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Abstract: Plasmonics is a quickly developing subject that combines fundamental research and
applications ranging from areas such as physics to engineering, chemistry, biology, medicine, food
sciences, and the environmental sciences. Plasmonics appeared in the 1950s with the discovery of
surface plasmon polaritons. Then, plasmonics went through a novel impulsion in mid-1970s when
the surface-enhanced Raman scattering was discovered. Nevertheless, it is in this last decade that a
very significant explosion of plasmonics and its applications has occurred. Thus, this special issue
reports a snapshot of current advances in these various areas of plasmonics and its applications
presented in the format of several articles and reviews written by worldwide researchers of this topic.

Keywords: plasmonics; sensing; surface-enhanced Raman scattering; sum-frequency generation;
third harmonic generation; surface-enhanced fluorescence; metasurfaces; catalysis; lanthanum
hexaboride; solar cell

1. Introduction

Plasmonics (or nanoplasmonics) is a young topic of research, which is part of nanophotonics and
nano-optics. Plasmonics concerns to the investigation of electron oscillations in metallic nanostructures
and nanoparticles (NPs). Surface plasmons have optical properties, which are very interesting.
For instance, surface plasmons have the unique capacity to confine light at the nanoscale [1-3].
Moreover, surface plasmons are very sensitive to the surrounding medium and the properties of the
materials on which they propagate. In addition to the above, the surface plasmon resonances can be
controlled by adjusting the size, shape, periodicity, and materials nature. Indeed, the technological
progress allows researchers to produce new plasmonic systems by controlling all the parameters
described previously [4-14]. Moreover, theoretical, computational, and numerical simulation tools
have been developed in this last decade, allowing for a better understanding of the optical properties
of plasmonic systems [1]. Thus, all these optical properties of plasmonic systems can enable a
great number of applications, such as biosensors [15-20], optical devices [21-24], and photovoltaic
devices [25-28].

2. Synopsis

This special issue is composed of five review articles, five research articles, and two communications.
The first part of the latter is devoted to the applications of plasmonics to physics and engineering [29-33].
Concerning the applications to physics, such as non-linear optics, Mattox et al. demonstrated the control
of plasmonic properties of LaBg via Eu-doping on a spectral range from near-infrared to infrared [29].
Then, Mattox et al. presented a review on the tuning of the plasmonic resonance of lanthanum hexaboride
for a potential application to solar heat absorption [30]. Besides, Ogata et al. investigated the effect
of the plasmonic resonance of metallic nanostructures on the optical third harmonic generation (THG)
enhancement of nickel nanostructure-covered microcubes [31]. For the application to photovoltaics,
Hajjiah et al. presented a simulation study of the efficiency enhancement of peroskite solar cells by
using plasmonic nanoparticles [32]. To finish this first part dedicated to physics with the application
to metasurfaces, Li et al. proposed a novel computational method in order to optimize the coupling of
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the electric fields of a metasurface consisting of nanorod plasmonic antennas. This novel computational
method is based on the coupling of the decomposition into several orders [33].

In the second and last part, the discussed topics are devoted to chemistry and sensing, such as
surface-enhanced fluorescence, surface-enhanced Raman scattering (SERS), sum-frequency generation
(SFG) spectroscopy, and electrocatalysis by using plasmonics [34—40]. Concerning the surface-enhanced
fluorescence, Lu et al. numerically demonstrated a high enhancement effect of the fluorescence signal
obtained with a hybrid metal-dielectric nano-aperture antenna consisting of silicon and gold layers [34].
Besides, for the SERS topic, Magno et al. showed excellent analytical enhancement factors of the SERS
signal obtained with hybrid Al/Si nanopillars for the detection of thiophenol molecules. These hybrid
Al/Sinanopillars have been realized with a simple and quick fabrication technique [35]. Moreover,
Sarychev et al. presented a review on the light concentration by metal-dielectric micro/nano-resonators
for efficient SERS sensing. In this review, the recent advances in this topic of metal-dielectric
micro/nano-resonators for SERS are exposed [36]. Furthermore, D’Orlando et al. showed the feasibility
to carry out and control nanostructures of gold nanoparticles, which can be seen as plasmonic molecules
whose optical resonances are tuned by modifying the shape, symmetry, and interparticle distances
with an AFM (Atomic Force Microscope) device coupled with an optical spectrometer [37]. To complete
the sensing part, Han et al. presented a short review on plasmonic biosensing based on the design
of nanovoids in thin films by reviewing resonance modes, materials, and hybrid functions using
simultaneously electrical conductivity [38]. In addition, Humbert et al. presented a review on the
sum-frequency generation (SFG) spectroscopy of plasmonic nanomaterials. In this review, the authors
introduced the fundamentals of SFG spectroscopy. Then, they presented an overview of studies of
plasmonic nanomaterials by this SFG spectroscopy over the last five years [39]. To conclude this
part, as well as this special issue dedicated to “Plasmonics and its Applications”, Subramanian et al.
presented a review on the electrocatalysis induced by plasmon with multi-component nanostructures.
Indeed, the authors highlight the recent progress obtained in the synthesis of these multi-component
nanostructures, especially for the plasmonic electrocatalysis of major fuel-forming and fuel cell
reactions [40].

3. Conclusions

In making this special issue on plasmonics and its applications, I had the pleasure of obtaining
contributions from high-quality authors worldwide, and I thank them for that. To conclude, I hope that
this special issue dedicated to plasmonics and its applications will be read with interest by the students or
researchers who wish to be involved in this topic or to gain an advanced understanding of it.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Lanthanum hexaboride (LaBg) has become a material of intense interest in recent years
due to its low work function, thermal stability and intriguing optical properties. LaBy is also a
semiconductor plasmonic material with the ability to support strong plasmon modes. Some of these
modes uniquely stretch into the infrared, allowing the material to absorb around 1000 nm, which is
of great interest to the window industry. It is well known that the plasmon of LaBg can be tuned by
controlling particle size and shape. In this work, we explore the options available to further tune the
optical properties by describing how metal vacancies and Eu doping concentrations are additional
knobs for tuning the absorbance from the near-IR to far-IR in La; _yEuyBg (x =0, 0.2, 0.5, 0.8, and 1.0).
We also report that there is a direct correlation between Eu concentration and metal vacancies within
the Euj_yLayBg.

Keywords: plasmon; hexaboride; doping; lanthanum hexaboride; LaBg

1. Introduction

Plasmonic nanoparticles are well known for their intriguing properties [1], and are being explored
in a variety of fields such as photovoltaics [2], nanosensors [3], drug delivery devices [4], and quantum
optics [5]. The physical properties of plasmonic materials are typically easy to tune because of their
high carrier concentration and small size, where seemingly minor adjustments such as altering the
particle shape or size have a substantial influence on the absorbance spectrum [1]. Vacancies also play
a large role in tuning the optical properties of such materials, having a significant influence on free
carrier density and doping constraints [6,7]. It's even possible to fully tune the plasmon independent
of dopant concentration in core-shell indium-tin-oxide nanoparticles [8] and by reducing holes in the
valence band in copper sulfide [9].

Plasmonic materials are highly sought after in the windows industry. The ability to design
a material to selectively transmit in the visible region while absorbing the most intense radiative
heat in the IR (about 750 nm~-1250 nm) is important for smarter window design, especially in hot
climates. [10-12] Metal hexaborides (MBg) are being sought after for these applications, and with
lanthanum hexaboride (LaBg) absorbing in the middle of this range (~1000 nm) [13,14] we focus
our efforts here on the tuning of LaBg. It has already been shown that changing the particle size of
LaBg nanoparticles offers a means of controlling the plasmon [15,16] and that these particles may
be incorporated into polymers to make films [17,18]. Though some work has been done on LaBg to
study how La vacancies influence vibrational energies [19] and how doping impacts the thermionic
power [20,21], there is a potential link between doping content and vacancies in LaB that has gone
unexplored. Given the ability of doping levels and metal vacancies to alter free electron concentrations
and thus the optical properties in Euj.4La,Bg, we wished to explore the possible connection between
doping concentration and metal vacancies as an additional means of controlling the plasmon.

Materials 2018, 11, 226; doi:10.3390/ma11020226 5 www.mdpi.com/journal /materials
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In this work we demonstrate the possibility of alloying LaBs nanoparticles with Eu using, for
the first time, a low temperature solid state technique with varying ratios of Eu to La. Interestingly,
we report there is a direct correlation between Eu concentration and metal (M) vacancies within the
Euj_«LayBg system. Furthermore, this method allows the plasmon to be tuned across an incredibly large
absorbance range from 1100 nm to 2050 nm, which may open doors to new optoelectronic applications.

2. Experimental Procedures

Anhydrous lanthanum (III) chloride (99.9% pure, Strem Chemical), anhydrous europium (III)
chloride (99.99% pure, Strem Chemical) and sodium borohydride (EMD) were used as received and
stored in an argon atmosphere glove box until use. Reactant powders were a stoichiometric 6:1 ratio of
NaBHyj to metal chloride, where the metal chloride content was a mixture of EuCl; and LaCl; with
varying ratios of (Eu:La). The mixtures were transferred to alumina boats approximately two inches
long and 1 cm wide and the reactions run in a one-inch diameter quartz tube in a Lindberg tube
furnace. The reaction was purged with argon at 200 cc/min for 20 min prior to heating. Gas flow was
reduced to 100 cc/min and the furnace heated to 450 °C at a rate of 10 °C/min. The reaction was held
at 450 °C for 60 min and then cooled to room temperature under argon. The black solid was cleaned in
air using methanol to react excess NaBHy, HCI to convert residual sodium into sodium chloride and,
finally, water to remove the sodium chloride. With each washing step, the solution was centrifuged at
10,000 rpm for ten minutes and the solvent removed. Severe aggregation of these ligand-free particles
rendered electron-microscopy imaging infeasible. However, diffraction data suggest that the particles
were approximately 17 nm, with the Scherrer equation giving calculated sizes of 17.46, 16.84, 17.62 and
17.21 nm, respectively, for x = 0.2, 0.5, 0.8 and 1.0.

Samples were analyzed by powder X-ray diffraction on a D8 Discover diffractometer (Bruker
AXS Inc., Madison, WI, USA) operated at 35 kV and 40 mA using CoK« radiation. Samples were
prepared for optical measurements by drop casting onto quartz slides. Raman spectra were collected
on a LabRAM ARAMIS (HORIBA Jobin Yvon, Edison, NJ, USA) automated scanning confocal Raman
microscope using a 532-nm excitation laser. Elemental analysis was performed by EDX spectroscopy on
a Gemini Ultra-55 scanning electron microscope (Zeiss, Thornwood, NY, USA), and FTIR spectroscopy
was performed on a Spectrum One equipped with an HATR assembly (PerkinElmer, Santa Clara, CA,
USA). The absorbance was collected on a Cary-5000 UV-Vis-NIR (Agilent Technologies, Santa Clara,
CA, USA). Samples were prepared for optical measurements by drop casting from water onto quartz
slides, and the films were allowed to dry naturally in air.

3. Results and Discussion

The success of the incorporation of a Eu into LaBg was evident in changes to the XRD pattern of
LaxEuy.4Bg (Figure 1A). Note that the small peak at ~33° is from an unidentified impurity in the EuCls.
Increasing the concentration of Eu in the LayEu;_«Bg synthesis caused a shift of the diffraction pattern
to higher 2-Theta (Figure 1B), which is indicative of increased compressive lattice strain. This seems
counterintuitive since incorporating larger atoms typically expands a crystal lattice. For instance, in
Euy_CayBg the larger Eu atom replaces Ca and the lattice expands [21]. There is a possibility that
increasing the amount of Eu in LayEu;.4B¢ may produce two phases, as reported for the (BayCaj_y)Bg
system which has a mixture of both Ba-rich and Ca-rich particles in the final product [22]. Though
this could account for the unexpected change to the lattice strain in our system, the diffraction peaks
of LayEu;_«Bg are symmetric, which is indicative of a single phase (Figure 1C). In LayEu;_Bg, there
appears to be a decrease in lattice spacing with increasing Eu content (Figure 1D), even though Eu is
larger than La. The By network, like all boron lattices, is electron-deficient and is only stable because of
electron transfer from the metals [23]. Though Eu?* and Ca?* in Eu;_,CayBg are different sizes they
are also both divalent, so the free electron density does not change when increasing the Ca content.
By contrast, in LayEu;_«Bg there is a mix of trivalent La®* and divalent Eu?*. This and the metal (M)
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vacancies within the system are likely responsible for the increasing lattice strain with increasing
Eu concentration.
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Figure 1. X-ray diffraction of (A) LayEu;_Bg; (B) a magnified image of the (2 0 0) diffraction plane
with LayEu;_4Bg where x = 0.0, 0.2, 0.5 and 0.8; (C) Pearson VII peak fit of LaxEu; _«Bg with x = 0.5;
and (D) lattice spacing versus atomic % Eu in the LayEu; _,Bg reaction (calculated using Bragg's law).

EDS confirmed the presence of all three elements (La, B, and Eu) in LayEu;_«Bg samples
(Figure 2A; LayEu;_«Bg with x = 0.2). Intriguingly, LaBg synthesized under this method contained
about 97% B, which indicates a huge amount of M vacancies with x = 0.19 (equivalent to about 80% M
vacancies). M vacancies are common in LaBg, but it is understood that the lattice constant is unaffected
by these voids [19,24,25]. he stability of the crystal structure is dictated by the bonds in the boron
framework and not by the metal content so long as the electronic requirements of the structure are
met [26]. However, if there is too much void space then MBg becomes unstable. Though there is a
lot of disagreement surrounding La-B phase diagrams, a B content above 90% [24,27] is expected to
contain both LaBs and an additional B phase [25,26,28,29], which suggests that any excess boron in our
system may not lie within the MBg structure. However, we see no indication of a separate B phase
beyond LayEu;_«Bg by XRD. The phase diagrams of La-B were developed under the assumption that
high temperatures (>1500 °C) are required to make LaBg, which was disproved only recently [15,30].
With low temperature reactions we recently reported the existence of bridging halogens between La
atoms which are involved in the lattice formation of LaBg [31-33], so even though a sample containing
97% B may potentially have a massive amount of vacancies, it's possible that the structure was stable
during formation because these halogens fulfilled the electronic requirements necessary to stabilize the
material without the need of an additional B phase. Unfortunately, the amount of Cl in the materials
reported here were either too low in concentration to be detected by EDS or the 450 °C reaction
temperature was high enough to remove the bridging-Cl atoms as the final product formed. Work is
ongoing understand exactly how halogen atoms enter into the reaction mechanism.

As the concentration of Eu in the LayEuj_,Bg reaction is increased there is a clear trend of
increasing amounts of B relative to M until the system becomes stoichiometric with EuBg (86% B
or x = 1; Figure 2B), with a slightly higher Eu content in LayEu;_,Bg than was expected with x <1
(Figure 2C). It's possible that EuBg is more energetically favored than LaBg or that there are so many
vacancies that at low concentrations the divalent Eu>* has an easier time filling holes in addition to
replacing La atoms. Regardless, there is a clear trend of decreasing vacancies with increasing Eu in the
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reaction (Figure 2D). Unfortunately, the ligand-free nature of these particles results in an aggregated
product, rendering single-particle analysis on individual LaBg particles infeasible.
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Figure 2. (A) View of the EDS map of LayEu;_,Bg (x = 0.2) including B, La and Eu; (B) atomic % B
versus atomic % Eu (the red dashed line is stoichiometric with 1M:6B); (C) measured versus expected %
Eu (comparing Eu to La) in LayEu; _4Bs; and (D) metal content (Eu and La) and M void in LayEu _Bg.

There have been several publications studying the ability to tune the plasmon of LaBg to
achieve desired optical properties [13-15], but little is yet known about how vacancies influence these
properties. Research discussing vacancies related to optical and vibrational properties in LaBg are very
recent [19,31], and though much has been done to study the magnetic and thermoelectric properties
of LayEu;_Bg [34,35], no one until now has synthesized doped hexaborides at low temperatures.
Furthermore, only in very recent years have the optical properties of doped MBg been explored [36-38].
In this work, we used absorbance spectroscopy to determine how the Eu concentration and M vacancies
in LayEu;_Bg nanocrystals can be used to tune the plasmonic properties (Figure 3A). When increasing
the concentration of Eu the small absorbance peak in the visible region that is indicative of metal
hexaborides shifts from ~380 nm in pure LaBg to 730 nm in pure EuBg, while the larger absorbance
peak red shifts from 1100 nm in pure LaBg to 2050 nm in pure EuBg (Figure 3B). Introducing Eu as a
dopant causes a constant red shift of the absorbance peak from 1100 nm in pure LaBg to 2050 nm in
pure EuB¢ (Figure 3B). This shift is a result of changes to the number of electrons in the conduction
band as divalent Eu?* replaces trivalent La>*. The sudden broadening of the absorbance at 80% Eu is
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most likely due to the changing carrier concentration which results from Eu incorporation as well as
from changing metal vacancies within the lattice.
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Figure 3. (A) Absorbance of LayEu;_Bg changing with Eu content (normalized) and (B) absorbance
peak position versus atomic % Eu in LayEu; _Bg.

The electron deficiency is calculated as vacancy content minus lanthanum content. Whatever
the mechanism causing the change in lattice spacing (vacancies or changing Eu content), the shifting
absorption peak is indicative of an increase in carrier density with lanthanum content, and is impacted
by vacancies within the system. Equation 1 gives the most basic model for the wavelength of the
plasmon resonance [39],
eom * (€00 + ke ) 1)

Ne? ’
where N is the number of charge carriers per unit volume, ¢ is the charge of each carrier, m* is the
effective mass of the charge carriers, ¢ is the permittivity of free space, ¢, is the dielectric function of
the surrounding medium, e is the dielectric limit for the material at high frequencies (accounting for
bound charge), and k is a geometrical factor. The absorbance spectroscopy was performed in air, so &, is

A =2mc
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nearly unity. We treat the particles as spherical [15,19], which is associated with a constant of k = 2 and
an effective electron mass of 0.225 g in EuBg as reported based on optical measurements [40]. Finally,
taking e« as unity, our absorption peaks translate to the charge concentrations in Figure 4. In short,
Figure 4 illustrates qualitative agreement between increasing carrier concentration as inferred from
plasmonic resonance and increasing carrier concentration as inferred from composition measurements.
As the Eu content is increased the samples lose free electrons and the absorbance peak expands
and broadens.
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Figure 4. Localized surface plasmon resonance inferred carrier concentration versus number of free
electrons per metal site in LayEu; _,Bg.

4. Conclusions

We have found that systematically increasing the amount of divalent Eu?* compared to trivalent
La®* within Eu; ,LayxBg not only decreases the lattice spacing but drastically changes the vacancies
within the system. These vacancies have a large influence on the optical properties and allow the
plasmon to be tuned across an incredibly large range from 1100 nm to 2050 nm. The true nature of
these particles on the nanoscale is not fully understood (i.e., the influence of Cl bridging atoms), but
we are making great strides to improve our knowledge of this system. It is our hope that this work will
not only help to further our understanding of the MBg crystal structure, but may open new doors for
developing new devices, optoelectronics, and more. Research is ongoing to study how this synthetic
method may be used to alter the nanoparticle surface, bringing to light new properties which may
become a vital aspect for biosensing applications.
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Abstract: While traditional noble metal (Ag, Au, and Cu) nanoparticles are well known for their
plasmonic properties, they typically only absorb in the ultraviolet and visible regions. The study of
metal hexaborides, lanthanum hexaboride (LaBg) in particular, expands the available absorbance
range of these metals well into the near-infrared. As a result, LaBg has become a material of interest
for its energy and heat absorption properties, most notably to those trying to absorb solar heat. Given
the growing popularity of LaBg, this review focuses on the advances made in the past decade with
respect to controlling the plasmonic properties of LaBg nanoparticles. This review discusses the
fundamental structure of LaBg and explains how decreasing the nanoparticle size changes the atomic
vibrations on the surface and thus the plasmonic absorbance band. We explain how doping LaBg
nanoparticles with lanthanide metals (Y, Sm, and Eu) red-shifts the absorbance band and describe
research focusing on the correlation between size dependent and morphological effects on the surface
plasmon resonance. This work also describes successes that have been made in dispersing LaBg
nanoparticles for various optical applications, highlighting the most difficult challenges encountered
in this field of study.

Keywords: lanthanum hexaboride; LaBg; plasmon; nanoparticles; heat absorption

1. Introduction

Traditional plasmonic metals (Ag, Au, and Cu) possess enormous free carrier densities, and when
confined on the nanoscale the quantized free electron oscillations result in sharp localized surface
plasmon resonance (LSPR) modes. The LSPR properties enhance light-matter interactions, making
these materials ideal for a wide variety of electronic and optical applications [1-4]. Furthermore, their
sensitivity to small changes within their structure (e.g., size, morphology, atomic vacancies, etc.) makes
the properties easy to tune by introducing defects or changing the surface by varying the size or shape.

The ability of plasmonic metals to convert solar light into electricity and chemical energy is well
documented, but the absorbance is restricted to the ultraviolet and visible spectrums in traditional
plasmonic metals (Figure 1). This leaves the near infrared (NIR) region mostly inaccessible to metal
nanoparticles, with the exception of novel engineered geometries of some metals, such as the cases
of Au nanowires and shells [5,6]. There is a growing need to find materials with a NIR absorbance
for applications such as window coatings to absorb solar heat [7,8]. Researchers attempting to reduce
heat entering buildings and automobiles through windows need a visibly transparent material that
absorbs the most intense radiative heat from the sun, ideally in the range of 750-1200 nm. While some
chalcogenides and metal oxides are potential candidates [9-14], the metal borides are often overlooked.
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Figure 1. Typical absorbance range of plasmonic metal nanoparticles: Ag [15], Au [16], Cu [17],
Ag/CdS-shell [18], Au/Ag-shell [19], and the desired range to absorb solar heat.

Lanthanum hexaboride (LaBg) is a plasmonic metal with a large free carrier density [20-22] that is
best known for its impressive thermionic emission properties and low work function [23-29]. However,
LaBg also absorbs light very strongly at about 1000 nm, which falls well within the targeted range
to absorb solar heat [30,31]. The optical properties of LaBs nanoparticles coupled with its incredible
hardness [32-36] and high thermal stability [37-43] make it an excellent choice to include in alloys and
composites for solar window applications.

The ability to directly synthesize LaBg on the nanoscale has only recently become a reality, so
research focusing on plasmonic control in LaBy is relatively new. That said, LaBg does offer the same
wide range of methods for optical tuning as other LSPR particles, including controlling the carrier
density through vacancies and doping, particle size, morphology, and the surrounding media (i.e.
ligands and polymer matrices) [10,44—47]. There is still much to be learned about the optical properties
of LaBg nanoparticles, but what has been discovered thus far has been quite exciting and has made
LaBg a very popular material of interest in recent years.

This review focuses on the advances that have been made in the last decade with respect to
tuning the plasmon of LaBg nanoparticles. Though this field is still relatively new, we feel that the
growing demand for optically tunable LaBg warrants a comprehensive review to explain the nuances
of controlling the plasmon of LaBg. This work describes how some of the fundamentals behind this
intriguing material correspond with the optical properties, and how doping, size, and morphology are
contributing factors when attempting to meet requirements of desired plasmonic applications.

2. Relating LaBs Fundamentals to Plasmonics

2.1. Crystal Structure of LaBs

LaBg is composed of interconnecting hexaboride clusters with lanthanum (La) atoms residing
in the interstitial spaces (Figure 2A) [48]. It is well known that the boron network is responsible
for the rigidity of the structure, and consequently the thermal and mechanical stability. Though
La is not bound within the system it does provide electrons to stabilize the structure. Interestingly,
this rigid material is more relaxed on the particle surface (Figure 2B) [49-51]. On the outermost surface,
lanthanum atoms relax closer to the Bg framework while the Bg octahedral clusters relax and expand
slightly outwards. Though this relaxation is insignificant to the optical properties of bulk sized LaBg,
the surface vibrations of nanoparticles are incredibly important when attempting to control the LSPR.

Researchers are still exploring the surface chemistry of LaBg, and remain uncertain of the
mechanistic details of crystal formation and growth. Until recently, it was assumed that high
temperatures (>1500 °C) were required to make LaBg, most often by reacting lanthanum salt (e.g., LaCls)
with sodium borohydride (NaBHy). Unfortunately, the quick nucleation and growth at such high
temperatures prevents the direct synthesis of nano-sized LaBg. In typical nanoparticle syntheses, it is
important to control the rate of nucleation and growth in order to make particles of a uniform
size. This is often accomplished by varying temperature, concentration, or including additives
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(ligands) [52,53]. Unfortunately, the assumed high temperature requirements make small adjustments
traditionally used in nanoparticle work impossible, especially the incorporation of organic ligands that
cannot withstand the extreme heat. As a result, researchers have had to rely on ball milling techniques
to reduce the size of LaBg, which introduces contaminants by the very nature of the process [54-56].
In recent years, researchers have found that significantly lowering the heat can yield phase-pure
LaBg nanoparticles using a variety of methods, including tube furnaces [57,58], autoclaves [59,60],
and vapor deposition [61,62]. In reducing the reaction temperature, the nucleation and growth rate is
significantly reduced, making it possible to observe crystal lattice formation through in-situ diffraction
measurements [48]. Researchers have recently discovered that in low temperature reactions the
halogen on the lanthanum salt acts as a bridging ligand between La atoms [48,58,63]. When these LaBg
nanoparticles are heated, the halogen atoms force the lattice to contract until the halogen is removed
(Figure 2C). This has important implications to LSPR studies, which are incredibly sensitive to the
particle surface.
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Figure 2. (A) Four unit cells of lanthanum hexaboride (LaBg) with a lattice constant of approximately
415 A (reprinted from [48]). (B) Position of La (circle) and Bg (diamond) in relaxed and ideal states on
LaBg surface (reprinted from [49]). (C) Removal of halogen bridge between La atoms with continued
heating of LaBg nanoparticle (reprinted from [58]).

2.1.1. Vibrational Structure of LaBg

Decreasing the particle size of LaBg increases the surface area, and in the case of extremely small
sizes it becomes possible for the nanoparticles to be composed almost entirely of surface atoms. As a
result, minor changes to the surface composition can have a significant impact on the lattice and
consequently the LSPR. In order to use this concept to fine tune the position of the plasmon, it is
essential to first describe the vibrational modes of LaBg, which are displayed in Equation (1).

= Alg + Eg + Tlg + ng + 3Ty + Tou (1)

As seen in Figure 3A, the vibrational modes of the Bg cluster in LaBg include the bending (Tog)
and stretching (Eg and Ajg) modes, while La includes vibrations from moving within the boron cage
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(“rattling mode”) and movement with respect to the boron cage (T1,). When LaBg particles decrease in
size from bulk to 2.5 nm, there is a shift to higher energy for all of the By cluster vibrational modes
due to the increased surface area which has a larger number of relaxed Bg on the surface (Figure 3B).
Furthermore, different sized halogens from the La salt precursor also impact the vibration modes,
where larger atoms take up more space as bridging atoms that increase the vibrational energy. More
details on the direct influence of particle size on the plasmon position will be discussed below.
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Figure 3. (A) Raman active vibrational modes of LaBg; (B) vibrational mode changes with changing
nanoparticle sizes; and (C) shifting vibrational modes of 6.2 nm particles with varying B content
(reprinted from [63]).

2.1.2. Structural Defects

LaBg is well known to have defects within the structure, and is often non-stoichiometric because
La atoms are missing or excess boron is residing in the interstitial spaces. As with other plasmonic
systems, these defects can be advantageous to scientists when tuning the optical properties so long as
the defects can be predicted and controlled. Only recently have researchers published on the ability
to control La defects simply through reaction temperature and heating rate [64]. When the system is
not stoichiometric (6B:1La) and the %B is increased (La atoms are missing) the Raman vibrations shift
to lower energy. This is very clear in Figure 3C when comparing 6.2 nm particles containing 38.0%
and 33.5% B (note that stoichiometric LaBg contains 31.8% B). The vacant lanthanum positions of the
structure lower the overall energy of the system, and with less La available there are fewer electrons
contributing to the structure, which causes the plasmon to shift.
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3. Controlling the Plasmon of LaBg

The structure of LaBg is exceptionally robust. Although vacancies and slight changes to the crystal
structure clearly influence the position of the plasmon, it is possible to move beyond the fundamental
structure to find other knobs to control the plasmonic properties. Similar to chalcogenides and metal
oxides, LaBg is significantly influenced by the particle size and the shape of the surface. Unlike
traditional noble-metal based materials, LaBg has the ability to incorporate dopants within its structure,
which offers an additional means to increase the free carrier density and red-shift the frequency of
the plasmon.

3.1. Doping

LaBg is well known for its stability, even when La vacancies leave unfilled holes within the
crystal lattice. Like all boron frameworks, the Bg network is electron-deficient and stable only as a
result of electron transfer from the surrounding metals [65]. The natural defects or holes found in
the LaBg framework make this material ideal for incorporating other metals via doping to tune the
optical properties. However, few people have been successful in producing phase-pure hexaboride
nanoparticles containing more than one type of metal, and fewer still have considered plasmonic
changes in these doped systems. Fortunately, the introduction of dopants into LaBg offers a promising
route to plasmon control.

Part of the difficulty arises from the nature of the synthesis. The mechanism of formation is not
understood, and it is only in very recent years that researchers have found ways to control nucleation
and growth in LaBg by significantly reducing the reaction temperature. The other difficulty in doping
LaBg is that the metal does not form a direct bond with the rigid Bs framework. As a result, LaBg is not
influenced much by differing sizes of metal atoms that could alter the structure and shift the plasmon.
The contribution of electrons from the metal to the structure also means that attempting to dope the
trivalent La®* containing LaBg with other trivalent metals will not shift the plasmon because the free
electron density will not change [66]. Consequently, researchers must be very selective when designing
doped LaBg nanoparticles when intending to tune the plasmon. Doping this system also changes the
vacancies within the crystal lattice, so careful attention must be paid to determine whether the dopants
or vacancies are responsible for changes to the optical properties.

Studies of the Fermi level may help provide insight into the movement of electrons within the
system. The spatial distribution of electrons near the Fermi level was recently reported for trivalent
LaBg and divalent BaBg [67], and weak electron lobes were found around the interior-Bg octahedral
bond (Figure 4A). Comparing theoretical and experimental work, it was determined that these electron
lobes were responsible for the conductive m-electrons in LaBg. Trivalent LaBg behaves as a metal
while divalent hexaborides (i.e. BaBg) are semiconductors [68], but how do these and the optical
properties change when LaBg becomes a mixed valence system? Below are the few examples in the
literature that tune the plasmon of LaBs nanoparticles by doping the material with divalent lanthanide
metals, including some comments on how the changed Fermi surface influences the LSPR. In all cases,
introducing a lanthanide metal as a dopant in the system causes a red-shift of the plasmon.

17



Materials 2018, 11, 2473

- - Y
A e ‘-_1 ‘o B
P
- - 06
2
s}
c 04
3
(¥
]
8 oaf
0.0
]
Energy (eV)
c D
— 0.6
3 ‘ __— 100%Eu
o 05 3 [\_/ 80% Eu
2 s
8 z
5" 2 50% Eu
3 E 20% Eu
03} 0% Eu
500 1000 1500 2000 2500 750 1000 1250 1500 1750 2000
Wavelength (nm) Wavelength (nm)

Figure 4. (A) Total charge density map of LaBg (grey scale shows increasing charge density) (reprinted
from [67]). (B) Energy loss function of LaBg, Lag¢5Ybg375B¢ and YbBg in the low energy region
(reprinted from [69]). (C) Absorbance spectra of SmBg, Lag,Smg gBg, Lag4Smg ¢Bg, Lag 7Smg 3B and
LaBg (reprinted from [70]). (D) Absorbance spectra of LayEu;_4Bg changing with Eu concentration
(normalized) (reprinted from [71]).

3.1.1. Yb-Doped LaBs Nanoparticles: Theory

A recent report used density functional theory (DFT) first-principal calculations to study the
potential optical effects of LaBs nanoparticles doped with ytterbium (Yb), and found that the 4f states
of the Yb dopant at the Fermi surface have the potential to uniquely influence the optical properties,
due to the participation of f-orbitals [69]. This is clear in Figure 4B, which compares phase pure
YbBg, LaBg, and Lag 625 Yb 375B6 in the energy loss spectra (another method for measuring plasmon
energies). Doping LaBg with Yb is expected to reduce the plasmon energy of the system, coinciding
with a change of the LSPR. The concentration of charge carriers in the system decreases and reduces
the plasma frequency when some of the La atoms are replace with Yb, which causing the minimum
plasma absorption to shift to higher wavelengths. Though the calculations suggest that Yb-doping
LaBg should indeed tune the plasmon, such an experiment has yet to be reported.

3.1.2. Sm-Doped LaBs Nanoparticles

The first synthetic example of LaBg nanoparticles doped with a trivalent metal was reported using
samarium (Sm) [70]. With the aid of DFT calculations, it was determined that the shift of the optical
properties was due to the changing Sm 4f states near the Fermi surface of LaBg after doping. The
same as was predicted for Yb doping, with a reduced number of conduction electrons causing the
shift of absorption spectra. When increasing the Sm content in SmBg the plasmon peak shifts to higher
wavelengths, which is clear as the onset of the absorbance peak shifts from 603 nm for LaBg to 756 nm
for SmBg (Figure 4C).

3.1.3. Eu-Doped LaBs Nanoparticles

A low temperature solid-state synthesis was employed to dope LaBg with europium (Eu), forming
a single phase of LayEu; ,Bg nanoparticles [71]. Combining divalent Eu?* and trivalent La3* changed
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the free electron density of the system, resulting in a shift of the plasmon when changing the ratios of
the two metals (Figure 4D). Increasing the concentration of Eu?* significantly increased the number
of metal vacancies in the structure, which allowed the plasmon to be tuned across a very wide range
(1100 nm to 2050 nm).

3.2. Nanoparticle Size

In addition to doping, controlling the size of phase-pure LaBg also offers a means of control
when tuning the position of the plasmon, where shifts of size and shape change the particle surface
enough to influence the resonant frequency [72]. However, due to past difficulties in synthesizing LaBg
nanoparticles directly, it has been difficult to directly synthesize a series of pure LaBs with varying
nanoparticle sizes.

Theoretical models using DFT clearly show how particle sizes ranging from 10 nm to 100 nm
can shift the LSPR, where the larger the particle the longer the wavelength absorbed so long as the
particles are smaller than 80 nm (Figure 5A) [73]. In contrast, LaBs nanoparticles larger than 80 nm
are too big to influence the plasmon and have a lower efficiency for NIR absorbance. Experiments
of particles below 5nm have shown that even a small difference in size has a notable impact on the
position of the plasmon. For example, increasing the particle size of phase pure LaBg from 2.1 nm to 4.7
nm red-shifts the absorbance from 1080 nm to 1250 nm, and the same red shift trend is observed when
a diol-based ligand is included, where changing the size from 2.5 nm to 2.8 nm moves the plasmon
from 1190 nm to 1220 nm (Figure 5B) [74]. Interestingly, with particles well below 10 nm in size the
DFT calculations predicting the position of the plasmon are lower than the actual values, and further
work is needed to understand what additional contributions from such small sized particles influence
the LSPR theoretical calculations.
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Figure 5. (A) Modeled absorption spectrum for LaBg nanoparticles ranging from 10 nm to 100 nm
(reprinted from [73]). (B) Calculated and measured (via diffuse reflectance) LSPR peak positions
of ligand-free and ligand-bound LaBg nanoparticles (reprinted from [74]). (C) Calculated scattering
efficiency of single spherical LaBg nanoparticles embedded in a polymer for sizes ranging from 50 nm to
200 nm (inset shows fraction of scattering to total extinction efficiency at 500 nm) (reprinted from [30]).
(D) Absorption spectra for ethylene glycol dispersion of LaBs powders before and after grinding at
different concentrations (reprinted from [75]).

19



Materials 2018, 11, 2473

Calculations have also found that the scattering efficiency changes when adding different sizes
of LaBg to a polymer matrix (Figure 5C), which ought to be considered when developing films for
window coatings. Decreasing the nanoparticle size from 200 nm to 50 nm significantly red-shifts
the plasmon, and not only increases the intensity of the scattering but broadens the scatter as well.
It should also be noted that the shape of the scattering coefficient curve changes in particles larger
than 80 nm, which may be indicative of size-dependent LSPR behavior. When attempting to design
a material that will capture a wide wavelength range, like the solar heat from 750 nm to 1200 nm
mentioned above, it is ideal to use nanomaterials with a broad and intense absorbance peak [30].

Bulk sized LaBgs may also be reduced in size through grinding in the presence of a surfactant
such as dodecylbenzene-sulfonic acid (DBS). The DBS makes it easier to disperse ~100 nm particles
into ethylene glycol, with the absorbance intensity increasing in higher particle concentrations
(Figure 5D) [75]. This makes LaBg a feasible NIR photothermal conversion material.

3.3. Morphology

In addition to size, the plasmonics of nanoparticles can also be tuned by altering the morphology
of the system, where introducing different facets has a large impact on how free electrons behave on
the surface [76]. Unfortunately, publications describing more than one nanoparticle shape of LaBg
are uncommon due to synthetic limitations, and those connecting shape and LSPR are even more
rare. Whether morphological limitations are due to the chemistry itself or if low temperature methods
simply need additional time to study has yet to be determined. The shape of LaBs nanoparticles
tends to be described as generic nanoparticles (assumed spheres) versus cubes [56,77] (Figure 6A) or
as nanowires [78-80], but to our knowledge only two publications to date tie plasmonics to varying
particle shape [81,82].
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Figure 6. (A) SEM images of LaBg nanoparticles and nanocubes (reprinted from [57]). (B) Comparison
of extinction efficiencies divided by effective radius between cubic and spherical LaBg particles
(reprinted from [82]). (C) Absorption cross sections calculated for 100,000 LaBg oblate particles with
different aspect ratios and a standard deviation of 0.1 (reprinted from [81]).
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The optical response of LaBg nanoparticles of varying sizes and shapes was compared using
the discrete dipole approximation and experimental results were in agreement with the findings [82].
Comparing the extinction efficiencies of cubic and spherical particles of the same diameter (Figure 6B),
it is clear that the optical properties are significantly influenced by the shape of the particles and
that the nanocubes exhibit stronger NIR extinction. The Mie integration method is also an effective
means of estimating optical properties of nanoparticles of changing sizes and shapes [83]. For LaBg,
it was found that increasing the aspect ratio of spheroids can enhance the LSPR properties in the
NIR [81]. In oblate spheroids, decreasing the aspect ratio has the effect of red-shifting the LSPR, and
can significantly broaden the absorbance peak (Figure 6C).

4. Improving LaB¢ Plasmonic Applications

In order to make LaBg nanoparticles feasible as coatings for various solar energy and window
applications, researchers must gain an understanding of plasmonic behaviors when incorporating
the particles into films. Once the surrounding media is changed, the absorbance and intensity of the
LSPR signal is also altered. To make cleaner films, LaBg nanoparticles can be put into solutions using
various polymer matrixes [84,85]. As with the changing particle concentrations mentioned above,
varying the size of LaBg nanoparticles (while maintaining the same concentration) in polymethyl
methacrylate (PMMA) composites changes the absorbance intensity (Figure 7A), and the ideal particle
size to achieve maximum intensity is just below 100 nm [86]. A similar effect has been observed in
the transmittance and reflectance profiles of LaBg nanoparticles dispersed in acrylic coatings, where
decreasing the LaBg concentration increases the transmittance intensity (Figure 7B) [87].
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Figure 7. (A) Relative strength of absorption in composites containing LaBg, particles of different sizes;
0 nm represents pure polymer without LaBg. (reprinted from [86]). (B) Transmittance and reflectance
profiles of LaBg nanoparticle-dispersed acrylic coatings with different thicknesses on PET films
(reprinted from [87]). (C) Absorbance spectra of cetyltrimethyl ammonium bromide (CTAB)-stabilized
LaBg nanoparticles (reprinted from [84]). (D) Absorbance spectra of 2.8nm ligand-bound LaBg
nanoparticles embedded in polymethyl methacrylate (PMMA), polystyrene, and tetraethoxyorthosilane
(TEOS)-derived glass (reprinted from [74]).
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Creating visibly clear films with LaBs remains an ongoing challenge. Since LaBg nanoparticles are
typically made with no ligands, they tend to aggregate with no physical barrier keeping them apart.
To improve upon this, researchers are starting to develop methods to incorporate surfactants directly
on the surface of LaBg. For example, using cetyltrimethyl ammonium bromide (CTAB) as a surfactant
coating makes it possible to stabilize and reduce the agglomeration of LaBs nanoparticles in water
(Figure 7C). There has also been a report of incorporating a ligand during the LaBg reaction using a
low temperature method to convert isophthalic acid to 1,3-phenylenedimethanol in-situ, with the diol
binding to the LaBy surface as soon as it is formed in-situ [74]. As a result, the ligand-bound LaBg
nanoparticles can be embedded directly into various polymer matrixes without the need for additional
treatment, producing unaggregated and clear films composed of LaBgs in PMMA, polystyrene, or
tetraethoxyorthosilane (TEOS) glass (Figure 7D). While this review focuses on tuning the plasmon
of LaBg, it is also important to note that there are many more applications for this material beyond
building specialized windows for heat control. Many new applications of LaBg nanoparticles have
come to light in recent years. For example, the photothermal conversion properties of LaBg are being
explored for biomedical applications like cancer [75,88-90]. LaBg nanoparticles also interact with
bacteria, and studies focusing on ablation and hydrogen production are ongoing [91,92]. Looking
beyond nanoparticles to nanowires, LaBg is now known to be an efficient field emitter [78-80]. There are
many more potential applications, and this list offers you a small sampling of how this material is
advancing multiple fields of research.

Future Challenges of Plasmonic LaBg

Much has been learned about the optical behavior and tunability of LaBs, and work is ongoing.
Perhaps the unspoken secret of this research space is how challenging it is to develop the synthetic
procedures to make small phase-pure LaBg nanoparticles. Ball milling bulk particles to reduce the
particle size introduces contaminants and does not maintain uniform morphology. Cutting single
crystals into nano-sized particles is difficult and does not translate easily to larger scale [78]; plasma
methods do not offer a means of easy control for tuning [93], etc.

To further complicate matters, the mechanism behind the formation of the By cluster is still
unknown. For decades it was assumed that high temperatures (>1200 °C) and pressures were
energetically required to make LaBg, but that is not the case [94,95]. It has also been assumed that a
reducing agent such as magnesium was required to drive the reaction [59,96], but new reports find this
to be untrue [74,95]. Only recently was it found that the halogen of the lanthanum salt influences the
reaction to expand or contract the crystal lattice, and can act as a bridging ligand between La atoms in
low temperature reactions [48,58].

