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Preface

With the development of nanoscience and the miniaturization of optical devices,
optics has entered the micro-nano scale. Micro-nano structures are subwavelength
structures whose study requires new phenomena, new physics, and new technologies
that break the diffraction limit of light. Surface plasmon is the collective oscillation
of free electrons on the metal surface—with peculiar optical properties and a strong
resonance effect. It can confine the light to the nanostructure’s surface, thereby
overcoming the diffraction limit of light. Besides, it can dramatically enhance
various light-matter interactions. Plasmonics has rich physics and broad applications
and has rapidly developed into a new discipline—plasmonic photonics [1].

Various light-matter interactions, including fluorescence, single molecular detec-
tion, light propagation, photothermal, optical tweezers, photocatalysis artificial
metamaterials/metasurfaces, and nonlinear optical conversion, can be significantly
enhanced by plasmonics due to the achievable giant electric field enhancement
[2—4]. This book is systematically presented to provide an overall understanding
and insight into the emerging plasmonic photonics field by discussing the latest
development in plasmon-enhanced light-matter interactions. We hope the chapters
of this book contribute to the academic exchanges in plasmonic photonics, promote
this emerging field to a broader range of readers, and promote the application of
some Plasmonic Photonics related technologies.

The main body of the book is comprised of 12 chapters that focus on plasmon-
enhanced light-matter interactions. The included chapters do not cover the entire
breadth of the field of plasmonics, but we hope it will give the reader an interesting
summary of this exciting field. The 12 chapters provide a comprehensive perspective
on chiral plasmonics, epsilon-near-zero plasmonics, topological insulator plasmon-
ics, evolutionary algorithms for molding nanostructure geometries, hot electrons,
optical tweezers, thermoplasmonics, quantum plasmonics, and plasmonic sensing.

The editors thank all the contributors of this book for their remarkable chapters.
We owe special thanks to Dr. David Packer (executive editor) and Ms. Amrita
Unnikrishnan (project coordinator) at Springer for supporting this book. Last but
not least, we would like to thank Mr. Baoqing Wang, who provided indispensable
editorial assistance and support. Peng Yu is funded by Sichuan Science and Tech-
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nology Program (No. 2020YJ0041) and the National Natural Science Foundation of
China (No. 62005037). The editors acknowledge the support from the National Key
Research and Development Program (No. 2019YFB2203400).
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Abstract Chirality is a geometric feature, corresponding to the structures that
cannot be brought to coincide with their mirror images. To discriminate the object
chirality is critical and significant in many areas such as life science, chemistry
and physics. Chiral plasmonic from two aspects including chiral near-fields and
chiroptical effects in far-fields of nanostructures will be discussed. Chiral near-fields
can be characterized by the optical chirality density. Chiroptical effects in far-fields
can be analyzed by the transmission matrix. As for far-field chiroptical effects,
circular birefringence (CB), circular dichroism (CD) and asymmetric transmission
(AT) are frequently discussed. Additional, chiral biomolecules can change some
characteristics of chiral nanostructures and thus can be used for chiral sensing. The
sensor is easy to implement and is non-invasive to the analyte. Therefore, chiral plas-
mons have good application prospects in ultra-sensitive chiral molecular sensing.
Plasmonic chirality is still evolving, and many phenomena and challenges remain
undiscovered, such as circularly polarized luminescence, nonlinear chiral effects,
chiral selective hot electron transfer, ultrafast detection, and chiral quantum optics.
The research on plasmonic chirality plays a vital role in the future development of
science and technology.

Keywords Chirality - Plasmonic - Chiral near-fields - Chiral far-fields -
Circularly polarized light - Sensor

1 Chiral

Chirality splits the material world into left and right, ranging from small metal clus-
ters of atoms to continuous metal surfaces and through the whole range of molecular
materials, nanomaterials, hybrid materials, bio-materials and metamaterials. During
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2 Z. Zhang

Baltimore lectures on molecular dynamics and the wave theory of light, Lord Kelvin
defined chirality as follows: “I call any geometric figure, or group of points, chiral,
and say it has chirality if its image in a plane mirror, ideally realized, cannot be
brought to coincide with itself” [1]. Chirality is a common natural phenomenon
and exists widely in various fields of scientific research such as life chemistry.
Chirality refers to the property that a structure and its mirror image cannot be
completely overlapped, just as the left and right hands are mirror-symmetric but
do not overlap, see Fig. 1. The word “chirality” is derived from a Greek word
meaning “hand”; hence, a chiral object must have right or left handedness. These
left- and right-handed structures are the mirror images of each other and are termed
as enantiomers. In addition to hands, other living organisms have a large number of
chiral components [2].

