for nanocrystal optimization and
achieved rapid and controllable nanocrystal transformation by the thermal effect of surface
plasmon and the catalytic effect of plasmonic hot electrons [89–92]. Polycrystalline rare-
earth-doped fluoride NPs prepared at room temperature were chosen as the main target
for the study (Figure 6a). The process and mechanism of the transformation of rare-earth
crystals driven by surface plasmon were investigated by using the luminescence of triva-
lent rare-earth ions as the probe of structure and in situ characterization techniques [89].
The results show that the transformation of polycrystalline NaYF4 to single-crystalline
Y2O3 NPs can be achieved under the irradiation of visible light at the milliwatt level and
within milliseconds thanks to the efficient light absorption of Au NPs (Figure 6b,c) [89].
The optimization of crystal structure and crystallinity of the products leads to a signifi-
cant increase in fluorescence radiation intensity, red–green ratio and monochromaticity
(Figure 6d). Then, the effects of resonant and non-resonant excitation of surface plasmon
on the crystal transformation and the synergistic mechanism of interband absorption of
Au NPs on the crystal transformation are investigated. The results show that the thermal
effects and hot electrons generated during the interband transition of Au NPs are lower
in energy compared with the resonant excitation process of SPR, resulting in significantly
lower crystal transformation rates and poor crystallinity of products under 442 nm laser ir-
radiation (Figure 6e). The kinetic processes of crystal structure change are also investigated.
The results show that the thermal effect and hot electrons generated during the relaxation
of SPR act synergistically to promote the crystal particle transformation. The thermal effect
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of the surface plasmon drives the optimization of the crystal structure and induces the
transformation from polycrystalline to single crystal (Figure 6f,g) [90]. Meanwhile, the hot
electrons catalyze the oxidation process of fluoride to oxide by interacting with oxygen
molecules to generate O2

− ions with strong oxidation properties.

Figure 6. Plasmon-assisted crystal transformation from polycrystalline fluoride to single crystal oxide.
(a,b) TEM, EDX maps and absorption spectra of NaYF4:Eu and NaYF4:Eu@Au; (c) STEM, EDX and
SAED maps of transformed single-crystalline Y2O3 NP; (d) Fluorescence spectra of NaYF4:Eu and
NaYF4:Eu@Au and transformed Y2O3:Eu. (e) Fluorescence spectra and SEM images of transformed
products after light irradiation with different wavelengths of light. (f) Schematic diagram of plasmon-
assisted polycrystalline fluoride NPs transformation. (g) Evolution of luminescence spectra during
the plasmon-assisted crystal (YF3:Eu@Au) transformation in air (left) and argon (middle), and lumi-
nescence spectra of YF3:Eu particle after annealed at 600 ◦C for 1 h (right) [90]. (h) Schematic diagram
of heat trapping structure (left) and the required irradiation time for the crystal transformation with
different thickness of dielectric layer Al2O3 (right). (i) Simulated thermal transfer modes (left) and
schematic diagram of the mechanism (right) of pure Au nanoislands and Au nanoislands/Al2O3

systems, the direction of the arrow representing the direction of heat flow [91].

To enhance the utilization of plasmonic thermal energy, we designed a heat trapping
structure by introducing a dielectric layer Al2O3 to the surface of self-assembled Au
nanoislands (Figure 6h,i) [91]. The absorption cross section of light gradually increases
with the thickening of the Al2O3 layer, and the heat is mainly transferred to the dielectric
layer Al2O3 due to the increase in the effective refractive index. In addition, the Al2O3
layer transfers a large amount of heat generated by the more Au NPs around the laser
spot to the crystal. Both the enhanced light absorption and heat utilization result in higher
temperatures and faster crystal transformation rates. When the thickness of Al2O3 is too
thin (5–10 nm), the heat diffuses through the Al2O3 layer into the surrounding environment,
resulting in greater heat loss and slower crystal transition efficiency. Overall, these results
suggest that a heat-trapping structure with a sufficiently thick Al2O3 can ensure effective
light absorption and heat utilization, thus improving the efficiency of the SPR-assisted
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photothermal conversion. For the transformation of luminescent nanomaterials, the direct
catalytic target of surface plasmon is inorganic nanocrystals rather than molecules, which
opens up a new field of plasmon-assisted catalysis.

6. Conclusions

In this review, we give an overview of surface plasmon excitation and relaxation, and
the mechanism of plasmon catalysis with enhanced EM field, direct/indirect hot carrier
transfers and localized thermal field. Meanwhile, we have introduced recent advances of
plasmon-assisted modulation of inorganic nanomaterials including the plasmonic nano-
materials and other non-plasmonic nanomaterials. Especially, the application of surface
plasmon in the rapid in situ achievement of luminescent single crystal NPs is reviewed
in detail.

Related effects of surface plasmon resonance have many potential and irreplaceable
advantages in inducing nanocrystal reshape/growth/transitions, and the related experi-
mental and theoretical studies are of great significance for the acquisition of high-quality
nanomaterials and the applications of surface plasmon. Although a lot of results have been
achieved in the existing works, there are many shortcomings that need to be improved and
explored subsequently. For example, although the kinetics of carrier relaxation processes in
bulk metals have been extensively studied, these time scales may change in nanomaterials
due to confinement effects, and therefore further studies of hot carrier relaxation kinetic
processes in nanosystems are needed. Secondly, plasmonic hot carriers have a strong
catalytic effect, but the low transfer efficiency, short lifetime of carriers and the energy
distribution that cannot be easily regulated have limited the application of carriers in
regulating the structure of nanomaterials. Moreover, plasmonic metal nanostructures have
strong photothermal conversion efficiency, but it is difficult to achieve a large and stable
temperature gradient on the metal surface due to the fast diffusion of heat from the high
thermal conductivity of the metal. Thus, it limits the spatial selectivity of plasmonic thermal
field catalysis. We believe that once the hot carriers and local temperature distribution are
effectively controlled, the field of plasmonic catalysis will achieve great success in assisting
the highly tunable and selective growth and transformation of nanomaterials.
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