In order advance this field it is becoming increasingly important to build a better understanding of
the chemistry involved in the formation of LaBg. In learning more about the mechanism, it will be much
easier to tune these particles for optical applications as well as electronics, thermionics, and solar energy.
With a better understanding of the formation of the robust boron clusters in LaBg and the potential
interplay of boron and halogens, we will likely discover new applications previously unexplored.

5. Conclusions

LaBg is an intriguing plasmonic material that has gained much attention in the last decade for its
ability to intensely absorb in the NIR region of the electromagnetic spectrum. Large advances have
been made in developing methods to finely tune the position of the plasmon, making the shift from
the visible region to the NIR possible. This review explains how some of the fundamentals of the
LaBg framework influence the optical properties, and how the plasmon can be tuned by controlling
lattice defects, particle size and shape, and through doping. As advances continue to be made in
this field, it is hoped that a there will be a better understanding of how the structure forms, enabling
better control over this system and potentially opening the door to new applications in need of stable
plasmonic nanoparticles.
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Abstract: We investigated the optical third harmonic generation (THG) signal from nanostructure-
covered microcubes on Ni. We found that the hierarchical structures greatly change the third-order
optical nonlinearity of the metallic surface. While the symmetry and lightning rod (LR) effects on
microstructures did not significantly influence the THG, the localized surface plasmon (LSP) effect
on the nanostructures enhanced it. By removing the nanostructures on the hierarchical structures,
THG intensity could be strongly suppressed. In the present paper, we also discuss the mechanism
that enhances THG in nano/micro structures.

Keywords: Ni; THG; nonlinearity; plasmon; lightning rod

1. Introduction

Optical third harmonic generation (THG) is a complicated coherent nonlinear optical process [1].
In general, nonlinear waves are forbidden for centrosymmetric systems [1-4]. However, it is clear
that the magnitude of the THG signal is dependent on the specific structure of the sample. THG
processes are useful for various applications, such as autocorrelators [5] and nonlinear imaging [6].
Since nonlinear processes through photon—-photon interactions are intrinsically weak, studies on the
possibility of enhancing the nonlinear efficiency are essential [1,3,4].

The enhancement of THG responses by surface plasmons (SPs) has been reported among many
researchers [7-9]. SPs are coherent electron oscillations that exist at the metal surface [10]. Since THG
intensity is proportional to the third power of the incident light intensity [1], the SP-assisted electric
field enhancement at the surface areas greatly enhances THG light strength. The magnitude of this
enhancement is different from that of optical second harmonic generation (SHG).

Recently, we produced nanostructure-covered laser-induced periodic surface structures
(NC-LIPSSs) [11,12] and investigated their SHG [13-15]. We found that NC-LIPSSs could significantly
modify the second-order nonlinearity of the metallic surfaces. The micro-scale grooves and the
nanostructures on the NC-LIPSSs could influence not only symmetry but also SPs [13-15].

In spite of the systematic study on the SP-assisted SHG processes in nano/micro hierarchical
structures [13-15], a systematic study on the SP-assisted THG processes of nano/micro hierarchical
structures is currently lacking. Nano- and micro structures both play important roles for generating
SPs. Therefore, a sufficient investigation of the dual enhancement effect of nano/micro hierarchical
structures is needed to fully understand the potential applications these structures might have
in nonlinear plasmon devices. One interesting component of the recently obtained structure,
the nanostructure-covered microcube (NC-MC) [14], is their dominant feature. The different sizes
of the surface structure excite different SPs. The micro-cubes (MCs) on the NC-MC surface lead to
lightning rod (LR) effects. Meanwhile, the nanostructures developed on surface layer of the hierarchical
structure can also excite localized SPs (LSPs). Here, LR effects induced at the corners of cubes lead to
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large local field enhancements, evidenced by much electromagnetic (EM) wave simulation [16-18].
Strong local fields at the tips (corners) enhance the SHG by over two orders of magnitude compared
with a nonsharp reference [19]. By sufficiently studying the SPs excited by structures of different sizes
and the SPs combined with hierarchical structures, we can control the THG efficiency in nano/micro
structures. In this study, we observe THG signals from Ni NC-MCs created via the laser ablation
method. We will discuss how their THG properties relate to their nano/micro structure.

2. Materials and Methods

THG measurements on the NC-MCs on Ni, as seen in Figure 1a, were performed using an
amplified femtosecond (fs) laser. Using an amplified fs laser system, two laser beams with different
polarization directions (i.e., x and y directions) were focused on the Ni surface. Then, the two beams
were controlled by a mechanical chopper and the number of pulses per pulse burst was adjusted to be 1.
Namely, it can be said that the two beams alternately passed through the chopper pulse by pulse. Here,
the laser fluence and incidence angle were set at 0.137 ]/ cm? and 1-1.5° (*+ normal to the substrate),
respectively. By doing so, we succeeded in producing an NC-MCs sample on Ni. After fabrication, the
surface morphologies of NC-MCs were monitored by a scanning electron microscope (SEM). The depth
of the microstructures was measured by a ultra-violet (UV) laser microscope that has a lateral resolution
of 200 nm and transverse resolution as high as 1 nm. Figure 1a shows the SEM image of the Ni NC-MCs.
According to Figure 1a, the average periodicity A of the micro-cubes on Ni was 600 nm, and their
depth d was ~100 nm. Moreover, the micro-cubes were covered with nanostructures. The fabrication
method and other details of the sample have been reported elsewhere [14,15]. Figure 1b shows the
arrangement of the THG intensity measurements performed on the NC-MC sample. An amplified fs
laser (60 fs, 1.2 W, 1 kHz repetition rate) emitting at ~800 nm with the s-polarization was focused onto
the NC-MCs sample with a 45° incidence. The s-polarization is parallel to the y-direction. We observed
the dependence of the THG intensity on laser polarization. THG with 266 nm was directed through
a color filter and a band-pass filter (FGUV5) to cut the surplus fundamental light. An output light
was set to the s-polarization. By acknowledging the influence of hyper-Rayleigh scattering (HRS) [20],
the generated THG photons were collected through a large N.A. lens. Then, the THG signal was
detected using a photomultiplier tube (PMT).

(c)

THG intensity (a.u.)

(P Excitation power (mW)

(b) ;

THG :5 Laser
i45° 0}
\i “ Microcube

| °.
A

(MC)

)% ° ~J e %., 5 Nanostructure
) s (NS)
X

Figure 1. (a) A scanning electron microscope (SEM) image of the nanostructure-covered microcube

(NC-MC) structures on Ni from a planar view normal to the surface; (b) Schematic detailing of
measurement conditions. The rotation angle ¢ is defined as the angle between the incident plane
and the travel direction of beam. When ¢ = 0°, the incident light propagates along the x-axis
direction; (c) Excitation power dependence of the third harmonic generation (THG) intensity from the
NC-MC sample.
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3. Results
3.1. Definition of THG Intensity for Ni NC-MCs
The s-polarized THG intensity | Es (3w) |2 {= I;(3w)} with the )(@W element is given as:

EsR(3w)’2 °<’FY(?’W)X@WFY(“})3EY(M)3‘2 W

where third-order nonlinear susceptibility x©) ikt is a fourth rank tensor. The indices ijkl are summed
over the three directions of laser polarization x, i, and z. The coordinate system is oriented so that the
x and y coordinates are in the plane and the z coordinate is in the direction normal to the substrate
surface [14]. Fy(w) is the Fresnel factor at the fundamental frequency for the y direction, and Fy(3w) is
the Fresnel factor at the THG frequency along the y direction. The relation as Ey . = Fy(w)Ey(w) holds
for the local electric field Ej,.. In the case of nanostructures, Fy(w) can depend on both LSP and LR
effects [21]. On the other hand, Fy(3w) is expected to originate only from the LR effect because of no
resonance. Either way, Equation (1) expresses that the s-polarized THG intensity | Es(3w) |2 depends
on the nonlinear susceptibility x and the y-directed local field Ey,, of the electric field component.

3.2. THG Signal Intensity for Ni NC-MCs

We first investigated the output THG power dependence on fundamental frequency in the NC-MC
sample. The power dependence of the THG intensity fits a slope of 3.23 when plotted on a log-log
scale as shown in Figure 1c, which copes well with the third-order nature of the light emission.

In order to investigate the origin of the THG, the x® of the microstructure surface was analyzed.
The x©® is sensitive to the symmetry of the structure. Since the structure of MCs in a tetragonal
system is characterized by Cy, symmetry with four mirror planes, 21 or 11 nonlinear susceptibility
elements are permitted [1]. Under s-polarization configuration, the X®yyyy should be accepted. If we
assume that the X(S) yyyy is dominated to the s-in/s-out polarization combination, the THG should
be forbidden for ¢ = 0°, 45°, and 90° when ¢ ranges from 0° to 90°. In conclusion, we found that the
7((3) yyyy dependence on a sin(4¢) function is the main factor that modulates the THG emission from
the MCs. The THG related to the symmetry for the MCs was then fitted by a sin?(4¢) function, and this
trend is the same as the one found for the SHG case [14,15]. On the other hand, the nanostructures
contain nanoparticles with strong quadrupolar resonances, and they should provide the fixed nonlinear
intensities independent of the ¢. By combining these symmetry elements x and the local field Ej,,
the simulated curves shown in Figure 2 can be obtained.

We have also observed the sample rotation angle dependence of the THG from the NC-MC sample
at a 45° incidence, as shown in Figure 1b. Figure 2a illustrates the THG intensity from the Ni NC-MCs
for the s-in/s-out combination, as a function of the ¢. The curve simulated in the previous section
is patterned in Figure 2. In fact, the THG in the s-in/s-out combination showed an isotropic pattern.
According to the literature [9], this enhancement is mainly caused by the LSPs from nanostructures on
the microcubes. As a consequence, the THG intensity pattern for the s-in/s-out combination does not
depend on the ¢, and the THG intensity is sensitive to LSP effect on the nanostructures rather than
depending on the symmetry and LR effects on microstructures. Figure 2b illustrates the SHG emission
intensity in the s-in/s-out combination, as a function of the ¢ from the Ni NC-MCs [14]. The SHG
pattern in the s-in/s-out polarization configuration exhibits eight dim minima at ¢ = 0°, 45°, 90°,
135°, 180°, 225°, 270°, and 315° [14]. Thus, the SHG intensity pattern for the s-in/s-out polarization
combination strongly depends on the rotation angle ¢, and the SHG intensity is sensitive to symmetry
and LR effects on the microstructures rather than the LSPs’ effect on the nanostructures [14].

Figure 2 shows that there is a large difference between second- and third- harmonic patterns.
We hypothesize that the main reason is the magnitude of the contribution of the nanostructures
to the LSPs. As Equation (1) points out, only the local field Ey, (including Fresnel factor Fy(w))
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relates to the plasmon excitation if we exclude Fresnel factors Fy(3w) and Fy(2w). Due to their weak
off-resonance coupling to the LR effect with nanostructures, the field relation would be | ELSP Yioc | >
IELRy o . Since the THG signal intensity I;(3w) depends on the sixth power of the local field | Ey . 1,
it will receive a contribution from the nanostructures that is more significant than in the case of SHG,
depending on the fourth power of the local field | Ey,. 4.

(a) (b)