Chirality can be found everywhere in nature, ranging from micro-organisms and
biomolecules to spiral galaxies, and plays an important role in the animal world.
For example, the coloration of several butterfly wings (e.g., Parides sesostris and
Teinopalpus imperialis) [3] and beetle exoskeletons (Chrysina gloriosa) is due
to chiral photonic crystals [4]. In plants, the condensed fruit of Pollia exhibits
iridescent color due to the chiral spiral photonic crystal. One chirality of limonene
produces the smell of lemon, and the other chirality generates the smell of orange.
The different performances of this smell have important consequences; for instance,
in the fruit fly pheromone oil palm, the inertia of one hand attracts females,
and the other hand attracts males [5]. In medicine, many drug molecules exhibit
chirality. Only one enantiomer is suitable for disease treatment, and the other is
non-functional or even toxic to humans [6]. All essential amino acids are chiral and
have the same handedness, regardless of the equal energy of both chiral forms and
the equal probability of their formation in an achiral environment. However, only
one of these two occurs in nature and is the same for humans, animals, plants, and

" \ " “H “H
Q (S)4{-Himonene " (R)(+}limonene

Fig. 1 Chiral objects
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microorganisms [7]. Chirality appears to be a basic characteristic of living matter
and perhaps even a requirement for life.

In 1848, Pasteur’s experiments showed that the enantiomers of chiral molecules
produce different results with polarized light. Therefore, polarized light is widely
used to detect chirality. For example, the chiral structure can be detected by
measuring the different absorption degrees of left circularly polarized (LCP) light
and right circularly polarized (RCP) light. However, the chirality of structures
in nature is extremely weak, and the interaction between chiral molecules and
polarized light is not evident and thus cannot be accurately detected. With the devel-
opment of nanostructure processing technologies, chiral plasmonic nanostructures
or metasurfaces can be artificially manufactured to produce evanescent fields called
“superchiral” plasmon near-fields, which have stronger chirality than many natural
chiral systems because the artificial nanostructures structures can enhance chiral
light—matter interactions [8—10].

The “superchiral” plasmonic near-field generated by the artificial chiral plasma
structure can enhance the interaction between chiral light and matter. The chiral
plasmonic structure maintains the “superchiral” near-field (also known as the chiral
“hot spot”). One of the main research directions of chiral near-field is achiral
nanostructures. 2D (planar) achiral nanostructures have attracted research attention
because they can enhance local chirality by enhancing the magnetic or electric
field and the nano-gap between plasmon and polymer. In general, planar achiral
nanostructures can be fabricated by using electron beam lithography (EBL) and
focused ion beam technology. 2D (planar) achiral nanostructures and chiral near-
fields in 3D achiral nanostructures have also been widely investigated. The local
chirality can be enhanced in 3D achiral nanostructures by spatially separating
and enhancing magnetic or electric fields. Multiple EBL can be used to prepare
3D achiral nanostructures, the chirality of which is determined by the complex
interaction between near-field interaction and phase retardation. Chiral near-fields
can be characterized by the optical chirality density. The “superchiral” near-field
exhibits different amplitudes and phases in the opposite case and can be used in
engineering linear and nonlinear chiral interactions. For example, the “superchiral”
near-field exhibits different amplitudes and phases under the excitation of RCP and
LCP to manipulate the interaction of CP light materials [11]. In the interaction
between quantum emitter and chiral plasmonic structure, the chiral hot spot is
favorable for emission and has a specific chirality. The near-field chirality can be
reflected in the far-field luminescence of the coupling dimmer, thus benefitting the
luminescence of a specific hand.

Far-field chiral effect implies the interaction between polarized lights and artifi-
cial chiral plasmonic structures. The main research objects in far-field chirality are
circular birefringence (CB), circular dichroism (CD), and asymmetric transmission
(AT). CB refers to the optical rotation of polarization of the linearly polarized
light transmitted through a chiral medium. Here, the rotation direction (clockwise
or counterclockwise) is determined by the handedness of the chiral material. CD
points to the differential absorption or transmission of RCP or LCP light. Chiroptical
effects in far-fields can be analyzed by the transmission matrix. Assuming that a
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given incident plane wave propagates in the +z direction, the Jones matrix Ty of
circular polarization [12, 13] is described as follows:

g+ _ 1 (txx + tyy +i (tey = tyx) tex — tyy — i (tey + tyx)> _ <t++ t+_>
eire = 2 \ txx — fyy +i (fxy + fyx) fxx + by — i (fry — fyx) (-

ey
where “x”, “y”, “4” and “=" are used to describe the polarized states of linearly x-
polarized, linearly y-polarized, RCP light, and LCP light, respectively. Im(z,,) and
Re(t,,) represent the real part and imaginary part of f,,, respectively. The CD of the
circularly polarized light is usually defined as follows:

CD™ =Typ —T__ = |tyq|* — [t——|* = [Im (txx) + Im (t,) ] [Re (try) — Re (tyx)]
~ [Re (txx) + Re (1yy) ] [Im (£2y) —Tm (1y)]
2)

AT is defined as the different RCP light to LCP light or LCP light to RCP light
conversion efficiencies. In accordance with the above conditions, AT can also be
represented by the transmission matrix.