‘q’:()"(E 1 groove) P
315° 4s° 315° /\ 45°
\l A
A
/'\—' 7 E
. 90° 270° ; 7 90
n 2 .
270 (E L groove) < / Q]
=7 A -
: o AL/AY .
225° 135 2= TN -
—— THG ~o= SHG
——  Simulation 180° ——  Simulation 180°
~~~~~ 1 S

Figure 2. Angular (a) THG and (b) second harmonic generation (SHG) signal intensity. The angular
nonlinear intensity of the NC-MCs as a function of the ¢. The solid curve results from a simulation
curve implanting a calculation by symmetrical parameters and local electric fields.

In order to control THG enhancement, we measured the THG signal using the MC sample.
In Figure 1a, many nanodots were ablated from the MCs, leading to the isotropic THG as seen in
Figure 2a. The SEM image of the surface of the MC sample is shown in Figure 3a. Indeed, several
nanodots on microcubes were removed. Figure 3b shows the relative THG and SHG intensities in the
s-in/s-out combination for NC-MCs and MCs on the Ni at ¢ = 22.5°. According to the data, the THG
intensity decreases to a greater degree than the SHG intensity. The reason for this is related to the
different magnitudes of contribution of THG and SHG to LSPs, as mentioned above.

(b)l(wu, THG SHG
<7.04 B NC-MC
= 80% (€26.2%) 3207 MC
2 _ (46.5%)
%' 5 60%
as
£ G
— =
200 & E 20%
nm @ ¢=22.5°

Figure 3. (a) SEM image of the microcube (MC) surface; (b) relative nonlinear optical intensities for
s-in/s-out at ¢ = 22.5° for NC-MCs and MCs, respectively.

We describe here the experimental studies for the different magnitudes of the contribution of
the THG and SHG to LSPs. Microcube structures created via the laser-ablation method do not have
sharper structure at their corners (as seen in Figure 1a), and they are like “dorm-style tents”. Due to
this, the magnitude of the LR effect on the cubes should be 10 times weaker than for the perfect
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cubes [19]. On the other hand, a lot of nanostructures generated via ablation lead to a large LSP effect,
as expected [16]. Namely, the magnitude of the electric field enhanced by the LR on the microstructure
might be weaker than that enhanced by LSPs on nanostructures. If so, LSP enhancement should
result in greater SHG than LR enhancement. However, the magnitude of enhancements cannot be
distinguished in Figure 2b. LSP enhancement resulted in greater THG than LR enhancement, as seen in
Figure 2a. This is because THG intensity is proportional to the sixth power of electric fields, and thus
the difference between their two effects appeared significantly. These facts suggest that LSP-enhanced
THG screened LR-enhanced THG. In short, the gap may widen even more if higher-order nonlinear
processes are taken into account when the module of the local field on the nanostructures (E-S” Yloc) is
greater than module of the local field on the microcubes (EFRy ) (i.e., | EFSPy 0| > 1EFRy ) 1). THG
intensity is resonantly enhanced by the LSPs from the nanostructures, and the enhancement due to the
LR effect from the microstructures is somehow hidden. These facts show a clear relation between LSP
and LR enhancements on the nano/micro structure.

The nano/micro hierarchical structure consisting of differently-sized structures can induce
cascaded plasmon field enhancement [14,22]. If the nanostructures are in contact with other
nanostructures (as seen in Figure 1a), a large enhancement of the local field Ey,.(w) will be obtained
thanks to the cascading E-field enhancement effect [22] due to the contentious LSP effect. Then,
the E-field enhancement occurring due to the cascading effect may boost the THG intensity isotopically
at the ¢, as seen in Figure 2a.

4. Conclusions

We investigated the THG signal intensity from NC-MC nano/micro structures on Ni. The influence
of LSPs on the nanostructures clearly enhanced THG. By removing the nanostructures on the
hierarchical structures, we could extract the THG supported by the symmetry and LR effects on
microstructures. We found that the enhancement due to the LR effect from the microstructures was
hidden by resonant enhancement due to the LSPs from the nanostructures. These interesting physical
phenomena could have applications in nonlinear plasmonic devices.
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Abstract: Recently, hybrid organic-inorganic perovskites have been extensively studied due to their
promising optical properties with relatively low-cost and simple processing. However, the perovskite
solar cells have some low optical absorption in the visible spectrum, especially around the red
region. In this paper, an improvement of perovskite solar cell efficiency is studied via simulations
through adding plasmonic nanoparticles (NPs) at the rear side of the solar cell. The plasmonic
resonance wavelength is selected to be very close to the spectrum range of lower absorption of
the perovskite: around 600 nm. Both gold and silver nanoparticles (Au and Ag NPs) are selected
to introduce the plasmonic effect with diameters above 40 nm, to get an overlap between the
plasmonic resonance spectrum and the requested lower absorption spectrum of the perovskite layer.
Simulations show the increase in the short circuit current density (Jsc) as a result of adding Au and
Ag NPs, respectively. Enhancement in [, is observed as the diameter of both Au and Ag NPs is
increased beyond 40 nm. Furthermore, there is a slight increase in the reflection loss as the thickness
of the plasmonic nanoparticles at the rear side of the solar cell is increased. A significant decrease
in the current loss due to transmission is achieved as the size of the nanoparticles increases. As a
comparison, slightly higher enhancement in external quantum efficiency (EQE) can be achieved in
case of adding Ag NPs rather than Au NPs.

Keywords: Perovskites; solar cell; plasmonic nanoparticles; short circuit current; quantum efficiency

1. Introduction

One of the hottest topics in materials science in the past few years has been hybrid
organic-inorganic perovskites due to their superb properties in optoelectronic applications.
These organo-metal halide materials have emerged as an excellent absorber material for thin-film
photovoltaics with spectacular achievements in power conversion efficiencies that compete with
silicon and other established thin-film technologies (i.e., CdTe and CIGS). The power conversion
efficiency (PCE) of perovskite based solar cells has increased from 3.8% upon its inception in 2009 to
a certified 22.1% in early 2016 [1,2]. The material possesses the ABX3 crystal structure, where A is
a small organic cation, B is a cationic group 14 metal, and X is a halide anion. The most commonly
used perovskite semiconductor material in solar cells is methylammonium-lead (II)-iodide with the
chemical formula CH3NH;3Pbl; (MAPbI3), owing to its excellent material properties for photovoltaic
applications. MAPbI; is an inorganic-organic hybrid perovskite that forms a tetragonal crystal
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structure and is compatible with both solution processing [3] and evaporation techniques [4,5].
This material is a direct bandgap semiconductor [6] with a bandgap around 1.6 eV and a large open
circuit voltage (Voc) of 1.07 V [4], only 0.53 V less than the perovskite bandgap potential (Eg/q) [7].
The bandgap of the MAPbI; perovskite (1.6 eV) can be continuously tuned up to 2.25 eV by substituting
Br for I to make MAPb(I;.4Bry)s [8], which makes perovskite solar cells especially attractive for
tandem applications. Furthermore, it is also an intrinsic material with high carrier mobilities [9],
high absorption coefficient [10,11], shallow defect levels [12], and a long charge-carrier diffusion
length [13-15], which are important metrics for highly performing solar cells.

One method for achieving light trapping in thin film solar cells is the use of metallic NPs [16-18].
Metallic NPs exhibits the phenomenon of surface plasmon resonance when illuminated with light of
suitable frequency [19]. Metallic NPs show potential for enhancing light absorption and photocurrent,
therefore, plasmonic resonances in metal NPs have attracted the attention in sensors and other
applications such as solar cells [20-22]. Plasmonic structure can be integrated with solar cell in
many ways [23]. Metal NPs can be deposited on the front surface of the solar cell. Also, they can be
embedded inside the cell [24]. However, it was found that locating the particles on the rear side of
the absorber layer is more effective in enhancing photocurrent [25,26]. From literature, metal NPs of
different size, shape, and composition were used as absorption enhancers in methylammonium lead
iodide perovskite solar cells. The absorption enhancement is the key point to reduce the thickness
of the perovskite solar cell. Integration plasmonic gold nanostars (Au NSs) into mesoporous TiO,
photoelectrodes for perovskite solar cells (PSCs) increased the efficiency from 15.19 up to 17.72% [27,28].
Also, size has been shown to play a pivotal role in performance enhancement. Previous work has
systemically screened different AuNPs sizes in photoelectrodes to find the champion devices contained
8 nm plasmonic Au NPs [29]. Incorporation of Au NPs into titanium dioxide (TiO;) photoelectrodes
showed 20% improvement in average. The refractive index of metal NPs is complex. The permittivity
is the square of the refractive index and consequently it is a complex quantity. In optics, the permittivity
depends strongly on the frequency. Optical properties of NPs are different from the bulk specimen [30].
Noble NPs can resonate with light, which gives it a great importance. Localized surface plasmons (LSP)
can be excited and cause resonance with the incident frequency under certain conditions. The resonant
frequency is strongly affected by NPs size, nanoparticle shape, and surrounding medium. Near field
enhancement can be exploited in many applications such as solar cell applications [31-34].

In this paper, we focus on the improvement of perovskite solar cell through the addition of
plasmonic NPs using a simulation study. The perovskite solar cells may have some lower optical
absorption in the visible spectrum around the red region. Therefore, our contribution is to prove the
concept that the overall efficiency can be enhanced through adding metallic NPs whose plasmonic
resonance wavelength is close to the spectrum range of lower absorption of the perovskite. In more
details, Au and Ag NPs are selected to introduce the plasmonic effect with diameters above 40 nm,
to get an overlap between the plasmonic resonance spectrum and the lower absorption spectrum of
the perovskite layer around 600 nm wavelength. Therefore, this coupling can enhance the quantum
efficiency in this spectrum region. In this work, both Au and Ag NPs are selected to be added
at the rear-side as an additional layer of perovskite solar cell. Simulated optical properties and
quantum efficiency calculations are presented along with a comparison of the impact of both Au and
Ag additives.

2. Literature Background

Our targeted device in this work is the regular structure of n-i-p semi-transparent
CH3NH3Pbl;  perovskite solar cell (area = 0.1-1 cm?)  with an architecture of
glass /ITO-front/SnO, /PCBM/CH3NH;Pbl; /spiro-OMeTAD /ITO-rear. A schematic model
of the semi-transparent perovskite solar cell used in our transfer-matrix-based optical simulations can
be seen in Figure 1.
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Figure 1. Schematic model of the semi-transparent n-i-p CH3NH;3Pbl3 perovskite solar cells applied
in the transfer-matrix-based optical simulations. The variable material layer is where gold and silver
nanoparticles (Au and Ag NPs) are included in our simulations. Roughness is simulated as an effective
medium of the adjacent media using the Bruggeman effective medium approximation.

To investigate the effect of both Au and Ag NPs on the performance of the perovskite
solar cell, the Au and Ag NPs were applied at the rear side of the perovskite solar cell with
diameter above 40 nm. Then, we can obtain plasmonic resonance wavelength above 550 nm,
which can compensate the external quantum efficiency losses in perovskite in this range of spectrum.
Then, the Transfer-Matrix-Based Optical Simulation Method (TMM) was used in our investigation.
This method allows modeling of the optical properties of thin-film layer stacks by solving Maxwell’s
equations at each interface through using the complex refractive index and layer thicknesses of all
relevant materials as input [35-38]. Reflectance (R), Transmittance (T), Absorbance (A), and EQE
spectra of the fabricated perovskite solar cell were measured in order to calibrate and underline
the accuracy of our optical simulations. More information on the calibration of the TMM optical
simulator and the details of the perovskite solar cell fabrication process can be reviewed from our
references [39,40]. Surface roughness is considered as an effective medium according to the Bruggeman
effective medium approximation (BEMA) [41]. Therefore, in our simulations, interface roughness is
simulated using a BEMA layer consisting of a mixture of the optical constants for the adjacent media.
The accuracy of our optical simulation is confirmed by showing excellent agreement with experimental
data, as shown in Figure 2a,b. However, small offsets between experimental and simulation data for
long wavelengths in our transmission and reflection plots can be explained by absorption and/or
scattering in the substrate.
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transparent n-i-p perovskite transparent n--p perovskite
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Figure 2. (a) Shows measured and simulated external quantum efficiency (EQE)% and (b) shows
measured and simulated percentages of reflectance, transmittance, and absorbance spectra of
semitransparent CH3;NH3Pbls solar cell with the architecture glass /ITO-front/ITO-front-roughness/
SnO, /PCBM/CH;3NH;Pblz / CH3NH;PbIz-roughness /spiro-OMeTAD /ITO-rear /ITO-rear-roughness.
The dotted line represents measurements on the actual device and solid line represents
transfer-matrix-based simulations.
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The model used to describe the permittivity of gold and silver is Drude-critical points model.
The model can be given in Equation (1) as follows [42]

2 eiPp e~y
&) = e — w2+17pr ZAQ < wirp+0p+w+il“p> M
where ¢, is the permittivity due to interband transitions, wp is the plasma frequency, ynp is the
damping constant. A, Q)p, ¢, and T are constants and are summarized in Table 1 for gold and
silver. The experimental data was taken from reference [43]. The model is valid for wavelengths in the
range between 200 nm and 1000 nm [42]. The damping constant, ynp counts for absorption loss is size
dependent and given by Equation (2) [44-46]

Co F
=g+ =t 2
WP =7+ ¢ 2
where 7 equals 1.0805 x 10'* rad/s and 4.5841 x 10" rad/s for gold and silver respectively.
The constant C is considered 1 for both of them [46], vf is the Fermi velocity and equals 1.39 x 10° m/s
and 1.38 x 10® m/s for gold and silver, respectively, and R is the radius of the spherical NPs [45,46].
The refractive index is complex and simply expressed as follows in Equation (3)

n=/e(w) =n, +ik ©)

The real and imaginary parts were calculated for both Au and Ag to be used in the simulation
part. To calculate the absorption, scattering, and extinction cross sections of noble NPs, Mie theory can
be used. Mie theory is using Maxwell equations to calculate the fields in the vicinity of the nanoparticle.
Equation (4) shows the cross sections which can be can be given as [47]

Ooxt = 7712 Z (2n + 1)Rea, + by] (4a)
k2 =
27T &
Usca = 75 2(2” + 1)["1»1‘2 + ‘bn‘z] (4b)
|k| n=1
Ogbs = Oext — Usca (40)

where eyt, 0sca, and oy, are the extinction, scattering, and absorption cross sections, respectively, 7 is
the multipole order, k is the wave number. Equation (5) shows the Mie coefficients a,, and b,,, which are
given by [47]

a, =

P (1) P (x) — o (X) 3 (1)

/ (5a)
mpy (max)igy, (x) = 17
_ Pu(mx)ipy(x) — mipn (x) g (mx)
 Pu(m)y, (x) — mopn (), (mx)
where ¥, and 77,, are Riccarti —Bessel functions, while ¢}, and 7}, are their derivatives.m is the ration of
the complex refractive indices of the nanoparticle and the suttrounding medium. x is given by 2rR/A
where A is the wavelength of the incident light.

(5b)

n

Table 1. Parameters used in Drude model.

£ wp (rad/s) Al A2 P1 P2 Q) (rad/s) Q; (rad/s) T (rad/s) T (rad/s)

Au 11431 13202 x 10" 02669 3.0834 —1.2371 —1.0968 3.8711 x 10> 4.1684 x 10'° 44642 x 10  2.3555 x 10'°
Ag 15833 13861 x 10'°  1.0171 15797 —0.9394 1.8087 6.6327 x 10'°  9.2726 x 1017  1.6666 x 10"  2.3716 x 107
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3. Simulation Procedure

In order to investigate the effect of Au and Ag NPs on the performance of the perovskite solar
cell, optical loss analysis was considered by varying the thickness of both Au and Ag films at the
rear side of the perovskite solar cell in our TMM simulations and calculating both internal current
densities losses (Jsuort, Jmediums Jlong), the external 1osses (Jescape-backs Jreflection), the average transmittance
(800-1200 nm), and the J; in our perovskite solar cell. Here, we assume one homogeneous layer of
NPs on the perovskite cell. Therefore, the thickness of the plasmonic layer is the same as the diameter
of NPs. According to the limitations of the used coding we have assumed that Au and Ag NPs or even
though the Au and Ag planar film is deposited as one layer over the perovskite with negligible grain
boundaries problems that can be found in the real design.

The internal current losses are calculated using Equation (6) by integrating the area between the
EQE and the absorbance curves over the AM1.5G solar spectrum for different wavelength regions
corresponding to short (A = 300-450 nm), medium (A = 450-700 nm), and long (A = 700-1000 nm)
internal current losses. For the external current losses, however, we focused on both losses of Joscape,back
and Jyefiection- Regarding the Jeseqpe-back €xternal loss, the back side of the semi-transparent perovskite
cell was considered where part of the long wavelength light is lost by transmission through the
semi-transparent ITO-rear through the nanoparticle material. This external loss is calculated by
integrating the transmission curve of the cell according to Equation (7). Moreover, at the device
front, part of the light is lost due to external reflection. These reflection losses (Jyfiection) are calculated
by integrating the reflection spectrum of the front side of the cell according to Equation (8). Then,
by using TMM method and Equation (9), ] for each specific nanoparticle thickness can be expressed
as shown [48].

Ay
Jinternai—1oss = % N A-D(A):-[Acen(A) — EQE(A)]-dA (6)
1
~1000
]escupe—back external — he /500 /\'qD()\)'Tce” ()\)~d/\ 7)
A2
]reflection = he 1 )L@(/\)R()\)d)\ 8)
a0 B (A)-EQE(A)dA 9
ISC7E/300nm . ()Q() ()

where g is the elementary charge, / is Planck’s constant, c is the speed of the light, A is the wavelength,
(M) is the AM1.5G solar spectrum, T, is the transmission of the cell, R is the reflection of the cell.

4. Results & Discussions

4.1. Plasmonic Resonances of Au and Ag NPs

The real and imaginary parts of Au and Ag NPs are shown in Figure 3. The radius of Ag or Au
NPs is 50 nm. All the used parameters are summarized in Table below [36]. As noticed, the real part
of Au and Ag permittivity is very close and negative for a wide range of wavelengths. The negative
real refractive index is responsible for the appearance of resonance wavelength. The imaginary part is
responsible for the absorption loss. As seen, the silver loss is less than the gold loss.
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Figure 3. Real and imaginary parts of Au and Ag permittivity.

In Figure 4, the cross sections were simulated for particles of radius 50 nm. The surrounding
medium has refractive index of value 1.5. For silver case, the cross section spectrum is much wide
and may contain more than one peak. It is worthy to mention that, the resonance wavelength is size
dependent. As the nanoparticle size increases, red shift occurs for Au and Ag cross sections.
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Figure 4. Cross sections of (a) Au, and (b) Ag plasmonic nanoparticles (NPs).

4.2. Impact of Ag NPs on Perovskite Cells

Figure 5 shows the optical characteristics of perovskite cell with added layer of Au NPs at different
diameters. It can be noticed that the transmission is tremendously decreased with increasing the size
of added Au NPs. However, the corresponding reflection and absorption have higher values with
added Au NPs especially at wavelength around the plasmonic resonance wavelength. The resonance
wavelength is varying from approximately ~550 to ~600 nm when the particle diameter is changing
from 40 to 300 nm, respectively, for surrounding medium of refractive index of 1.5. Then, Figure 6
shows the improvement of EQE at wavelength range close to the plasmonic resonance frequency.
The EQE enhancement can be explained due to the impact of reflected photoelectrons, which are
trapped according to the added layer of plasmonic NPs, beside the optical enhancement of absorption
due to plasmonic resonance of the added layer. There is a clear enhancement of EQE with lowest select
size of Au NPs. By increasing Au NPs size, the EQE shows slight improvement with a saturation
behavior at relatively higher NPs size up to 300 nm in diameter.
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Figure 5. Optical characteristics for perovskite cell with different thickness of gold layer.
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Figure 6. Enhancement of external quantum efficiency (EQE) due to added gold nanoparticles (Au NPs)

in the wavelength range close to plasmonic resonance of gold.

In Table 2, we compare the internal losses, external losses, and the corresponding Js. of our solar
cell with uniform NPs radii at different sizes to show its effect on our simulated perovskite solar cell.
Simulations show a 1.24 mA /cm? increase in the J;. as a result of adding 40 nm Au NPs at the rear
side of our perovskite solar cell. Further enhancement in [, is observed as the diameter of the Au NPs
is increased beyond 40 nm. However, an insignificant difference in Js. (~0.1 mA/ cm?) is observed
when comparing the 40 nm Au NPs with a 40 nm Au planar thin film. The Au planar perovskite
solar cell is displayed in order to better assess the performance of our Au NPs proposed solar cell
structure. Furthermore, it can also be seen from the table a slight increase in the reflection loss as the
thickness of the Au NPs at the rear side of the solar cell is increased. However, with increasing Au NPs
thickness at the rear side of the perovskite solar cell, a noticeable decrease in the current loss due to
transmission (Jescape,back) can be seen with nearly neglected value at 200 nm size or higher which shows

a clear advantage of the added NPs.
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Table 2. The effect of added gold nanoparticles (Au NPs) of different nanosize on the internal losses,
external losses, and the short circuit current for our simulated Perovskite solar cell.

Perovskite Cell Losses (mA/cm?)

Joc(mA/ cmz)
Gold (nm) Jinternat J escape,back I, reflection

0 4.15 16.49 6.55 18.69

40 (Au) planar 6.939 0.784 18.7 20.03
40 (Au NPs) 7.45 0.764 18.31 19.93
100 (Au NPs) 7.013 0.009 19.25 20.18
200 (Au NPs) 6.926 0.000 19.33 20.20
300 (Au NPs) 6.899 0.000 19.35 20.21

4.3. Impact of Ag NPs on Perovskite Cells

The same behavior of added Au NPs is repeated with another type of plasmonic nanostructure,
which is silver. Figure 7 shows the optical characteristics of perovskite cell with added layer of Ag NPs
at different diameters. As the case of gold, adding Ag NPs makes the transmission worse, but with
improved reflection and absorption, especially at close wavelength-range to the plasmonic resonance
of silver. The overall impact is the enhancement of EQE with added Ag NPs as shown in Figure 8.
Table 3 shows the results of different types of current losses with different thickness of silver layer.
Same behavior is existed as found in Table 1 in the case of Au NPs via enhancement of both reflection
and short circuit currents. However, silver is showing higher enhancement in short circuit currents
and faster decay of backside escape current with increasing the diameter of Ag NPs compared to gold.
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Figure 7. Optical characteristics for perovskite cell with different thicknesses of silver layer.

41



Materials 2018, 11, 1626

Simulated EQE vs. Silver thickness

£

EQE (%)

¥ o2 &

s
g
3

w0 400 500 GO0 700 RO0 GO0 1000 1100 1300

Wavelength A (nm)

Figure 8. Enhancement of external quantum efficiency (EQE) due to added silver nanoparticles
(Ag NPs) in the wavelength range close to plasmonic resonance of silver.

Table 3. The effect of added silver nanoparticles (Ag NPs) of different nanosize on the internal losses,
external losses, and the short circuit current for our simulated Perovskite solar cell.

i 2
Perovskite Cell Losses (mA/cm?) J.. (MA/cm?)

Silver (nm) Jinternat J. escape,back J reflection
0 4.15 16.49 6.55 18.69
40 7.182 0.41 18.75 20.11
100 6.846 0.002 19.37 20.24
200 6.778 0.000 19.43 20.25
300 6.756 0.000 19.45 20.25

4.4. Comparison Between Gold and Silver Effects

In last two sections, it is proved the enhancement of EQE of perovskite solar cells with added
plasmonic NPs. Here, we are going to compare between both added plasmonic Au and Ag NPs. It can
be shown from Figure 9 that Ag NPs enhance the EQE of perovskite cell slightly more than the added
gold for different thicknesses of plasmonic layer. It can be explained through the better reflection
capability that silver can offer compared to gold, as shown in Figure 10. This consequently leads to
higher enhancement of short-circuit current in the case of silver compared to gold, as shown in the
comparison figure at different layer thicknesses in Figure 11.
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5. Outlook

To fully benefit from the plasmonic effects of adding Au or Ag NPs at the rear-side of perovskite
solar cells, the existing key optical losses need to be identified and addressed. These optical losses
can be attributed to: a) overall reflection b) free carrier absorption in ITO electrodes, c) parasitic
losses due to absorption in the substrate and diffuse scattering. To minimize the loss due to reflection,
anti-reflective coating (ARC) or nanophotonic transparent electrodes can be used to improve the
overall Power Conversion Efficiency (PCE) of the solar cell [49]. Furthermore, novel high-mobility
Transparent Conducting Oxides (TCOs) such as hydrogenated indium oxide exhibit lower free carrier
densities than the commonly used Indium Tin Oxide (ITO), hence offering the chance to minimize the
parasitic absorption in ITO electrode at the front side [50,51]. Moreover, to completely mitigate the
parasitic losses due to absorption in the substrate and diffuse scattering, ultra smooth CH3NH;PbI;
films and non-absorbing substrates need to be used. More advanced light management concepts,
trapping textures, and the optimization of the bandgap of the perovskite bear the potential to lead to
very significant further improvements in light harvesting and current generation [52].

6. Conclusions

In this paper, the effect of adding plasmonic layer of Au and Ag NPs to the rear side of the
perovskites solar cell is analytically studied. The resonance wavelength of the plasmonic NPs is
adjusted to enhance the optical absorption of the solar cell in the visible range especially around the
red wavelength. Both gold and silver lead to a promising enhancement in J;c when the nanoparticle
size becomes larger than 40 nm. Overall EQE enhancement is achieved. EQE improvement is slightly
higher in case of adding silver compared to added gold.
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Abstract: Metasurface is an advanced flat optical component that can flexibly manipulate the
electromagnetic wave in an ultrathin dimension. However, electromagnetic coupling among
neighbored optical elements decreases the diffractive efficiency and increases the noise. In this
paper, a novel computational method is proposed to optimize the coupling of the metasurface.
The coupled electric fields in metasurface design are decomposed into various coupling orders
and then restructured to replace the whole metasurface simulation. This method is applied to
optimize a metasurface that consisted of conventional nanorod plasmonic antennas as a case study:.
The convergence of this method in calculation is demonstrated. The electric field intensity deviation
of a nanoantenna array can be reduced from 112.2% to 0.5% by the second-order coupling correction.
The diffractive efficiency of a three-level phase meta-deflector is optimized from 73% to 86% by
optimized coupling compensation via particle swarm optimization (PSO). This process opens a new
area of metasurface design by the detailed field distribution of optical elements.

Keywords: metasurface; coupling compensation; diffractive efficiency

1. Introduction

The electromagnetic couplings are important phenomena. They exist in many fields, including
mutual inductance [1], plasmonics [2], and metamaterials [3]. In modern electromagnetic research,
the coupling can lead to many unique effects, such as extraordinary optical transmission (EOT),
negative refractive index, and high chirality. For the periodic design, the electromagnetic wave can
transmit through subwavelength hole arrays on an opaque film. This EOT effect is due to the coupling
of surface plasmons. However, for the non-periodic designs, too many parameters are involved in the
design, which takes a long time in calculations for a complete scan of parameter optimization.

Metasurface is one of the most important optical designs involving non-periodic structures. Itis an
advanced flat optical device that consists of a large number of subwavelength optical antennas. In the
development of a metasurface, the dimensions of the optical antennas become smaller, while more
dielectric metasurfaces are designed, instead of metal metasurfaces [4]. These designs are applied
for high efficiency and resolution light manipulation. On the other hand, it leads to weaker field
localization. Thus, the performance of metasurface is obviously affected by electromagnetic coupling.
To avoid this negative effect, a high refractive index of loss-free materials is desired for better field
localization. In the infrared region, silicon is an ideal material with a high refractive index and low
loss. However, when the metasurface is used in the visible spectrum, only 75% diffraction efficiency
can be achieved due to the energy loss of the material [5]. Most optical materials with a high refractive
index are not transparent. In this light spectrum, most materials with a high refractive index have high
loss [6]. Silicon nitride (n = 2), which has 90% transmission in the visible region, was used to design a
metasurface. However, its diffraction efficiency is only about 40% [7]. Lower refractive index materials,
such as glass, are barely selected in metasurface design due to lower field localization capability.
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Due to the low diffraction efficiency caused by electromagnetic coupling, a series of negative
effects appear. For instance, in a meta-hologram based on geometric phase, the noise of the
unmodulated light (the zero-order noise) can be designed to be completely filtered out by the wave
plate and polarizer. However, in practical holographic applications, the zero-order noise along
the transmission direction cannot be completely removed in most cases due to electromagnetic
coupling [6,8]. The designed phase shift is deviated randomly by the coupled field from the neighbor
optical antennas, which leads to noise along the beam without modulation. The off-axis illumination is
applied to improve the signal-to-noise ratio (SNR) in meta-holography [9-11]. However, this is only a
compromise. The coupling also affects the symmetry of optical systems [12], which limits metasurface
applications in optical integration, optical communication, and spatial multiplexing meta-holograms.
Hence, it faces great challenges in the coupling compensation.

To overcome this issue, a novel design method of the metasurface is proposed in this paper
by considering electromagnetic coupling. The element of the metasurface is simulated separately
through coupling a group of optical antennas, instead of the traditional periodic design. The multiple
orders of the coupling are modeled and simulated by field decomposition. This method is rigorous
in theory, and its convergence is demonstrated. It gives an opportunity to consider the coupling in
metasurface design. Combining particle swarm optimization (PSO) and our coupling compensation
method, the diffractive efficiency of a meta-deflector is increased by 13%. It is found that the detailed
light field through a metasurface can also be designed by this optimization method to achieve
extraordinary improvement.

2. Principles

In traditional optics, there are some fundamental physics problems, such as optical aberration
and multiple reflections [13,14]. The optical aberration can be reduced by a combination of multiple
lenses with different radii and concave/convex designs in geometric shapes. In the simple cases,
the chromatic aberration is modeled by the Abbe number of the lens materials. However, in a more
complex system with multiple optical aberrations, the commercial software, such as Zemax (Zemax
LLC, Bellevue, WA, USA), must be used to optimize the design. Similarly, for subwavelength optical
design, such as metamaterial and photonic crystal [15-19], the parameters of periodic structures can
be globally optimized via numerical simulation. However, for the non-periodic design, such as that
of a metasurface, there are too many parameters. The elements of metasurface, which are called
optical antennas, can modify the phase, amplitude, and polarization of light on a subwavelength
scale [9,20]. For a complex optical function, there are thousands of optical antennas, but a lack of an
effective method.

Conventionally, the optical antennas are optimized by a periodic design. Then, these antennas
are arranged for light manipulation based on the optical property in periodic condition. However,
the electromagnetic coupling among optical antennas is ignored. The complexity of the electromagnetic
coupling makes the designed light manipulation difficult to be accurately realized. It needs
time-consuming computations for optimization. Without proper design optimization, most functions
of metasurface cannot be realized with high diffractive efficiencies (DEs).

To overcome this issue, the fundamentals are the basic electric field distribution and the
contribution of electromagnetic coupling. The electric field distribution of a metasurface at a plane
parallel to the surface can be expressed as Emeta(X,y) illuminated by a plane wave Ei,(x,y). The plane
wave normally illuminates the metasurface. The E;, can be considered a constant. The Emeta(X,y) can
be decomposed into the electric field contributions of each optical antenna and the coupling among
the antennas:

Emeta = Eantenna + Ecnupling

1
= ZEuntenna,i + ZEcoupling,i = Z(Euntemm,i + Ecoupling,i) ( )
1 1

1
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where Eantenna, i and Ecoupling, i are the radiated and coupled electric fields of the ith optical antenna.
The electric field distribution of the whole metasurface can be restructured by summing the radiated
and coupled electric fields of all the antennas together. The radiated electric field distribution of the
ith antenna can be simulated by local illumination on a single antenna. It is difficult to calculate the
coupling for each antenna, as all the optical antennas are different. Hence, the electric field induced by
the coupling is further decomposed by the number of the coupled optical antennas.

Eoirinin = Eo+ r AEom, + r AEo,my,m,
my=iy,iz,...,in my,My=iq,ip,...,in (2)
+...+ Z AEO,ml,mz,...,m,, +...
MY MY, My =010, in
where Y AEo iy, my,...,m;, is the kth order coupling. Figure 1 shows the schematic of the

MY, M, =110, iy

decompl)siztionkof]tkzle metasurface coupling. The radiated field of a single antenna is defined as E,
which is generated by the resonance of the optical antenna itself. The coupling between the illuminated
antenna and one coupled antenna is defined as the first-order coupling correction; the coupling
among the illuminated antenna and two coupled antennas is defined as the second-order coupling.
The higher order coupling can be defined in the similar way. Conventionally, the higher order coupling
is weaker due to the increasing spatial separation and limited radiation efficiency. The coupling can
be corrected by the finite order of calculation. In this way, the coupling effects for all the optical
antennas are similar. A database of all the coupled electric field distributions can be built for the
compensation. The irradiated and coupled electric fields of each antenna can be directly calculated
from the database. Hence, the light distribution can be calculated accurately without whole model
simulation. The accuracy of this coupling compensation method will be discussed, and then it will be
applied for DE optimization.

1
A I
' I ! Self-resonance
1

15 order coupling 2™ order coupling
Figure 1. Schematic of the decomposition of electromagnetic coupling in metasurface design.

3. Results and Discussion

3.1. Coupling Compensation

To prove that the above-proposed method can calculate the field distribution efficiently for
practical applications, it is important to investigate the calculation convergence. A traditional gold
nanorod antenna is chosen as a case study. The lattice, length, and width of optical antennas are 200 nm,
140 nm, and 60 nm, respectively. The polarization of the incident light is parallel to the nanorod.
The illumination area is 200 nm x 200 nm at 100 nm below the metasurface at an incident light
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wavelength of 800 nm. The grid size is set as 10 nm. By numerical simulation with a finite-difference
time-domain (FDTD) software (Lumerical Inc, Canada), the electric field distributions of single and
multiple antennas are shown in Figure 2a—d. Although the incident light only illuminates the optical
antenna located at (0, 0), the field distributions of the multiple antennas are different from the field
distribution of a single antenna E (Figure 2a). The relative electric field deviation AE/Ej is as high as
30% to 40% without considering the coupling. Figure 2d,e show the restructured field distributions
with the first-order and second-order coupling corrections. For a three-antenna system, the deviation
can be decreased from 34.0% to 6.8% by the first-order coupling correction. For a four-antenna
system, the deviation can be reduced to 10.9% and 2.25% by the first-order and second-order coupling
corrections, respectively.

(a) Single antenna (b) 2 antennas (c) 3 antennas (e) 4 antennas
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Figure 2. Simulated electrical filed distribution along x-axis (Ex) distributions simulated by FDTD (a-d)
and calculated by the field of the elements with the first-order (e,f) and second-order (g) corrections (h)
Field deviation for various correction orders.

These results indicate that the coupling correction is efficient, rigorous, and convergent in a
calculable system. Similar results can be observed for a system with more optical antennas, as shown
in Figure 2h. The deviation decreases inversely proportional to the correction order. It can be explained
by the multiple scattering of the coupled optical antenna. The electric field excited by the scattering
field from a neighbored antenna can be assumed as «E, where « is a coupling factor between zero and
one. That is the first-order coupling. Considering the second-order coupling, the antenna with «Ej can
be treated as a subsource to excite another neighbored antenna that the intensity of the second-order
coupling can be estimated as a?Eg. In the calculation, it is difficult to get the accurate value of a due to
the complexity of the coupling. It also depends on the orientations of the optical antennas; the value is
different for different order corrections. In this case, « is in the range of 0.2 to 0.4, which is smaller than
one. It is convergent in the calculation of the coupling corrections.

The coupling factor is one important parameter to the convergence of the coupling correction.
The calculation time and the accuracy need to be properly balanced. The coupling intensity depends
on the geometric parameters of the structure design, wavelength, and polarization. In the above
cases, the geometric parameters include the length, width, height, and period of optical antennas.
The performance of such a metallic rod design is not sensitive to the width and height [21]. The period
of the optical antenna directly affects the distance between two antennas. The coupling is strong at a
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short distance and weak as the distance increases. It is due to the electric field radiated by subsources,
which can be estimated as inversely proportional to the square of the distance. The antenna is
considered as a point source. Figure 3a demonstrates that the coupling intensity reduces when the
period increases. At the periods of 200 nm and 300 nm, the coupling intensities are almost the same,
which is attributed to the near-field coupling at a deep subwavelength distance. Theoretically, when
the period of the antenna is large enough, the coupling does not need to be considered. However, the
efficiency and the maximum controllable special frequency would be affected at a large period. To
fully control the wave factors in free space, the period of the optical antenna cannot be designed to
be larger than the wavelength. Therefore, the coupling in the metasurface design cannot be avoided.
The length of the optical antenna is another factor affecting the coupling, which affects the antenna
resonance. The length of the optical antenna is usually at deep subwavelength scale for the metasurface
design, which is shorter than the resonant length in the dipole model. Therefore, the increasing of the
length of the antenna leads to stronger resonance and also affects its coupling. As shown in Figure 3b,
the coupling of longer nanorods is stronger so that a higher order of correction is required. Figure 3c,d
show the deviation caused by the coupling at different wavelengths and polarizations for comparison.
The highest deviation always happens at the wavelength around 600 nm, which is at the plasmonic
frequency of gold. Since the deviation in both polarization illuminations can be corrected with good
convergence, the light field of common optical antennas can be restructured by this new coupling
correction method.
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Figure 3. Calculated |Ex| deviations compared with the simulated results at different (a) periods,
(b) lengths of optical antenna, (c) wavelengths, and (d) polarizations.

In a more complex system with a large number of antennas, it is impossible to calculate all
the coupled electric fields for all the antennas. However, the deviation of the electric field can be
greatly reduced by the coupling correction via our proposed method to calculate only a limited area.
For instance, a periodic optical antenna array is simulated. As shown in the insets of Figure 4, the
electrical fields indicate the distribution through numerical simulation and the restructured field
distribution via the field superposition. The results indicate that the field distributions calculated
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by different methods are similar, but the intensity is greatly changed. Without the correction, the
radiated field is very weak. Hence, the deviation is as high as 112.2%. With the first-order correction,
the deviation is slightly reduced to 98.7%. After the second-order correction, the deviation of the
calculated electric field intensity is rapidly reduced to 0.5%. The restructured distribution and intensity
of light match the simulated results very well. It is obvious that the coupling correction with the
limited orders is efficient for metasurface design with a large number of elements.
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Figure 4. Average deviation of the restructured electric field at different order corrections. Insets:
simulated and restructured electric field distributions | Ex | of a periodic optical antenna array.

3.2. Diffractive Efficiency Optimization

The deflector based on the metasurface design is similar to the optical wedge and grating.
One optical wedge can change the direction of the light without energy loss, which has a continuous
linear phase profile to tune the wavefront. However, it is difficult to design and fabricate for a large
deflection angle. The thickness of the high deflection angle wedge becomes large. Secondly, in
diffractive optics, the grating can act as a deflector. Its diffractive efficiency is related to the number
of phase levels. For a two-level grating, the DE is only about 40%, while the DE can achieve more
than 90% for an eight-level grating. On the other hand, higher levels correspond to more complex
procedures in fabrication.

Metasurface can provide a perfect solution theoretically. For an ideal case, the optical antenna
can be designed with the scale much smaller than the wavelength. The designed metasurface with
multiple phase levels can achieve a high DE. However, the optical antenna cannot be designed in a
deep-subwavelength scale, which is limited by the optical properties of the materials in the visible and
ultraviolet spectra. Therefore, the DE of the metasurface is not high enough due to the discontinuous
phase profile. How to use the discrete optical antennas to control the continuous phase profile is a
challenge in optical design.

To achieve a continuous phase profile, detail electric field distribution needs to be considered
in the metasurface design. With this coupling decomposition method, it can be restructured via
calculation after building a database of the detail radiated and coupled field distribution of optical
antennas. The nanorod antenna is the most common phase modulator in the metasurface design due
to its geometric phase effect to the cross-polarized light. The phase shift is twice the rotation angle
without considering the coupling. To avoid time-consuming computation, the first-order coupling is
chosen for diffractive efficiency optimization. The wavelength is changed to 400 nm, while the other
parameters are the same. As shown in the simulation results in Figure 3c,d, the first-order coupling
can significantly reduce the deviation. The electrical fields of optical antennas are calculated at a
rotation step of 30 degrees. The electrical field distribution of the optical antenna with a more accurate
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rotation angle is calculated through linear interpolation. Only coupling from neighbored antennas
is considered.

For deflector-based three-level optical antennas, the rotation angles can be simply set as 0°, 60°,
and 120° (Figure 5a), corresponding to the phases of 0, 271/3, and 47/3, respectively. The designed
phases are discrete. Its DE can achieve 73%, which is higher than ~60% for the theoretical limits of
three-level phase gratings. From the simulated phase distribution shown in Figure 5c, it is found that
the phase profile of the out plane of the metasurface is more continuous than that of a three-level
grating. The optical antenna can operate not only as a simple phase shift element, but also as an element
to generate a more detailed phase profile. The particle swarm optimization (PSO) algorithm is applied.
The numbers of particles and cycles are set as 20 and 1000, respectively. The diffractive efficiency can
be optimized to 90% with the first coupling compensation (92% without the coupling compensation)
with the design of optical antennas at rotation angles of 10.6°, 68.6°, and 130.0° (Figure 5b). Via the
full metasurface simulation, the diffractive efficiency of the optimized three-phase meta-deflector is
86%. Although there is a small deviation (4%) by the coupling compensation method, the optimization
tendencies are the same. Meanwhile, it is certain that the calculated DE is more accurate after the
compensation. Furthermore, Figure 5d indicates that the gradient phase distribution is smoother than
the distribution without the optimization.
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Figure 5. Schematics and simulated phase distributions of the Ex of (a,c) the conventional design and
(b,d) optimized design of a meta-deflector. (e) The diffraction efficiency improvement at the calculation
with and without the correction and simulation.

4. Conclusions

In this paper, a new computational method is proposed to analyze the electromagnetic coupling
of metasurface by coupling decomposition into different orders. The relationship between coupling
factor and design parameters, including the period, length of antenna, wavelength, and polarization
are analyzed. These parameters affect the intensity of the coupling, but the calculated field distribution
is always convergent. It takes a long time to build a database of radiated and coupled field distribution
for different parameters. To get the detailed field information with a small grid size, the simulation
time becomes longer. On the other hand, this method fully supports the parallel computation, which
can greatly increase the simulation speed. Because the decomposed radiated and coupled fields are
independent. Furthermore, after building a database, the light distribution of the whole metasurface
can be restructured rapidly and accurately. By PSO with the first-order coupling correction, the DE of
a deflector based on the three-element metasurface can be optimized to 86%, which is much higher
than theoretical DE for the three-phase deflector (~60%). It indicates that the light manipulation in
metasurface design is not confined by the lattice of arrangement. The more detailed field distribution
can also be controlled by proper design. This method can be expanded to arbitrary linear optical
systems. If the processor, memory, and storage space of the computation workstation is large enough,
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the accuracy of the field restruction can be further improved. It has the potential to be applied to
reduce the noise in the meta-hologram and optimize the metasurface with the relatively low refractive
index dielectric material, such as glass, and metal metasurface with smaller feature sizes.
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Abstract: A hybrid metal-dielectric nano-aperture antenna is proposed for surface-enhanced
fluorescence applications. The nano-apertures that formed in the composite thin film consist of silicon
and gold layers. These were numerically investigated in detail. The hybrid nano-aperture shows
a more uniform field distribution within the apertures and a higher antenna quantum yield than
pure gold nano-apertures. The spectral features of the hybrid nano-apertures are independent of the
aperture size. This shows a high enhancement effect in the near-infrared region. The nano-apertures
with a dielectric gap were then demonstrated theoretically for larger enhancement effects. The hybrid
nano-aperture is fully adaptable to large-scale availability and reproducible fabrication. The hybrid
antenna will improve the effectiveness of surface-enhanced fluorescence for applications, including
sensitive biosensing and fluorescence analysis.

Keywords: plasmonics; nano-aperture; surface-enhanced fluorescence; antenna; hybrid

1. Introduction

Metallic nanostructures can be used as optical nanoantennas and they have attracted increasing
attention for plasmon-enhanced spectroscopy and sensitive molecular fluorescence detection [1-3].
Nanoantennas can operate beyond the light diffraction limit and have been successfully implemented
for single molecule analytical approaches, both in vitro and in vivo. One such design—nano-apertures
formed in a metallic film also known as zero-mode waveguides—is an intuitive way to demonstrate the
advantages of optical antennae. They offer localized enhancement of excitation light, modification of
the fluorescence signal, and suppression of emission from species located outside the apertures [4-7].
Biophotonic applications of nanoantennas require the efficient enhancement of molecule fluorescence [3,7].
Unfortunately, metallic nanostructures, including nano-apertures antenna, usually suffer from serious
absorption and scattering losses that would lead to low quantum yields and even fluorescence
quenching [8-10]. For instance, due to localized surface plasmon (LSP), a typical nano-aperture
can enable sub-wavelength confinement of the optical field at the side corner of holes, resulting in a
highly localized excitation light field. The emission quantum efficiency is very low due to metal loss.
This can ultimately quench the molecule fluorescence signal at the side corner [4,11].

Photonic structures, such optical micro-cavity or dielectric nanoparticles, have a high quantum
yield due to low material loss, but the excitation field enhancement does not compare with the
metallic nanostructures [12-14]. Meanwhile, hybrid plasmonic-photonic structures can dramatically
increase the Purcell factor or achieve efficient waveguides over the uncoupled photonic and plasmonic
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components [15-18]. These hybrid systems have been reported in various systems and utilize both
the highly localized plasmons and the low-loss photonic modes for Fano resonances, strong coupling,
Raman scattering, and spontaneous emission [19-22]. The concept of hybrid photonic-plasmonic
structures has not yet been reported for antennae with a nano-aperture geometry. This aperture
antenna geometry is a powerful technology for studying single-molecule real-time dynamics of
biological systems, and it is necessary to explore nano-apertures with hybrid configurations to optimize
molecular fluorescence.

Here, we report on a hybrid metal-dielectric nano-aperture antenna for surface enhanced
fluorescence applications. The nano-apertures formed in a composite film consisting of silicon and gold
layers on a glass substrate. They have a more uniform field distribution and a higher antenna quantum
yield than pure gold nano-apertures. We also investigated the dependence of surface-enhanced
fluorescence on the aperture size and the thickness of the dielectric layer. Furthermore, nano-apertures
with a dielectric gap are proposed and shown theoretically to offer better enhancement. The hybrid
dielectric plasmonic nano-aperture antenna has better performance. In addition, we discuss several
ways to further improve the surface enhancement effects, such as combining this scheme with periodic
gratings or the use of lossless high-index dielectric materials.

2. Materials and Methods

To investigate the surface-enhanced fluorescence performances of the nano-aperture antennas,
finite-difference time-domain (FDTD) was used to calculate the electromagnetic features of the
nanostructures, including electromagnetic field distribution, Purcell factor, and antenna quantum
efficiency [23-25]. The FDTD is a mature method that has been extensively employed to study
both the near- and far-field electromagnetic responses of the nanostructures with different arbitrary
shapes [26,27]. This method permits the computation of: (i) the electromagnetic field distribution of
the nanostructure surroundings and (ii) the electromagnetic flux of a dipole source near metallic
nanostructures. In calculations, the optical dielectric function of the gold and silicon materials
are modeled while using a Drude-Lorentz dispersion function [28,29]. In all of the calculations,
the refractive index of the surrounding media is taken to be 1.33 for water and 1.49 for silica glass.
The geometry origin point is set at the center of the water-glass interface.

The scheme of the nano-aperture antenna is shown in Figure 1. It is formed in a thin film
composed of Au and Si layers on a silica substrate. A single point dipole orienting along the z-direction
is placed within the nano-aperture. During calculations, the horizontal dipole is usually positioned at
the central point along the x-direction and a position 10 nm above the silica glass along the z-direction,
i.e., position (0, 0, and 10 nm). The emission of a single point dipole source was referred to as a
single quantum emitter. The optical antenna quantum yield is the ratio of P,,q, represents the energy
that reaches the far field, to Py the total power dissipated by the emitter. P,q4 was obtained by
integrating the Poynting vector over closed surfaces that contain the nanoantenna and dipolar source,
while Pyt was obtained over closed surfaces containing the dipolar source only. We note that the
antenna quantum yield is actually the efficiency of radiation of an emitter interacting with an antenna,
and the radiation efficiency is dependent on the emitter’s distance and orientation with respect to the
nanostructures. During the bottom collection scheme, i.e., Prad_glass, @ collecting planar monitor under
a 10-nm water-glass interface with a region of 2 pm x 2 um in the xy-plane is applied to integrate far
field radiation. We compute these quantities by considering the power that is emitted by a classical
oscillating dipole and normalize them with respect to the case without any structures [24,30]. Moreover,
the FDTD method can calculate the electromagnetic field distribution under plane wave illumination
of classical light from the bottom to estimate the field enhancement and thus compare the fluorescence
enhancement effects.
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(a) (b)
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Figure 1. (a) Three-dimensional illustration of Au/Si hybrid nano-aperture used as antenna;
(b) cross-sectional scheme of the hybrid structure consisting of an 80-nm Au layer on the glass separated
by a 20-nm Si layer. The diameter of the nano-aperture is 40 nm, and the dipole is 10 nm above the
glass surface. The background is water with a refractive index of 1.33.

3. Results and Discussion

For the nano-aperture structures that are studied here, we first calculate the electromagnetic field
distributions and plot the cross-sections of the electromagnetic field distribution in both the xz-plane
and the xy-plane (Figure 2a,b, respectively). In the gold aperture, it is clear that the maximum field
enhancement occurs at the corners between the Au layer and the glass. The field intensity is low at the
center. Figure 2b shows that the electrical field distribution of the Au/Si hybrid nano-aperture is more
uniform than that shown in Figure 2a. Meanwhile, the field of the hybrid aperture presents a larger
enhancement than the gold aperture in the center region. The antenna quantum yields of different
apertures are also calculated for comparison.

We found that the antenna quantum yield is dependent on the emitter’s position within the
nano-aperture structures. Figure 2¢,d illustrate the emitter’s position and the relative intensity of the
antenna quantum yields for an emitter at 660 nm in the Au nano-aperture or for an emitter at 814 nm in
the Au/Si nano-aperture, respectively. Figure 2e shows that we fix the emitter at 10 nm above the glass
surface (i.e., 10 nm in the z-axis), but at different positions along the x-direction. The antenna quantum
yield of the gold nano-aperture decreases when the dipole is closer to the gold surface. The quantum
yield becomes very low when the emitter is close to the gold surface at the side corner, although the
field enhancement is larger for the gold nano-aperture. Hence, the fluorescence intensity is weak at the
aperture side, and the highly efficient fluorescent enhancement occurs mostly at the central region for
the pure gold nano-aperture.

In contrast to the Au nano-aperture, the antenna quantum yield of the Au/Si hybrid antenna
remains high in a large region at the same x-position—even for the emitters that are located close
to the side corners. We note that for the pure silicon aperture, the antenna quantum yield is higher
due to low loss, but the field enhancement factor is low (Figure S5). These conclusions are similar to
previous reports [24,31]. In addition, the relative photoluminescence (PL) enhancement is estimated
approximately based on the product of excitation field enhancement and the antenna quantum
yield. The calculated PL enhancements at the positions that are mentioned above are plotted
in Figure 2g,h. These results imply that the Au/Si hybrid antenna has better surface-enhanced
fluorescence performance than the Au nano-aperture antenna.

The antenna quantum yields for both the gold and hybrid aperture antennas show similar vertical
variation of the emitter position, i.e., they decrease with increasing positions along the z-direction. In
particular, signal collection only from the bottom side shows that the relative quantum yield is more
sensitive to the dipole position in the z-direction (Figures S3 and S4). Hence, the high efficiency of the
fluorescent emission occurs mainly within the shallow layer that is close to the water-glass interface
when both the excitation and collection are from the bottom side. Finally, by considering the field
enhancement and quantum yield together as above, an efficient PL enhancement occurs in a shallow
region that is close to the water-glass interface, which is helpful for reducing the observation volume
to beyond the diffraction limit.
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Figure 2. Electric field distribution | E/Eq|? in the xz-plane and xy-plane for (a) Au nano-aperture
antenna at 573 nm and (b) Au/Si hybrid nano-aperture antenna at 785 nm illuminated by a plan
wave with x-polarization from the bottom. The position-dependent quantum yields (the sizes
of red disks represent the relative value of quantum yield at the positions correspondingly)
(c) at 660 nm for the Au nano-aperture antenna; (d) at 814 nm for Au/Si hybrid nano-aperture
antenna; (e,f) show quantum yields at different x- and z-positions indicated in (c,d), correspondingly.
Panels (g/h) show photoluminescence (PL) enhancements at different x- and z-positions indicated
in (c,d), correspondingly.

Having preliminarily demonstrated the advantages of the hybrid nano-aperture antenna, we next
asked how the aperture size or layer thickness affects the enhancement effects. We calculated the
far-field radiative rate enhancement and the antenna quantum yields as a function of the aperture
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diameter size. All of the calculations were executed for an emitter that was located at the center
of a nano-aperture 10 nm above the silica surface, as above. The dipole orientates along the
x-direction. We noted that the fluorescence enhancement is dependent on the dipole orientation [32].
For example, the antenna quantum yield of the z-orientated dipole is lower than the in-plane dipoles,
and the z-component of electric filed is very weak under illumination of in-plane polarized light (the
representative calculations are shown in supplemental materials). These factors result in much less
signal from the z-orientated dipole. Hence, we focus our attention on the x-orientated dipole due to
the aperture symmetry.

Figure 3 shows that the hybrid aperture antenna has different enhancement features versus pure
gold nano-aperture as the aperture size varies from 20 to 120 nm. For the Au nano-aperture that
is shown in Figure 3c, the far-field radiative rate enhancement factor generally increases with the
increasing aperture diameter. It then decreases when the diameter reaches or is over 80 nm. Moreover,
the maximum radiative rate always redshifts, and the half width at half maximum become broader.
Concurrently, the antenna quantum yield increases monotonously with increasing diameter, due to
increasing separation between the emitter and metal surface.
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Figure 3. The enhancement effects are dependent on the aperture size of the antenna: (b) total decay rate
enhancements; (c) far-field radiative rate enhancements; and (d) antenna quantum yields of (a) the Au
nano-aperture antenna with diameters from 20 to 120 nm. Panels (f-h) show the same corresponding
plots for (e) the Au/Si hybrid nano-aperture antenna with diameters from 20 to 120 nm, respectively.
The thickness of the Au layer is 100 nm for gold aperture, and the hybrid structure consists of an 80 nm
Au layer and a 20 nm Si layer.

Although smaller gold apertures have higher localized field enhancement, the antenna quantum
yield is lower. Hence, the high enhancement effect occurs for the gold apertures with diameters
of about 120 nm. (Larger apertures have low total fluorescent enhancement due to much lower
field enhancement; data are not shown here). This simulation result agrees nicely with previous
experimental studies [33].

The Au/Si hybrid apertures (Figure 3g) have enhanced far-field radiative rates with the increasing
aperture diameter; this is independent of wavelength. Moreover, the radiative enhancement is
higher than the gold apertures, which is consistent with the field enhancement calculations that
are shown in Figure 2. The quantum yield also increases with the increasing aperture diameter
(Figure 3h). The hybrid aperture still has a considerable antenna quantum yield, even down to 20 nm.
This implies that the hybrid aperture has better performance beyond the diffraction limit for single
molecule analysis, even at higher concentrations. The hybrid nano-aperture can also detect molecular
fluorescence at the near-infrared region with a small size aperture. The dip in quantum yield at
700 nm is attributed to the surface mode between the metal and dielectric layers. Further calculations
demonstrate that the hybrid nano-apertures with Si layer thickness from 20 to 60 nm have good surface
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enhancement effect (data is not shown here) that allows for a wide tolerance to experimentally fabricate
such hybrid antennae.

In surface-enhanced spectroscopy, an important strategy to optimizing the enhancement effect
is to construct plasmonic gap configurations [34]. The plasmon gap mode was first introduced into
nano-aperture antenna by Lu et al. via a bowtie structure for molecule fluorescence analysis [35]. Later,
the nano-aperture with plasmonic gap for molecule fluorescence analysis was further improved greatly
via an antenna-in-box device by Punj et al. [36] Following this strategy, we introduce the dielectric
nanogap structures into the Au/Si hybrid nano-aperture to further optimize the enhancement effect.

Figure 4 shows four kinds of nano-apertures simulated and compared to demonstrate the nanogap
features. Two Si nanogaps are proposed to collaborate with a 120-nm diameter aperture. The first
is a nanogap composed of two silicon disks. The thickness of the silicon disk is 20 nm, and the
gap distance is 10 nm (Figure 4c). The second is a nanogap consisting of two silicon triangles—the
thickness is 20 nm and the gap distance is 10 nm (Figure 4d). We calculate the electromagnetic field
distribution in both the xz-plane and the xy-plane (Figure 4). Our simulations show that the field
enhancement in the disk dimers nanogap is ~4-fold higher in magnitude than that of the pure gold
aperture. The field enhancement could be optimized by adjusting the nanostructure parameters, e.g.,
smaller gap separation or sharper apex. The high field enhancement is very localized around the Si
nanogap. This is useful for single molecule analysis at high concentrations.
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Figure 4. Electric field distribution | E/Eg|? and corresponding schematics in the xz-plane and the
xy-plane for (a) Au nano-aperture at 573 nm; (b) Au/Si hybrid nano-aperture at 785 nm; (c) Au/Si
hybrid nano-aperture with a silicon disk dimer at 758 nm; and (d) Au/Si hybrid nano-aperture with a
silicon triangle gap at 758 nm. The diameters of all of the apertures are 120 nm and the silicon thickness
is 20 nm. The disks’ diameter in (c) is 40 nm, and the silicon gaps are 10 nm both in (c,d).

We also calculated the antenna quantum yields as a function of wavelength (Figure 5); here,
an x-orientated dipole is placed at the center of the structures for all of the calculations. The antenna
quantum yield of the nano-apertures with Si nanogaps is comparable to that of bare nano-apertures.
Therefore, the hybrid apertures with a Si nanogap can greatly enhance the molecular fluorescence.
There is always a dip near 700 nm (Figure 5) due to the surface mode between the metal and the
dielectric layers. This intrinsic spectral feature could offer dual color analysis [7].
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Figure 5. Antenna quantum yield as a function of wavelength from 400 nm to 1000 nm for four
nano-aperture antennas shown in Figure 4. All of the calculations are performed for a dipole
at the position (0, 0, and 10 nm). The Au-Si-gapl and Au-Si-gap2 refer to the structures in
Figure 4c,d, respectively.

Another important strategy to optimize the surface enhancement effect is to control the emission
direction of the molecule’s fluorescence, as first shown experimentally by Aouani et al. for a gold
nano-aperture antenna [37]. The periodic grating structures usually surround the nano-aperture
to both enhance the excitation rate and converge the emission for high collection efficiency [38,39].
Meanwhile, the silicon layer can be replaced with a lower loss dielectric material in the spectral region
(e.g., GaP [40] in visible region). This would increase the antenna quantum yield. Experimentally,
this hybrid nano-aperture antenna with or without Si nanogap is achievable via nanofabrication;
experimental works are underway.

4. Conclusions

In summary, hybrid metal-dielectric nano-aperture antennas were investigated and compared
theoretically by employing the FDTD method. The hybrid nano-apertures show better surface
enhancement effect, rather than pure metal nano-apertures. The hybrid nano-apertures show a
uniform field distribution within the apertures and higher antenna quantum yield than pure gold
nano-apertures. The spectral feature of hybrid nano-apertures is independent from the aperture size
and it shows a high enhancement effect in the near-infrared region even with small size aperture.
Moreover, the hybrid nano-apertures show two high enhancement bands. This intrinsic feature
benefits dual color analysis. Furthermore, the hybrid nano-apertures with dielectric gaps are useful
for larger enhancement effects. The hybrid nano-aperture is fully adaptable to large-scale availability,
and a Si layer thickness of 20 to 60 nm offers a good enhancement effect that facilitates a wide
fabrication tolerance. The hybrid antennae will significantly improve the efficiency of surface-enhanced
fluorescence for sensitive biosensing and molecular fluorescence applications.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/1996-1944/11/8/1435/s1,
Figure S1: Representative antenna quantum yields of the horizontal dipole along the z-, y-direction and the vertical
dipole along the z-direction within (a) the Au aperture and (b) the Au/Si hybrid aperture at the position (0, 0,
10 nm; the origin is at the center of water-glass interface), correspondingly, Figure S2: Field distribution (a) | Ex12,
(b) Eyl2and (c) |Ez|2in the xz-plane and xy-plane for Au nano-aperture antenna at a wavelength of 573 nm,
Au/Si hybrid nano-aperture antenna at a wavelength of 785 nm illuminated by a plane wave with x-polarization
from the bottom, Figure S3: Radiative rate of bottom collection (Prad-glass) and full integrated (Prad) for (a) the Au
nano-aperture and (b) the Au/Si hybrid nano-aperture, Figure S4: Position-dependent quantum yields (the sizes
of red disks represent the relative value of quantum yield at the positions correspondingly) (a,c) at a wavelength
of 660 nm for Au nano-aperture antenna, (b,d) at a wavelength of 814 nm for Au/Si hybrid nano-aperture
antenna; (e f) show quantum yields with different x- and z-positions in the way of (a-b) full integrated and
(c,d) bottom collection, correspondingly, Figure S5: Field distribution | E/Eq |2 in the xz-plane and xy-plane for
(a) Au nano-aperture antenna at a wavelength of 573 nm, (b) Au/Si hybrid nano-aperture antenna at a wavelength
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of 785 nm, (c) Si nano-aperture antenna at a wavelength of 725 nm illuminated by a plane wave with x-polarization
from the bottom. (d) shows the antenna quantum yields of structures above which all are calculated for a dipole
located at position (0, 0, 10 nm), Figure S6: Aperture size of the antenna-dependent enhancement effects. (b) Total
decay rate enhancements, (c) Far-field radiative rate enhancements, (d) Non-radiative rate, (¢) Antenna quantum
yields of (a) the Au nano-aperture antenna with diameters from 20 to 120 nm. (g,h) show the same corresponding
plots for (f) the Au/Si hybrid nano-aperture antenna with diameters from 20 to 120 nm, respectively. The thickness
of the Au layer is 100 nm for gold aperture, and the hybrid structure consists of an 80 nm Au layer and a 20 nm
Si layer.
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Abstract: In this paper, we present a fast fabrication of Al/Si nanopillars for an ultrasensitive SERS
detection of chemical molecules. The fabrication process is only composed of two steps: use of a
native oxide layer as a physical etch mask followed by evaporation of an aluminum layer. A random
arrangement of well-defined Al/Si nanopillars is obtained on a large-area wafer of Si. A good
uniformity of SERS signal is achieved on the whole wafer. Finally, we investigated experimentally
the sensitivity of these Al/Si nanopillars for SERS sensing, and analytical enhancement factors in the
range of 1.5 x 107 — 2.5 x 107 were found for the detection of thiophenol molecules. Additionally,
3D FDTD simulations were used to better understand optical properties of Al/Si nanopillars as well
as the Raman enhancement.
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1. Introduction

During this last decade, Surface Enhanced Raman Scattering (SERS) is mainly employed as
a powerful technique for detection of biological/chemical molecules. The fabrication of SERS
substrates having high enhancement factors (EF) is the key point for the improvement of this
biological/chemical sensing. Several groups investigated a great number of novel SERS substrates,
which demonstrated a large Raman enhancement, such as colloidal metallic nanoparticles [1-3] and
metallic nanostructures on different surfaces fabricated by various lithographic techniques [4-11].
Indeed, this large Raman enhancement is mainly due to the presence of hotspots in these different
SERS substrates. The mechanism of this enhancement due to the hotspots is well-described in
References [12,13], and the development of this type of SERS substrates with high densities of hotspots
is demonstrated in References [8,9,14-17]. However, certain fabrication techniques cited previously
are technologically demanding in terms of time and expensive for a mass production destined to
industrial applications. Besides, Nanoimprint Lithography (NIL) [18-20] and Nanosphere Lithography
(NSL) [21-23] allows fabricating these SERS substrates with a lower cost. Nevertheless, they can
be plagued by poor definition of nanostructures obtained on large surfaces, which are required for
practical/industrial applications. Another way for obtaining higher EFs is to use silicon nanowires
(SiNW) coupled to metallic nanoparticles. This type of nanostructures allows obtaining a better
detection limit [16,24,25]. Moreover, disordered SINWSs can be fabricated by large-surface techniques.
Although all these SERS substrates have great potential for a very sensitive detection of chemical or
biological molecules, most of the applications are hampered by the non-uniformity of the SERS signals.
Several groups have already addressed this non-uniformity issue of the SERS signal, and they have
demonstrated a good uniformity of the latter [26,27].

In this paper, the aim is to present a simple and fast process to produce very sensitive SERS
substrates composed of Al/Si nanopillars at the large-area wafer-scale, which will have a good
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uniformity of the SERS signal. In our case, aluminum was chosen as a plasmonic material for
its attractive properties including low cost, high natural abundance, compatibility with CMOS
technology and optoelectronic devices, and plasmonic resonances in the spectral domains of UV
and visible [28,29]. Moreover, aluminum plasmonics can be applied to a wide range of applications
such as SERS in ultraviolet [30] and visible domains [31-33], SEIRA (Surface-Enhanced Infrared
Absorption Spectroscopy) [31,34], photocatalysis [35], and metal-enhanced fluorescence [36]. Although
several groups have already worked on Al plasmonics nanostructures for SERS sensing [30,31,34],
there was little consideration on the synergy between silicon and aluminum in order to improve the
performance of SERS sensors. Here, the ability of Al/Si nanopillars to be very sensitive SERS sensors
is investigated and evaluated using thiophenol solutions. To further deepen the comprehension of the
SERS signal enhancement, 3D FDTD simulations are made.

2. Experimental Details

2.1. Two-Step Fabrication of Al/Si Nanopillars

The fabrication process of large area of Al/Si nanopillars (NPs) is composed of two steps (see
Figure 1): (i) etching through the mask obtained by the native oxide layer; and (ii) depositing of
titanium and aluminum layers under vacuum by Electron Beam Evaporation (EBE). In this fabrication
process, no pre-patterning of the Si surface is required. Indeed, we only use the native oxide layer of Si
wafer as a physical etch mask. Then, an anisotropic RIE (Reactive Ion Etching) process consisting in
sixty cycles of passivation and etching steps is realized on the Si wafer through the native oxide layer
by using ICP-SPTS (Inductively Coupled Plasma-Sumitomo Precision Products Process Technology
Systems) equipment. Gases involved in this protocol are SFg (300 sccm), C4Fg (180 sccm) and O,
(200 sccm). This anisotropic RIE process is a switched process in which fluorine from SF¢ etches
the Si while C4Fg passivates the surface, and it starts with a cycle of passivation. During this first
and short passivation cycle, only certain nanoscale zones of the native oxide layer are randomly
passivated, which will then serve as etch mask and thus produce Si nanopillars at the end of these
zones. The organization of the obtained nanopillars is completely random. The pressure and power
used in this process are 20 mTorr and 25 W, respectively. By modifying the process parameters such as
cycle times, number of cycles, platen and coil power, and substrate temperature, the size distribution,
depth and density can be controlled. To finish, a 2 nm titanium layer used as adhesion layer, and an
aluminum layer of 50 nm are deposited by EBE under normal incidence. The evaporation rate used in
this process are 0.05 nm/s and 0.3 nm/s for Ti and Al layers, respectively.

(1) Si wafer + native oxide layer (2) RIE (3) Al evap.

Figure 1. Principle scheme of the Al/Si nanopillar fabrication. The metal evaporation step is made
under normal incidence.

2.2. Thiophenol Deposition on Al/Si Nanopillars

For our SERS investigations, thiophenol molecules were used to test the sensitivity of these
Al/Sinanopillars because they are excellent model molecules. The deposition protocol is as follows:
(i) preparation of a 1 uM solution of thiophenol in ethanol; (ii) dipping the SERS sample in the solution
for 3 h; and (iii) the SERS sample was allowed to nitrogen dry in a specific box. For our reference
experiment, the deposition protocol is: (i) preparation of a 1 M solution of thiophenol in ethanol;
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(ii) dipping the reference sample (Si substrate with nanopillars without metal) in the solution for 3 h;
and (iii) the reference sample was allowed to nitrogen dry in a specific box.

2.3. Raman Characterization

For all the Raman measurements, we employed a Labram spectrophotometer from Horiba
Scientific, which has a spectral resolution of 1 em~!. The excitation wavelength (Aexe = 633 nm)
and an acquisition time of 10 s were used for all the SERS and Raman (reference) experiments.
For these characterizations, the laser was focused on the substrate using a microscope objective (100,
N.A. = 0.9). The Raman signal from the SERS substrates (or reference experiment) was collected by the
same objective in a backscattering configuration, and the used laser power was 1 mW. The average of
SERS intensities and relative standard deviations (RSD) were calculated on the basis of 25 SERS spectra.

2.4. FDTD Simulations of SERS Substrates

To calculate the extinction spectrum of the SERS substrates, 3D Finite-Difference Time-Domain
(FDTD) method was used. For these FDTD simulations, we considered an isolated Al/Si nanopillar,
which corresponds to the experimental case for Al/Si nanopillars (see Figures 2 and 3). The nanopillar
diameter (D) is 150 nm, its height (/1,;,,) is 1450 nm, and the Al layer thickness (14;) is 50 nm on
the top of nanopillar and on Si substrate. The top corners of the Al/Si nanopillar are not rounded.
Both materials used for this study have been modelled by fitting the real and imaginary parts of the
permittivities reported in the reference [37]. The nanopillar on substrate, centred in a computational
cell of 3 x 3 x 5 pm?, is surrounded by Perfectly Matched Layers (PML) in order to absorb radiation
leaving the calculation region. For providing an excellent resolution of the fields, a uniform mesh
of 2 x 2 x 2 nm?® was used for discretising the computational cell. Finally, the extinction spectrum
has been calculated by exciting the structure with a broadband plane wave source (spectral range
from 400 nm to 800 nm) impinging from above the pillar and by collecting the reflected (R) and
transmitted (T) powers. This simulated extinction spectrum does not consider the thiophenol layer.
Thus, these simulations shed light on the optical properties of Al/Si nanopillars.

Figure 2. Nanopillar morphology used for the FDTD simulations, the diameter (D) is 150 nm, the height
(hpittar) is 1450 nm, and the Al layer thickness (114) is 50 nm on the top of nanopillar and on Si substrate.
On the right, the broadband plane wave source and monitors (R and T) for calculating the extinction
spectrum are displayed.
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1.45 um

Figure 3. SEM images of Al/Si nanopillars obtained with our fabrication technique: (a) on a large zone
(scale bar = 20 um); and (b) cross-section view of the nanopillars (scale bar = 1 um).

3. Results and Discussion

Firstly, Al/Si nanopillars were fabricated with the process in Section 2.1. Figure 3 displays SEM
images of these Al/Sinanopillars. The diameter and the height of the Al/Si NPs were determined to
be 150 4 40 nm, and 1450 £ 50 nm, respectively. The homogeneity of Al/Si nanopillars is correct in
terms of dimensions.

Next, thiophenol molecules (see molecular scheme in Figure 4) were deposited on Al/Si NPs
directly after their fabrication with the protocol in Section 2.2, and then characterized directly by
Raman measurements. Figure 4 reveals the SERS spectra of thiophenol on Al/Si nanopillars recorded
at the excitation wavelength of 633 nm. On all SERS spectra, we observed Raman shifts, which are
characteristic of thiophenol molecules [38-40] as those at 1000 cm ! corresponding to the C-C stretching
mode (named: v(CC), see References [40-42]); at 1025 cm ™! corresponding to the combination of the
following modes: C-C stretching and C-H in-plane bending (named: v(CC) and 6(CH), respectively,
see References [40-42]); at 1075 cm ™! corresponding to the combination of the following modes: C-C
stretching, C-H in-plane bending and C-S stretching (named: v(CC), 6(CH) and v(CS), respectively,
see References [40-42]); and at 1575 cm™! corresponding to the C-C stretching (named: v(CC), see
References [40-42]). Besides, some multi-phonon peaks of Si in the range of 900-980 cm ™! are
observed [43,44]. In the inset of Figure 4, a reference Raman spectrum of thiophenol obtained with
only Si nanopillars (without metal) is displayed. No significant Raman shift studied here is visible,
because they are very weak.

To evaluate the sensitivity of Al/Si nanopillars, the analytical enhancement factor (AEF) is
calculated for the 4 characteristic Raman peaks of the thiophenol molecules previously cited. AEF is
given by the following formula:

AFF — Isers y CRaman )
IRuman CSERS

where Isgrs, IRaman represent the SERS and Raman intensities, respectively (see Table 1). Csgrs
(1 pm), Craman (1 M) are the concentrations of thiophenol for SERS and reference Raman experiments,
respectively.
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Figure 4. Five SERS spectra of thiophenol molecules recorded randomly on the whole substrate
composed of Al/Si nanopillars. The inset depicts the Raman spectrum of thiophenol obtained with
only Si nanopillars (without metal). Moreover, the molecular scheme of the thiophenol molecule is
also displayed.

From the results in Table 1, the largest AEF value, which was found for the Al/Si nanopillars,
is 2.4 x 107 the Raman shift of 1575 cm~!. In addition, some groups have obtained excellent AEFs of
~10° with Ag nanoparticles on Si/ZnO nanotrees [45] and around 2 x 10° with Au nanostructured
electrodes [46]. Furthermore, other groups have demonstrated good EF with similar SERS substrates
such as Ag nanoparticles on Si nanowires (for [17]: EF~4 x 10°; for [16]: EF = 107 — 2.3 x 105;
and for [24]: EF = 10 — 10'), and Si nanopillars covered on the nanopillar top by Ag lumps
(EF ~5 x 10°) [25]. By comparison, our Al/Si nanopillars are faster to fabricate and a better sensitivity
is achieved for all the Raman peaks studied here (1.5 x 107 < AEF < 2.5 x 107) except for Ag
nanoparticles on Si nanowires of References [16,24] concerning to the sensitivity. Besides, the relative
standard deviation (RSD) is calculated for all the four peaks of our investigation in order to quantify
the uniformity. To do that, 25 SERS spectra of thiophenol molecules were recorded from several
randomly chosen zones on the whole wafer under same experimental conditions. In Table 1, a good
uniformity (RSD < 7%) of SERS signal is obtained for each Raman peak on the large-area wafer of the
Al/Si nanopillars.

Table 1. For the excitation wavelength of 633 nm and four Raman peaks (RS) studied here, Argpan
associated to RS, the intensities IRrgyuqan and Isprs, RSDs associated to Isprs values, analytical
enhancement factors (AEF) and EF values (in arbitrary unit) obtained with the E* model are presented.

Name RS (m™ 1)  Argman @m)  IRaman  Isers RSD (%) AEF EF (a.u.)

1 1000 676 16 271 6.6 1.7 x 107 0.220
2 1025 677 11 209 48 1.9 x 107 0.222
3 1075 679 20 409 44 2.1 x 107 0.224
4 1575 703 14 334 3.6 24 x 107 0.238
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To understand these experimental results, we calculated the extinction spectrum of the SERS
substrate (see Figure 5). From this, we easily observe the positions of different resonances observed for
these Al/Sinanopillars compared to the positions of the excitation wavelength and Raman wavelengths
associated to the Raman shifts measured experimentally. Moreover, ARgpqy, is the Raman scattering
wavelength corresponding the studied Raman shift, which is determined with the following formula:

1 1
Aw =107 ( - ) 2
Aexc )\Raman ( )

where Aw is the studied Raman shift (in cm_l), Aexc is the excitation wavelength used in the

experiments (in nm), and Agrguq, is the Raman scattering wavelength to be determined (in nm,
see Table 1).
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Figure 5. Calculated extinction spectrum of Al/Si nanopillars. Aeyc corresponds to the excitation
wavelength (Aexe = 633 nm, continuous red line). Argman2 and Argmana correspond to the Raman
scattering wavelengths for the Raman shifts of 1025 em ! and 1575 em ™! (Aggman2 = 677 nm, dotted
red line, and ARgana = 703 nm, dashed red line), respectively. For the sake of readability, only Argman2
and ARgmana are displayed, since Argman1 and ARgman3 are very close to Argmanz-

Finally, we can qualitatively analyze the SERS enhancement, which can be obtained by using the
E* model, assuming that enhancement factor is proportional to the extinction intensities (Qc) at Aexc
and ARgman, i-e., EF ~ Qe(Aexe) X Qe(ARaman) [47]. In Figure 5 and Table 1, we observe that EF, is the
highest value, and the EF values increased when Aggyqn also increased, i.e., Qe(ARaman) increased with
ARaman- The different EF values correspond to enhancement factors for the couples (Aexc, ARaman1),
(Aexer ARaman2), (Aexes ARaman3) and (Aexe, ARamana), respectively. These FDTD results suggest that the
AEF values observed experimentally (see Table 1) have the same behavior as the EF values obtained
with the E* model.

4. Conclusions

In this paper, we demonstrate the fast fabrication of very sensitive SERS substrates composed of
Al/Sinanopillars for chemical detection. The key point of this fabrication process is the use of a native
oxide layer as a physical etch mask. This fabrication allowed obtaining well-defined nanopillars at the
large-area wafer-scale. The sensitivity of these Al/Si nanopillars was investigated and compared to the
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results obtained for gold nanostructured electrodes [46], Ag nanoparticles on Si/ZnO nanotrees [45],
Ag nanoparticles on Si nanowires [16,17,24], and Si nanopillars covered on the nanopillar top by
Ag lumps [25]. The AEF values achieved with our Al/Si nanopillars (1.5 x 107 < AEF < 2.5 x 107)
is better than the SERS substrates cited previously, except for Ag nanoparticles on Si nanowires of
References [16,24]. Moreover, an excellent uniformity of SERS signal (RSD < 7%) was achieved on the
whole wafer, which is a key point for industrial applications. Thus, such Al/Si nanopillars could be
integrated on a lab-on-chip for label-free chemical/biological detection processes.
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Abstract: Metal-dielectric micro/nano-composites have surface plasmon resonances in visible
and near-infrared domains. Excitation of coupled metal-dielectric resonances is also important.
These different resonances can allow enhancement of the electromagnetic field at a subwavelength
scale. Hybrid plasmonic structures act as optical antennae by concentrating large electromagnetic
energy in micro- and nano-scales. Plasmonic structures are proposed for various applications such as
optical filters, investigation of quantum electrodynamics effects, solar energy concentration, magnetic
recording, nanolasing, medical imaging and biodetection, surface-enhanced Raman scattering
(SERS), and optical super-resolution microscopy. We present the review of recent achievements in
experimental and theoretical studies of metal-dielectric micro and nano antennae that are important
for fundamental and applied research. The main impact is application of metal-dielectric optical
antennae for the efficient SERS sensing.

Keywords: metal-dielectric resonance; plasmon; metasurface; nanoparticles; sensing; surface-enhanced
Raman scattering (SERS)

1. Introduction

In the short review, we present recent results in plasmonics of metal-dielectric composites and
metasurfaces. Optical properties of metal nanoparticles are intensively studied for more than one
hundred years [1-3]. Surface plasmons can confine the electromagnetic (EM) field to a nanoscale
(hotspots), which can enhance greatly this EM field. The modern technology allows for designing
and producing metal nanostructures of different shapes and sizes. The specially designed metal
nanostructures serve as optical antennae, which opens exciting opportunities in fundamental physics
studies, but also in plasmonic applications such as optical signal processing on a nanoscale, medical
imaging and biodetection, optical super-resolution microscopy [4], magnetic recording assisted by
heat [5,6], quantum electrodynamics studies [7], nanolasing, and solar energy concentrators [8].
A strongly amplified electromagnetic field can be generated by disordered metal-dielectric composites
in a broad spectral range [9]. Periodically ordered nanostructures enhance local EM field at selected
frequencies [10-23]. Plasmon modes propagating in a chain of metallic nanoparticles, where the
particle radius a is relatively equal to the distance J between particles, are precisely investigated in [24].
Concerning these modes, the near-field interaction allows the jump of the dipolar excitation between
each particle. EM field is confined in the chain vicinity. Guided modes of the nanoparticle chain, which
propagate in the domain a > A, were studied in [25-27]. These modes are similar to dipoles modes
propagating around an optically thin cylinder. Scattering/diffracting experiments of an EM wave
with nanorod periodic arrays were showed in [28,29]. Recently, the wave propagation along metallic
nanorods is an attractive issue. Indeed, the negative refraction can be realized with these types of

Materials 2019, 12, 103; d0i:10.3390/ma12010103 76 www.mdpi.com/journal /materials



Materials 2019, 12, 103

systems [30-33]. Fascinating optical effects such as Doppler shift, Cherenkov-Vavilov radiation, light
pressure and Magnus effects are anomalous/inverse in negative refractive materials [34-37]. Stacked
nanorods are proposed for the microwave and optical superresolution imaging [38—44]. The EM
field mappings for the metal nanoparticles and nanoshells in a close-packed configuration were
demonstrated in [45] and [46,47], respectively. In [11], an metallic nanocylinder array of which the
cylinders are very close is investigated. At the resonance, the EM field is significantly improved in
the gaps between metallic nanocylinders. This enhancement is due to the excitation surface plasmons
(SPs) in the gap between almost touching (“kissing”) metal cylinders. Electromagnetic resonators can
be formed by dielectric optical microcavities. The optical microcavities can confine the light at the
micro/nanoscale. Optical resonators can be applied to different domains such as resonators enabling
data transmission by using optical fibers. Furthermore, they can be used for obtaining narrow spot-size
laser beams for the reading and writing of CD/DVD. Microcavities can force an atom or quantum dot
to spontaneously producing a photon in a given direction. In quantum optical devices, dissipation can
be overcome in order to potentially obtain a quantum entanglement of the matter and radiation (see
Refs. [7,48,49]). In addition, the optical behavior of metals is strongly damped due to important losses
as interband transitions and intraband transitions due to impurity scattering in solids and additional
surface scattering. The losses result in the heat degradation of metal nanoparticles. The degradation
reaches the highest value in maxima of the local electric field. Another issue for metalic nanoparticles
is the chemical instability. Plasmonic nanostructures of gold are well-known for being the most
chemically stable. Unfortunately, large losses of gold due to interband transitions occur in the visible
domain for the wavelengths A < 600nm [50]. The blue loss in gold gives the yellow color. The optical
properties of metals described previously have a negative effect on the sensor efficiency. For all the low
loss dielectrics, electromagnetic resonances can be obtained by light excitation. However, the quality
factor Q varies with the type of the EM modes and, for some of them, they have losses even for huge
resonators [51]. For instance, the whispering-gallery modes (WGM) excited in dielectric resonators
made of silica, CaF,, MgF,, GaN or GaAs have large Q-factors. The shape of the WGM resonators
is usually a torus, disk or sphere. The values of the Q-factor for a WGM resonator can achieve 107
and 10° [52-57]. These WGM resonators can allow the realization of filters, modulators, sensors or
lasers. Due to a long lifetime of a WGM, a single molecule or virus can be detected on the cavity
surface [58,59]. In this last decade, the concentration of electric and magnetic fields in the dielectric
micro-structures has had a great amount of attention [60,61]. For two resonant dielectric spheres,
the electric field located within the gap of these spheres was enhanced and demonstrated in [62,63].
A Yagi-Uda antenna can be composed of a chain of six dielectric nanoparticles [64]. This latter can
significantly enhance the radiation of a dipole placed between these particles. Therefore, the antenna
can confine the incident light in this same location. The enhancement of light was obtained with a ring
of plasmonic nanoparticles coupled to a dielectric micro-resonator [65]. The surface plasmon resonance
of the nanoparticle ring enables the EM field enhancement close to the dielectric micro-resonator
surface. On the contrary, the electric field is significantly less important in the case of a dielectric
resonator and when the metallic nanoparticles are spatially separated [66]. The light propagation
in dielectric metamaterials is discussed in the review paper [67]. For instance, the EM wave can be
confined within a nanoscopic volume with a dielectric waveguide having an anisotropic cladding [68].
The electric field confinement between dielectric rectangular resonators was demonstrated by [69].
The super resolution of resonant microstructures can be achieved by a dielectric microsphere (see [70]
and references therein).

The optical nonlinearity can be enhanced by using a magnetic resonance obtained with four
closely packed dielectric disks [71]. Kim et al. have showed an effective absorption of the EM field in
periodic semiconductor metafilms for solar cells (see [72]). Some groups have demonstrated a strong
electric field and SERS enhancement for periodic metafilms made of rectangular dielectric bars [12,16].
Sharp minima in the reflectance of the dielectric metasurface can be achieved in the microwave and
optical domains. Distributed dielectric resonances in randomly cracked ceria metafilms were also
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considered [13]. Dielectric metamaterials can be used for biosensing (see Refs. [73-75]). All-dielectric
and metal-dielectric 2D and 3D light concentrators were investigated in [16,17]. It was shown
that plasmon and dielectric resonances can be independently managed, i.e., the frequencies of the
resonances can be independently tuned by varying of the shape, arrangement and the nature of the
metals and dielectrics. Thus, the enhancement of SERS signal is additionally increased by combining
plasmonic and dielectric resonators.

2. Plasmon Resonance and Field Enhancement

Plasmon resonance can be explained in terms of L-C-R circuit [45,76]. Knowing the negativity
of the metal permittivity in the optical frequency range, the optical electric current inside a metal
nanoparticle is opposite to the direction of the displacement current outside the particle. Therefore,
the metallic particle can be modeled as an inductance L. The excitation of the L-C-R contour models
the interaction between the plasmonic nanoparticle and the EM field (Figure 1a). Here, the plasmonic
nanoparticle is thus represented by the inductance L of which small losses are modeled by resistance
R, and the surrounding medium is modeled by the capacitance C. Thus, the resonance in the L-C-R
circuit models the plasmon resonance of a single metallic nanoparticle. An array of L-C-R circuits’
models the EM coupling between two adjoined plasmonic nanoparticles. It is quite evident from the
lumped circuit for the almost touching particles (Figure 1b) that there exists a longitudinal resonance
when all the gap capacitances operate at the same phase. In addition, there are transverse modes
propagating along a L-C chain, which represents the interparticle gap [11]. A narrow gap between
metallic nanoparticles can be considered as a metal-dielectric waveguide, where the standing plasmon
waves are excited (see, e.g., Figure 2).

Li Bk G R L

Plasmon Resonance

0 i = | =t
R
F‘OT l- (‘
RLAC - gptical clreult
(b)

(a)

Figure 1. (a) L-C-R contour mapping of a plasmonic nanoparticle resonance. Plasmonic nanoparticle is

represented by the Inductance (L) and resistance (R), and the surrounding medium by the capacitor
(C); (b) plasmonic response depending on the frequency described as an L-C-R circuit array, reprinted
with permission from [45], Copyright 2004 American Chemical Society, and from [76], Copyright 2007
World Scientific Publishing Co. Pte. Ltd.

The L-C-R model (Figure 1b) shows that the frequencies of the collective plasmon resonances
for nanoparticle arrays decrease (corresponding to high values of L and C) with increasing of
diameter-spacing ratio a/J. In addition, the model agrees with the broadening of the plasmon
bandwidth that occurs with red-shifting of resonance frequencies. The L-C-R model gives a description
of the EM field enhancement depending on 4, ¢ and €. The electric field mapping and field
enhancement in a two-dimensional (2D) periodic array of infinite metallic cylinders are shown in
Figure 2. The analytical expression for the EM field enhancement in the gap between the nanorods
gives the results that are very similar to computer simulations [11]. The EM field mapping shows
excitation of multiple plasmon resonances. In a system of nanorods, SPs are strongly localized between
the rods, and a large enhancement of the local EM field is achieved. The resonance frequencies are
given by this simple equation:
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where ¢ = 1,2,3,..., g; is the permittivity of the host medium, the parameters are v = [/a +
V1+(1/a)2, 1 = \/6(a+6/4), and J is the distance between cylinders of the radius a. For the
closely packed cylinders, when § < a the characteristic scale | ~ v/ad and the parameter v ~ 1 +1/a
is close to unity. The position of the resonances can be controlled by adjusting the diameter-spacing
ratio. The above defined characteristic length  is those of the effective plasmonic waveguide between
nanocylinders. The electric field between the cylinders can be found by conform mapping and by
using new coordinates u + iv = In [(il 4+ z)/ (il — z)] instead of the original coordinates z = x + iy to
solve the Laplace equation. Thus, the field enhancement in the middle point between the cylinders
(x =y = 0) is given by the Equation:

, @)

2 = qe

E/Ep|"=|1+8 —1)7 e

E/E Lot
where Ej corresponds to the incident field amplitude and «,, = (€5 — €1)/ (€4 + €m) is proportional to
the polarizability of a metallic nanocylinder. The electric field is the sum of the resonance terms. Recall
that the permittivity of metals is almost negative in the optical spectral domain of which the imaginary
part is small €5, < |ej,|. The denominators in the sum in Equation (2) almost vanishes at the resonance
frequencies given by Equation (1). The maximum of the electric field at the g-th resonance estimates as

|Eq/Eo|? = 256 42 3)

e (wg)? (121 —1)*

where E; is the g-th resonance electric field in the middlepoint between the cylinders, €7, (wy) is the
value of the imaginary part of the metal permittivity at the resonance frequency w;. The resonances are
well-seen in Figure 2. The field enhancement |E(x,y)/Eg |2 in the system of the adjoined nanocylinders
can be as large as 10° or even larger [11]. We note below that SERS is proportional to |E(x,y)/ Eol*,
and, therefore, is indeed huge in the system of the metal nanocylinders.
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Figure 2. (a) scheme of the TE-wave propagation for an array of closely packed nanocylinders;
(b) electric field mapping of surface plasmon resonances in an array of Ag cylinders with the following
parameters: w = 3.53 eV, cylinder radius 4 = 5nm, interparticle distance § = 1nm; (c) comparison
of analytical (purple line) and numerical (blue and red dashed lines) enhancements |Ey, / Eg|? of the
electromagnetic (EM) field in the middle of dimer. The ratio §/D is equal to 0.1, the nanorod diameter
for COMSOL simulations is D = 2a = 10nm or 1nm, and E, is amplitude of incident light, reprinted
by permission from Springer Nature: Springer Nature, Applied Physics A: Materials Science and
Processing [11], Copyright 2012.

Giant electric field fluctuations and the related enhancement of nonlinear optical phenomena in
semicontinuous metallic films are an area of active studies. Random metal-dielectric films are generally
carried out on a glass substrate (insulating substrate) with several evaporation techniques such as
thermal evaporation or sputtering of metallic layer. The static conductivity of the gold/glass composite
is decreased when the percent of metal is decreased. At a critical percent p. called percolation threshold,
the composite undergoes a composition-dependent metal-insulator transition. The composite behaves
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as a dielectric below this threshold (Figure 3a). In a series of works, it was shown that at the percolation
threshold fluctuations of the EM field reach the enormous values (Figures 3b and 4) [76-80]. The local
electric field strongly fluctuates in any nanocomposite, where the local permittivity fluctuates between
negative and positive values (see Figure 4).

sold

Eioein neia b B
Equtvatert Masy thicksess - 20 4 a5d

50 nem glass

afd e A
Percolation threshold

(@) (b)
Figure 3. (a) gold/glass composite for four metal concentrations p. At percolation threshold p = p.,
continuous gold channel spans the system; (b) experimental images of the localized optical excitation
in a gold/glass composite at percolation threshold (p = p¢). These images are collected with a SNOM
using an excitation wavelength of A = 780 nm, reprinted with permission from [76], Copyright 2007,
World Scientific Publishing Co. Pte. Ltd.

Figure 4. Collective volume plasmons in manganite Lagy yCag3MnO3 with nanoscale phase separation;
computer simulation of infrared electric field I = |E(x,y)/ E0|2 at volume concentration p = 0.28 > p
of conducting phase; local permittivity ¢(r) is positive in the dielectric phase Re[e(r)] > 0 and it is
negative in conducting phase Re[e(r)] < 0, reprinted figure with permission from [81]; Copyright 2006
by the American Physical Society.

3. Surface Enhanced Raman Scattering (SERS)

The resonances present in dielectric or metal-dielectric micro/nanostructures allow the
confinement of the electromagnetic field at the nanoscale, and thus they can potentially improve
the enhancement of the Raman scattering [82-84]. The Raman scattering is a phenomena of inelastic
scattering, in which the vibration modes of the bonds of a molecule modulate an incident optical
field at a higher or lower frequency and thereby get imprinted onto it. Spectrally, it observes a
central peak corresponding to the central carrier frequency and other peaks with higher frequencies
corresponding to anti-Stokes shifts and lower frequencies corresponding to Stokes shifts. Therefore,
Raman spectroscopy can probe the structural information of the given molecules thanks to the
vibrational modes of the bonds which compose them. The main interests of the Raman spectroscopy
are its working mode in visible domain instead of an infrared one, its utility for molecular sensing due
to the abundance of both high intensity coherent radiation sources, as well as of sensitive detectors
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operating in the visible domain, but also a possible extraction of the molecular structure informations at
a high spatial resolution as a result of a substantially lower diffraction limit at visible wavelengths [85].
Surface enhanced Raman scattering (SERS) is one major physical phenomena of the last quarter of the
twentieth century. Nevertheless, Raman scattering has a very weak scattering cross section. Moreover,
the Raman signal can be potentially hampered by the background luminescence [85-97].

The generation of several plasmon modes on a metallic surface and further Raman scattering of
the plasmons by analyte molecules are the basis of the SERS sensing (Figure 5). The molecules
excited by the incident light and the plasmons can generate secondary plasmons which can be
significantly enhanced. The radiation coming from these secondary plasmons produces a SERS
signal [76,77]. Thus, the intensity of SERS signal is depending on the fourth power of local enhancement
of the incident electric field. Nano- and micro-structures act as antennae efficiently amplifying the
Raman signal. Several groups have already demonstrated enhancement factors from 10* to 10° for
SERS substrates composed of clusters of gold or silver nanoparticles encapsulated in a dielectric
matrix [98-109]. Moreover, a record enhancement up to 10'2 of the Raman signal was reported by some
authors [110]. It should be noted that a main contribution to SERS is the electromagnetic enhancement.
The chemical enhancement strongly depends on local electronic structures of the molecules and the
substrate it interacts with as each of their wavefunctions begin to overlap [111-113]. Some groups
have demonstrated a chemical enhancement of SERS but with significant difficulties. Moreover, its
influence is significantly weaker than electromagnetic enhancement. Indeed, the magnitude order
of the chemical enhancement is only 102 [114,115]. Thus, SERS effect (electromagnetic enhancement)
allows detecting a weak concentration of biological and chemical molecules. However, in spite of all
the efforts by many bright researchers, there is no self-consistent theory of the SERS effect. For instance,
contemporary theories do not explain why the enhancement is so different for various Raman spectral
lines as it is clearly seen in the next section. The authors heard the following opinion from the people
dealing with SERS: “The surface enhances what ever it wants”. More recently, new highly sensitive
SERS substrates have been carried out by using semiconducting materials (silicon or zinc oxide)
with a metal (Au, Ag, Al). A couple of groups already demonstrated higher SERS enhancements
obtained with Si nanowires coupled to metallic nanoparticles [116-118] and Si nanopillars coupled to
a metallic layer [119-122]. Furthermore, other groups also demonstrated the same thing with ZnO
nanowires/nanopillars coupled to a metallic layer [20,123,124] or metallic nanoparticles [125-127].
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Figure 5. Schematic picture of SERS effect, see (b); incident light excites the collective plasmon field
in semicontinuous metal film (see c), primary field); Raman active molecules, being pumped by the
primary electric field, excite secondary EM field at the Stokes shifted frequency, see (a).

SERS phenomenon is also used in clinical diagnostics, which include the cancer detection and
imaging, cancer therapy and drug delivery [128-157]. Important application of the SERS sensing is
quantitative control of glycated proteins for diabetes detection [75,158-161]. Another very important
SERS application is detection of the cardiovascular biomarkers for early diagnosis of acute myocardial
infarction [162-164]. SERS detection of hormone Estradiol E2 is used for the clinical diagnosis of
precocious puberty [165]. Environmental and food safety issues can be resolved using SERS real-time
monitoring of pathogenic bacteria, pesticides and toxic molecules [166-173]. Ultra-low quantities of
nerve gases, explosive substances and other hazard substances are also detected [174,175].
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4. Field Enhancement in Dielectric Resonators

To illustrate SERS effect, we consider the EM field enhancement in the dielectric, transparent layer
that is placed on a metallic substrate. The EM field for the incident light excitation, which propagates

along a “z” axis normal to the layer, can be written as E = Ej exp(ikz), where k = w/c = 27t/ A is the
wave-vector, A is the wavelength. The electric field on the surface of the dielectric layer equals:

Esur = 2Eg exp(—idk)/ [1 + in cot(ndk)], 4)

where 1 denotes the refractive index of the dielectric layer. The surface field achieves the maximum
Es = 2E,, where Ej when the layer thickness d = (2m +1)A/4n, m = 1,2,.... The surface EM field
amplitude is larger than the incident field by factor 2. The enhancement of the Raman scattering is
given by:
G = {Eo(P[Eosu®?) _ (Eo®))
|Eq[* [Eo[*

®)

where w is the excitation frequency, Aw corresponds to the Stokes shift of the frequency; the second
equation holds for Aw < w (see Refs.[76,81,176]). From Equations (4) and (5), the enhancement
achieves its maximum value of G = 16. Therefore, a simple dielectric layer with a thickness of a few
hundreds of nanometers increases the Raman signal more than an order of magnitude.

The excitation of plasmon and dielectric resonances can enhance the Raman signal. From the
hypothesis that the resonance frequency equals w,, and the resonance width is higher than the Stokes
shift of Aw. Moreover, from Equation (5), the effective SERS is obtained when the frequency of the
excitation laser w is within the interval is w;,;, — Aw < w < wy,. McFarland et al. were the first to obtain
experimentally these types of results [98]. For all the dielectric nanoparticles, both EM resonances can
be excited, for instance, with ceria, silica, and other dielectric materials [60,61]. Explosive molecules
are detected thanks to a semiconducting resonator that is part of a plasmonic laser [177]. The EM field
enhancement for the WGM resonators can be employed for the detection of biological and chemical
molecules [178]. The latter allowed for detecting different particles with several sizes [179], batteries
or viruses [59], and single molecules [4]. The EM field for a dielectric resonator can be confined in a
hotspot. For example, a simple dipolar Mie resonance excited in the spherical ceria particle is displayed
in Figure 6. Recently, several investigations have been made for obtaining the refractive index of
ceria [180-187]. The refractive index n of ceria is depending on the wavelength, structure of the
films [182,183,186], temperature [181,185], and the RF power employed for the magnetron sputtering
of the film deposition [187]. The refractive index is higher with the denser ceria films. Thus, for the
monocrystal particles, the refractive index of ceria is # ~ 2.3 is discussed below.

ayly, Oy =72 iy, Oy =106 i ls, Qs =139

LTS

Figure 6. Electric field distribution I,, = |E/Eg|?> and Qy, factor for a ceria (CeO,) spherical particle
(a = 400nm). (a) m = 3, A3 = 716nm; (b) m = 4, Ay = 507nm; (c¢) m = 5, A5 = 393nm. All the
parameters are available in [16], reprinted with permission from [16], the Optical Society (OSA).

When the dipolar mode is excited, the EM field is enhanced at the center (see Figure 6). The highest
value of the EM field is estimated in the following manner. The energy outflow from an eigenmode is
approximated as S, ~ a2|Eg|?, where a corresponds to the dielectric sphere radius, and Eq corresponds
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to the surface electric field. The field intensity I, = |E |2 concentrates in the center of the particle for
the dipole eigenmode (Figure 6). The radius of the field maximum is estimated as r,,, ~ a/m, where
m in the order of the dipole resonance. The energy outflow S, from the maximum is Sy ~ 72 L.
By equating the energy flows S, and S;,, we obtain I, ~ E%mz. The highest value of the electric
field is m? times elevated than the outside field as displayed in Figure 6. This result holds when the
dissipate loss is much smaller than the radiation loss as discussed in [60,188]. The eigenfrequency,
as well as electric field mapping in the electric dipolar resonance of Mie for an excited dielectric
sphere, can be found analytically (see, e.g., [189]). When calculating the eigenmode, the radiation
boundary conditions are imposed. That is, the outgoing wave propagating outside the sphere is
assumed. The EM field is decaying due to the radiation loss; therefore, the eigenfrequency of any EM
mode is a complex value wy, = w}, — iw),. We obtain the quality factor for the dipole resonances:

why m(2mtm® — mPm? - 2m - 1)
T 2wl T 4[(m®m? +1)arccoth i 4 1]

in

T
~ Z(Zm —1)n, (6)

where m is the radial number (see Figure 6) and # is the refractive index [16]. This simple equation
holds for n > 1 and m > n. Thus, a significant confinement can be achieved by using a dielectric
structure. Now, the molecules to be studied are placed in the slit as depicted in Figure 7. Next, the
Raman enhancement G proportional to (|E[*) can be evaluated as G ~ ZEy* ~ Q* ~ (mn)* > 1.
Thus, the SERS enhancement for dielectric structures could be even important than this obtained for
plasmonic structures.
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Figure 7. Slotted spherical dielectric resonator, reprinted with permission from [16], the Optical Society (OSA).

In addition, the electric field can be enhanced for dielectric structures for certain characteristic
frequencies as depicted in Figure 6. For the planar dielectric metamaterials, discussed in the next
sections, the EM field can also be confined in gaps between each dielectric structure (cf., Figures 2
and 7). The Raman signal has few characteristic Stokes shifts Aw; < w [190]. When the set of dielectric
resonances coincides with the set of Raman spectral lines, the dielectric resonator can be used as
a sensor for the particular molecule. Both closely packed dielectric resonances corresponding to
resonance splitting can be organized as follows: two dielectric spheres separating a d center-to-center
distance are considered. There are three independent dipole modes py, Py and p.. The interaction
energy of dipoles is estimated as AUy, ~ (pu - pm)/d> ~ p2,/d3, where py, corresponds to the dipolar
moment of the m eigenmode. The dipolar moment square estimates as pfn ~ szlmr%, where I, and
rm ~ a/m are the intensity and the radius of the m-th mode, respectively (see Figure 6). The ratio of
interaction energy AlU,, to the eigenmode energy U, = el rfn ~ely(a/ m)3 gives the frequency split
Awpy /W ~ AUy /Uy, ~ €(a/ dm)3. Mainly, the Stokes shifts are weaker than the excitation frequency
of laser. Therefore, it is enough to have the gap between the spheres (22 — d) ~ a and excite the second
order dipole modes to obtain the proper resonance shifts. Then, the cluster of dielectric spheres can
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be used for the SERS sensing of particular molecules. EM resonances in a dielectric lamp, whose
symmetry is less than spherical symmetry, may have quasi-continuous spectrum (see Ref. [18]). Small
clusters of metal particles are considered in [191]. The metallic nanoparticles arranged in a regular
shape of pentagon demonstrate two resonances with a low Q which are separated by AA (AA > 100 nm
or Aw > 5 x 10° em™1). Thus, this type of plasmonic structure can be employed with difficulty for the
application of SERS sensors.

In [13], the authors have demonstrated the combination of plasmon resonances obtained with gold
nanoparticles and localized EM resonances obtained with cerium dioxide films for a very sensitive
detection of chemical and biological molecules by SERS. Morphology of cerium dioxide films is
displayed in Figure 8. Nanostructures can form large clusters with a size of several hundred nanometers
which are arranged in order to form structures with facets. The facet perimeter can correspond to a
shape of curb. Each facet is spaced by small cracks of several tens of nanometers. Figure 9 depicts
an optical image and a Raman intensity mapping for the Raman shift of 456 cm ™! of cerium dioxide.
From these images, an irregular mapping of the signal on the film surface is demonstrated. The highest
intensity of signal is generally located on the borders of facets. Toppgraphy of cerium dioxide films
after deposition of gold nanoparticles (AuNP) is shown in Figure 10a. One to eight percent of the
(CeO,) surface are occupied by the immobilized AuNPs. The non-regular mapping of the Raman
signal on the (CeO,) film could indicate that a supplementary signal increasing is occurred after the
immobilization of SERS tags on the facet surface. Raman signal was investigated from the conjugate
of the DTNB and AuNP. The DTNB molecules (5,5'-Dithiobis-(2-nitrobenzoic acid)), also known as
Elleman’s Reagent, bounded to the AuNP surface are the source of the Raman signal. Figure 10b
depicts the SERS signal depending on the thickness of the (CeO;) film. The magnitude of the signal
oscillates as a function of the film thickness. The additional enhancement for the SERS signal can
be evaluated by normalizing this latter by the signal magnitude obtained with the film of 2800 nm
thickness (minimal signal). For the Raman shift of 1060 cm ™, this additional enhancement is of a factor
200 times more important than with for the film of 2400 nm thickness. The SERS enhancement depends
on the Raman shift studied. In a similar way, this means that the films with different thicknesses have
a different selectivity relative to the vibrational modes having different frequencies. This important
experimental result is in an obvious contradiction with the electromagnetic theory of SERS. All of
the vibration modes of a molecule are excited by the same surface enhanced electric field. Therefore,
the relative value of the Raman signals of various frequencies, i.e., various Stokes shifts depend on
the Raman polarizability. The Raman polarizability is a molecule property and it should not depend
on the ceria film thickness. Therefore, the relative value of the Raman signals with different Stokes
shifts should not depend on the film thickness. In reality, we see in Figure 10b that the Raman signal
from DTNB molecules with Stokes shift of 1558 cm ™! is larger than the signal with the Stokes shift of
1060 cm ™! in the film with the thickness from 1400 to 2100 nm. With further increasing of the thickness
from 2100 nm to 2800 nm, the signal with Stokes shift of 1558 cm~! becomes smaller than the signal
with Stokes shift of 1060 cm ™. In addition, note that the Raman signal with Stokes shift of 1060 cm~ !
is almost eight times smaller than this with a shift of 1338cm ™! for the film thickness of 2000 nm.
It is enough to slightly increase the film thickness from 2000 to 2400 nm and the ratio of these signals
decreases from eight to two. It is not clear where such behavior of the SERS in the ceria facet film
comes from. The experimental results cannot be explained using contemporary theories of SERS.
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Figure 8. General (a) and cross-section (b) SEM views of CeO; film that have facet structure; the facet
structure is clearly seen: the facets are separated by cracks whose thickness is about ~50 nm .

(b)

Figure 9. On (a), an optical image of 2400 nm thick CeO, surface is displayed, and on (b), an intensity
distribution map for the main Raman peak, whose Stokes shift is of 1338 cm ™! from the laser frequency
12.738 x 10° cm 1, i.e., wavelength A = 785 nm (CCD: red = 1700 counts, violet = 300 counts).
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Figure 10. (a) SEM images of facet CeO; films with gold nanoparticles (AuNP); scale bars are 1 um
and 200 nm for the top and bottom images, respectively; (b) SERS intensity for four Raman shifts from
conjugate of DTNB/AuNP on CeO; films as function of the film thickness (after normalization that is
the Raman signal is divided into the number of AuNP in the spot, where the signal is collected from).
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5. Metal-Dielectric Resonances

High EM field enhancements are mainly achieved with plasmonic resonators composed of gold
(Au) or silver (Ag) nanoparticles. Metallic nanoparticles are well-known for having resonances
thanks to the Faraday work (for recent references, see [1,2,76,192,193]). For a plasmonic sphere of
which radius a is much smaller than the skin depth (i.e., ak\/]e;| < 1), the electric field E behaves
as Ej;, ~ 3Eg/(em + 2), where ¢, is the metal permittivity. From Ref. [50], it was demonstrated
that an isolated gold nanoparticle presents a plasmon resonance at A ~ 500nm when this nano
particle is excited in air. The resonance frequency can be tuned using a dielectric envelope. A hybrid
(metal/dielectric) resonator which consists of a gold nanosphere with a radius 4 and a dielectric shell
of thickness A is considered (see Figure 11).

The metal-dielectric resonator was considered using the hybridization approach (see Refs. [194,195]
and references therein). The result of computational simulations of enhancement factor obtained with a
hybrid resonator composed of gold nanoparticles (core) and a dielectric shell is displayed in Figure 11b.
When A > g, the resonance of this resonator behaves almost a dipolar resonance of the dielectric sphere
with a radius b = a + A. By using the asymptotic solution of Equation (7) referenced in the paper [16],
the resonance of a dielectric sphere with the following parameters (2 = 200nm and n = 2.5) occurs at
a wavelength of A = 690nm. This result is in good agreement with Figure 11b. The dielectric layer
increases the internal electric field due to the existence of a plasmon-dielectric resonance. Several
groups have investigated the effect of the cascade field enhancement for hybrid opto-plasmonic
systems [16,19,20,65,66,196,197]. Santiago et al. have showed the detection of proteins with WGM
resonators having hybrid (photonic/plasmonic) modes [198]. The Q-factor enhancement for hybrid
(metal-dielectric) resonator is explained in the following way. The Q-factor increases in metal-dielectric
resonators by decreasing the radiative losses. In Ref. [50], it was demonstrated for a resonator that the
conducting current present in the metallic core and the polarization current present in the dielectric
move with the opposite directions when the metal permittivity is mainly negative. The radiation is
comparable to the sum of the currents, and the radiative losses decrease for a resonator, when the
permittivities of resonator materials have different signs.
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(a) (b)
Figure 11. (a) scheme of the hybrid spherical resonator; (b) simulation electric field enhancement
|Emax/Ep| in the resonator (gold core) for different thicknesses A of the dielectric shell. All the
parameters are available in [18]. The blue line corresponds to isolated Au particle without dielectric
shell and the orange, red and purple lines correspond to isolated Au particle with a dielectric shell

of the thickness A = 50nm, A = 100nm and A = 150nm , respectively, reprinted with permission
from [18], the Optical Society (OSA).

In order to quantitatively examine the dielectric screening, the eigenstate of a plasmonic
nanosphere with a dielectric shell (radius b = a4+ A > a, with a and A corresponding to the
sphere radius and the dielectric thickness, respectively) is considered. Then, for simplicity, the
electric dipole eigenstate is only studied. Matching the solution of the Maxwell equations in metallic
and dielectric parts of the resonator with outgoing wave, we obtain a dispersion expression for an
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eigenfrequency w = w’ — iw”, which have an imaginary part due to the radiative losses. The resonator
quality factor Q = w’/2w"” can give the definition of the EM field enhancement in the resonator.
A plasmon resonance in the gold nanoparticle of which the radius is a, is considered. For an
approximate estimate, the Drude model can be used: &, = &, — (wp/w)?/(1 + we/w), where
ey =41, wp =87 eV, wr = 0.11 eV are chosen to correspond to the experiment [50] for w < 2 eV.
The Q-factor values of the gold nanoparticles without additional materials or layers (with the following
parameters: a; = 50nm and a; = 100nm) are Q1 ~ 12 and Q> ~ 1.4, respectively. This large difference
of the Q-factor is due to the radiation loss when the radius was doubled. Indeed, the radiation is
comparable to (ka)3. When the metallic nanoparticle is surrounded by the dielectric layer, the radius of
the metal-dielectric resonator increases. However, radiation losses decrease and the Q-factor increases,
as displayed in Figure 12. We think that the radiation screening obtained by the dielectric layer
improves Q-factor.

a = 50,100, nm
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Figure 12. Resonance frequency w, (brown and orange curves) and Q-factor (red and green curves)
of the gold-dielectric resonator, displayed in Figure 11, as function of the shell thickness A (refractive
index of dielectric shell is n = 4). Brown/red and orange/green curves correspond to the gold core

radius 2 = 50nm, and a = 100nm, respectively, reprinted with permission from [18], the Optical
Society (OSA).

6. Metal-Dielectric SERS Metasurfaces

6.1. Periodic Bars

Refs. [16,17] are devoted to the investigation of metamaterials of which the sharp resonances
are separated by Aw; coming from metal-dielectric resonators. These types of metamaterials can be
controlled in order to detect specific analytes with the signature Aw;. A metal-dielectric composite
metamaterial has been proposed. This metamaterial is composed of a silicon substrate on which is
deposited a thick gold layer, then periodic bars of polymethylmethacrylate (PMMA) are fabricated
(Figure 13). This system of periodic bars exhibits deep resonances in the wavelength range from
600nm to 800 nm for p- and s-polarized waves, where the EM field enhancement is significantly high
as depicted in Figure 14. The main peak of the field intensity |E/Ey|? is on top of the PMMA bars.
It shifts to a shorter wavelength with increasing the angle of incidence x. Moreover, the resonances for
s- and p-polarized waves take place at different frequencies. It opens a new opportunity to tune SERS
substrates for a particular analyte.
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Figure 13. Scheme of the periodic polymethylmethacrylate (PMMA) bars on gold substrate, from [17].

Figure 14. Intensity of electric field |E/Ey|?> on top of PMMA bars for different wavelength A and
incidence angle « for (a) p-polarized wave and (b) s- polarized wave. The parameters are: an azimuthal
angle of ¢ = 2°, a period of L = 635nm, a bar width of D = 313 nm, a bar height of Hpppyia = 124nm,
a refractive index of PMMA: npypvia = 111 + inp with np = 1.5 and 1, = 0.001, and the thickness of the
gold substrate is Ha,, = 100 nm (from [17]).

The experimental realization of such SERS substrates based on PMMA was proposed in [16] to
detect DTNB molecules immobilized on the surface as shown in Figures 15-17. The metal-dielectric
metasurface as described previously (Figure 15) was realized. Firstly, the sample size of 10 x 10 x
0.3mm? was cut from n-type phosphorus doped silicon wafer of which the resistivity is of 0.3 Q-cm.
After a chemical cleaning (in petroleum ether), the samples were cleaned with deionized water. Then,
an adhesion layer of 4-nm Ti is evaporated followed by the deposition of a 40-nm gold film on Si
substrate. Next, a PMMA thin film was spin-coated on the gold film in order to produce the PMMA film
of thickness 600-1200 nm. An electron beam lithography (Raith 150) has been employed for fabricating
the nanobars on the sample surface. The dimensions of fabricated PMMA bars are 350-nm-wide lines
with a periodicity of 700 nm on a 100 x 100 um? surface area.
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Figure 15. AFM of periodic dielectric structures based on Au and PMMA. The period equals 670-680 nm,
gold thickness equals 40 nm, reprinted with permission from [16], the Optical Society (OSA).
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Figure 16. Principle scheme for preparation of AuNP-DTNB conjugate.

(b)
Figure 17. SEM images of AuNP-DTNB conjugates on: (a) flat and non-structured PMMA film;

(b) PMMA bars; small bright spots are gold nanoparticles, some of them are organized in conglomerates,
reprinted with permission from [16], the Optical Society (OSA).

To prepare SERS active particles, AuNPs of average size of 56 + 1 nm were modified by DTNB
molecules as depicted in Figure 16. The conjugates of AuNPs and DTNB molecules were adsorbed to
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the bar-shaped metamaterial after a deposition of polyelectrolyte (poly(diallyldimethylammonium
chloride)) with the process reported in the paper [199] (see Figure 17). The conjugate of AuNP with
DTNB (AuNP-DTNB) has well-known Raman peaks and can serve as SERS indicator [200] (Figure 18).
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Figure 18. SERS intensity of AuNP-DTNB conjugates placed on PMMA bars (after normalization to
the amount of gold nanoparticles as discussed in Figure 10), reprinted with permission from [16],
the Optical Society (OSA).

The relative SERS intensity of AuNP-DTNB for the Raman shifts of 1338 and 1558 cm ™! was
enhanced of a factor 5 for the bar-structured area compared to the flat PMMA layer. It should be noted
that the Raman signal can be hindered by the background luminescence. The Raman /luminescence
ratio (signal/noise) is most important for an effective SERS (for example, see Refs. [17,20,201]).
We speculate that SERS substrates made of silicon look rather promising. Silicon has the advantage for
SERS of having no luminescence background.

6.2. Periodic Blocks

We believe the main drawback of the existing SERS substrates is an insufficient selectivity. In this
section, we discuss high selective SERS substrates based on anisotropic periodic dielectric structures.
We consider periodic dielectric metasurfaces and double periodic metal-dielectric metasurfaces,
fabricated from dielectric cuboids made of ceria dioxide (CeO,, n = 2.3). The cuboids are placed
on silver and gold substrates (see Figure 19). Multiple plasmon resonances are excited near the
metal-dielectric boundary as shown in Figure 19¢. Figure 19b demonstrates that the Raman signal
enhancement G has two maxima for the structure with different periods Dy and Dy. The enhancement
in the SERS substrate, shown in Figure 19a, has two peaks w; = 12.77 x 10> em ™! and w; = 13.95 x 10°
cm~! with the widths of 200 cm~! and 360 cm ™, correspondingly. The difference Aw = wy — w; =
1180 cm ! corresponds to the characteristic Stokes shift in the trinitrotoluene (TNT). This result was
achieved by optimizing the dimensions of Dy, Dy of the unit-cell and dielectric cuboid dimensions of
dx, dy, and height h. The fabrication method of plasmon nanostructures consisting of dielectric blocks
and highly sensitive SERS sensors was discussed in the previous subsection [13,202].
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Figure 19. (a) 16 dielectric cuboids (purple) placed on the silver substrate (blue); (b) enhancement G
as function of wavenumber for the dielectric cuboids placed on silver substrate, unit-cell dimensions
of Dy = 650nm, Dy = 550nm, dielectric cuboid dimensions of dx = 585nm, dy = 495nm, and height
h = 55nm. The incident laser beam is normal to metasurface, electric field in the beam is directed

along the diagonal of the dielectric blocks. The enhancement G is obtained at the surface of dielectric
cuboid; (c) local electric field mapping on the top of dielectric cuboids of the first resonance shown in
(b) (from [17]).

To further increase the Raman enhancement G, a regular lattice of thin metal nanodisks was
deposited on the top of dielectric cuboids, as shown in Figure 20.

Thereby, the cascade enhancement of the electric field is obtained. The resonating metallic
nanoparticles are excited by the enhanced field of the composite metal-dielectric substrate (see
Figure 20). The optimal surface concentration of the nanodisks equals p,; =~ 7%. Silver nanodisks
allow to increase the enhancement factor up to 107-10° (see Figure 20). Note that decreasing of the
distance between nanodisks results in the increase of dipole-dipole interaction and the peaks are
dualized [203,204], see the discussion in the paragraph next to Equation (6). The surface morphology
of SERS substrates can be more complicated. We consider the periodic planar dielectric structures of
silicon dioxide (5iO,, n = 1.46) dielectric blocks which are placed on a metallic substrate as shown in
Figure 21. The chosen lattice is anisotropic with elementary cell dimensions of Dy x D,,. The dielectric
cuboids inside the elementary cell have dimensions of d,;, d,; and the heights ;. The resonance
frequencies are tuned by the elementary cell design. Figure 21 demonstrates the high local electric field
at the air-dielectric boundary. The SERS amplitude is given by Equation (5), where Ej is the amplitude
of the incident light. Figure 22 shows that the electric field enhancement has three maxima at three
adjustment frequencies for the structure where the period Dy > Dy. The wavelength dependence
of the local electric field intensity |E/Eo|? has three peaks, and can be tuned for two Raman spectral
lines. The resonance frequencies are determined by independent variation of the periods Dy and
Dy, for (Dy — Dy) < Dy, Dy. The difference between the peaks Aw; = w3 —w; = 1338 cm 1,
Awy = w3 —wy = 326em ™! (wq =11.40 x 10° em ™1, wyp =12.412 x 10° em™1, w3 = 12.738 x 10° ecm™1)
are tuned in order to correspond to the Stocks shifts of DTNB. Therefore, the discussed simple structure
can be used for DTNB sensing. The enhancement of SERS signal can be additionally increased by
combining plasmonic and dielectric resonators [16]. Thin metal nanodisks with diameter d. and height
he were inserted into the surface of the dielectric blocks (see Figure 22). We assume, for simplicity, that
the nanodisks are made of the same material as the substrate. We vary the aspect ratio of the disks to
tune the resonance frequency. As a result, the Raman enhancement G ~ |E/Eg|* reaches the value of
10” or even more for the substrate and nanodiscs made of silver (see Figure 22).
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Figure 20. (a) silver nanodisks (small blue spots) deposited on dielectric (CeO,, n = 2.3) cuboids (dark

red) which are placed on silver substrate (blue); (b) Raman enhancement G as function of wavenumber;
(c) distribution of local electric field |E/E| around silver nanodisk with a wavelength of the incident
light of A = 785nm. Geometric parameters: elementary sell sizes are Dy = 650nm and Dy, = 550 nm
(light blue in (a); cuboid dimensions are dy = 585nm, dy = 495nm , and height 1 = 47 nm (dark red),
diameter of silver nanodisk d. = 21 nm and heght & = 3nm, aspect ratio of the nanodisk . /d. = 1/7,
distance between nanodisks ~ 60 nm (from [17]).

. .
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Figure 21. (a) 16 silicon dioxide blocks (eight elementary cells) placed on metallic substrate (orange).
The metasurface has the following parameters: unit-cell dimensions of Dy = 1634nm and Dy = 698 nm,

dimensions of “large” dielectric blocks dy; = 704nm, d,; = 568 nm, dimensions of “small” dielectric
blocks dy; = 704nm, d;p = 284nm, height of the blocks h; = hy = 148nm [16]; (b) electric field
distribution |E/Ey| when the incident light is normal to the metasurface at the frequency w; = 11.4 x

103 ecm™—! = 1.41 eV (from [17]).
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Figure 22. (a) single elementary cell of metal-dielectric substrate with gold nanodisks (orange color)
placed on each of dielectric cuboids (gray), geometrical parameters are: lattice unit dimensions of Dy =
1634nm, D, = 698 nm, dimensions of dielectric resonators are dy; = dyy = 704nm and d,y =568nm, dy =
284 nm, height of the resonators is / = 148 nm. The parameters of the top gold disk are d; = 50 nm, aspect
ratio . /d. = (1/14); (b) electric field enhancement |E/ E|? as function of wavenumber; gold disks are
placed in the center of the top surface of dielectric cuboids. (c) electric field distribution |E/Ey| over the
gold disk. The metasurface is illuminated by light with an amplitude Ey and a wavelength of 785nm , the
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light is incident normal to the metasurface (from [17]).
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7. 3D Dielectric Resonators for Surface Field Enhancement

7.1. WGM Resonators

Large ohmic losses occur in metals that induce a damping of their optical response. Novel materials
are to be developed in order to obtain good performances for the application to optical devices [205-207].
A promising way of development of such materials is based on dielectric materials [97]. A great number
of EM modes exist, and the whispering-gallery modes (WGM) have the advantage of having large
Q-factors. WGM has been a well-known phenomena through light interaction with dielectric interfaces
for 100 years [3]. It is known in architectural acoustics that the sound propagates with a relative
preference along the concave surfaces. In addition, the light can suffer a total internal reflection at the
interface between a dense medium and a less dense medium for a certain angle of incidence. Thus,
WGM can be understood as waves of the total internal reflection (Figure 23). The resonators based on
WGM modes can be constituted of silica, CaF,, MgF,, GaN, GaAs, and have different shapes such as
disk, torus, sphere or cylinder. The values of the Q-factors with such resonators can achieve 10” and
10° [4,53-57,208,209].

Figure 23. Whispering-gallery modes (WGMs) in a dielectric microdisk. The refractive index of GaAs
is n = 3.3, and the polarization is TM. The different numbers are (for more details (see [61])): (a) | = 1
and m = 19; (b) I = 3 and m = 12, reprinted figure with permission from [61], Copyright (2015) by the
American Physical Society.

Usually, the shape of the disk or sphere for resonators is employed. Some more complex 3D
geometries exist and have supplementary degrees of freedom. Very interesting effects can be obtained
with these complex geometries compared to simple ones. Sumetsky has demonstrated the light
localization in a resonator with a shape of bottle named “whispering gallery bottle” [57,208,209]. Other
shapes were investigated for dielectric resonators such as conical shapes [210-212]. In addition, a weak
variation of the radius of an optical microcylinder implies strongly localized WGMs in the conical
shape. The deformation of symmetry can lead to fascinating phenomena. In Ref. [213], an effect of
unidirectional lasing with Ing 09Gag 91N /Ing 91 Gag 99N multiple-quantum-well spiral micropillars was
demonstrated. The highest value of emission is achieved by the notch of spiral microcavity for an
angle of about 40° from the notch normal (Figure 24).
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Figure 24. (a) real-space plot of the electric field modulus concerning to a calculated quasibound state
at nkry ~ 200 with an eccentricity deformation (¢ = 0.10); (b) angular momenta distribution for the
resonance plotted in (a). The peak at negative m corresponds to clockwise rotation, and the weak peak
at positive m corresponds to counterclockwise rotation; the counterclockwise modes are the diffracted
waves emitting from the notch. Reproduced from [213], with the permission of AIP Publishing.

Thanks to their high Q-factor, WGM resonators can be employed for realizing filters, switches,
lasers and sensors. In addition, several groups have reported the effect of quantum chaos for WGM
resonators [61,214-216]. In addition, the nature and degree of the shape deformation can imply a
change of whispering gallery orbits from regular shape to partially or fully chaotic. A long lifetime in
a WGM resonator can enable the detection of single molecules or viruses onto the surface of this type
of cavity [58,59] as mentioned above.

7.2. Cone-Shaped Resonator

In Ref. [18], Lagarkov et al. have studied the light interaction with a tip-shaped metasurfaces
composed of silicon cones (see Figure 25).

Figure 25. SEM of silicon tip-shaped metasurface, reprinted by permission from Springer Nature:
Applied Physics A: Materials Science and Processing [217], Copyright 1998.

The geometrical parameters are: a square lattice period of w = 2.1 um, a height of 0.3-0.7 um,
the opening angle of the cone of 26 ~ 30° a tip curvature radius of <10 nm, and a whole area of
2 x 2mm?. This metasurface composed of cones can be seen as a diffraction grating due to the fact that
the inter-cone distance d is larger than the excitation wavelength A in the visible domain. Indeed, the
condition for obtaining a positive interference is that the difference in optical paths must be equivalent
to an integer number of vacuum wavelengths. For obtaining a higher diffraction order, the necessary
condition is that —1 < (mA)/d < 1, =1 < (mpA)/d < 1, where my and m, are diffraction orders.
For instance, a HeNe laser (A = 632.8 nm) (see Figure 26) is used, and 37 diffracting modes occurred
(the case where m1 = my = 0 corresponds to the reflected wave, and the cases m; = my = £1, £2, 43
correspond to the diffracted waves).
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Laser Aperiure
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Figure 26. (a) principle scheme of the laser beam illuminating the metasurface for obtaining a diffraction
pattern on the other side of the screen; (b) picture of this diffraction pattern obtained with a laser
of wavelength A = 632.8nm. The other parameters are available in [18], reprinted with permission
from [18], the Optical Society (OSA).

The traditional approach is used in the experiment. A HeNe laser (A = 632.8 nm) illuminates
the sample (metasurface) and reflects from this sample by producing a diffraction pattern on the
other side of the screen as displayed in Figure 26. The parameters and settings are available in [18].
The diffraction pattern contains all the 37 modes having different radiances I(m1,1,) as shown in
Figure 26. The total reflection (R = Rog + ¥ Ryu,m,) is about ~ 0.32, where 0.26 corresponds to zero
order reluctance and 0.06 to the diffraction. In another manner, 19% of the energy reflected by the
metasurface (sample) is provided to the diffraction beams. Moreover, these Si tips occup only 8% of the
total surface of the sample. Thus, the diffraction is very efficient that we could call an “extraordinary”
optical diffraction. This experiment is also possible by using another wavelength as A = 405nm
and the result also gave a bright diffraction pattern Figure 26, even with large losses in silicon for
wavelengths (A < 500 nm) (see [218]). This observation is in agreement with discussions realized in [18]
on the fact that the enhancement of the electric field is independent optical losses. No change of the
diffraction pattern occurs when the system is moved with respect to the laser beam. We can deduce
that the periodicity and the cone shape are well-defined on the whole sample. The highest value of the
enhancement is obtained from the resonance involving Si cone and metallic nanoparticles placed on its
lateral surface as seen in Figure 27. Surface plasmons in metal nanoparticles interact with EM modes
in the dielectric cone, which results in huge enhancement of the local electric field.

A = 800 nm |E/E| A =800 nm |E/E,|
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Figure 27. Electric field mapping |E(z, x) / Ep| for Au nanoparticles (on the left, for one NP and, on the
right, for two NPs, sphere diameter = 100 nm) placed on the lateral surface of a silicon cone for the
resonant wavelength A = 800 nm, reprinted with permission from [18], the Optical Society (OSA).

The EM field at the resonance is confined in a close vicinity to the cone. In addition, the interaction
between each cone is negligible due to the distance between each cone of w = 2.1 um, which is greatly
longer than the cone size. Furthermore, the collective interaction can occur in the mid-IR frequency
range (A ~ w). In this case, we think that collective surface modes can be excited. Lagarkov et al. have
analyzed in a semi-quantitative manner the different resonances and the electric field enhancement for
a dielectric resonator with a conical shape [18]. These dielectric resonators present several resonances
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in the visible and near-IR domains (see Figure 28). Due to an axial symmetry of the cone, the angular
momentum is quantified and the modes with polar quantum number [, azimuthal quantum number
m, and radial quantum number g are excited. The strongest value of the Q-factor corresponds to the
WGM with the values of the numbers I and g which are minimal; however, the value of the number
m is high (see Figure 29). The modes of which the values of polar and radial “quantum” numbers
are weak propagate along the lateral surface of the cone. In addition, external modes also exist with
weaker values of Q-factor where the electric field is partially located outside the cone. Moreover, the
“leaky” region corresponds to these external modes with the needed condition that the total internal

reflection is violated.
1 2 3 weV

Figure 28. EM resonances spectrum for a conical resonator. The opening angle of cone is 30°,
the refractive index is 7 = 4, and the height is 1 = 595nm. The red and blue lines correspond
to frequencies of electric and magnetic resonances, respectively, reprinted with permission from [18],
the Optical Society (OSA).
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Figure 29. Electric field intensity |E(r,0,¢)|? in a dielectric conical resonator having an opening

angle of 30° and a refractive index of n > 1. “Electric” and “magnetic” resonances are depicted in
Figures 28a,b,c,g and 28d,e,f h, respectively. Vertical distribution of field is determined by dimensionless
frequency m = nkh, where n, k = w/c, and h are refractive index, wavevector, and cone height,
respectively. Each resonance is labeled by orbital “number”” I and the azimuthal number m. The low
symmetry of the resonator results in a non-integer /, reprinted with permission from [18], the Optical
Society (OSA).
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The metasurface composed of Si tips has been covered by SERS active tags consisting of Au
nanoparticles of which the average size is 55 + 5nm, on which a DTNB monolayer has been deposited
(see Figure 30). The DTNB molecules are grafted on gold nanopaticles thanks to their sulfate groups [13].
The Raman signal has been measured from AuNP-DTNB conjugate in order to have an approximate
value of the EM field enhancement. We obtain a great enhancement of the intensity distribution for the
metasurface compared to a flat region. This can be understood by excitation of the hybrid resonances
(metal/dielectric) of Si cones covered by AuNPs. These conical Si tips serving as resonators enable
converting the excitation light into longitudinal electric field. A detailed research has demonstrated
that SERS intensity is depending on the position of gold nanoparticles on the surface (see Figure 31).

Figure 30. Aggregates of gold nanoparticles, which are seen as small bright white spots, are deposited
on cone-shaped regular silicon metasurfaces; apexes of the cones are seen as a square lattice of 48 blurred
specks, reprinted with permission from [18], the Optical Society (OSA).

A strong SERS enhancement occurs when the gold nanoparticles are placed in a suitable manner
on the lateral face of the cone which will induce hotspots. Thus, an electric field enhancement of more
than three orders of magnitude can be achieved as displayed in Table 1. The light localization in this
type of resonators (metasurface) opens the way to new possibilities in R and D for the fabrication of
highly sensitive SERS substrates applied to biological and chemical sensing.

Table 1. Raman intensity for the Raman shift of 1338 cm™! of the conjugate AuNP-DTNB on the
metasurface vs. flat plane (in a.u.). The signal is collected from red frames, shown in Figure 31;
normalized signal is obtained by dividing by the number of Au nanoparticles in a frame.

Au-NP Localization  Signal (Counts) Au-NP Number Normalized Signal

Pyramid side 786 1 786
Between pyramids 553 30 18.4
Outside of grating 553 89 6.2
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Figure 31. Raman intensity (SERS) obtained with AuNP-DTNB conjugates placed on different areas
of cone-shaped metasurface; the areas where the Raman signal is collected are shown by red squares;
apexes of the cones look like blurred specks, AuUNP-DTNB conjugates look like bright spots. SEM
images and SERS spectra recorded: (a) outside of grating, (b) on the pyramid side and (c) between
pyramids. Reprinted with permission from [18], the Optical Society (OSA).

8. Local-Field Dielectric Transducer (LFDT)

Recent development of the plasmonics provides the possibility to concentrate the light onto a
nano-area. Metal nanoantennae and subwavelength apertures [219] are used to better increase the
local electric field in the subwavelength volume. The optical field enhancement and concentration
are achieved by excitation of surface plasmons [220,221]. Nanosized metal particles are indispensable
for most optical transducers and concentrators. Concentration of the huge electric field in a metal
nanoparticle results in the fast degradation or even destruction of the particle [222]. To avoid negative
effects of the large optic loss, it was proposed all-dielectric Local-Field Dielectric Transducer (LFDT),
which enables confining of the light into a hotspot of nanometric size [189,223]. Negative thermal
effects are nearly suppressed for LFDT allowing new possibilities in magnetic recording [224-226],
optical sensing, and nanolaser pumping. LFDT is similar to waveguide gallery resonator with the
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notch, shown in Figure 24. The discussed LFDT is composed of a spherical dielectric resonator coupled
to a dielectric nanostick, where the electric field is concentrated as shown in Figure 32. The EM field
is stronger for the stick apex which is linked to the resonator. The field enhancement located at the
stick apex was discussed by Novotny et al. [227]: the electric field aligned along the stick, periodically
drives the bounded electrons. Electrons of an atom in the dielectric moves along the stick shaft with
the same frequency as the excitation field. Around the apex, a large surface charge is present due
to the small surface of apex and the uniform movement of bounded electrons. The accumulated
charges gives the giant electric field (see Figure 32). With all the optical dense materials having small
losses, an EM field enhancement can occur (see, e.g., [61,228]). The incident light is converted into a
longitudinal electric field by means of the spherical resonator. Note that a simple waveguide cannot
be used to effectively excite the longitudinal electric field [229]. Wang et al. have demonstrated the
production of a longitudinal electric field with metallic LFDT composed of plasmonic lenses [230].
In the work [223], the dielectric stick is excited by using a waveguide connected to an optical resonator
(Figure 32). This spherical resonator serves as an accumulator of the EM energy, and the energy stored
in this latter excites the elliptical dielectric stick attached to the sphere. Note that the channelling of the
whispering gallery modes was realized with an excellent efficiency in the connected waveguide with
no supplementary loss (see Ref. [231]).

The Si waveguide with a cylindrical shape is connected to the resonator as depicted in Figure 32.
As displayed in Figure 32, the stick is located at the interface between the resonator and the waveguide
or opposite to the waveguide.The electric field is stronger for the inclined configuration of the stick.
We think that for this configuration the field is more confined at the interface between the resonator and
the waveguide. The field enhancement at the stick surface is shown in Figure 33. The field distribution
was simulated by using three FePt nanospheres with a diameter of 2nm located within in the apex’s
vicinity of the stick (see Figure 34). For magnetic recording assisted by heat, FePt nanoparticles are
mainly employed [219,232].

c) d)

Figure 32. (a) scheme of a LFDT; (b) numerical simulations of the magnetic field |H|. Excitation of
the stick by the electric field |E| with the following orientation of the waveguide: (c) vertical, and
(d) inclined. All the parameters are available in [189], reprinted figure with permission from [189],
Copyright (2017) by the American Physical Society.
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Figure 33. (a) scheme of a dielectric elliptical stick. The different parameters are available in [189];
(b) |Eb(y)| corresponds to the field along the stick shaft for several lengths b. External E°-field and
its tangent projection Ej in the absence of the stick are also displayed. Field peaks shows that the
electrical field is confined in the nanovolume near the apex of the stick, reprinted figure with permission
from [189]. Copyright (2017) by the American Physical Society.

The LFDT can be used for local sensing of various chemical and biological objects. There is a
fascinating possibility to “illuminate” the investigated object and then collect the Raman signal from
the spot, whose size can be less than one nanometer.

To integrate the LFDT in the domain of electronics, the layer by layer growth can be more easily
used, which is a well-known technique of the thin film technology. In order to decrease the number of
the fabrication steps, a right cylindrical geometry of LFDT is adopted (in the direction of the growth
which is perpendicular to the plane of Figure 35: z-direction).

i‘
0

Figure 34. Tip heats magnetic nanoparticles (2nm) made of FePt alloy [232]. For the magnetic
particle placed perfectly under the tip, the heat production is 1.4 times greater than the other

neighboring particles, reprinted figure with permission from [189]. Copyright (2017) by the American
Physical Society.

Lo T

100



Materials 2019, 12, 103

Supplying waveguide

silicon

Resonator

Figure 35. Scheme of a local-field dielectric transducer made of silicon. Diamond-like carbon (DLC)
layer with equally spaced FePt grains is placed above NiTa substrate. FePt grains of size 14 nm are
arranged in the square lattice with the period of 20nm. The other parameters and informations
can be obtained in Ref. [189]. Optical properties of FePt alloy and silicon were obtained from [232]
and [233], respectively. The permittivity of NiTa alloy is calculated as the arithmetic mean of Ni and Ta
permittivities. DLC permittivity is around eppc = 3.5 coming from [234,235], reprinted figure with
permission from [189]. Copyright (2017) by the American Physical Society.

The disk resonator is considered. The waveguide and the stick have a rectangular shape. Several
groups have demonstrated EM field confinements between two rectangular dielectric waveguides (see
Refs. [236-238]), and other groups have studied a great number of disk resonators for RF applications
for a couple of decades [239]. More recently, optical magneto-dipole resonances in silicon disks were
demonstrated in Refs. [60,240]. The numerical simulations of 2.5-dimensional silicon LFDT are shown
in Figure 36.

Figure 36. Electric field mapping below the LFDT, reprinted figure with permission from [189]. Copyright
(2017) by the American Physical Society.

The silica cladding incorporates the plane waveguide, the disk resonator, and the rectangular stick.
The disk resonator and the plane waveguide have the same height (the size in the direction normal to
the figure plane). The 2.5D LFDT is a solid-state device that can have a large size (macroscopic scale)
and can be incorporated in present electronics. LFDTs can be used for the local sensing including the
collection of the Raman signal from a single molecule. To demonstrate efficiency of 2.5D LFDT, the
nanostructured substrate is considered. The substrate is a carbon matrix, where FePt nanoparticles are
distributed [241,242]. The computer simulations give the heating of the Fe-Pt under the action of the
LFDT as displayed in Figure 37.
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Figure 37. Heat production rate inside the grains in the central line. The highest heat production rate
corresponds to the grain placed perfectly below the tip as displayed in Figure 36, reprinted figure with
permission from [189]. Copyright (2017) by the American Physical Society.

When the tip is perfectly placed above a grain, the heat production is 1.6 times greater than in the
case of neighboring grains. Thus, the 2.5D LFDT can be employed for the local detection of molecules
with a spatial resolution of ~10 nm (Figure 37). We think that the supplementary optimization could
allow a resolution of ~1nm.

9. Conclusions

The low-loss and high-quality optical resonators are of great interest for the fundamental as
well as applied research, as they are indefensible in optical filters, solar energy concentrator, medical
imaging and biodetection including SERS, optical super-resolution microscopy, and magnetic recording
assisted by heat, quantum electrodynamics and nanolasing. Optical resonators include regular or
disordered plasmonic and dielectric micro- and nano-structures, which can serve optical antennae by
concentrating large electromagnetic fields at micro- and nano-scales. The morphology of an optical
resonator has an important key role in the control of its optical response. Thus, resonators with periodic
structure allow for concentrating EM energy at any specified frequency. Such resonators can be used
to reach additional SERS enhancements and increase the selectivity of SERS sensors. The approach
based on “dielectric plasmonics” allows for fabricating high-Q light concentrators with low radiation
losses. Dielectric hierarchical structures are designed in order to achieve a great field enhancement at
the nanoscale. A great field confinement is obtained without losses. Thus, the EM field transducer is
composed of a dielectric resonator and a stick having a sharp apex. The accumulation of the EM energy
delivered by the waveguide is realized by the resonator. Therefore, the waveguide effectively pumps
the resonator, which illuminates the stick and produces a strong electric field at the apex. Dielectric
LFDTs arranged in an array can be employed as a SERS substrate without a luminescent background.
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Abbreviations

The following abbreviations are used in this manuscript:

AFM

Atomic force microscopy

ASNOM  Apertureless scanning near-field optical microscopy
AuNP Gold nanoparticle

DLC

Diamond like carbon

DTNB 5,5/-Dithiobis-(2-nitrobenzoic acid)

EM

Electromagnetic

HAMR Heat-assisted magnetic recording
LFDT Local field dielectric transducer
PMMA  Polymethylmethacrylate

QED

Quantum electrodynamics

R&D Research and development

SEM

Scanning electron microscopy

SERS Surface-enhanced Raman scattering

SNOM Scanning near-field optical microscopy

SP Surface plasmon
TERS Tip-enhanced Raman scattering
TNT Trinitrotoluene

WGM Whispering gallery mode
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Abstract: This paper explores the enhancement of Raman signals using individual nano-plasmonic
structures and demonstrates the possibility to obtain controlled gold plasmonic nanostructures by
atomic force microscopy (AFM) manipulation under a confocal Raman device. By manipulating
the gold nanoparticles (Nps) while monitoring them using a confocal microscope, it is possible to
generate individual nano- structures, plasmonic molecules not accessible currently by lithography
at these nanometer scales. This flexible approach allows us to tune plasmonic resonance of the
nanostructures, to generate localized hot spots and to circumvent the effects of strong electric near
field gradients intrinsic to Tip Enhanced Raman Spectroscopy (TERS) or Surface Enhanced Raman
Spectroscopy (SERS) experiments. The inter Np distances and symmetry of the plasmonic molecules
in interaction with other individual nano-objects control the resonance conditions of the assemblies
and the enhancement of their Raman responses. This paper shows also how some plasmonic
structures generate localized nanometric areas with high electric field magnitude without strong
gradient. These last plasmonic molecules may be used as "nano-lenses" tunable in wavelength and
able to enhance Raman signals of neighbored nano-object. The positioning of one individual probed
nano-object in the spatial area defined by the nano-lens becomes then very non-restrictive, contrary
to TERS experiments where the spacing distance between tip and sample is crucial. The experimental
flexibility obtained in these approaches is illustrated here by the enhanced Raman scatterings of
carbon nanotube.

Keywords: enhanced Raman spectroscopy; plasmonic nanoparticles; AFM-nanomanipulations;
optical near-field; plasmonic molecules

1. Introduction

The strong demand to miniaturize to improve the spatial resolution and to decrease the detection
limits in optical spectroscopic devices has initiated a significant amount of research in the field of
the plasmonics [1-5]. The recent propositions in the literature are based on the nano-structuration of
nanoparticles (Nps) of metal (Reference [5] and references therein). Indeed, electrons on a metal surface,
excited by electromagnetic fields (for instance by focusing light beams on Nps), are able to enhance the
electric field locally up to several orders of magnitude. The spatial area where the field is “concentrated”
is as small as just a few nanometer squares which provides the opportunity to design the electric field of
light with a spatial resolution of 2-3 orders of magnitude below the diffraction limit. This effect has been
at the origin of the Surface Enhancement Raman Spectroscopy SERS spectroscopy and of Tip Enhanced
Raman spectroscopy (TERS) that presents an exponential decrease. The enhancement was predicted to
be increased on to originate in the near-field generated in inter-particle gaps, for instance within the
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colloidal aggregates [1-5]. However, because the experiments involved wide distributions of aggregates
of different sizes and shapes or of many different nano-structured surfaces, the correlations between their
near-field properties and SERS spectra were highly challenging. Then many experiments have tried to
rationalize these nano-structuration by lithography, colloidal depositions, self-similar assembling [5,6],
often in a “top-down” way. In the field of molecular fluorescence detections, the combination of the
process assembly simplicity with the fluorescence enhancement made the self-assembled colloidal
nanoparticle gap antennas optimal to extend a wide variety of single-molecule applications toward the
micromolar concentrations [7]. This self-assembly may be helped by a pre-step of lithography [8]. Thus,
for instance, spatially programmable Au nanorod dimers have been obtained with enhanced capacities
for fluorescence applications, highlighting the opportunities for precise tunability of the plasmonic
modes in larger assemblies. F. Koendernicks recently published a review on the different possibilities
of this kind of approach to obtain single photon nano-antennas on large spatial areas [9]. These kinds
of approaches have also been used to build substrates for surface enhanced Raman spectroscopy
uses [10,11]. For instance, large-area multifunctional wedge and pyramid arrays directly onto planar
substrates via template stripping [10] allowing in the same time to magnetically trap the species
and to characterize them by SERS in the optical near-field. By lithography, substrates constituted
of gold nano-stripes have been proposed and deeply studied in SERS applications [11]. The SERS
efficiency of probe molecules was investigated on non-annealed and annealed lithographic gold stripes.
The SERS intensity is not linked to the far-field response of the non-annealed stripes. This mismatch
between the far-field and near-field response comes from a significant contribution of the surface
roughness of the stripes. The annealing of lithographed substrates by decreasing roughness resulted in
a strong weakening of the Raman signals. Their results further suggested that the SERS effect was more
pronounced in the red part of the visible range, far from the plasmon resonance of the structures and
was essentially generated by the sub-20nm structures coming from the roughness than more by the
organized lithographed over 20 nm. Therefore, nano-shapes, sub-20 nm, for SERS applications remains
an important key to investigate. However, another bottom-up approach was proposed, in particular by
Chuntonovs’ team [12,13]. The idea was to describe small aggregates of some metallic Nps as plasmonic
molecules [5,12,13]. Indeed, well-defined assemblies of Nps that sustain surface-plasmon resonances
have been labelled “plasmonic molecules” [12-14], where the individual “atoms” of these plasmonic
molecules are then the individual metallic Nps, called “plasmonic atoms”. In this paper, the individual
gold Nps will correspond to “plasmonic atoms”. In the dipole approximation, the “plasmonic atoms”
may be described as individual Nps dipoles and the inter-strength depends then on the single-particle
polarizability, which scales as the cube of the diameter of the individual Nps. Moreover, the energy of
the interaction of the two dipoles induced on the surfaces of the individual Nps upon excitation scales
as the inverse of the cube of the gap-distance between the particle centers. Nordlander and co-workers
developed a plasmon hybridization description [12-16] which predicts the modes of interacting Nps
(plasmonic atoms) and calculates their corresponding energies, i.e., the resonance spectra.

In this application field of individual plasmonic molecules, we have developed since 2013 [17] an
experimental approach where molecules are built atom per atom with the help of an Atomic Force
Microscope (AFM) coupled directly with an optical spectrometer in order to monitor the optical
changes. Tong et al. initiated this approaching 2008 to understand the enhancement of Raman signals
of nanotubes of carbon (Single wall nanotubes of carbon SWCNT) by approaching an individual
Au Np to one isolated target SWCNT via AFM [18]. The advantage of this method is to use the
same Au Nps in all the experiments, thus all the physical changes are caused by changes of the
shape of plasmonic molecule or to the distances between plasmonic atoms but never due to intrinsic
Np changes (the individual diameters, individual shapes, surface chemistry are fixed). Thus the
discussion of the experimental results are facilitated. The remaining experimental problem in this
approach is to have the perfect control of distances between the plasmonic molecule and the interacting
nano-objects. Indeed, due to the strong decrease of the optical near fields (as previously evoked in
inverse of the cube of the gap distances between Nps) the signals strongly depend on the different
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relative spacings. Consequently, if the goal is to use one plasmonic molecule as a nano-sensor, its
response varies with only spatial parameters. This paper proposes a shaping of plasmonic molecule
to solve this problem and to avoid the strong gradient effect of the near field around metallic Nps.
This original approach will be applied to follow the Raman spectra of individual nanotubes of carbon.
This kind of object is now a “quasi” academic object widely described and used in the same kind of
experimental conditions [19,20]. For instance, Reichs’ team realized the coupling of carbon nanotubes
as a one-dimensional model system to lithographed gold nanodimers acting as near-field cavities.
Their plasmonic cavities enhanced the Raman signal of a small nanotube bundle by three order of
magnitude. Our paper will show that this enhancement may also be reached by nano-manipulating
one single particle from the assembly of Au Nps constituting the cavity.

2. Materials and Methods

2.1. Materials

We synthesized AuNPs with very precise protocols ensuring that the only parameters to be
modified were the reactant molar ratio (citrate to gold ratio) and the sequence of reagent addition [21].
We followed the “Turkevich’ protocol introduced in 1951 [22] rationalized recently by Li Shi et al. [21].
Our target for this work has been to obtain a diameter around 20 nm for the manipulations. The gold
(III) mother solution was diluted with water to obtain 50 mL of “yellow orange” solutions at
[AulII] = 0.25 mM in 100 mL double-necked round flasks. The flasks were immersed in an oil bath to
maintain the temperature around 95 °C. Then 2.5 mL of a citrate solution (molar ratio fixed 2) preheated
during 10 min at about the reaction temperature were all added at once. After 15 to 20 minutes of
reaction, the solutions were then cooled slowly to the room temperature. These colloidal suspensions
were characterized by dynamic light scattering (DLS), ultraviolet visible (UV-vis) absorption and
electronic microscopy. Respectively, DLS experiments were carried out using on a NanoZS apparatus
(Malvern Panalytical, Malvern, UK) operating at k = 632.8 nm; UV-vis spectroscopy was performed
on Cary 5000 Scan UV-Visible Spectrometer (Agilent, Santa Clara, CA, USA) and the primary size
distributions and the shape of particles were determined by transmission electron microscopy (Hitachi
H-9000 NAR, Tokyo, Japan, operating at 300 kV with a Scherzer resolution of 0.18 nm). Our dispersion
were then characterized by a single modal distribution around 22 nm + 5 nm. Figure 1 displays an
example of a series of characterizations carried out on one of our synthesizes.
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Figure 1. Example of characterizations carried out on Au Np colloidal suspensions synthesized during
this work: (a) TEM images (scale bar of 100 nm) of one deposited drop on carbon sheet, (b) scan
electronic image of deposited drops from a spray on SEM substrates (¢) UV-vis spectrum recorded for
this colloidal solution and (d) DLS characterization.
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Purified arc-discharge (>90%) SWCNTs retreated through three temperature cycles under Argon
atmosphere, allowing removal of residual amorphous carbon and repair of some defects, were used
in our experiments. Ultra-sonic baths were used to increase the probabilities to obtain individual
SWCNTs, before being drop casted on a clean mica substrate. No surfactants were used. To avoid the
spread of water on the substrate, which might be an inconvenience during nano-manipulation, we had
to control the relative humidity (RH), keeping it around 35% RH and at 22 °C. Finally, the Raman
spectra of SWCNT sample, were recorded and compared to the Resonant Raman fingerprints of the
free standing well index-identified SWCNTs.

2.2. Experimental Methods

Intermittent contact mode imaging and nanotubes manipulations are carried out with a
NanoWizard®AFM (JPK Instruments, Berlin, Germany). For these experiments, a standard rectangular
cantilever (PPP-NCL-W probes, Nanosensors, Neuchatel, Switzerland is used with a free resonance
frequency of 250 kHz and a typical spring constant of about 40 N/m.

Raman spectra were recorded with a triple subtractive monochromator T64000 Horiba-JobinYvon
(Kyoto, Japan) spectrometer equipped with an Olympus confocal microscope with a motorized 80 nm
step XY stage. The spectrometer was also equipped with a notch filter to eliminate the Rayleigh
scattering with a 100 cm™! cut-off. The detector was a CCD cooled by liquid nitrogen. The samples
were excited with either an argon laser line at 514.53 nm or with a 561 nm solid laser or yet with a
Helium-Neon laser at 633 nm. The details of the experimental setup are given elsewhere [23]. The laser
beam with a controlled power was focused on samples with a spot size diameter of about 0.8 pm.
The Raman backscattering was collected through the objective of the microscope (x100, numerical
aperture of 0.95 or x20 numerical aperture of 0.35) and dispersed by a 1800 grooves-mm™! gratings
to obtain 2.7 cm™! spectral resolutions for the 514.53 nm excitation beam and around 2.5 cm™! with
561 nm excitation. The wavenumber in vacuum accuracy was better than 0.8 cm™!. The polarization
response of the optical device was checked by measuring the depolarization ratios for the perfectly
known bands of reference liquid pure products. For instance, the experimental depolarization ratio for
the 459 cm™! symmetric component of the CCly spectrum is 0.02 to 0.005 for the different wavenumber
positions of the centered CCD camera or 0.03 to 0.01 for the C-H stretching mode of CH,Cl,. During
all experiments, the signal of a single crystal of silicon has been systematically checked. The results
displayed here were obtained in such a way that the setup worked in the confocal microscope mode that
was aligned with the automated XYZ table. To improve spatial and spectral resolutions, appropriate
gratings according to the excitation wavelength and confocal mode were used. The focused power of
the laser beam was checked for each wavelength and for each sample to avoid any transformation
or heating of the samples. Here, only the spectra obtained at the limit of detection (defined here as
the ratio signal on noise equal or superior to 3) will be displayed in order to discuss and compare the
order of magnitude of enhancement of our results. The enhancement effects in near fields were too
high to use the same focused laser power to estimate these comparisons; the usual power used to
record conventional Raman spectra applied for all nanostructures damaged indeed either SWCNT or
plasmonic molecules. Typically, if a power at about 1 mW was used for conventional Raman, only few
micro-watt powers had to be used in the resonant nanostructures.

2.3. Numerical Modeling

For each experimentally studied structure, 3D finite element (FE) calculations were performed
using COMSOL software (Multiphysics version 4.5), with Radio Frequency (RF) and Wave Optics
modules adapted to the electromagnetic waves affecting objects at the nanoscale. Our calculations were
beforehand confirmed by comparing numerical results with analytical results obtained in the Mie’s
theory field. Dimensions of each modeled Au Np were based on the corresponding AFM topography
images. The environment surrounding nanoparticles has been assimilated to the air (with an optical
index of 1.00015).
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The absorption and scattering cross sections are defined by the rate of electromagnetic energy
W that is absorbed or scattered across the surface of an imaginary sphere (centered on the particle)
divided by the incident irradiance Py, (W/m?2):

Wabs

W
and ogi = —2f

mnc mc

Oabs = (1)
With W, total absorbed power rate (W), obtained by the integration of the energy loss Qs
(W/m?3) in the particle volume V:

Wabs = IJI Qloss av (2)
Ve

and Wg;fr the total scattered power rate [W], obtained by the integration of the Poynting vector of the
scattered field Pgis (W/m?) on the surface of a virtual sphere around the particle, between air domain
and a Perfectly Matched Layer (PML):
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S

where n is the unit normal vector to the virtual sphere. The Q,s; parameter is calculated by COMSOL.
Finally, the far-field variable, calculated on the internal boundary of the PML, is defined by:

Efar = rl_i}n;c(r Ediff) (4)

The far-field variable E,, represents the scattering amplitude rather than the physical electric
field, and is measured in units [Eg,,] = (m-V/m) = (V) [24].

Having only one medium and relatively simple structures, the direct resolution generates the
total field, whose incident field can be subtracted when processing the results. In almost all of the
calculations in this work, the amplitude of the incident field is taken at 1 V/m. The dielectric properties
of gold are derived from those proposed by Etchegoin, Le Ru and Meyer [25].

2.4. Combining Raman and AFM-Manipulation

The objects studied in this work were obtained by deposing a 20 uL drop of CNTs suspension
followed by the drop of a second 20 pL volume near to the first area of deposition. Thus small
"reservoirs" of Au Nps were constituted not far from the area where some CNTs have been deposited.
In a first step AFM images were collected to find isolated individual CNTs or small bundles of CNTs.
In a second step, some nano-manipulations have been undertaken on the CNTs themselves, for example
to separate two individual CNT objects. The last steps consisted in Au Nps nanomanipulations: from
the Au Np reservoirs, one by one Au Np was driven in the near field of the chosen CNT in order to
design the shapes or the relative spacing inter the plasmonic molecule in interaction with the selected
CNT (Figure 2).

Figure 3 displays examples of the kind of structures that we built in less than one hour for each
one of them, on areas of around 5 X 5 um?, i.e., larger than the focused laser beam used in optical
measurement. Thus for this paper, via the AFM manipulation of gold nanoparticles, the plasmonic
nanostructures of interest were constituted such as the visible cross or line in Figure 3, with always the
same Au Np individuals. We were thus able to adapt the plasmon modes according to our wishes
via the hybridization of the plasmonic modes, as mentioned in the previous part, avoiding the much
used lithography process which is less precise at the nanometer scale. Numerous two-dimensional
geometries are thus conceivable.
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Figure 2. Scheme of our experiments of Raman-AFM Manipulation combining. (a) Manipulation of the
first individual Au Np, coming from the reservoir; (b) Approach of the SWCNT by the Au Np pushed
by the AFM tip; (c) Designing of the nanostructure (plasmonic molecule) with three plasmonic atoms
and (d) Monitoring by Raman spectroscopy at several wavelengths of excitation.
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Figure 3. Examples of gold structures created by AFM manipulation; (a) different steps leading to a
cross, then to the IMN logo; (b) long gold NP line of about 6 pm, the surrounding area being cleaned
by the AFM-Tip in contact mode. (bar scales at top are 1 pm and down 10 pm).

Before Au Np nano-manipulations, the Raman signals at different excitation wavelengths were
recorded to characterize the optical response of the selected CNT. If the wavelength corresponded to a
possible electronic transition of this CNT, a spectrum was measurable (Raman Resonance), but when
the wavelength did not match with a characteristic transition of the CNT individual (the general case)
no spectrum was detectable. After Au Np AFM manipulations but before the optical studies of the
nano-structurations, the investigated area was cleaned of other gold particles and of any dust particle
surrounding the tubes by the AFM-tip scanning in contact mode. Thus the cleaned area was consistent
with the spatial area probed by optical microscopy (Figure 3b). Since the same AFM-tip was used to
manipulate and to image at each step the area of interest, the tip was progressively damaged resulting
in sometimes AFM image artifacts. For example, Figure 3 presents the deformation of the spherical
shapes of Au Nps in prismatic shapes after 500 nano-manipulations for writing “IMN”. Then in this
case the spatial resolution has been degraded from better than 1 nm to higher than 3 nm.
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3. Results

First, we have localized by AFM some isolated CNT on a Mica substrate (Figure 3), called
CNT 1 and CNT 2. According to the AFM measurements, these CNTs whose heights are less than
3 nm are almost individual CNTs (at most, small sets of two to four individual CNTs). Then gold
structures such as the diamond in Figure 4 have been created around these CNTs. Raman spectroscopy
analysis have then been done before and after this gold manipulation step with the same wavelengths.
Raman spectroscopy of the CNT 2 and CNT 1 are presented respectively in Figures 5 and 6.

Figure 4. (a) Example of an AFM image of two isolated CNTs (or small bundles of SWCNTs) in
presence of dispersed Au Nps in the surrounding. This area was after cleaned of dust and gold particles
surrounding the SWCNTs to obtain the configuration displayed at right. (b) The same SWCNTs
embellished with some Au Nps plasmonic molecules.

G Band, NTC2 without gold diamond, 514nm G’ Band, NTC2 without gold diamond, 514nm
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Figure 5. Spectra obtained (6 accumulations of 10 s) at the limit of detections, for the CNT 2 tube of the
Figure 3; (a,b) G and G’ bands of CNT 2 without gold excited at 514.53 nm, for a significant focused
power of 25 mW, on around 1 pm?; (c,d) the Raman signals at the detection threshold of CNT 2 dressed
with two gold particles on each side, recorded with an incident laser power of 25 uW, i.e., 1000 times
lower than in the previous conditions.
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Figure 6. G (a) and G’ (b) bands of the CNT 1, excited at 561 nm for a low power of 3.3 uW; (c) RBM of
the CNT 1 excited at the same power and wavelength, obtained after removing the mica substrate bands.

3.1. Raman Spectroscopy Results for CNT 2

Isolated and without gold, this set (CNT 2) does not resound at 633 nm and very weakly at
561 nm. With an excitation at 514.53 nm, a Raman signal is only detected, with a “high” incident power,
from 25 to 50 mW: the bands G (~1591 cm™!) and G’ (~2670 cm™) (green curves on the top graphs of
Figure 5) were displayed (with six accumulations of 10 s). Now, in the presence of two gold particles
(on each side of the CNT 2—Figure 4), the signals for G band at 1591 cm™!, G’ band at 2670 cm™! are
detected with a power of only 25 W, 1000 times lower than the previous one. The G band seems to be
slightly more amplified and especially thinner than the G” band (verified for higher incident powers at
50 uW). The measurement of the mid-height band indicates a width of about 6 to 7 cm™!. This last
result, combined with the fact the resonant Raman spectra were obtained only for one wavelength,
confirmed the hypothesis of probing one individual tube that could be stated on the basis of the AFM
height measurements.

3.2. Raman Spectroscopy Results for CNT 1

Red and yellow (561 nm) excitations of isolated and gold-free CNT 1 does not generate any Raman
scattering. Only an excitation at 594 nm with 5 mW (six accumulations of 5 s) focused around the
CNT 1, gives a Raman spectrum. By contrast, when CNT 1 is embellished with a diamond-shaped
gold plasmonic molecule and a single nano-particle on its other side (Figure 3b), a Raman fingerprint
spectrum appeared at 56Inm and under a remarkable weak focused power of 3.3 uW (Figure 6)
(6 accumulations of 10 s). In this case, all the usual modes are observed: the radial breathing mode,
RBM, at 215 cm ™!, the fine G band at 1600 cm™! with a full width at half maximum (FWHM) of only
6 cm™!, and the G’ band at 2668 cm™!. Even if the RBM intensity is weak here, almost hidden in
noise and in many bands of mica in this spectral region, the corresponding spectrum of Figure 6a,
where the RBM appeared, was obtained by weighted subtraction of the substrate signals. Thus, due to
the presence of the plasmonic molecule, the enhanced Raman spectrum excited at this wavelength
can become possible with an enhancement factor higher than 10%. This estimation based only on

122



Materials 2019, 12, 1372

the ratio of detection thresholds could have appeared unsatisfactory and we have tried to compare
Raman intensities collected with the same focused powers recorded in conventional configuration
and with plasmonic structures. In these cases, the power (some mW) used to excite the conventional
Raman spectrum, damaged the plasmonic molecules, either by moving Au Nps or by changing relative
spacing or yet by trapping the Au Nps on the CNTs. Therefore in this work, we will use only the
thresholds to give estimations of the near field effects obtained with the plasmonic molecules. We are
developing studies on these different phenomena involving the interactions CNT-Au Nps.

4. Discussion

The enhancement factor of the Raman signals excited at 514.53 nm, of CNT 2 by the Au Np dimer
(Figure 5) from either side of CNT 2 was estimated between 500 and 1000 from the Raman experiments.
This estimation is based on the value of the ratio of the detection thresholds, collected on the same area
probed on the same optical objective, with the same spectroscopic configuration. This enhancement is
then produced only by the presence of the plasmonic structure. Some experiments with an excitation
wavelength outside of the resonances (of CNTs and AuNps) at 785 nm have been tried to estimate the
backscattering effect of the AuNp structures presence on our Raman signals. We had not been able to
record any signals without damaging our structures (the Finite Element Method (FEM) simulations
gave only a backscattering power outside of the resonance multiplied by around 2). Thus, we assumed
that the essential effect in these experiments comes from resonance plasmonic effects. In the CNT 2
case, the hybridization of plasmonic levels of the two nanoparticles is obtained with a gap spacing of
around 10 nm, between the two particles of 22 nm, without chemical contact between CNT and Au
Nps. In this configuration, the numerical Comsol FEM modeling gives an enhancement of the near
electric field of about 4, at 525 nm. If we assumed that the SERS signal is as the power 4 of the electric
field amplitude, then the SERS will be multiplied by 256. If we compare the dimer to the monomer,
the maximum of the plasmonic resonance is slightly shifted from only 5 nm and broadened by a factor 2
as described in the literature on dimer plasmonic molecules [5]. This result is comparable in particular
with those obtained by Zhu et al in 2014 [26] that measured SERS enhancement factor for gap distances
of 10 nm between two 90nm disks between 2 and 3 orders of magnitude. Then in the case dimer-CNT
2 assembly, the Raman measurement may be explained only by the enhancement of local electric field
created by the dimer, without other important effect involving shift of resonance or coupling between
structures or yet electronic transfer. However, this enhancement is strongly dependent on the gap
spacing and on the position of the Raman scatterer, because the gradient of the electric field magnitude
in the gap is strong. Therefore, we had proposed other plasmonic molecules to diminish this gradient
effect and tested them with CNT 1.

The CNT 1 (Figure 6) trapped in the gap between the diamond shape molecule and an isolated
plasmonic atom gives us other pieces of information than the CNT 2. The enhanced Raman spectrum
of CNT 1 allowed us to identify its chirality nature in coherence with the no direct observed resonance
effect at 561 nm of the CNT 1 without Au Nps. Indeed, few CNTs on Kataura diagrams [27-29]
correspond to the RBM wavenumber observed for the CNT 1. The “closest CNT” on the Kataura
plot of our observations would be the metallic (8,8) SWCNT characterized by a RBM wavenumber at
216 cm™L. Tt is characterized by an electronic transition of around 18,300 cm™! (i.e., 545 nm), not too far
of 561 nm excitation. The second kind of possible SWCNT would be the metallic (12,3) tube. This tube
is characterized by its electronic transitions at around 16,500 em™! (i.e., 605 nm) and 19,900 cm ™!
(502 nm) and whose RBM wavenumber is expected at 217 cm™!. These second possibility of SWCNTs
is then not characterized by an electronic transition excitable at 561 nm.

The second experimental fact concerning CNT 1, is that the G band intensity, usually not very
relatively strong for metallic CNTs by comparison with RBM signal, is more enhanced, with the
diamond shaped plasmonic molecule than the RBM and G’ signals. The usual Raman profile is then
deformed by the plasmonic resonant molecules.
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The enhancement observed around 560 nm is clearly explained by the plasmonic molecule
electronic structure. As displayed in the Figure 7, the computed scattering cross section of the
plasmonic molecule studied here, shows a resonance at 555 nm with the incident field parallel to the
gap direction. The local electric field in the gap at the resonance wavelength is multiplied by 10, i.e.,
the Raman scattering could be expected to be multiply by 10%.
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Figure 7. (a) Near-field mapping around the gold structure. (b) The plasmonic structure Scattering
Cross Section (SCS).

Now to understand the change of profile of the Raman spectrum, the coupling between the CNT
and this resonant plasmonic molecule must be investigated. Indeed, the CNT Raman resonances (see
for example Reference [30]) may be obtained either at the wavelength corresponding at the electronic
transition (Raman resonance at the excitation) or at the inelastic scattered wavelength (Raman resonance
at the scattering). Raman excitation profiles display these two resonances [30] versus laser wavelength,
resonances with the incident or with scattered photons.

Taking in account both these resonance effects of CNTs gives the principle scheme shown in
Figure 8 applied to our case. In this scheme, the Raman spectra may be excited at (i) the wavelength
corresponding to the energy allowing the electronic transition (blue lines in Figure 8) in order to induce
the enhancement of the whole inelastic spectrum without strong change in the relative profile or (ii) also
to a wavelength that could favor, not the excitation, but the inelastic scattering processes (orange and
green lines in Figure 8). The first (i) condition could be favored in the (8,8) CNT and then the Raman
signal would be dominated by the RBM signal with a weaker intensity for G, as usual for metallic CNT.
However, that does not correspond to our observation. Now let us consider the second (ii) condition
for (12,3) chirality. For example, to favor the G band, the wavenumber of the incident laser beam must
correspond to the electronic transition wavenumber plus the vibration wavenumber characteristic of
the G mode (here around 1600 cm™!). Then if CNT 1 is assigned to a SWCNT (12,3), this last inelastic
amplified process will be obtained at its maximum for 16,500 cm™! (electronic transition) + 1600 cm™!
(G mode), i.e., 18,100 cm ™" (corresponding to 552 nm). In our experimental case, we have obtained this
kind of enhancement with an incident wavelength at 561nm. If we add that the Raman fingerprint is
deformed with a G band more enhanced, we assign the observed enhancement to a Raman resonance
effect obtained with inelastic scattered photons induced by the plasmonic enhancement at this resonant
wavelength due to the peculiar shape of the diamond plasmonic molecules. If the experiment was
conducted to look into the resonance at the inelastic scattered G’, then the plasmonic molecule would
have to be deformed to shift its plasmonic resonance to 510 nm. The experimental Raman observation
of Figure 5 is then only interpreted by the enhancement effect produced by the diamond plasmonic
molecule coupled with the single plasmonic atom dressing the (12,3) CNT, where the signal G is
favored by a resonance at the inelastic scattering energy.

124



Materials 2019, 12, 1372

A 509
1Eocl

SCS (10717 m?)

400 500 600 700
Wavelength (nm)
(b)
71
18
E 5 E
~ ~
To 4 T
2,1 2
B . g
14
0 ; 0 v , ,
400 500 600 700 400 500 600 700
Wavelength (nm) Wavelength (nm)
(c) (d)

Figure 8. FEM computations coupled with metallic CNT behaviors. (a) the FEM simulations of the
electric field show (indicated with the white arrows) two strong enhanced field area. The CNT 1 is in
the region where the field is enhanced by 10. The different possibilities to generate Raman resonance
effects (at the excitation, transition M 11 in blue or at the scattered resonances for the three principal
Raman CNT signals). (b) If CNT 1 was a (8,8) SWCNT the resonance at 561 nm would enhance the
excitation Raman process, in this case, all the spectrum would be enhanced. (c) For the first electronic
transition of a (12,3) SWCNT, neither the transition at the excitation and no inelastic scatterings could be
enhanced by the resonance of the plasmonic molecule. (d) For the second transition of a (12,3) SWCNT,
the Raman resonance at the excitation is weakly enhanced, while the Raman resonance at the scattering
would favor the G-signal. This latter case allows interpreting the signals observed in Figure 5.

A second interesting point with this plasmonic molecule with a spatial gap with plasmonic
structures from either side of the CNT 1, comes from the quasi absence of gradient of local electric
field in this gap. Figure 8 shows that the plasmonic molecule presents several hot points (where the
electric field multiplied by 50) localized inside the structure and not in the gap between the molecule
and the atom. In this spatial spacing, the local electric field at the resonance is only multiplied by 10
but at all positions in this gap. This kind of behavior is encountered when two plasmonic molecules
are separated by a small distance. The Figure 9 gives another example of one possible assembly and
compares it with a gold tip usable in a TERS experiment. The exponential decrease of the amplitude of
the local electric field observed for TERS configuration is then replaced by a quasi-constant electric field
amplitude for a gap of 5 nm. The value of the electric amplitude obtained in this gap is equal to this
one obtained at 2nm of the apex of the tip in TERS mode. Now, when the distance is increased to 10 nm
the amplitude decreases and mostly a gradient of the amplitudes reappears. Of course, when there is
not important gradient effect, the position of the CNT trapped in the gap does not have consequences
on the measurements. This point could be important in the conception of nano-Raman sensors based
on plasmonic molecules.
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Figure 9. Computed near-field mappings (a) of a TERS tip; (b) a tip consisting of 9 NPs of 20 nm
in diameter. The angles with respect to the normal are identical for the two structures, i.e., 60°.
The respective values of the near-field norm were taken at the star point for the TERS tip, and at the
white mark for the gold cross gap. (c) Amplitudes of the local electric field vs either the distance at the
apex of the tip (TERS in red points) or the positions in the gap when the gap is only 5 nm (black) or
10 nm (blue points).

In our experiments, we have nano-manipulated 20nm-diameter plasmonic atoms, consequently
the range of wavelength accessible by tuning of the shape and inter-distances of our plasmonic
nano-structures is limited between 510 and 570 nm. To increase this range (to 700 nm), we suggest
manipulating 40 or 50 nm diameter gold particles, always synthesized by a Turkevich’s way by
changing synthesis conditions [21,22]. We are developing different nano-manipulations coupled with
pre-micro manipulations to generate different natures of plasmonic molecules connected more or
less with each other’s, in order to use different reserves of Au Nps around the area of interest. Thus,
we hope to expand the possibilities of designing plasmonic molecules and without chemical direct
bound between molecule and Au surfaces to be generate Raman enhancement. Finally, the possibility
to design shapes and symmetry of plasmonic molecules opens the possibilities to control the physical
coupling between them and other nano-objects, such as here CNTs to generate new nano-emitters
based on the Raman effect.

5. Conclusions

This paper demonstrates the feasibility to build and to control nanostructures of Au Nps.
These structures can be regarded as plasmonic molecules whose optical resonances are tuned by
modifying the shape, the symmetry and the inter-particle (inter plasmonic atom) distances with the
help of an AFM device coupled with an optical spectrometer. Originally, we have worked with
a Raman spectrometer equipped with many excitation wavelengths in order to monitor enhanced
Raman fingerprint signals of single nano-objects. For each plasmonic molecules, our approach allowed
us to prospect actively their responses by changing interparticle distances and then to test several
configurations with the same Au particles as well as to interpret without ambiguity the recorded
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changes. Indeed, when you compare plasmonic molecules constituted by different plasmonic atoms,
a part of the responses can come from changes of the atoms themselves (sphericity, more or less oblong,
not constant diameter, angular shape, ...) whereas this work avoids this difficulty. Let us note that our
approach is applicable for nanorods too (gold or silver). For gold, this work shows that, instead of
using diameters around 20 nm, an average diameter around 40 nm of plasmonic atoms will allow to
tune the resonances by deforming shape of plasmonic molecule on a larger spectral range. Furthermore,
for Raman applications (nano-sensor) the existence of large spacing between two plasmonic molecules
allows to have a such enhanced signal as in a Tip Enhanced experiment but with a weak gradient.
In this latter case, the distance between the object to be probed and the plasmonic molecules is less
crucial and easier to manage than SERS and TERS experiments.
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Abstract: Techniques based on plasmonic resonance can provide label-free, signal enhanced,
and real-time sensing means for bioparticles and bioprocesses at the molecular level. With the
development in nanofabrication and material science, plasmonics based on synthesized nanoparticles
and manufactured nano-patterns in thin films have been prosperously explored. In this short review,
resonance modes, materials, and hybrid functions by simultaneously using electrical conductivity
for plasmonic biosensing techniques are exclusively reviewed for designs containing nanovoids in
thin films. This type of plasmonic biosensors provide prominent potential to achieve integrated
lab-on-a-chip which is capable of transporting and detecting minute of multiple bio-analytes with
extremely high sensitivity, selectivity, multi-channel and dynamic monitoring for the next generation
of point-of-care devices.

Keywords: plasmonics; resonance modes; biosensing; plasmonic materials; hybrid function;
multi-channel sensing; spectroelectrochemistry

1. Introduction

Along with the fast development in nanofabrication techniques, nano-optics has been boosted
and applied in various research and industry areas. Plasmonics is one major branch of nano-optics.
Due to its ability to generate nanoscale hot spots which are close to the size of bioparticles, it has been
applied in biosensing broadly with enhanced sensitivity for refractive index (RI) changes and enhanced
light/matter interactions [1-5]. For example, prostate-specific antigen has been detected with a visual
limit of detection (LOD) as low as 0.0093 ng/mL [6]; with the mechanism that glucose oxidase can
control the growth of nanoparticles, an inverse sensitivity has been achieved as low as 4 x 1072 M [7];
nanohole array has been used to detect exosomes with the LOD as approximately 670 x 10718 M and
potential cancer diagnose without biopsy is possible based on this technique [8], and other applications
in bio-interfacial research [9], heavy ions in water [10], foodborne pathogen [11], and drug delivery [12]
have been carried out. Some of the plasmonic devices have already been developed into portable
manner toward point-of-care (PoC) applications [13-15].

Here in this short review, plasmonic biosensing techniques based on nanovoid-type designs are
discussed. In Section 2, propagating plasmonic resonance mode based on planar design is mentioned
briefly for the introduction on sensing methodologies based on RI changes. For various nanovoid
(array) designs, extraordinary transmission effect (EOT), Fabry-Perot (FP) like resonance, and Fano
resonance can be excited and used for specific biosensing purposes. In Section 3, plasmonic materials
used for biosensing techniques are discussed according to their working frequency range. In Section 4,
hybrid sensing techniques by applying the electric conductive function to plasmonic devices are
discussed. Plasmonics based on nanoparticles is as important as nanovoid-type plasmonic sensors.
These nanoparticles have been used to enhance fluorescence [16-18] and Raman spectroscopy [19-32],
and to generate heat to introduce convection flows for particle transportation [33]. Currently, hot
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electron is another hot topic focused on these nanoparticles for plasmonic photocatalytic studies [34,35].
There are comprehensive reviews of plasmonic nanoparticles can be used as reference resources [36—45].

2. Surface Plasmon Resonance

Surface plasmon resonance (SPR) phenomenon happens at the interface of a conductive material
and a dielectric medium. Under the resonance condition, the incident light is used to generate a
collective charge density wave propagating at this interface and this wave is called surface plasmon
polariton (SPP). This phenomenon was first observed by Wood in 1902 [46], and in 1941 Fano proposed
a theoretical explanation for Wood’s anomaly by considering a SP as a superficial wave [47]. In 1968
Kretschmann [48] and Otto [49] proposed using a prism coupler to generate SPR respectively, and the
first SPR sensor was invented by Liedberg, et al. for gas sensing and antibody-antigen binding events
until 1983 [50]. Initially, SPR sensors were mainly based on metal thin films. With the development in
nanofabrication techniques, nanostructures have been fabricated in metal thin films and geometric
factors have been introduced to control generation conditions of SPPs. In addition, different plasmonic
resonance modes and modes coupling have been proposed theoretically and explored experimentally
to enhance the nearfield to reduce LOD [51,52]. In this section, film-type sensor is discussed on the
purpose to introduce the generation of SPR, plasmonic biosensing mechanisms and interrogation
methodologies. Localized SPR (LSPR), EOT effect, FP-like and Fano resonance modes are discussed for
nanovoid-type plasmonic sensors.

2.1. Film-Type Plasmonic Sensors

2.1.1. SPP Generation

Optical thin noble metal films are most used in film-type plasmonic sensors. When Equation (1) is
satisfied, a SPP can be generated at the metal/dielectric interface and this type of SPP is also called
propagating SPP [50], which is demonstrated as Figure 1.
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where k; is the wave vector of the incident light in a dielectric medium, ¢, and ¢, is the dielectric

constant of the metal material and the dielectric medium respectively, and kg, 4 is the wave vector of
the SPP which propagates at the interface of this metal and this dielectric medium.
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~ ANAR,

Figure 1. Demonstration of the layer geometry for propagating SPP generation. Adapted from [52],
with permission from 2015 © The Royal Society of Chemistry.

The demonstrative dispersion curve of SPP (ksyp = kspp,0) for a metal/free space (dielectric medium,
ko) interface is plotted as Figure 2a. At the same frequency, ks is always larger than ko. From the free
space, simply shining a laser beam at this interface cannot excite a SPP. However, a prism made of glass
(ky > ko) can be used to match kg, with proper coupling methodologies. In Kretschmann (Figure 2b)
and Otto (Figure 2c) coupling methodologies, an evanescent wave from the total internal reflection
(TIR) at the metal/prism interface is used to generate SPP at the metal/free space interface. In addition,
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the evanescent wave of the SPP penetrates into both the metal layer and the dielectric medium with a
defined depth 0,, and 6,4, as shown in Figure 1. Take a gold/air interface, penetration depths are 328
nm and 28 nm into air and gold separately at 633 nm incident light [53]. These numbers demonstrate
that SPP is highly confined at the interface. Gratings also can be used to match the wave vector of a
SPP, as shown in Figure 2d. Later coupling techniques based on fibers/waveguides have also been
developed [54].

Figure 2. (a) Dispersion curves for SPP along metal/free space interface (black curve), light in free space
(red curve) and prism material (pink dashed curve); (b) Kretschmann; (c) Otto and (d) grating coupling
method. Adapted from [55], with permission © 2017 American Chemical Society.

As shown in Equation (1), the dispersion of SPP depends on ¢;(w). When a RI change happens to
the dielectric medium that close to the metal surface, which could be a bulk RI change or thin layers
added on the surface of the metal, ks (@) is modified to ks, & () and the resonance condition/coupling
condition is altered. Varied interrogation methodologies can be used to monitor the resonance condition
and extract the RI changes of ¢;(w).

2.1.2. Angular Interrogation

For an angular interrogation based on a prism coupler, the incident angle should satisfy Equation
(2) to generate a SPP and a minimal reflection can be observed at this coupling angle 6, which is
larger than the critical angle of TIR. When there is a RI change happens next to the metal thin film, the
coupling angle 0, is modified to 0;. As shown in Figure 3a, an angular interrogation method is used
for bulk RI change from 1.32 to 1.37 at 850 nm and 630 nm incident light.

1 172
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In an angular interrogation setup, there are two strategies. One is that the incident laser beam is
collimated, and a rotation stage is involved to change the incident angle. The incident beam needs to
be guaranteed shining on the same spot during a rotation. In this scenario the mechanical vibration is
the major factor for the limited sensitivity. The other strategy is that the incident light has a range of
angles, and the portion corresponding to the coupling angle is used to generate a SPP and a dark bar
is resulted in the reflected angular spectrum. For this scenario, a camera is needed to align incident
angles with pixels and the mechanical vibration is deleted from the background noise.

2.1.3. Wavelength Interrogation

In wavelength interrogation, a range of incident wavelengths is used and the incident angle
is fixed. At the coupling wavelength, a minimal reflection is observed. As shown in Figure 3b,
interrogations using the incident angle at 51.65 degree and 56.12 degree are demonstrated separately
to show the shift of the coupling wavelength when the bulk RI changed from 1.320 to 1.325. Compared
to an angular interrogation, a wavelength interrogation is more complex in data analysis since a range
of refractive indices of the control system (the coupling component, metal thin film and dielectric
medium without analyte) is needed. Since no continuously stage rotation is needed in the progress of
the measurement, a wavelength interrogation is mechanical stable for sensing applications. Although
the mentioned difficulty, spectral SPR sensors has been used to determine the RI dispersion of a variety
of biomaterials [56].

Reflectivity

0.8

e
=

Reflectivity
£

0.2

0.0

(b) Wavelength, i [nm]

Figure 3. Reflectivity for a system using a prism coupler. (a) Angular interrogation. (b) Wavelength
interrogation. Adapted from [57], with permission © 1999 Elsevier Science S.A.
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The main problem of angular and wavelength interrogation methods is associated with the natural
low detection limit of amplitude sensing schemes. This limit is conditioned by the level of noises in
measurements and LOD normally is estimated as 107 to 107® RI units (RIU) [58].

2.1.4. Phase Interrogation

To increase the detection sensitivity for biomolecules and their interactions at one spot, a phase
interrogation was also proposed at the very early stage. In 1976, E. Abeles clearly proposed to use phase
interrogation for SPR sensing [59]. To excite SPPs, only p-polarized (TM) incident light can be used for
film-type plasmonics, and a dramatic phase shift occurs at the resonance. Interferometry can be used
to generate interference pattern if a proper reference beam is selected. However, this methodology
only works for film-type SPR when biomolecules are uniformly immobilized on the device surface in a
large area which is not practical for biosensing. Another scheme to use this phase-shift character is
polarimetry based on an elliposometer. An incident beam containing both s- (TE) and p-polarized
components is used, and the ratio between the reflectance of p- and s-polarization is shown as in
Equation (3),

7, . p|
L —tan¥e® = Meﬂ, A=0,—0 3)
Ts |7
where Tp and r; are the complex reflectance for p- and s-polarized components, and A is the phase
difference (shift) between p- and s-polarized components. When measure tan'¥ = % against incident

angle or wavelength, a minimal value can be obtained at the resonance condition which is the same
as an angular or a wavelength interrogation mentioned previously. For phase interrogation, e is
retracted from the ellipsometry measurement. Compared to angular or wavelength interrogation,
signal/noise ratio can be efficiently increased and improved phase treatments can be applied to obtain
the phase shift information. One drawback would be a rotation analyzer or other expensive phase
modulation component is needed for the measurement.

In Figure 4a, the reflected electric vector E; at the initial resonance condition and the one E_§ after a
An happened next to the metal thin film for an altered resonance condition are presented. Figure 4b
compares the reflection intensity and the phase shift against incident angle. A much steeper change
around the resonance angle can be observed for the phase curve. This work demonstrates that the LOT
of a phase interrogation on the RI change could reach 1078 and even 10~ RIU [60]. Later, novel phase
interrogation methodologies have been proposed to further increase the detection sensitivity [61,62]
and have been applied in prominent biosensing devices [63,64].

?K— An

Er

Intensity (Arb. units)

AE(An)
Ek E-'I-AE. Angle of incidence (Deg.)
Figure 4. (a) SPP generation presented in electric vectors and (b) Reflection spectrum of intensity/angle

(dashed line) and phase/angle (solid line). Adapted from [60], with permission from © 2009 Optical
Society of America.
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To increase the sensitivity for a RI change introduced by tiny amounts of biomolecules attached on
the surface of a SPR sensor, multi-layer designs have also been proposed for propagation SPP to make
the resonance curve narrower and deeper [65]. A major design is to add another dielectric waveguide
layer on top of the metal thin film and plasmon waveguide resonance (PWR) can be generated. This
approach was first proposed by Salamon et al. in 1997 [66]. With both p- and s-polarized incident
light, properties of attached biomolecules can be characterized [67,68]. The exceptional narrow line
widths of PWR spectra yield enhanced sensitivities which is approximately 20 times better when
compared to the conventional SPR sensors on bulk RI changes [69]. Besides this major improvement in
sensitivity, the dielectric waveguide coating also provides protection for the metal layer and brings an
extra surface immobilization function for various molecules [70]. Interrogation methods mentioned
above is based on the RI change introduced by the surface immobilized molecules, hence they are not
selective. The selectivity can be introduced by coating a thin layer of specific binding molecules. Along
with the interest to improve the sensitivity, introducing selectivity by surface modifications for specific
biomolecular interactions and binding events is also under focus for film-type SPR sensors [71].

Film-type SPR sensors have disadvantages in using complex and bulky coupling systems and
limited sensitivity due to the poor mechanical and thermal stability. Another major limitation is
the narrow range of tunability in the resonance frequency. Determined mainly by the dispersion
characteristics of the metal layer and the dielectric bulk medium, there exists a thickness of the metal
layer that provides the highest sensitivity. To guarantee a high sensitivity, the resonance frequency only
can be tuned in a really narrow range. Practically, a metal thin film with an exact designed thickness
cannot be fabricated is the reason that the experimentally determined sensitivity of a film-type SPR
sensor is not as good as the theoretical expectation. Based on this extremely narrow tunable range of
resonance frequencies, light-matter interactions cannot be used to include intrinsic selectivity naturally
into the sensing mechanisms.

2.2. Nanovoid-Type Plasmonics

By fabricating nanostructures in conductive thin films, nanoscale geometric factors and/or lattice
factors have been introduced to SPPs generation conditions [4,72]. The major advantages of these
nanostructures are: (1) they can generate locally enhanced hot spots confined in 3D with a similar size
as biological particles which is possible for single biomolecule studies; (2) they has the capability to
tune the resonance frequency for a specific light-matter interaction, e.g., Raman spectroscopy, infrared
vibrational spectroscopy, or fluorescence; (3) besides various types of resonance modes can be used,
modes coupling also can be manipulated to generate much narrower peaks/dips in spectra which can
be applied in the detection of minute RI change for a further increased sensitivity [73]; (4) an incident
laser beam can be used directly to excite plasmonic resonance without using an external coupling
element which reduces the complexity of the entire system. Among versatile designs of nanovoid
structures, nanohole [74,75], double nanohole [76] and bowtie aperture structures [77,78] are a few of
the most theoretically and experimentally examined ones.

2.2.1. Localized Surface Plasmon Resonance

LSPR mode is mainly used for plasmonics based on nanoparticles. Compared to protruding
isolated nanoparticles which generate heat accumulation, nanovoid designs can avoid this issue
since the heat dissipates through the rest large area of conductive films. This is beneficial for some
biomolecule studies which need to avoid heating effects. For LSPR, the analytical result of the electrical
dipole moment for nanoparticles can be used for the nanovoid by exchanging positions of the dielectric
constant of the metal nanoparticle and the one of the surrounding medium [53].

Various geometries have been applied to generate LSPR. Single circular nanoholes in optical thin
gold films exhibit a distinct tunability in LSPR frequency as the size of the hole changes [79] or as the
thickness of the metal film changes [80]. LSPR based on single elongated nanoholes have also been
examined and compared to nanodisks [81].
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To enhance the light-matter interaction, a double nanohole plasmonic design has been used to
enhance fluorescence intensity by Regmi et al. [82]. As shown in Figure 5a, LSPR generates nanoscale
hot spots at the tips of the double nanohole. With an incident laser beam polarized parallel to the
apex region, the locally enhanced nearfield can enhance the fluorescence. Dye molecules near these
tips have enhanced fluorescence, and molecules in the double nanohole void are also excited by the
incident light without any enhancement, but molecules on top of the gold surface cannot be excited. As
shown in Figure 5b, the fluorescence correlation spectroscopy measurements for polarization parallel
(red color) and perpendicular to the apex region (blue color), and the fluorescence measurement using
a confocal microscope (green color) are plotted to demonstrate the enhancement of fluorescence by
using a double nanohole at LSPR. In addition, in Figure 5c, the brightness of fluorescence for these
three cases are compared at different incident powers. For clearness, the count was doubled for the
perpendicular polarization case and was multiplied by 10 for the confocal measurement. With a double
nanohole, the enhancement of fluorescence can be as high as 100-fold.
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Figure 5. (a) Sketch of a double nanohole under an incident light polarized along with the two tips.
(b) Fluorescence correlation spectroscopies for with double nanohole using incident light polarized
parallel (red color) and perpendicular (blue color) to the apex region, and with a confocal microscope
(green color). Dotted data is the measurement result and the solid curve is the corresponding fitting
result for each case. (¢) Comparison in brightness of fluorescence among these three cases at different
incident power. Adapted from [82], with permission © 2015 Springer Nature Publishing A.G.
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2.2.2. Magnetic Dipole

As shown in the previous section, an electric dipole can be generated in nanovoids which is a
symmetric plasmon mode. When two nanoparticles or nanovoids brought close enough, plasmons
hybridization occurs to generate two resonances: one is symmetric that the electric dipolar moments
are parallel, and the other one is antisymmetric that the electric dipolar moments are antiparallel. In
the second mode, a loop-like current is generated and it can be treated as a magnetic dipolar moment.
Currently, most of the research on magnetic dipole is mainly on standing nanostructures [83-85], and
for modes coupling to generate Fano resonance to have narrow spectra features for Rl sensing [86].
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2.2.3. Toroidal Dipole

Most biomolecules are chiral, and chirality can be crucially important, e.g., for a drug molecule.
Plasmonic planar chiral metamaterials has been researched to generate chiral electromagnetic (EM)
fields to probe chiral molecular structure [87]. As shown in Figure 6a, the reflection spectra from the
back-face illumination, the front-face illumination, and its optical rotatory dispersion (ORD) are plotted
for the left-handed and right-handed gammadions respectively. Demonstration of both illumination
schemes and the sketch of the plasmonic design are also shown. In Figure 6b,c, the measured reflectivity
using left-handed and right-handed structures are plotted respectively for 3 types of proteins. These
proteins do not show clearly difference from buffer solution when using left-handed structure, while
clearly shifts are observed with right-handed structure for natural BSA. Comparing between the
natural and denatured BSA protein, it is clearly that this design is sensitive to the second structural
information of proteins. The measured differences in the effective refractive indices of chiral samples
exposed to left- and right-handed chiral fields generated by these plasmonic nanostructures are found
to be up to 10° times greater than those observed in optical polarimetry measurements.
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Figure 6. (a) Reflectance of left-handed and right-handed structure from back face and front face
illuminations, and the ORD is plotted for front face illumination. Red bar represents the laser source,
and green bar represents the second harmonic generation (SHG). Reflectivity of 3 types of proteins are
plotted for (b) left-handed structure and (c) right-handed structure. Adapted from [87], with permission
© 2016 American Chemical Society.
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2.2.4. Extraordinary Optical Transmission

When single nanoholes fabricated with an array pattern, EOT phenomenon can be observed easily.
The first observation of EOT effect was in 1998 by Ebbesen et al. [88]. They found that sub-micron
cylindrical cavities in metallic films displayed highly unusual zero-order transmission spectra at
wavelength larger than the array period. Since then theoretical and experimental research have
been continuously done on understanding this phenomenon [89] from aspects, e.g., the shape of the
nanohole [90] and the width of the nanohole [91].

For an array of nanoholes, EOT frequency has also been tuned to a fluorescence emission
wavelength of the measured Cy-5 molecules to enhance the sensitivity recently by Baburin et al.,
as shown in Figure 7. Nanoholes with 175 nm diameter are fabricated in 100 nm Ag film with
varied periods. In addition, the period which has an EOT peak corresponding to the emission
frequency of Cy-5 is selected. Hence the nanohole array is used as an optical filter and the LOD is
improved. This application proves the benefit of tuning resonance frequency for a specific light-matter
interaction process [92]. For a single nanohole, the EOT effect has also been theoretically described and
experimentally achieved [93,94]. With increased mechanical and thermal stabilities, EOT effect from a
single nanohole has the potential to be applied in single biomolecule studies.
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Figure 7. (a) Schematic diagram of the sensor, (b) SEM image of the nanohole array based on a 100 nm
Ag thin film. Adapted from [92], with permission © 2018 Optical Society of America.

2.2.5. Fabry-Perot Modes

FP like resonance as a guided mode can be generated in a metallic cavity and has a behavior which
is well described by the FP formalism. The double nanohole [95], bowtie aperture [96], nanogroove [97]
and coaxial nanoring aperture [98] have been explored for FP like resonance. The zeroth-order of
FP like resonance has been applied for surface enhanced infrared absorption spectroscopy [99]. As
shown in Figure 8, a nanogap with 10 nm (a) and 7 nm (b) width are compared. These nanogaps are
originally filled with Al,O3 as no etching samples. The nanogaps are then etched with H3PO,, and the
transmission spectra are measured after 4 minutes. Since the local RI is reduced by removing the high
RI Al,O3 away, the resonance is observed shifted toward larger wavenumber and the transmission
is higher for both nanogaps. Then 5 nm of silk is spin coated on. Dips in transmission spectra are
observed due to absorption of silk proteins. A fitting is used to obtain the transmission profile which
represents the case without absorption and the fitted resonance frequency is shifted towards the
original location. Simulation results are provided for 10 nm wide nanogap for no etching, after etching
and silk coating situations, as shown in Figure 8c. The absorption is calculated based on data from
(a) and (b) for two nanogap designs, and absorption peaks matching the two infrared vibrational
absorption peaks, amide I and II, of silk protein are observed for both designs. The schematic nanogap
design is shown in Figure 8e. A 10* to 10° times enhancement on the absorption measurement is
shown in Figure 8f.
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Transmittance (%)

Figure 8. Transmission spectra for no etching, after etching and silk coated conditions for (a) 10 nm and
(b) 7 nm wide nanogap respectively. (c) Simulated transmission spectra using 10 nm wide nanogaps
under three conditions are plotted for comparison. (d) Absorption of 5 nm silk by using 10 nm and 7 nm
wide nanogap. (e) Schematic presentation of nanogap-based coaxial zero-mode resonator. (f) Fitting
curve is used in transmission spectra to demonstrate the absorption intensity. Adapted from [99], with

permission © 2018 American Chemical Society.

2.2.6. Fano Resonance

Fano resonance is not the same as Lorentz type of resonance with a symmetric profile. It has an
asymmetric profile with a narrow bandwidth. For plasmonics to achieve a Fano resonance, an effective
approach is to employ the hybridization of different plasmonic modes [100,101]. Fano resonance has
been studied based on multi-bowtie apertures [102] and nanocavity combined with waveguide [103].

Fano resonance based on an array of nanoholes has been applied in biosensing with phase
interrogation methodology [104]. The Fano resonance is generated by coupling between the surface
plasmon mode generated from the grating effect of the nanohole array and the LSPR mode of the single
holes. The Fano resonance profile is plotted for both intensity (yellow color) and phase (green color)
against incident wavelength, as shown in Figure 9a. In Figure 9b, the optical path difference (OPD) is
compared by using a transparent substrate (grey color) and a nanohole array fabricated in Au thin film
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(orange color) for RI change detection. This change is introduced by changing the thickness of S5iO,
layer. A thin SiO; layer could represent the situation of a molecular thin film deposited on the surface
of the sensor. OPD contrast curves for plasmonic device (left top plot) and a transparent substrate (left
bottom plot) are plotted separately. With this plasmonic sensor, the sensitivity for RI detection is as
high as 9000 nm/RIU.
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Figure 9. (a) Intensity (yellow color) and phase (green color) profiles for 0.01 RIU change. (b) OPD
contrast comparison between this plasmonic sensor (orange color) and a transparent substrate (grey
color) for different thickness of SiO; cover layer. Zoomed in range for thin SiO; is plotted separately for
this plasmonic sensor (left top plot) and a transparent substrate (left bottom plot). Adapted from [104],
with permission © 2018 Springer Nature Publishing AG.

The interrogation methodologies for nanovoid type of plasmonic devices are mainly on wavelength
interrogation, while other interrogation methods mentioned previously are all can be used to suit a
sensing condition.

3. Materials for Plasmonics

As demonstrated in Section 2, the dispersion of the conductive material is the essence to generate
plasmonic resonance, and it is also the limitation of the resonance frequency tuning range that a
plasmonic device can provide. Natural conductive materials, e.g., metal and graphene, and synthesized
materials, e.g., semiconductors and metamaterials, can be used to generate resonance located at
different frequency regimes. In this section, materials used for plasmonics are discussed to demonstrate
the necessity to select proper materials when a specific range of frequencies is required for biosensing.

3.1. Metal

3.1.1. Near Infrared to Long-Wavelength Portion of Visible

Metals are the most used materials for plasmonics [105-107]. At the early stage of the development,
research was focused on Ag and Au because of the favorable bulk dielectric properties of these metals.

When the frequency is lower than near infrared (NIR) regime, noble metal can be treated as
ideal conductor. Light can be perfectly reflected, and EM wave cannot propagate. In the NIR and
visible regime, EM wave penetrates into the metal and loss is increased. SPPs can be generated in
this frequency regime [108]. In the ultra violet (UV) regime, metals are transparent, but high energy
photons can generate photoelectrons which causes loss [109]. Au and Ag have strong absorption
due to the electron bandgap transition. Although Ag has a better dispersion curve in the visible
range for plasmonics, it needs protection layers to prevent chemical and mechanical damages which
limits its application in biosensing. Due to the chemical and mechanical stability, Au has been more
used for plasmonic sensors. In this frequency range, surface plasmonic enhanced infrared vibrational
spectroscopy and Raman scattering can be used for biosensing [110,111].
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3.1.2. UV to Short-Wavelength Portion of Visible

Motivated by intriguing prospects of combining plasmonic activity with interesting intrinsic
targeted materials properties, the plasmonics by using novel metals have received more attention.
Currently, research on UV range plasmonics is under focus [112].

Al represents an interesting material both from a fundamental and an applications point of view.
It is an abundant and cheap material compared to noble metals. Due to its low price, Al is studied
relatively more than the other possible UV plasmonic metals. A reasonably strong interband transition
in Al is localized in a narrow energy range around 1.5 eV. Below and above this energy, Al is very much
Drude-like. Currently, more research on Al-based plasmonics is focused on optical devices operated in
the UV regime, e.g., for optical and plasmonic integrated circuits [113] and color filters [114,115]. In
this range of frequencies, surface plasmon enhanced Raman scattering, absorption, fluorescence can be
used for biosensing. Al material is not only used for UV plasmonics, but also used for absorbance
enhancement in long-wavelength portion of visible regime plasmonics [116,117]. The application of
plasmonics based on Al material in biosensing can be expected to increase steeply since related design
and fabrication technologies are getting mature [118].

Currently plasmonics based on these UV plasmonic metal materials is in the developing stage. For
example, Mg [119-121], Ga [122,123], Rh or a few metals combination designs [124] are mainly based on
nanoparticle form which are made from chemical synthesis methods. Synthesized nanoparticles have
disadvantages in low uniformity, repeatability, and difficulty in manipulation of single nanoparticles
for sensing. However, the study of plasmonics using these nanoparticles provides insights for the
future nanovoid-type plasmonic devices based on these materials in aspects of geometry design, modes
coupling, etc.

3.2. Other Materials

Plasmonic biosensors working in infrared regime based on graphene is one the hottest topic
recently [125-127]. It has been applied as a gas sensor [128] and used for vibrational spectroscopy [129].
Graphene has also been used to combine with other metal materials [130,131]. By adding graphene
on top of a thin layer of Au, the sensitivity was improved to 1078 M for single-stranded DNA using
phase interrogation [132]. Graphene has also been deposited on top of a nanohole array to enhance the
Raman signal 2x10° times [133].

Semiconductor materials and graphene combined with semiconductor are other research directions
to control the plasmonic resonance in the mid-infrared regime [134-136].

Plasmonics based on magnetic materials is another topic could be interesting for biosensing
applications. Nanohole array fabricated in magnetic thin film has been explored for magneto-optical
activity introduced by a SPP [137]. Theoretical work on nanohole arrays in Au-Co-Au multi-layer
design has been examined for improved sensitivity for RI change [138].

Currently, both novel natural materials and metamaterials are under research for plasmonics [139].
In Table 1, plasmonic sensors based on different materials are listed. Tunable range of the resonance
frequency and the sensing mechanism for various analytes are shown to demonstrate the capabilities
of current nanovoid-type plasmonic biosensors. Based on specific light-matter interaction mechanisms,
materials for the plasmonic biosensor should be selected properly to match the working frequency
range to the interaction frequency.
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4. Hybridization with Electric Conductivity

Due to natural properties of materials used for plasmonic sensors, i.e., electrical conductivity,
nanovoid-type plasmonic sensors can hybridize this function for active plasmonics, dielectrophoresis,
multi-channel sensing, and electrochemistry which can be beneficial to achieve lab-on-a-chip.

4.1. Active Plasmonics

Nanovoid-type plasmonic sensors can have the resonance frequency modified by tuning
parameters of the designed geometry before the nanofabrication procedure and this tuning is not
dynamic after the sensor is manufactured. An active plasmonic sensor can be beneficial for a biosensing
technique to tune the resonance frequency closer to the specific light-matter interaction frequency to
enhance detection signal [55].

Electrical tuning is one of the major methods to have an active plasmonic sensor. With a
fixed design, the resonance condition(s) of the sensor can be fine-tuned under an external electrical
modulation. There are a few ways to achieve this type of active plasmonic sensors. For example, a
layer of liquid crystals (LC) is added on top of a plasmonic nanohole array and by applying an electric
field on these crystals the transmission is modified [140]. As shown in Figure 10a, when an electrical
modulation is applied between this nanohole array and the upper electrode, the alignment of LC is
modified. In Figure 10b, simulated enhanced E-fields are demonstrated for two cases. An image of
a nanosquare array fabricated in Al thin film is shown in Figure 10c. When n, = #,, the orthogonal
modes excited by two linear polarized incident light in a single nanosquare have the same intensity.
The light transmits through the nanoholes under these two modes with the same velocity. When
n, # 1e, with the same incident wavelength the vertical polarization still excites the vertical resonance
mode, while the horizontal polarization cannot excite the horizontal resonance due to the modified RI.
When an electrical modulation is applied, the alignment of the LC can be controlled. As a result, the
resonance frequencies for these two modes and the appeared color of the whole array are altered, as
shown in Figure 10d. This methodology has been proposed for color filter purpose, but the potential to
apply this technique in biosensing is obvious.

Research has also been done on electrically tunable imbedded indium tin oxide (ITO) layer to
modulate the phase and amplitude of the reflected light respectively which depends on the angle
of incidence at the targeted wavelength [141]. This technique can be used for infrared absorption
spectroscopy for biosensing. Another possible method is to use graphene as the plasmonic material
and apply an electric voltage to alter the carrier density for resonance frequency tuning [129]. Currently,
most of active plasmonic devices are targeting optoelectronic applications. Active plasmonic techniques
have a huge potential to be used for biosensing to dynamically tune the sensitivity and target different
bioparticles or bioprocesses detections.
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Figure 10. (a) Schematic of the LC plasmonic device without and with applied voltage. (b) FDTD
simulation results of two orthogonal resonance modes. (¢) SEM image of nanohole array fabricated
in Al thin film. (d) Appeared color of nanohole arrays under different applied voltages. Adapted
from [140], with permission © 2017 Optical Society of America.

4.2. Particles Transportation

A nanohole array has been explored to combine with a microfluidic system to transport
biomolecules [142]. However, for a nanosize hot spot, bioparticles from a low concentration solution
still need long waiting times to get close to the nanoscale sensing area to be detected. To solve this
issue, dielectrophoresis (DEP) technique has already been combined with plasmonic devices. A sensor
consists of a Au thin film as the top electrode and a Au thin film fabricated with nanohole arrays as the
bottom electrode, and it uses DEP to transport biomolecules [143]. In Figure 11a, a nanohole (200 nm in
diameter) array in 100 nm thick Au film is used as the lower electrode and the upper Au electrode has
a thickness of 20 nm. For plasmonic sensing, EOT effect is applied. In Figure 11b, DEP is demonstrated
for the cases without (top figure) and with an electrical potential (bottom figure). The DEP effect on
transporting BSA proteins is demonstrated in Figure 11c and different concentrations are tested. In the
first 500 s, no electrical potential is applied and no protein is detected. Then DEP effect is activated,
and proteins in different concentrations are all detected in a really short time. This result demonstrates
an efficient protein transportation using DEP with this design. These two Au layers are also applied as
reflection surfaces to form a FP resonance cavity. As shown in Figure 11d, the transmission profile
is shown with a dash-dot line with two EOT peaks, and FP resonances can be observed as the blue
curve. A zoomed in range of the transmission peak on the long wavelength side of the transmission
spectrum is shown in Figure 11e. With the combination of using a micro FP cavity and the EOT effect
of a nanohole array, LOD of this design is approximately 0.14 pM by assuming the noise level is 0.05
nm for the wavelength spectrum.
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Figure 11. (a) Schematic representation of the plasmonic sensing device. (b) Conceptual representation
of DEP on particle transportation. (c) DEP effect on transporting BSA proteins in different concentration
solutions. (d) Transmission spectrum for the nanohole array with two peaks from the EOT effect (green
dash-dot curve) and FP resonances within the transmission profile (blue solid curve). (e) Zoomed in
curve for the transmission peak in the long wavelength range. Adapted from [143], with permission ©
2018 Elsevier B.V.

4.3. Multi-Channel Sensing

If a metal thin film fabricated with nanohole arrays is lifted as a membrane suspended in a liquid
medium, nanoholes can be used as tunnels for bioparticles to go through. When a particle goes
through a tunnel, both the optical and electrical responses of the sensor are modified by this bioparticle
occupying the nanovoid. A single bowtie aperture has been explored to transport DNA through, and
both optical and electrical signals were examined for its transportation through the hole [144]. As
shown in Figure 12a, when a DNA molecule goes through the feed gap of this bowtie aperture, both
the optical transmission and electrical current signals has a dip. For the optical signal, the presence
of the DNA molecule modified the local RI and hence the resonance frequency is shifted away. In
addition, for the electrical signal, the DNA blocks the ion current which causes a drop in the current
signal. Figure 12b shows a TEM image of the bowtie aperture fabricated in a 100 nm Au thin film.
The across width of the bowtie is 160 nm and the side length is 100 nm. The feed gap is 20 nm. In
Figure 12¢, the simulated nearfield enhancement is demonstrated over the bowtie aperture. Optical
and electrical signals can be used simultaneously to make a sensing technique more comprehensive.
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Figure 12. (a) Schematic representation of the plasmonic and electrical sensing mechanisms. (b) TEM
image of the bowtie aperture. (c¢) Simulation result on E-field enhancement. Adapted from [144], with
permission © 2018 American Chemical Society.
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4.4. Spectroelectrochemistry

As early as the film-type plasmonics, electrochemistry technique was combined with SPR sensing
technologies for redox protein studies to avoid the electrical background and further enhance the
signal/noise ratio for surface enhanced Raman spectroscopy [145,146]. With the development of
plasmonics based on nanostructures, electrochemistry has been coupled to LSPR from nanohole arrays
to detect neurotransmitters [147] and DNA-based structure-switching [148]. In this work, nanohole
arrays in 100 nm thick Au films with 150 nm diameter and different periods were tested. Three-electrode
system was used for the electrochemical experiment. As shown in Figure 13, a redox tag represented in
blue color can adsorbed on the sensor surface (A) or attached to a DNA molecule (B). In the first case,
the redox tag can have electrochemical reaction. As shown in the bottom Figure 13C, the transmission
for this case can be monitored to retract the information of the redox state of the tag. The reduced and
oxidized states of the tag have different refractive indices, so the resonance frequency swings back and
forth during the redox reaction which appears as an oscillation in the transmission when a fix incident
wavelength is used. For the second case, the redox tag is attached to DNA molecule which causes

the distance between the redox tag and the sensor surface increased, so the electrochemical reaction
is hindered.

AC voltage

=
=]
w
g
5
7]
g
£
=

Wavelength
Figure 13. Schematic presentation for electrochemical SPR sensor. (A): redox tag attached directly on

the surface of the sensor, (B): redox tag attached on a DNA, (C): transmission for A under a redox
reaction. Adapted from [148], with permission © 2015 by WILEY-VCH Verlag GmbH & Co.

As mentioned previously in Section 2, plasmonic sensors based on nanovoid geometries can
generate various resonance modes, e.g., toroidal dipole that can be used to detect structural information
for biomolecules. These sensors have huge potential to be combined with electrochemistry for redox
protein studies to reveal their structural properties dynamically in the process of the redox action.

5. Conclusions

Plasmonics, based on materials science and nanostructures, have provided a new playground
for researchers to generate desired resonance modes and modes coupling with enhanced nearfield at
target frequency which can be used to enhance specific light-matter interactions to further understand
the properties of biomolecules and bioprocesses. With its intrinsic electrical property, hybrid functions
of active plasmonics, multi-channel sensing, particle transportation and electrochemical study can be
added to its nano-optical features for nanovoid-type plasmonic biosensors to be integrated on one chip
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with high sensitivity, selectivity, simultaneous multiplicity and real time monitoring. In addition, these
labs-on-a-chip have huge potential to be used as commercial health instruments for PoC purposes in
the near future [149,150].
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Abstract: We report on the recent scientific research contribution of non-linear optics based on
Sum-Frequency Generation (SFG) spectroscopy as a surface probe of the plasmonic properties
of materials. In this review, we present a general introduction to the fundamentals of SFG
spectroscopy, a well-established optical surface probe used in various domains of physical chemistry,
when applied to plasmonic materials. The interest of using SFG spectroscopy as a complementary
tool to surface-enhanced Raman spectroscopy in order to probe the surface chemistry of metallic
nanoparticles is illustrated by taking advantage of the optical amplification induced by the coupling to
the localized surface plasmon resonance. A short review of the first developments of SFG applications
in nanomaterials is presented to span the previous emergent literature on the subject. Afterwards,
the emphasis is put on the recent developments and applications of the technique over the five last
years in order to illustrate that SFG spectroscopy coupled to plasmonic nanomaterials is now mature
enough to be considered a promising research field of non-linear plasmonics.

Keywords: nanoparticles; non-linear optics; surface plasmons; sum-frequency generation spectroscopy;
interfaces; gold

1. Introduction

Presently, the use of the physico-chemical properties of nanomaterials [1-3] in everyday life has
become a reality, whether in electronic instruments or medical applications. Thus, their antiseptic action
is, for instance, used in razor blades covered with a coating of silver nanoparticles (AgNPs). They are
also introduced in some medical treatments such as in cancer therapy to selectively destroy some
tumors. Besides, the society developed an interest for a better understanding of the particle interaction
with their environment. More generally, metallic nanoparticles arouse a growing interest by the
combination of their unique properties with promising developments in areas as diverse as catalysis [4],
biophysics [5] or medicine [6], especially by taking advantage of their optical properties in the visible
spectral range as in the case of gold nanoparticles (AuNPs) [7-10]. More technologically advanced
applications also appeared, in computer processors for instance, and some of these nanoparticles are
incorporated in medical treatments such as cancer therapy wherein they are employed to selectively
kill tumors [11]. Nevertheless, at this nanoscale, monitoring the action of nano-objects on their
immediate environment at molecular level is a sensitive issue because many of their above-mentioned
properties are not well understood, which may pose risks to the living body. To better understand
these issues of toxicity and health potential for the society, new research tools adapted to the study
of interactions between nano-objects and their environment are absolutely necessary [3]. Among the
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numerous techniques studying nanoparticles such as X-ray spectroscopies [12] or scanning probe
microscopies (Atomic Force Microscopy, Scanning Tunneling Microscopy) [13], non-linear optics based
on Sum-Frequency Generation (SFG) spectroscopy [14] is distinguished by its surface specificity which
allows addressing various fundamental or applied issues related to the chemical functionalization
of materials (metals, semiconductors, insulators) from the microscale to the atomic scale, over both
the infrared (IR) and visible spectral ranges. The latter affords complementary information with
respect to PM-IRRAS (Polarization Modulation-Infrared Reflection-Adsorption Spectroscopy) [15]
and SERS (Surface-Enhanced Raman Spectroscopy) [16-19]. Moreover, SFG is now a competitive
tool: its sensitivity has indeed increased over the past few years thanks to technical and scientific
developments at the picosecond and femtosecond time scales. The kinetics and dynamics of the
vibrational electronic coupling, charge and energy transfers constitute the core of the physico-chemical
properties that can be investigated in this way [20-25].

At the nanoscale, SFG was first performed in the 1990s on nanomaterials such as Pd and Pt
nanoparticles used as catalysts in a gaseous environment in order to reach higher conversion efficiency
of carbon monoxide (CO) in carbon dioxide (CO;) as a function of pressure or/and temperature with
respect to their crystalline counterpart [26,27]. It also includes some very recent work concerning Li-Ion
batteries based on silicon nanoparticles [28]. From the beginning, SFG was also used to unveil the
adsorption/desorption mechanisms on the catalysts surface as reported in numerous studies [29,30].
The first experiment on nanoparticles at the air/liquid interface was reported in 2000 on a cationic
surfactant deposited on AuNPs stabilized in their anionic form and forming a monolayer (not very
stable) on a silicon substrate [31]. The presence of the surfactant on the AuNPs was thus demonstrated
as well as a potential effect of amplification of the surfactant signal. From this moment, the hypothesis
of an amplification of the non-linear optical response of the material by the simultaneous excitation
of the AuNP surface plasmon resonance (SPR) has been assumed. Indeed, the classic SFG process
is produced by mixing two incident IR and visible laser beams on the sample as developed and
explained in the corresponding section. With the visible laser beam, it is likely to probe electronic
transitions: metal interband transitions, charge transfers, molecular electronic transitions, and SPRs of
nanoparticles.

2. Sum-Frequency Generation Spectroscopy of Metallic Nanoparticles

2.1. Fundamentals of Sum-Frequency Generation Spectroscopy

For molecules, optical processes can be described in terms of energy diagrams. In a practical
way, with respect to the surface or bulk properties of materials, non-linear optical spectroscopies up
to the order 3 are routinely used, for example through the 4-photon mixing encountered in Coherent
Anti-Stokes Raman Scattering (CARS) or Coherent Stokes Raman Scattering (CSRS). The reader
interested in a comparison of CARS developments on metallic nanostructures with respect to some
SFG results can refer to the review written in 2014 by Lis and co-workers [32]. It is worth noting that in
a general way, first order spectroscopies such as IR /UV-Visible absorption and emission allow probing
of the linear first order susceptibility Xm of materials, while Second Harmonic Generation (SHG) and
Sum/Difference-Frequency Generation (SFG/DFG) spectroscopies give access to the non-linear optical
second-order susceptibility x?). To finish, Raman/SERS/CARS spectroscopies probe the non-linear
third order susceptibility x(®). Figure 1 summarizes in terms of simple molecular energy scheme how
non-linear processes of order 2 and 3 occur. It also emphasizes the differences and links that exist
between them and the basic techniques of infrared and Raman spectroscopies. The common point of
these techniques is obviously the access to specific vibration modes wyg of the constitutive molecules
present in the studied materials. It is worth noting that the Raman and non-linear processes exist
even in the absence of real electronic states in the molecule. Conversely, if the visible laser beam is
tuned to match the energy of real electronic states, we may significantly enhance the efficiency of these
mechanisms and improve the sensitivity detection threshold, as performed in Resonant Raman or
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Two-Color Sum-Frequency Generation (2C-SFG) spectroscopies. In the latter case, it becomes possible
to highlight vibronic coupling inside molecules, which is called Doubly Resonant Sum-Frequency
Generation (DRSFG) process [33]. When molecules are adsorbed on a (nanostructured) interface,
2C-SFG can benefit from the electronic properties of the substrate to amplify, under certain conditions,
the molecular response through coupling mechanisms between both constituents: molecular adsorbate
and substrate [34-38].

IR emission Stokes Raman DFG

9 BRSBTS 1 9

WIR = Wyg Ws = Wyis ~ Wyg WDFG = Wuis — WIR
IR absorption anti-Stokes Raman SFG
4 ¥ s U
WR = Wyg WAS = Wyis + Wyg WSFG = Wyis + WR
CSRS CARS
e —m—— — — Wyis Qg

Vv

Wyg=WAS-Wyis Wyg=Wyis—Ws

Figure 1. Molecular energy diagrams used for IR, Raman, SFG/DFG and CARS/CSRS spectroscopy.
SFG = Sum-Frequency Generation; DFG = Difference-Frequency Generation; CARS = Coherent
Anti-Stokes Raman Scattering; CSRS = Coherent Stokes Raman Scattering; S = Stokes; AS = Anti-Stokes;
Energy level code: e = virtual electronic state, v = vibrational state, g = ground state.

Fundamentally, SFG spectroscopy is based on a non-linear second-order optical process involving
three photons mixed in a medium or at an interface, as illustrated in Figure 2 in the case of
functionalized nanoparticles grafted on silicon. To be efficient, it requires intense laser beams to
interact coherently at the same point of the probed interface so that the energy (wsrg = Wyis + Wir)
and the parallel component (x-direction) of the momentum (kspg = kvis + kir) conservation rules are
met. As drawn in this picture, similar relationships are obtained for Difference-Frequency Generation
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(DFG) spectroscopy. The interest of this complementary sister spectroscopy will be evidenced later for
metallic nanoparticles.

z Conservation laws
energy momentum
Visible 55° WSFG = Wyis + WIR k":'_'.-' G k + k”lR
532 nm WDFG = Wyis = IR Kypeg =Ko - k;,is
m 65° , polarisations
- DFG 636 nm
SFG 457 nm

n

y

Figure 2. Sketch of SFG/DFG spectroscopy at a nanostructured interface: Si/ AuNPs + adsorbed
thiophenol/ambient air. The refractive index of each medium constituting the interface is noted
n; (nq for air, n; for silicon) while that of the interface, noted n*, must be calculated. The common
polarization plane used in SFG spectroscopy depicts the geometry of the linear polarization p (x,0,z)
and s (0,y,0) of the three laser beams depending of the chosen experimental scheme.

Due to the complex structure of such an interface, each of the three interfacial components (related
to their respective refractive indices n; for air, 11, for silicon and #* for the AuNPs/thiophenol) drawn
in Figure 2 has to be considered in the description of the SFG process. The access to these quantities
depends on the choice of the electric field polarization of the IR, Visible, and SFG beams. In our case,
as depicted in this figure and following the convention of the literature for the SFG processes, the three
beams have always a linear polarization defined either parallel (p) or perpendicular (s) to the incidence
plane (xz) of the three involved beams. In other words, p-polarization refers to x- and z-components of
the electric fields while s-polarization refers to the y-component of the electric fields. In the framework
of the electric dipole approximation, and considering the molecular energy levels depicted in Figure 1,
the non-linear SFG/DFG processes simultaneously follow the IR and Raman molecular selection
rules. In other words, a vibrational transition is detected in SFG spectroscopy if it is both IR and
Raman-active, which generally happens upon adsorption on any substrate. Indeed, the adsorption
process soften the spectroscopic exclusion rules between IR and Raman processes, allowing probing of
molecules of simple or complex geometry such as carbon monoxide (CO) or Buckminsterfullerenes
(Cep) in chemical interaction with platinum or silver, respectively. As an interface constitutes the
place where the centrosymmetry of the electronic properties in the bulk of two different media is
broken, SFG spectroscopy is a choice technique to probe complex surfaces and interfaces because it
remains intrinsically blind with respect to the bulk contributions located on both sides of the target
area (e.g., molecules in the gas phase or in solution). On the contrary, IR and Raman spectroscopies
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encompass bulk and interfaces contributions, at the exception of PM-IRRAS and SERS for particular
metallic substrates.

The second-order polarizability (hyperpolarizability: f) characterizing molecules in SFG is directly
related to a change in the Raman polarizability « and the IR dipole moment p of the vibrational
transitions involved in the process. Moreover, we notice a direct link between  (molecule) and x (2
(macroscopic) via a coordinate transformation T making it possible to switch from the molecule
reference system to that of the whole sample as illustrated in Figure 3 for the carbon monoxide.
Actually, the symmetry rules in the 3-photon mixing of SFG/DFG mean that the quantities f and
x? are third-rank tensors, i.e., they have 27 components measurable by multiple combinations of
the possible orientations (polarizations) of the 3 associated electric fields (SFG, Visible, Infrared) in
each direction (x, y, z) of our three-dimensional space. Experimentally, we usually measure x(2) and
we can theoretically retrieve B, taking into account the average over all molecular orientations in the
macroscopic interface. Given the complexity of the § formulation illustrated very early by Franken [39],
Ward [40] and later by Hirose [41] for transformation T, this is currently done only for simple cases with
well-defined geometries and controlled geometries, and when only the molecular signal contributes
to the SFG response for instance in catalysts [42]. Nevertheless, this is already partially done for
basic structures in order to find the average orientation of molecules deposited on a surface in the
case of Self-Assembled Monolayers (SAM) or polymers, and even for biosurfaces [43]. In summary,
at least one component of the x of any interface should be non-zero in order to detect SFG signal.
The researcher interested by a comprehensive and pedagogic description of the microscopic and
macroscopic relations between g and x(?) on any kind of interface can read the tutorial approach of
SFG spectroscopy elaborated by Lambert et al. in reference [44]. Hence provided with the basics of
molecular SFG spectroscopy, we can now extend it to nanostructured interfaces in order to highlight
the role played by the optical properties of nanoparticles.
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Figure 3. Microscopic view of the hyperpolarizability B of a carbon monoxide molecule (a) and
macroscopic view of the non-linear second-order susceptibility x?) of a carbon monoxide layer
adsorbed on a platinum substrate (b). f and )((z) are third-rank tensors with 27 components that can be
probed by SFG spectroscopy as a function of the SFG, Visible and IR laser beams polarization: p or s as
defined in Figure 2. These non-linear physical values are related through a coordinate transformation
T from the molecular frame to the laboratory (interface).

In Figure 2, we have to take into account all the components of the interface including those of
the substrate, by giving a complete description of the effective refractive index n*. Indeed, for SFG
spectroscopy performed at interfaces, the substrate cannot be neglected: for instance, in the case of
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metal or semiconductor materials, wherein )(m is non-zero, the substrate often gives rise to a more
intense SFG signal than the molecules because of the free and/or bound electrons present in the
materials. The strong illumination by the incident visible laser beam of these objects translates
into the excitation of the electron interband and intraband electronic transitions in metals or the
creation of excitons (electron-hole pairs) in semiconductors. In both cases, the substrate generates the
so-called non-resonant SFG contribution. At the opposite, the molecular SFG signal is called resonant
(with respect to the IR energy) when the incident IR laser beam frequency corresponds to that of
the molecular vibration modes. For the sake of clarity, the case of molecules exhibiting electronic
transitions in the visible spectral range will not be considered in this report. The interested reader
will nevertheless find experimental results showing some adsorbed molecules which are resonant
in both IR and visible spectral ranges, evidencing vibro-electronic SFG processes in various kinds
of physical [45-47], chemical [33] and biological [48] systems. The description of the SFG processes
arising from gold surfaces is a difficult task that has been extensively addressed experimentally and
theoretically because it must take into account the non-linear contribution coming from the surface
and the bulk of the specific electronic properties of this metal in the visible spectral range. A clear and
complete description of the physics at play in its )((2) is reported in reference works [49-51], based on
SFG measurements performed on molecular monolayers adsorbed on flat gold surfaces. In these works,
the molecules act as a reference probe of the electronic properties of gold because the SFG spectral
shape of the vibration modes (dips, peak, Fano) is modulated by the color choice of the incident
visible laser beam ranging from violet to red. This is based on a three-layer model similar to the image
depicted in Figure 2 by considering air/molecules/gold instead of air/ AuNPs+thiophenol/Si. It has
been shown that the contribution of the free and bound electrons explains the shape modulation of the
SFG spectra at this interface [52]. To date, such models have again to be applied to the nanostructured
interfaces depicted in Figure 2. Moreover, in the SFG process, the incident visible wavelength is set to
532 nm in order to enhance the AuNPs localized surface plasmon resonance (LSPR) located between
520 and 540 nm corresponding to the case of gold spheres with a diameter of 15 nm. The IR wavelength
set at 3.25 pm in the SFG process is chosen to be resonant with the C-H stretching vibration mode of
the phenyl ring. This is not related to LSPR properties but to the molecular vibrations of the thiophenol
adsorbed on AuNPs. It allows demonstration of the LSPR-SFG coupling, i.e., the enhancement of the
C-H vibration mode in the LSPR electric field. In the case of AuNPs, choosing a 632 nm or 785 nm
visible wavelength will not allow easy demonstration of a LSPR-SFG coupling because it is located too
far from the LSPR maximum at 532 nm (see Figure 1 and Section 2.2).

2.2. Nanoparticles and Sum-Frequency Generation: The Gold Case

The founding SFG spectroscopic measurements on AuNPs were performed as illustrated in
Figure 4 by the Davies [31] and Tadjeddine [53] teams in 2000 and 2005, respectively. The nanoparticles
were synthesized by the classical Turkevich method [54]. In these conditions, they have a spherical
shape of 15 nm diameter and are spread or grafted on silicon or glass substrate, respectively. As for the
latter, AuNDPs are grafted by silanization of the glass substrate with a monolayer of APTES molecules
(3-(aminopropyl)triethoxysilane). The incident visible laser beam is fixed in the green (532 nm) while
the incident IR beam is tuned between 2800 cm~! and 3000 cm ™. The molecular probe of the AuNPs
surface in Figure 4a is a surfactant co-adsorbed with the AuNPs (dioctadecyldimethylammonium
chloride, DODAC) while it is chemically grafted after deposition of the AuNPs in Figure 4b
(dodecanethiol, DDT). In both cases, five typical vibration modes are detected by SFG spectroscopy.
They come from the DODAC and DDT molecules and are located at IR wavenumbers corresponding
to the vibrational fingerprint of the methyl (CH3) and methylene (CH;) vibration modes as pointed on
both SFG spectra. Nevertheless, we observe that their spectral shapes differ. This effect is characteristic
of SFG spectroscopy and, as highlighted in the previous section, finds its origin in the non-resonant
contribution of the interface. In other words, the different ways the DODAC and DDT molecules
interact with the AuNPs and the silicon/glass substrates after the surface preparation is put in evidence
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by SFG measurements. In Figure 4, vibration modes appear peak- or dip-shaped. In the case of DODAC
on AuNPs/Si, the strong reflectivity of the interface and the high surface density of AuNPs related to
the surface preparation favors molecular detection in SFG. The latter is amplified by the LSPR coupled
to the vibration modes because of the enhancement of the surrounding electric field. The LSPR of
a gold colloidal solution is evidenced by UV-Visible absorption spectroscopy as depicted in Figure 5a.
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Figure 4. Sketch of the first reference SFG experiments performed on interfaces constituted of 15 nm
diameter AuNPs synthesized by Turkevich method. (a) Scheme of the DODAC/AuNPs/Si interface
(no grafting of AuNPs or DODAC molecules at any step). Each constituent is just deposited or spread,
respectively. The corresponding SFG signal displays the five strong methyl and methylene peak-shaped
vibration modes of the DODAC molecules (picture adapted from reference [31]). (b) Scheme
of the DDT/AuNPs/Glass interface (grafting of AuNPs on glass through APTES and chemical
functionalization of AuNPs by DDT molecules). The corresponding SFG signal displays the five
weak methyl and methylene dip-shaped vibration modes of the DDT molecules (picture adapted from
reference [53]).

This enhancement is not clear for DDT adsorbed on AuNPs/glass given the poor reflectivity
of glass with respect to silicon and the weaker AuNPs surface density. The broad and strong
gold interband s — d electronic transition, coming from the electronic state density of this metal
(Figure 5b), is centered around 480 nm. It contributes overwhelmingly to the total SFG signal and
interferes destructively with the DDT SFG molecular response, giving an SFG spectrum similar to
that encountered on a flat gold surface [50]. Nevertheless, it is worth noting that the gold surface
density on this nanostructured interface is 4% with respect to the equivalent gold surface area, which
strengthens the fact that SFG spectroscopy is sensitive to the chemistry of functionalized nanoparticles.
The LSPR effect is hampered by the interband electronic transition in the SFG process because the SFG
wavelength coincides with this latter. We will see further in this review that the tuning of the incident
laser beam from blue to red allows playing with the gold LSPR and interband electronic properties
in order to favor molecular detection. These interference effects in the SFG process can be easily
understood through a simple fitting procedure of the SFG intensity which consists in the square norm
of the effective non-linear second-order susceptibility Xi(jt)erface of the interface [53]. Since the optical
properties of silicon/glass substrates do not have any significant contribution in the SFG process,
they are neglected, which leads to the following expression based on the definitions of mathematical
complex values:

159



Materials 2019, 12, 836

‘ Xi(r%t)erface = ‘ Xiﬁ{)strate + Xifi)sorbate = ‘ r(\%>>r1-resonant + ng)onant ’
= HXEQNPS + Xr(zf)ﬂecules ’ ’
with: o
K =A@ and - X2 s = ]; #j;:irj' )

This description is intrinsic to SFG/DFG spectroscopy because of the properties of non-linear
second-order susceptibilities (third-rank tensors) [55]. In this equation, the molecular non-linear
second-order susceptibility is described as a sum of complex Lorentzian functions (+ for SFG, — for
DFG in the imaginary part of Equation (1)) corresponding to each vibration mode (i.e., n = 5 in the
two previous examples of DODAC and DDT). From these considerations, it is clear that an interference
factor (phase shift ® — ¢;) between the substrate and the adsorbate will affect more or less strongly
the spectral shape as a function of the electronic properties of gold, i.e., its s — d interband transition
whether it is nanostructured or not. It is worth noting that the phase shift in the SFG spectra is a unique
physical marker of the different components of the interface in the optical range with respect to the
information afforded by PM-IRRAS or SERS spectroscopy. .

3 .o 6 °
(a) LEF & (b) S L
"
o 2
] B
c n
o k3
< s
o
! : jird 1 1 ] 1 ; : ] 1 I
300 400 500 400 700 800 1 2 3 4 5
wavelength (nm) energy (eV)

Figure 5. Electronic and optical properties of gold. (a) Localized surface plasmon resonance (LSPR)
of AuNPs in aqueous solution displayed as a function of the incident wavelength as measured by
UV-Visible spectroscopy. (b) Scheme of the density of electronic states (DOS) of bulk gold as a function
of the incident energy. Pictures (a,b) are tagged with the SFG and DFG energy for an incident visible
beam of 532 nm wavelength and an incident IR beam of 3 pum. In these conditions, it is clear that
although the SFG/DFG/visible beams are located near the LSPR maximum in (a), the contribution of
the gold DOS (main s — d interband electronic transition located at 487 nm) in (b) may interfere and
drastically hamper a possible LSPR-SFG coupling.

Afterwards in 2006-2007, Benderskii’s team used SFG spectroscopy as a sensitive probe of the
molecular conformation in a nanoscale geometry, which determines the efficiency of the charge
(electron) transfer in applications. They used femtosecond laser beam with an incident visible beam
fixed at 800 nm wavelength: this enables to get rid of any LSPR or interband contributions likely to
interfere with the DDT SFG signal. Moreover, in order to favor the surface reflectivity on their CaF,
substrate, they performed SFG spectroscopy in ssp-polarization configurations (s: SFG beam, s: Visible
beam, p: IR beam) which is more efficient than in ppp-polarization for any glass substrate (see Figure 2
for the definition of the polarization plane used in SFG experiments). Once again, this is related to
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the tensor nature of the non-linear second-order susceptibility of the interfaces Xfﬁz erface Which also
includes the surface reflectivity in order to quantitatively model the SFG signal intensity as detailed
in reference works for the interested reader [14,50]. Benderskii’s team deduced information about
the average orientation (tilt angle) of the alkane chains of DDT molecules (1.6 nm length) adsorbed
on submonolayer films of metallic nanoparticles (DDT-capped gold and silver nanoparticles). It was
performed for different nanoparticles diameters ranging from 2 nm (Figure 6a) to 25 nm (Figure 6b)
deposited on CaF, windows [56,57] and the following trend was observed: the relative SFG intensity
of the methylene (CH;) vibration modes increased with respect to the methyl (CHjz) ones as the AuNP
size decreased (Figure 6). Contrary to what is observed on flat gold surfaces where well-ordered DDT
molecules build a stable SAM (all-trans conformation) and where only the three methyl vibration
modes were detected [50], the presence of methylene vibrations is a well-known indication of the
presence of size-dependent gauche conformational defects. In other words, the smaller the AuNP
radius, the bigger the surface curvature, which gives rise to gauche defects in the alkane chain due
to the greater surface to volume ratio that can be probed by the DDT molecules during adsorption.
A comparison with classical IR absorption and Raman measurements was performed on samples
with similar preparation protocols but with thicker layers, given the weaker detection limits of those
techniques: no systematic/coherent change was detected in the respective intensities of methyl and
methylene vibration modes. This experiments perfectly illustrate the high intrinsic sensitivity of SFG
to molecular conformation on flat or curved surfaces. Besides, the same trend was observed for similar
experiments performed on silver nanoparticles (AgNPs) [57]. Regarding silver, it should also be noted
that a 2C-SFG experiment was conducted in 2008 by Traverse and co-workers on a stack of nine layers
of AgNPs (1 nm) embedded in SizgNy layers (9 nm thick) on silicon. In this experiment, a weak SFG
signal related to the 2D electronic states of this special structure only appeared when the incident
visible beam energy matched that of the AgNP SPR located at 420 nm [58].

A specific experimental improvement was achieved by Tourillon and co-workers from 2007 to
2009 in order to develop highly sensitive platforms based on AuNPs in an original optical scheme
where SFG spectroscopy is performed in total internal reflection configuration for the IR, visible and
SFG beams (TIR-SFG) as depicted in Figure 7a [59,60]. It was based on a previous experimental
demonstration that the metal [61] or molecular [62] SFG yields can be increased by coupling one of
the input waves (IR or/and Visible) to a surface polariton at the metal-air interface [62]. Tourillon’s
idea was to take profit of the building of dense AuNP monolayers or close-packed arrays of AuNPs
adsorbed on a quartz prism in order to boost the SFG sensitivity. He could enhance the SFG signal
of adsorbed dodecanethiol molecules of at least one magnitude order (with respect to a flat quartz
plate where the SFG signal is detected in classical reflection, Figure 7b) [59]. He could also monitor
the adsorption of avidin in the biotin-avidin recognition process [60], as the biosensor archetype [63].
It is worth noting that in the TIR-SFG configuration, the symmetry breaking of the interface is also
coupled to a supplementary breaking of the local electric fields intensities (exponential decay of the
electric field amplitude) involved in the non-linear process around the AuNPs, which could favor
even more the enhancement of the SFG signal coupled to the LSPR phenomenon. Accordingly, the
TIR-SFG configuration is exploited to address issues related to biological materials as developed in the
Section 3.1 entitled “Towards applications of gold nanoparticles”.
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Figure 6. Evolution of the SFG vibrational fingerprint (C-H spectral range) of dodecanethiol molecules
(DDT) adsorbed on AuNPs of 2 nm (a) and 25 nm (b) diameter, respectively. In Figure 6a, the methyl
(CH3) vibration modes intensity dominates the SFG contribution while in Figure 6b, the methylene
(CHy) groups dominate the SFG contribution. As detailed in the text and in references from which
the picture is adapted [56,57], this is related to the density of gauche defects in the DDT alkane chains
depending on the accessible surface and the ability to move in its surroundings.
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Figure 7. (a) SFG spectra of DDT molecules grafted on quartz surface (prism) in a total internal
reflection SFG (TIR-SFG) configuration compared with the classical SFG reflection configuration on
a quartz surface (plate). (b) Zoom of the SFG spectrum of the plate surface, illustrating the great
differences in the respective spectral shapes and intensities. It is worth noting that the SFG spectra of
the methyl (CH3) vibration modes pointing out from the probed surface are strongly enhanced in the
TIR-SFG configuration (35 times higher). The latter show that DDT molecules adopt a well-organized
conformational order inside the self-assembled monolayer (SAM). Picture adapted from reference [59].

All the above-mentioned works do not try to model quantitatively the would-be coupling
between AuNPs LSPR and the SFG response of surrounding molecules. A quantitative approach
to this problem of combining SFG spectroscopy and plasmonics in AuNPs was first addressed by
Pluchery and co-workers in a series of three publications during the 2009-2013 period [64—66]. In these
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works, the molecular probe was thiophenol (C¢H5SH), a well-known reference molecule acting as
a chemical pollutant to be degraded by (photo)catalysis supported by plasmonics. As a consequence,
an abundant literature is related to this chemical organic compound which tackles this subject through
linear and non-linear optical spectroscopy. Modelling is elaborated through density functional theory
calculations of this molecule adsorbed on gold clusters for instance [67]. In a first step, the idea
was to find a reference sample with respect to the nanostructured interface depicted in Figure 2
(Thiophenol/AuNPs/Si) to calculate an enhancement factor directly related to the AuNP LSPR
(17 nm diameter) [64]. This naturally led to consider a flat crystalline surface of gold Au(111) covered
by an organic SAM adsorbed by dipping the metal substrate in a solution of 1 mM thiophenol.
By keeping identical conditions for the SFG measurements on the two samples, it has been shown
that the SFG intensity enhancement factor F of the C-H stretching vibration mode (C-H of the phenyl
ring: 3058 cm™1) was 21 on the AuNP interface with respect to the Au(111) one, as illustrated in
Figure 8a. It is explained by the energy of the incident visible laser beam (at 532 nm) which is located
near the LSPR maximum absorbance (520 nm). However, the interband character of gold is always
conserved in both samples leading to a dip-shaped spectral feature of the (C-H)-vibration. It is worth
noting that the silicon electronic properties in the blue-violet (i.e., matching the SFG beam energy) also
contributes to the non-resonant SFG background. We must likewise consider that there is only a filling
factor of 10% of gold on the nanostructured sample with respect to Au(111) one when the incident
IR and visible beams probe the same area. By comparing the F factor with the enhancement factor T
of the local electric field intensity at the surface of a gold sphere in the electrostatic approximation of
the Mie theory, the authors also showed that T has a similar value of 20. Besides, a supplementary
comparison with the DFG response of the nanostructured sample shows that the dip-shaped feature
observed in SFG becomes peak-shaped in DFG because of the sign change in the imaginary part of the
Lorentzian function defined in Equation (1). Moreover, as the DFG energy is located at the edge of the
interband electronic transition of gold, the non-resonant contribution is weaker than in the SFG case.
While this first experimental quantitative illustration of the SFG-LSPR coupling was unambiguous,
it was necessary to develop a complete modeling of the SFG intensity of the nanostructured interface
related to the fundamentals equations of SFG spectroscopy, especially by calculating the contributions
of the surface reflectivity (Figure 8c) to Xl(l’zlt) erface- 1t has been addressed and generalized in a second step
by considering SFG and DFG measurements performed with the CLIO free electron laser (FEL) in Orsay
(France) [65], allowing reaching of a different IR spectral range centered around 10 pm (Figure 8b), i.e.,
in a vibrational range where the strong Raman-active vibration modes of the thiophenol phenyl ring
could be probed, again on samples depicted in Figure 2.

Therefore, the authors use the Maxwell-Garnett formalism in order to calculate the effective
dielectric constant ¢* = (n*)? of the AuNPs by considering they are embedded in a host air matrix.
In this way; it is possible to calculate the weight of the surface reflectivity in the non-linear second-order
susceptibility. The knowledge of this optical parameter is crucial because it fixes or not the existence of
the LSPR-SFG coupling, beyond a simple absorbance/reflectance effect of the surface. Indeed, it is
evidenced that the normal contribution of this reflectivity (i.e., in the z-direction with respect to the
sample surface plane) is not sufficient to explain the differences observed in the SFG and DFG spectra
intensities of the phenyl ring vibration modes: these measurements and modeling proved that the
existence of the coupling of SFG with plasmonics was consistent between the nanoscale (AuNPs) and
the microscale (i.e., whatever the description used for the surface area probed by the incident IR and
visible laser beams). Besides, at the molecular scale, it was shown that SFG/DFG measurements were
consistent with DFT calculations [67] performed on a thiophenol molecule adsorbed on a gold atom,
allowing deduction of the nature of the three vibration modes which was a long haul task especially for
the 1075 cm ™! (vy in Figure 8b). The latter appears at this position after undergoing an energy blueshift
of 15 cm ™! because of the thiophenol adsorption on gold. In summary, it is clear that the energies of
the Visible/SFG/DEFG processes of the interface of Figure 3 can match more or less efficiently the LSPR
energy and favor or not the LSPR-SFG/DFG coupling. The spectral shape of the UV-Visible reflectance
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conditioned by the silicon reflectivity and the AuNP aggregates as observed in Figure 8c shows that it
is possible to tune the incident IR and visible laser beams to fix that point. The best experimental way
to answer this question would be to perform 2C-SFG spectroscopy by tuning the incident visible laser
beam from blue to red in order to monitor and quantify the LSPR-SFG coupling. This point will be
discussed in the section entitled “Recent developments in SFG spectroscopy of plasmonic materials”.

(a) (b)
(]
L i
2 H
F=21: e flat gold surface
5, — AuNPs
SFG
1 | 1 I 1

3000 3050 3100 3150

IR wavenumber (cm-1) Vi V2 Va
(c)
o
v
c
o — 3
B|E &
Sler 2
& |8 o ’/ \

v A
1 | | 1 L1 1 I | 1 | 1 | I |
450 500 550 600 650 700 750 980 1020 1060 1100
wavelength (nm) IR wavenumber (em-)

Figure 8. SFG/DFG signals as a function of the UV-Visible optical/electronic properties of nanostructured
gold. (a) Comparison between thiophenol/Au(111) interface and thiophenol/ AuNPs/APTES/Si interface
(Visible = 532 nm, IR = 3 pm) in the C-H spectral range (stretching vibration mode of the phenyl
ring). In the AuNP case, SFG intensity is enhanced by a factor F = 21, corresponding to evidence of
LSPR-SFG coupling. The DFG spectrum is also displayed to illustrate the different interference role
of the s — d interband electronic transition of gold on the SFG/DFG spectral shapes. (b) SFG/DFG
spectra of thiophenol/AuNPs/APTES/Si interface (Visible = 532 nm, IR = 10 pm) in the spectral
range of C-C vibration modes of the phenyl ring, showing a high SFG and DFG response of this
strongly Raman-active modes, also shape-modulated by the interband electronic s — d transition.
(c) UV-Visible spectrum of the thiophenol/AuNPs/APTES/Si interface. The presence of silicon induces
a shape-reversal of the optical response, dominated by the silicon reflectivity. The LSPR maximum
is located at 525 nm and couples more or less with the SFG/DFG energy (in addition to the incident
visible beam one) as a function of the probed IR spectral range. The LSPR-SFG coupling is favored in
the (b) case. Figure panel is adapted from references [64,65].

Finally, the monitoring of the AuNPs aggregates depends on their surface coverage on silicon and
strongly influences the SFG/DFG spectral shapes as it is discussed exhaustively in the last reference [66]
in the series. Considering four different AuNP surface coverages ranging from 1% to 15%, it has been
shown that according to the formalism of the effective medium (Maxwell-Garnett or Bruggeman)
chosen in the framework of the three-layers model, the deviations to the expected linear law between
the vibration mode amplitude (thiophenol C-H streching vibration) and the surface coverage rate by
AuNPs could only be explained by the presence of the LSPR. It is worth noting that this linear law is
only valid for SFG/DFG if the phase-matching condition between the three beams involved in the

164



Materials 2019, 12, 836

non-linear process is satisfied, which is the case in the actual configuration. Otherwise, in the case
of dispersed nanoparticles (matrix, solutions), the non-linear phenomena can be scattered in all the
directions with respect to the reflected SFG beam coming from a flat surface. In these conditions, the
above-mentioned linear relation is not valid [68,69].

3. Recent Developments in SFG Spectroscopy of Plasmonic Materials

3.1. Towards Applications of Gold Nanoparticles

From that moment, thanks to all these fundamental results, it is possible to apply SFG spectroscopy
to the study of more complex interfaces related to practical issues. For instance, the increasing role
of nanoparticles in consumer goods or medical applications raises questions regarding their possible
toxicity for humans. Indeed, as AuNPs are engineered for targeted drug delivery, it is mandatory
to understand their physico-chemical interactions with their biological environment, especially in
the case of cell damage. SFG spectroscopy/microscopy has already proven to be of great interest in
the study of model biointerfaces in the past [70,71]. In fact, the studies of interactions of magnetic
nanoparticles [72] or AuNPs [73] with cell membrane models are performed on more or less complex
interfaces made of supported lipid bilayers. Indeed, small AuNPs may interact with the cell membrane
but the interaction mechanism at the nanoscale is not well understood. To solve these issues, Cecchet’s
group examined in 2016 how the organization of supported lipid membranes may be affected by
the surface charge of small AuNPs (5 nm diameter) and the substrate on which they are adsorbed,
all in an aqueous medium [74] as illustrated in Figure 9a. By charging the AuNP surface negatively
(Figure 9b) or positively (Figure 9¢c) depending on their ligands, they showed how the AuNPs induce
(or not) structural damages to DPPC (1,2 Dipalmitoyl-sn-glycero-3-phosphocholine) membrane models
deposited on SiO, (negative surface charge) and CaF, (positive surface charge) by performing SFG
measurements before and after injection of the AuNPs in the water as a function of the exposure
time to these latter. It is achieved in the C-H and O-H spectral range to probe the conformational
order of the lipid structure and the water molecules in its hydration layer. They observe that all the
critical structural changes occur in less than 90 min whether the AuNPs interact (Figure 9¢) or not
(Figure 9b) with the DPPC bilayer. Moreover, whereas it is not explicitly mentioned in all these works,
the LSPR-SFG coupling should also act preponderantly in the high SFG intensity of the vibration
modes especially since it is measured in the TIR-SFG configuration with the incident visible beam
with its energy matching the SPR one developed by Tourillon as mentioned above [59,60]. They also
take advantage of the TIR-SFG configuration in a recent work [75] to extend their investigation to the
interaction of cationic AuNPs with supported model membranes carrying negative charges in order to
mimic living systems where the outer and inner membrane sides of the cell are negatively charged.

To date, in the research field of AuNPs potentially used as highly sensitive platforms in
(bio)sensing for (bio)molecular recognition, there is only one work published in 2015 [34] which
treated quantitatively the subject after the emerging work of Tourillon in 2009 [60], but not in TIR-SFG
conditions. Contrary to this latter, Dalstein and co-workers choose silicon as a substrate to build a
DDT (or thiophenol)/ AuNPs/Si interface similar to Figure 2. For such a platform, the idea is to use
afterwards silicon as an electronic transducer of the optical SFG response, which requires a good
understanding of the optical property’s role in the SFG response of the building blocks. In this paper,
the focus is put on the deep investigation of the grafting APTES or APTES/MUA (MUA stands for
mercaptoundecanoic acid) layer on silicon before and after AuNPs (15 nm diameter) immobilization
thanks to this organic layer. The substrate is thus silanized with either amine or mixed aminethiol
layer as depicted in Figure 10a. The effect of these small AuNPs on the SFG signal of the grafting
layer (6 methyl/methylene stretching vibration modes) is probed by 2C-SFG spectroscopy at different
incident visible wavelengths (500 nm, 568 nm, 670 nm) showing a shape-reversal from dips to peaks
when tuning the color from blue to red as displayed in Figure 10b. Once again, this interference effect
comes from the non-resonant SFG signal of the AuNP interband electronic transition and the silicon
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optical activity but, this time, it is directly highlighted by tuning the incident visible beam wavelength
in the SFG process and not by indirect deduction coming from the SFG and DFG shapes of the vibration
modes as evidenced in Figure 8a,c. Thanks to the optical properties of gold, 2C-SFG enables a clear
localization of the six weak SFG vibration modes of the disordered APTES layer without taking profit
of a TIR-SFG configuration (which is not possible with silicon in the probed optical spectral range).
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Figure 9. (a) Applications of SFG spectroscopy to the study of the interactions of AuNPs with biological
material in aqueous medium. (b) Effect of a total negative surface charge (5i0, and AuNPs) on the
nanoparticle interaction with a model membrane (lipid bilayer) where no penetration is observed.
(c) same as (b) but for positively charged AuNP surface. This time, the AuNPs crosses and distorts the
lipid bilayer to reach the SiO, surface. Figure panel is reprinted (adapted) with permission from [74],
copyright 2016 American Chemical Society.

Despite the presence of APTES or APTES/MUA, it is shown afterwards that the AuNP
functionalization by DDT (Vis = 532 nm, Figure 10c) or thiophenol (Vis = 620 nm, Figure 10c) is
successful and can be monitored by 2C-SFG spectroscopy even in the presence of a grafting layer.
Besides, this works enables to establish a linear relationship between the AuNP absorbance with respect
to their surface coverage in UV-Visible spectroscopy, which proves valid up to the aggregation limit:
this gives an easy tool to evaluate the AuNP surface coverage of any similar sample from UV-Visible
spectroscopy without systematically resorting to Scanning Electron Microscopy (SEM). Moreover, this
work shows that the SFG intensities follow a quadratic relation with the UV-Vis absorbance, a direct
proof that there exists a close correlation between linear and non-linear optical properties. From the
previous work, it is clear that the LSPR-SFG coupling in such interfaces can be probed by 2C-SFG
spectroscopy on a wide spectral range of incident visible wavelengths.

166



Materials 2019, 12, 836

(a) — i
——— MUA
- o g N APTES
J— silicon NS y
§— silicon
(b) (<)
thiophenol
VJ\J 470 nm I I
\)\/ S 620 nm
APTE:!
o i z
; — 3
: n{ 548 nm g L . | L ) 2
E| —— \ £ 2900 2950 3000 3050 3100 3150
E-_. N\ i\ A g
sty DDT
\ 500 nm |
500 532 nm
LN
] ! I:4 1 A 1 1 . ! . 1 . 1
2800 2850 2900 2950 3000 3050 3100 2800 2850 2900 2950 3000 3050 3100
IR wavenumber {cm-') IR wavenumber {cm-1}

Figure 10. (a) AuNPs/APTES/Si (or AuNPs/MUA /APTES/Si) interfaces before functionalization
with thiophenol or dodecanethiol (DDT). (b) 2C-SFG spectra of the AuNPs/APTES/Si interfaces for
three different incident visible wavelengths from blue to red as indicated on the picture. The complete
shape-reversal of the APTES vibrational signature between the blue and red curves is well marked.
(c) SFG spectra for specific incident wavelength revealing the vibrational fingerprint of thiophenol
(top) or DDT molecules (bottom) chemically adsorbed on two different AuNPs/APTES/Si interfaces,
respectively. Figure panel is adapted from reference [34].

3.2. Complex Plasmonic Nanostructures

In the previous sections, we have seen that the emphasis has been put on small spherical
nanoparticles of gold covered by molecular probes or in interaction with biomaterials. We also observed
that different strategies were developed to take advantage of the AuNP LSPR in order to enhance the
chemical response in non-linear SFG spectroscopy. While the use of spherical AuNPs is interesting
when trying to apply SFG spectroscopy to (bio)chemical or biological applications, the plasmonic
contribution is not systematically optimized in such systems. Indeed, as SFG spectroscopy is
intrinsically sensitive to the symmetry breaking of the electronic properties of the studied interface,
it becomes obvious that spheres (centrosymmetrical materials) are not the best candidate to take full
advantage of plasmonics. The point is that as spheres are adsorbed on an interface, the SFG signal
appears because of the symmetry breaking related to the different chemistry above and below the
AuNPs. In plasmonics, materials can be designed to optimize the SERS signal of highly nanostructured
surfaces [76]. This begins to be equally applied in non-linear optics for nanopillars and nanotriangles.
In fact, the first 2C-SFG measurements on highly nanostructured platforms were performed on
gold nanopillars vertically standing on metallic surfaces (gold or platinum) by Cecchet’s group [77].
As displayed in Figure 11a, the nanopillars are electrochemically grown on the substrate with an
average height of 106 nm or 100 nm and a mean diameter of 66 nm or 80 nm in the case of gold and
platinum, respectively. Within this framework, both samples are functionalized by DDT molecules.
Gold nanopillars exhibit two LSPR: a transverse mode (TM) located at 510 nm and a longitudinal
mode (LM) located at 710 nm or 660 nm depending on the growth on gold or platinum, respectively.
The highlighting of these modes by UV-Visible spectroscopy requires the monitoring of the incident
beam polarization (s for TM and p for LM) as depicted in Figure 11b. In these conditions, it is clear
that playing with the polarization scheme in the 2C-SFG process along with the incident visible laser
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beam wavelength (between 450 and 670 nm) allows fine tuning of the enhancement of each LSPR
and therefore optimize the LSPR-SFG coupling as demonstrated in Figure 11c by the enhancement
of the molecular SFG signal of the DDT adsorbed on the samples. From these observations, it is
shown that the coupling is the most efficient for a ssp-polarization scheme with a visible or SFG
wavelength in coincidence with the TM LSPR, i.e., 515 nm. It is worth noting that this value of 515 nm
is obtained for the SFG wavelength when the incident visible beam is set to 605 nm because the IR
probed spectral is centered around 3.45 pm. With respect to the equivalent flat gold or platinum surface
covered with DDT, the enhancement factor of the methyl stretching vibration modes in SFG reaches 20
thanks to the nanopillars. A similar (but weaker) behavior is observed when exciting the LM LSPR in
ppp-polarization scheme but for an incident visible wavelength matching its maximum absorbance
at 650 nm. An extended discussion in this paper allows determination that the DDT contribution to
the SFG signal mainly comes from the nanopillars due to the local electric field enhancement by the
TM and LM LSPR along the lateral surface and the top of the nanopillars, respectively. It is worth
noting that the s — d interband electronic transition of gold always interferes with the molecular SFG
signal whether there exists an LSPR-SFG coupling or not. Anyway, this work proves that 2C-SFG
spectroscopy can probe spatially the chemistry of plasmonic platforms and give complementary
information to SERS spectroscopy.
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Figure 11. (a) Sketch of the 2C-SFG experiment on the gold nanopillars electrochemically grown on a
gold or platinum surface in ssp-polarization scheme. Samples are functionalized with dodecanethiol
(DDT) molecules. The electric yield enhancement of the transverse (TM) and longitudinal (LM) surface
plasmon modes is depicted in green and red, respectively. (b) UV-Visible absorbance spectra of the
sample with a gold substrate. (c) Comparison between the SFG spectra of the DDT/Au nanopillars/Pt
(left) or Au (right) interfaces (dark blue) with respect to the DDT /Pt (left) or Au (right) interfaces
(light blue). Figure panel is adapted from reference [77].

To go further, Barbillon and co-workers make the choice in 2018 to use highly ordered
nanostructures made of gold nanotriangles (AuNT, height = 60 nm, lateral side = 150 nm) prepared
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by nanosphere lithography (NSL) technique. The sample consists in a glass substrate covered by a Ti
adhesion layer (2 nm) on which a gold film (30 nm) is evaporated as displayed in Figure 12a [78].
The molecular probe is thiophenol, chemically adsorbed on the plasmonic platform. In SERS
spectroscopy, its vibrational fingerprint is easily observed in the spectral range of the phenyl ring
(10 pm) [19] but remains silent in the C—H spectral range (3 um). However, it is possible to detect the
C-H vibrations modes by SFG spectroscopy, although the highly nanostructured interfaces obtained
by NSL do not play in favor of SFG spectroscopy because of its high centrosymmetric character (p6mm
class symmetry, structured in honeycombs), contrary to the above-mentioned work where nanopillars
are randomly dispersed [77].
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Figure 12. (a) Sketch of the SFG experiment performed on gold nanotriangles (AuNT) grafted
by nanosphere lithography (NSL) on a gold film (30 nm thickness) deposited on a titanium layer
(2 nm thickness) grafted on glass. The AuNT are structured in honeycombs. The AuNT transverse
mode (TM) is equally displayed in green. The interface is chemically functionalized by thiophenol
molecules. (b) SFG spectrum of the sample of (a) in ssp-polarization, revealing the two C-H (phenyl
ring) of the thiophenol. Figure panel is adapted from reference [78].

Nevertheless, as was observed for highly centrosymmetric AuNPs, the authors evidence by
SFG in Figure 12b a localized detection of the thiophenol preferentially on the AuNT. It shows up
two weak thiophenol € and ¢ vibration modes [67] at 3050 em~ ! and 3071 em ™! (ssp-polarization
scheme, incident visible wavelength at 532 nm), instead of only one as usually seen [64]. The
explanation of the enhancement effect and the LSPR-SFG coupling on AuNT is similar to that
encountered for gold nanopillars as explained above because of the TM LSPR mode of AuNT (540 nm).
The highlighting of these two vibration modes on a surface is made possible by SFG rather than SERS
despite a weak filling factor of AuNT (8%). SERS is mainly useful in solution in order to discriminate
between € and ¢. The issue is to explain why it works better in SFG than in SERS. It comes from
the weak/null enhancement factor (EF) for SERS in the C-H spectral range because of the great
spectral redshift (120 nm) between the Raman wavelength (545 nm) and the excitation wavelength
(665 nm). In other words, in SERS: Ayjs = Agxe # Aptasmon With Aexe <<< ARgman. Conversely, in SFG:
Avis = Aexe & Apigsmon (532 nm) with a smaller spectral redshift (70 nm) with respect to Aspg (460 nm).
These simple relations perfectly illustrate the advantages and complementarities of both SERS and
SFG spectroscopies. In summary, over the C-H spectral range, (i) for SERS [19]: no infrared excitation
in Raman process; very high sensitivity (vs SFG), depends on gold underlayer thickness; no localized
detection of molecules in classical configuration; (ii) for SFG: sensitivity depends on surface geometry
and is limited in vertical direction due to strong gold s — d interband electronic transitions; infrared and
Raman excitations in SFG process; localized detection of molecules in classical configuration. Finally,
this work paves the way towards a direct comparison of SERS and SFG vibrational spectroscopies
on complex nanostructured metal interfaces, even with a high degree of centrosymmetry, thanks to
the presence of distinct LSPR favoring preferential directions as integrated by the non-linear optical
response of the interface.
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4. Conclusions

Presently, SFG spectroscopy is mostly developed on themes related to chemical and biological
issues as for recognition processes leading to a monitored drug delivery for medical issues in the latter
case. SFG spectroscopy has become a common optical investigation tool in many research laboratories
throughout the world. Restricted to physicists in its early days in the late 1980s, this physical non-linear
optical probe of any kind of interface, whatever the nature of its building blocks or its physical
state (solid, liquid, gas), has rapidly managed to quickly expand its circle of applications thanks to
the involvement of the chemist community. Moreover, it is now possible to find easily commercial
femtosecond SFG setups, allowing measurement of dynamic reactions at interfaces immersed or in
contact with an aqueous medium. This is also why SFG studies on modified water surface constitute
an abundant literature on the subject alongside with specific issues related to biology: protein folding
near model cell membranes, flip-flop processes in lipid (hybrid or not) bilayers, as summarized in some
references of this review [70,71]. While the study of nanomaterials by SFG has begun 18 years ago,
it is today circumscribed to the investigation of interactions in chemical and biological applications.
By taking advantage of the LSPR excitation of gold nanoparticles in the SFG process, this latter has
the potential to heat the probed interface to facilitate chemical reactions. Optically, when the LSPR
energy matches the visible or SFG energy in non-linear optics, it significantly improves the molecular
detection threshold. In this review, we have seen that small gold nanoparticles have constituted the
core of such SFG studies of nanomaterials so far. It comes from, on the one hand, the presumed
nontoxic character of gold for biological applications due to its huge physical and chemical stability
and, on the other hand, the fact that its main electronic and optical properties are located in the
visible spectral range. The role of its plasmonic and interband electronic properties at nanoscale
was the main research field until recently by SFG spectroscopy (picosecond and femtosecond scales)
since it is complementary to SERS and PM-IRRAS measurements as non-linear optics provides a
different kind of information. Other plasmonic spherical nanoparticles are little or not addressed
by SFG due to their lack of chemical stability in air (silver) and their poorer plasmonic properties
(copper). The development of 2C-SFG spectroscopy should overcome this limitation within the next
years, as it has already been demonstrated on gold for years. Moreover, the use of semiconductor
nanoparticles that can be doped and gather free electrons, as those encountered at the surface of
metallic nanoparticles, could be relevant if they are combined together in order to manufacture
more efficient chemical or biological sensors. Finally, the last part of this review highlights the fact
that complementary studies by SERS and SFG spectroscopy of complex nanostructures (nanopillars,
nanotriangles) grafted to a substrate open the door to localized non-linear plasmonics. Besides, as the
SFG photons are emitted in the visible spectral range, a considerable technical advantage with respect
to IR microscopy, it is just a question of time before SFG imaging of nanostructured interfaces be
revealed in a close future.
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Abstract: Noble metal nanostructures are exceptional light absorbing systems, in which electron-hole
pairs can be formed and used as “hot” charge carriers for catalytic applications. The main goal of the
emerging field of plasmon-induced catalysis is to design a novel way of finely tuning the activity
and selectivity of heterogeneous catalysts. The designed strategies for the preparation of plasmonic
nanomaterials for catalytic systems are highly crucial to achieve improvement in the performance of
targeted catalytic reactions and processes. While there is a growing number of composite materials
for photochemical processes-mediated by hot charge carriers, the reports on plasmon-enhanced
electrochemical catalysis and their investigated reactions are still scarce. This review provides a brief
overview of the current understanding of the charge flow within plasmon-enhanced electrochemically
active nanostructures and their synthetic methods. It is intended to shed light on the recent progress
achieved in the synthesis of multi-component nanostructures, in particular for the plasmon-mediated
electrocatalysis of major fuel-forming and fuel cell reactions.

Keywords: plasmonics; catalysis; nanomaterials; electrochemistry; fuel; fuel cells

1. Introduction

Plasmon-accelerated chemical transformation through localized surface plasmon resonance
(LSPR) excitation was first experimentally observed during the photocatalytic degradation of
formaldehyde (HCHO) and methanol (CH30OH) on gold nanoparticles (Au NPs) 10 years ago [1]. It
was shown that, when irradiated with visible light, Au NPs dispersed on different metal oxide supports
(ZrO,, Fe;03, CeO,, Si0O,) exhibit significant activity in the oxidation process. Since then, metal-based
nanocomposites are widely considered for the construction of photo-redox catalysts. The ability of
CdS-Pt nanostructures as photocatalysts for light-driven H, production was demonstrated some years
later by Wu et al. [2]. Using ultrafast transient absorption spectroscopy, it was demonstrated that
the excitons in CdS dissociate by ultrafast electron transfer (~3.4 ps) to Pt and the charge separated
state is long-lived (~1.2 & 0.6 us) due to hole trapping in CdS. Recently, photocatalytic water splitting
using Au NPs was demonstrated using a plasmonic photoelectrode [3], where electron transfer from
Au NPs to protons in water generated the photocurrent. As no semiconductor was involved in the
catalytic system, no Schottky barrier was formed, and a higher collection efficiency of hot carriers was
achieved. These selected examples revealed that harvesting energy from the hot charge carriers of
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plasmonic structures is promising for energy conversion and photocatalysis alike, paving the way for
developments of various catalytic reactions. Most attention has been devoted to plasmon-mediated
chemical transformations, and a few reports have investigated plasmon-enhanced electrochemical
transformations [4-14]. The progress that has been achieved in the synthesis of materials that are useful
for the direct plasmon-accelerated electrocatalysis as well as on metal/semiconductor composites will
be outlined here, with the belief that the application of new concepts of electrocatalysis is essential for
the advancements of many industrial electrocatalytic processes. These applications might also be of
interest for fuel cells, electrochemical sensors, organic electrosynthesis, and so forth. Before describing
the synthetic aspects in more detail, we briefly discuss the localized surface plasmon resonance effect
and the mechanism of plasmon-enhanced electrocatalysis.

2. Mechanism of Plasmon-Enhanced Electrocatalysis

Metallic nanoparticles that have diameters smaller than the wavelength of light are known
to support coherent collective oscillations of delocalized electrons in response to electromagnetic
radiation, which are known as localized surface plasmons (LSPs) (Figure 1A). Upon resonant excitation,
the collective oscillations of the free electrons give rise to a local electric field enhancement near the
surface of the nanoparticles, which strongly concentrates light intensities. The resonances where
they occur are named ‘localized surface plasmon resonances’ (LSPR) to differentiate them from the
propagating surface plasmon polaritons of metal surfaces. A tremendous amount of efforts has been
devoted to the design of plasmonic structures to adjust the LSPR frequency (A.y), and it is now
possible to engineer nanostructures that show LSPR effects from the ultraviolet to the mid-infrared
spectral zones (Figure 1B). This is possible as the LSPR properties of plasmonic nanomaterials are
strongly dependent on their morphology, size, shape, composition, and even spacing between particle
assemblies, allowing the use of several parameters for tuning their A;q,. Since the LSPR frequency
shifts upon changes of the refractive index of the medium surrounding the particles, embedding
metallic nanostructures into other dielectric layers, or forming core—shell plasmonic structures are
other means of tuning the LSPR effect.

Following light absorption by nanoparticles and LSPR excitation in the nanoparticles,
the plasmons can decay in several competitive pathways (Figure 1C). One is the radiative decay, upon
which the plasmon decays into photons, resulting in strong light-scattering effects. This phenomenon is
often used for imaging applications and sensing [15,16], and is at the heart of surface-enhanced Raman
spectroscopy (SERS) [17,18]. The other route is the non-radiative decay process, which is dominant for
small metallic nanoparticles (<40 nm) and leads to the generation of energetic electrons and holes in
the plasmonic nanostructures. The excited surface plasmons can then decay by relaxation to generate
localized heating effects, which are detrimental for thermal-based applications such as photothermal
therapy [19], as well as for plasmon-induced photocatalytic chemical reductions [20]. In addition,
excited surface plasmons can transfer “hot” charge carriers to their surroundings, which is primordial
for light-driven chemical transformations [20]. Indeed, hot-electron injection is the first mechanism
reported for the plasmon-enhanced photoactivity of wide-band gap semiconductors [21,22].

Two situations have to be distinguished in the case of plasmon-mediated electrochemistry:
(1) pure plasmonic metal nanostructures, and (2) metal /semiconductor composites with underlying
fundamentally different mechanisms.
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Figure 1. (A) Coherent collective oscillations of free electrons of metal nanoparticles in response to
light when the diameter of the nanoparticles is smaller than the wavelength of light. (B) Plasmonic
resonances are engineered by the size [23], shape [24], material composition of nanomaterials [25],
and dielectric environment (n = 1.00 to 1.50). (C) The decay processes of excited surface plasmon
resonance waves: (i) non-radiative decay by the excitations of charge carries; (ii) radiative decay via
scattering, (iii) transfer of hot charge carriers to the surrounding; (iv) relaxation via heat transfer,
(v) electromagnetic field enhancement, and (iv) dipole resonance energy transfer.

2.1. Indirect Mechanism Using Pure Plasmonic Nanostructures

The plasmon-accelerated electrochemical oxidation of glucose into gluconic was reported by
Wang et al. [4] (Figure 2A). An enhanced electrochemical response of glucose oxidation was observed
upon the LSPR excitation of Au NPs. Taking into account light intensity, heat effect, and the influence
of the LSPR wavelength, the following reaction mechanism was proposed. Upon light absorption and
LSPR excitation, the electrons of the Au NPs oscillate collectively and interband excitation occurs,
which results in electrons at active states above the Fermi level energy of Au NPs. This excited charge is
concentrated on the surface of the Au NPs, and has three possible transfer channels: (i) recombination
with formed holes, (ii) electron transfer, and (iii) being removed to the external circuit. In this case, the
positive applied potential drives the hot electrons to the external circuit, and the remaining hot holes
are driven to the Au NPs surface to accelerate glucose oxidation. This corresponds to the generation
and injection of hot charge carriers into adsorbed molecules, which is often identified as an ‘indirect’
mechanism in the literature.
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Figure 2. (A) (a) Localized surface plasmon resonance (LSPR) signal of gold nanoparticles (Au NPs)
(inset TEM image) and cyclic voltammograms of glassy carbon (GC)/Au NPs in phosphate-buffered
saline (PBS) (red) and in glucose (100 mM; black) as well as of GC in PBS (dark blue) together with
mechanisms of direct plasmon-accelerated electrochemical reactions using the oxidation of glucose to
gluconic acid as an example (reprinted with permission from Ref [4]); (B) LSPR spectra of Au rods in
Au/Indium Tin Oxide(ITO) and Au—MoS, /ITO (inset: TEM image of Au-MoS; hybrids and Au NR);
polarization curves recorded on Au, MoS;, and Au-MoS, hybrid (under illumination and dark) and
energy level diagram (reprinted with permission from Ref [26]).
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2.2. Direct Mechanism by Promotion of an Electron from the Metal to an Empty Molecular Orbital on
the Adsorbate

The case of using a non-pure plasmonic substrate but a metal/semiconductor composite is
outlined in Figure 2B. The hot electrons are injected from the metal nanoparticles to the conduction
band of the semiconductor upon overcoming the Schottky barrier. This process enables the entrapment
of hot electrons in the semiconductor particles, and thereby suppresses the electron-hole recombination,
promoting redox reactions occurring on the semiconductor nanoparticles. Yi et al. recently
demonstrated that the plasmon-excited hot electrons that are generated on Au NRs can be injected to a
MoS; layer due to the low Schottky barrier between Au NRs and MoS; [26]. This system exhibited
enhanced electrocatalytic activity toward the hydrogen evolution reaction (HER) due to the increase
in charge density on MoS; upon the injection of hot electrons. Three probable transfer pathways are
described, namely: (i) the recombination with holes in Au NRs, (ii) injection into the conduction band
of the MoS,, and (iii) the direct electrochemical reduction of water on Au NRs by the generated hot
electrons (Figure 2B). Semiconductors are used as charge transfer mediators to efficiently collect the
excited carriers and thereby promote electrochemical reactions.

3. Synthesis of Plasmonic Electrocatalysts: From Single to Multi-Component Nanostructures

Over the last two decades, a great deal of research has been devoted to the development of
nanostructured materials for improved electrocatalysis (Table 1). It is now well established that
next to morphology, the size and shape of the nanomaterials are considerably affecting the overall
electrocatalytic activity of such systems [5,27]. All of the developed systems focused on electrocatalysis
in the dark or under daylight, and a wealth of information on the structure/activity relationship of
electrocatalysis on light-induced resonant phenomena have been neglected. Inspired by important
advances in using light to enhance photocatalysis [22] as well as photoelectrocatalysis, as recently
shown by Thomas et al. using a pure Au NPs plasmonic photo electrode architecture [3], similar effects
are expected to be beneficial for plasmon-mediated electrocatalysis.

3.1. Noble Metals-Based Plasmonic Electrocatalysts

Gold (Au), silver (Ag), and copper (Cu)-based nanostructures are the most widely investigated
plasmonic nanostructures for electrocatalysis, as they easily allow the tuning of the plasmon resonance
from the ultraviolet-visible to the near infrared region, which are the major components of the solar
flux. In addition, the advantage of such systems is that the Schottky junction commonly blocking the
collection of hot carriers is avoided.

Gold nanoparticles decorating glassy carbon electrodes [4,5] as well as gold nanofiber-based
electrodes [11] have been proposed for plasmon-induced electrochemical processes. Wang et al.
underlined the importance of hot spots in Au NSs on direct plasmon-enhanced electrochemistry using
the oxidation of ascorbic acid as a model [5]. He suggested that an increased number of hot spots, as
observed on gold nanostars (Au NSs), results in the best plasmon-enhanced electrochemistry effects.

Silver is another promising material for plasmon-enhanced electrocatalysis due to its high
extinction cross-section, but has not been reported so far, which is probably due to the low chemical
stability of Ag. Hybrid bimetallic plasmonic nanostructures allow not only a high degree of control
over the LSPR decay mechanism [28], but can help to overcome stability issues. Ag—Au nanoparticles
were for example used for the plasmon-enhanced electrocatalytic oxidation of glycerol [12]. (Table 1).
An Ag—Au catalyst that had been synthesized by a sacrificial support method was proposed recently
by Minteer et al. for the enhanced electrocatalytic oxidation of glycerol [12]. The metals were
chosen as they are well-known plasmonic materials with LSPR bands in the visible region of the
electromagnetic spectrum, and are both able to electrocatalytically oxidize alcohols. When the
binary Ag-Au catalyst—immobilized onto carbon-based anode—was illuminated with visible light,
a significant increase in current and power output was observed (Figure 3), with an average current
density under illumination of 280 ©A cm 2 correlating to a power density of 15 uW cm~2. That
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no heating effect was observed under electrode illumination is in agreement with the concept of
hot-electron transfer to glycerol.
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Figure 3. (a) SEM image of an Au nanofiber plasmonic electrode; (b) UV /Vis spectrum of Au nanofiber
electrode; (c) cyclic voltammograms of Au nanofiber electrode under light or in the dark recorded
in NaOH (0.1 M) in the presence or absence of methanol (0.1 M); (d) cyclic voltammograms of Au
nanofiber electrode under light or in the dark recorded in NaOH (0.1 M) in the presence or absence of
ethanol (0.1 M) (reprinted with the permission of Ref. [11]).

Recently, surface plasmon-enhanced ethylene glycol electrooxidation was conducted by Xu et al.
using hollow Pt-Ag nanodendrimers [29]. A 1.7-fold enhancement in catalytic activity under visible
light irradiation compared to that under dark conditions was achieved. In addition, 6.2-fold and
7.0-fold enhancements when compared to commercial Pt/C were obtained when the optimized Pt-Ag
nanostructures were employed as a photoelectrocatalyst. Indeed, while platinum (Pt) remains one of
the most active catalysts for various electrochemical reactions, Pt NPs hardly exhibit an LSPR peak in
the visible-light region, limiting their application for plasmon-induced electrochemical applications.
The combination of Pt with Ag or Au NPs in the form of bimetallic nanoparticles has thus been
investigated in several works [13,29-31].

One approach to increase the performance of a catalytic system is via the incorporation of special
metal nanostructures, such as metal-tipped, porous, or needle-like plasmonic structures that have
a high electrochemical surface area. Wei et al. recently proposed plasmonic bimetallic structures
based on Pt-tipped Au nanorods (Au NRs) for electrochemical water splitting in the visible and the
near-infrared region [32]. They demonstrated that these nanostructures outperformed fully Pt-covered
nanostructures, which show weak LSPR bands. Pd—Ag hollow nanoflowers have been examined by
Du et al. for the electrooxidation of ethylene glycol [33]. Pd atoms were deposited onto the surface
of citrate-stabilized Ag seeds during a reducing agent-mediated galvanic replacement process with
an electrochemical active surface area, which was determined as 25.8 m? g~! for a Pd; Agz-hollow
nanostructures, while Pt only exhibits 9.8 m? g~ 1.
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3.2. Metal-Semiconductor Composites

One of the most widely used semiconductors for photocatalytic applications is titanium, TiO,,
which is low-cost, non-toxic, and has a stable wide band gap (3.2 eV) semiconductor, for which UV
light is needed for practical applications. One way to overcome the large energy barrier of TiO; is
through its hybridization with noble plasmonic nanostructures absorbing in the visible region [34-37].
One of the first reports was proposed by Xu et al. [36], who decorated highly ordered TiO, nanotube
arrays (TiO; NTs) with Au NPs (1.9 at.%) for enhanced ethanol oxidation. To further enhance the
catalytic reaction, a bilayer titanium dioxide nanotube (BTNT) decorated periodically with Au NPs
was proposed [35]. This heterostructured plasmonic electrode allowed ethanol electrooxidation under
visible light illumination with a maximum catalytic current reaching 1.11 mA cm 2, which was 3.6-fold
higher than that of conventional Au NPs-decorated monolayer TiO, nanotubes. Placing Au NPs
into TiO, nanocavity arrays resulted in plasmonic electrochemical interfaces with superior oxygen
reduction reaction (ORR) activity [34]. It was demonstrated that a 5 nm gold layer deposited on TiO,
delivered a superior ORR performance with an onset potential of 0.92 V versus reversible hydrogen
electrode (RHE), a limiting current density of 5.2 mA em~2, and an electron transfer number of
3.94. The enhanced reductive activity is attributed to the LSPR effect of isolated Au NPs in TiO,
nanocavities which suppressed electron recombination. MnO, nanosheets decorated with Au NPs
were reported by Xu et al. to be an ideal plasmonic electrocatalyst for the oxygen evolution reaction
(OER) (Figure 4A) [38]. The confinement of the outer electrons of the Mn cations by plasmonic
“hot holes” that were generated on the Au NPs’ surface was largely promoted under green light
illumination. These hot holes act as efficient electron traps to form active Mn™* species, providing
active sites to extract electrons from OH™ and eventually facilitate OER catalysis.

Transition-metal catalysts [8] and metal-organic frameworks (MOFs) [10] are attractive
alternatives for the oxygen evolution reaction. Liu et al. demonstrated that when Au NPs are decorated
with transition-metal catalysts, such as Ni(OH), nanosheets (Figure 4B), they form a plasmonic
electrocatalyst, which, upon light illumination, enhances the charge transfer from Ni(OH), to Au NPs,
and greatly facilitates the oxidation of inactive Ni?* to active Ni*/4*
water oxidation at a lower onset potential [8].

Transition-metal disulfides such as MoS;, on the other hand, are among the attractive alternatives
for catalyzing hydrogen evolution reactions (HERs) [26]. To overcome the limitation of inherently low
interparticle conductivity, Shi et al. proposed the incorporation of Au NRs in MoS; [26]. The authors
found that Au@MoS, hybrids drastically improve the HER, with a three-fold increase of the current
under excitation of the Au LSPR bands.

species, allowing more efficient
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Figure 4. (A) (a) TEM image of Au-MnO; nanocomposite, (b) UV /Vis absorption spectra of MnO,
nanosheets and Au-MnO, nanocomposites with various Au loading (inset: LSPR band of gold
nanospheres), (c) Polarization curve in 0.1 M of KOH with and without 532-nm laser irradiation,
(d) Chronoamperometric I-t curve of Au@MnO, nanocomposites with 532-nm laser on and off
(reprinted with the permission of Ref. [9]); (B) (a) HAADF-STEM image of Ni(OH),—Au hybrid
catalyst; (b) UV/Vis absorption spectra of Ni(OH), nanosheets and Ni(OH),—~Au hybrid catalyst,
(c) cyclic voltammograms with and without light irradiation of Ni(OH), nanosheets and Ni(OH),-Au
hybrid catalyst, and (d) oxygen evolution reaction (OER) polarization curves at 10 mV s~ for different
electrodes in dark and under light irradiation (532-nm laser, 1.2 W) in 1 M KOH; Ag/AgCl (Saturated
KCl) was used as reference electrode (reprinted with the permission of Ref. [8]).

Table 1. Plasmon-mediated electrochemical catalysis.

Plasmonic Electrode Reaction Electrolyte Comments Ref.
Catalyst
Noble metal-based plasmonic electrocatalysts
. High alkaline conditions to
Au NPs GCE glucose oxidation PBS (pH 13.7) scavenge holes by OH- [4]
. ethanol and methanol R
Au nanofiber GCE o 0.1 M NaOH Decreased passivation effects  [11]
oxidation
- 100% fuel cell power output
Ag-Au NPs GCE glycerol oxidation 0.1 M NaOH under visible light [12]
Au NPs, Au NRs, ascorbic acid
Au NSs GCE oxidation PBS (pH 7.4) Au NPs have weakest effect [5]
Pt-Ag dendrites GCE ethylepe glycol 1.0 M KOH 1'7Tf(?1d increase in catalytic [29]
oxidation activity under light
Au-Pt NPs FTO ethanol oxidation 1.0 M NaOH 2.6 times enhancement [30]
“Hot” electron transfer
Ag-Ptnanocages GCE ORR 0.1 M KOH suppressed formation of [13]
peroxide intermediate
0.5 M H,SOy4 Photothermal effect results in
Pt/Fe-AuNRs GCE HER 1.0 M KOH electrocatalysis enhancement (31
Pd-tipped Au High exchange current
NRs GCE HER 0.5 M H,504 density of 1.585 mA /cm? [32]
PdAg hollow Ethylene glycol High active surface area of
nanoflowers GCE oxidation 1OMKOH 258 m?g~! (Pt9.8 m? g~ 1) (53]
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Table 1. Cont.

Plcasmonic Electrode Reaction Electrolyte Comments Ref.
atalyst

Plasmonic metal-semiconductor composites

Au-TiO, GCE ORR 0.1 M NaOH Activity of 310 mA mg’l [34]
AutiOz Ti foil ethanol oxidation O N paOs ;f;sf‘zi‘y;‘f_ﬂejse withlow Au - 55)
Au-MnO, NPs GCE OER 0.1 M KOH 60-mV overpotential [9]

Four-fold enhancement, Tafel
slope of 35 mV dec™!

Au-Co/NiMOF GCE OER 1M KOH 10-fold increase [10]

Ni(OH),-Au GCE OER 1 M KOH

ethanol oxidation and 5.6 (ethanol) and 13 times

Au-Cul NPs GCE rdnee;l}-la)gigi rk:lue (MB) 1MKOH (MB) enhanced activity. [39]
Au-MoS, GCE HER 0.5 M HySO4 hrec-fold inerease, MOVr (]
. Attained an HER current
TN and doped e HER 0.5 M H,S04 density of I0mA/em? ata  [14]
graphene low overpotential of 161 mV.
Under visible light irradiation
Au NP@rGO Water splitting (OER 1.9 and 1.1-fold enhanced )
layer@Pd NS GCE and HER) 0.1 M KOH HER and OER activity, (401
respectively.

Au NPs: gold nanoparticles; Au NRs: gold nanorods; Au NSs: gold nanostars, HER: Hydrogen evolution reaction;
ORR: Oxygen reduction reaction; OER: Oxygen evolution reaction; GCE: glassy carbon electrode; FTO: Flourine
doped tin oxide; MB: Methylene blue; MOF: metal-organic frameworks; PBS: phosphate-buffered saline.

4. Current Trends and Outlook

This short review summarizes the recent developments on nanomaterials for plasmon-enhanced
electrochemical reactions with the aim of interesting the communities working in plasmonic and
electrochemical processes, providing a common base for jointly progressing in this exciting area
of plasmon-mediated electrochemistry. To understand better the design of the nanostructures,
the physical fundamental of localized surface plasmon resonance and the various mechanisms for
plasmon-enhanced electrochemistry have been provided. Despite the significant advances achieved
in the last three years, researchers are facing many challenges in this field. While a large variety
of synthetic methods have been developed for the synthesis of these heterostructures, the scale-up
of such processes will be an important and imperative aspect for the use of these concepts on a
wider scale. The formation of highly reproducible nanostructures with comparable catalytic and
plasmonic properties is at the core of the development to envision scale-up, which is an issue that
has not been yet resolved. While laser light is often used for the stimulation of the plasmonic effect,
developing plasmonic materials that are responsive to sunlight with high catalytic activity represents an
important goal in the field of plasmon-mediated chemical/electrochemical reactions. Which guidelines
for the future design of plasmonic electrochemical materials can be provided? The formations of
bimetallic and metal/semiconductor nanostructures have both shown to be of great promise for
plasmon-enhanced electrochemical systems, taking advantage of the catalytic activity and the strong
optical effects of these nanostructures. While such simple plasmonic nanostructures have been
demonstrated as concentrating light efficiently from the UV to the near-infrared range of the light
spectrum and transferring it to adjacent species, thus improving electrochemical transformations,
a better understanding of the underlying mechanism of plasmon-enhanced electrochemistry is
primordial for optimizing electrochemical-based oxidation and reduction processes. How to separate
the generated hot electrons from the holes in an efficient and controlled manner is one of the critical
criteria to be investigated, as it is fundamental for enhancing electrochemical reactions. Next to this,
the importance of plasmonic heating in plasmon-enhanced electrocatalysis has to be systematically
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studied. How to distinguish the contribution from the electromagnetic field-enhancement from
hot charge carriers-induced enhancement are big experimental and theoretical challenges to be
addressed. Further studies focusing on the morphology, composition, heterojunctions, and other
nanomaterials-based aspects need to be conducted in order to fully optimize the plasmon-enhanced
electrochemical effects. The future of plasmon-mediated electrochemistry might be full of surprises.
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