The AT of the circularly polarized light is defined as follows [14]:

AL =T =Ty =y P = |ty > = [Im (12) — Im (1) ] [Re (£y) + Re (1) ]
— [Re (1) + Re (tyy) ] [Im (1xy) — Im (1yx) ]
3)

2 Near-Field Chiral

The enhancement and handedness control of chiral near-fields are also crucial to
improve the weak chiral effects of molecules and can be characterized by the optical
chirality density, which can be quantified using the so-called optical chirality [15,
16]. In 1964, Lipkin proposed a quantity pseudo vector C [17],

1
CE‘g_OE.vXE+—B-VxB, 4
2 20

where E and B represent electric field and magnetic field, respectively. ¢ and pq
represent the vacuum dielectric constant and vacuum permeability, respectively.
Lipkin’s research also pointed out that C is a quantity stored in arbitrary electro-
magnetic waves and has no actual physical meaning.

In 2010, Tang and Cohen of Harvard university indicated that C describes the
quantity of the chirality of the electromagnetic field and represents the efficiency
of exciting the chiral signal of chiral molecules. For simplified calculation and
understanding, C can be derived from Eq. (4) [15, 16, 18-22]:
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Eow

which can be computed for monochromatic electromagnetic field. E and B are
the complex electric and magnetic fields around the plasmonic nanostructures,
respectively, and w is their angular frequency.

According to the equation, parallel components of electric and magnetic fields
can be obtained for fields with non-zero optical chirality. The maximum value of C
for a plane wave is calculated from the circularly polarized light as follows:

gow
CEy = i—|E|2 (6)

where + and — denote the LCP and RCP light, respectively, and c is the speed of
light in a vacuum.

When Tang and Cohen proposed C, they assumed that the chirality of the local
electromagnetic field needs be enhanced to improve the chiral signal of chiral
molecules. They proposed that a strong C can be achieved at the standing wave
node formed by circularly polarized light. In 2011, they experimentally verified a
method to enhance chiral molecular signals [15].

To obtain a large optical chirality, researchers studied the influence of electro-
magnetic wave excitation of different polarization states on the optical chirality and
the optical chirality with different metal nanostructures. According to Eq. (5), the
magnitude of optical chirality is proportional to the imaginary part of E*eB. This
equation also provides two ways to enhance optical chirality. First is by reducing
the angle between the electric and magnetic fields, and second is by increasing the
electric or magnetic field. For the first case, the maximum value of optical chirality
can be achieved when the directions between the electric and magnetic fields are
parallel or anti-parallel as shown in Fig. 2.

right-handed —
helix E '

k L)
left-handed /:-
helix QE —

B

Fig. 2 Fundamental mode of a helical plasmonic nanoantenna exhibiting non-orthogonal electric
and magnetic dipole moments. Given their nanostructure, the electric(red) and magnetic(blue) field
vectors are mainly parallel, leading to a strong optical chirality and changes in the handedness of
the structures, the relative orientation of vectors, and consequently the handedness of the chiral
near-fields [26]
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Fig. 3 Schematic of different helix nanostructures

Researchers recently proposed different plasmonic nanostructures to produce
optical chirality and explored the reasons for the generation of optical chirality.
Owing to the parallel directions of the electric field and the magnetic field in the
spiral structure, the optical chirality is enhanced in the region surrounded by the
wire. Therefore, different 3D nanostructures, such as loop-wire nanostructures [23—
25] and multiple intertwined helices, have been employed to interact with circularly
polarized light or linearly polarized light to generate optical chirality (Fig. 3) [11,
26]. The enhancement of optical chirality is due to the parallel electric and magnetic
field components inside the spiral. The large pitch helix leads to a large volume that
is enclosed by gold wires; hence, the multi-spiral nanostructure is used to improve
the optical chirality as shown in Fig. 4. In general, the gold helix array is prepared by
using laser to directly write photoresist and then electrochemically deposit the gold
[25]. Preparing the precise helix nanostructure is extremely difficult. Therefore, the
practical application of 3D devices is limited.

Layer-by-layer nanostructures composed of stacked and twisted planar nanos-
tructures are designed to enhance local chirality depending on near-field enhance-
ment. For this nanostructure, the enhancement of local chirality is strongest in
the small gap between the upper and lower layer [18, 27, 28]. A layer-by-layer
nanostructure composed of metal-dielectric—-metal metasurface improves the local
chirality through the interplay of the spatially separated and enhanced electric and
magnetic fields with complementary profiles. In layer-by-layer nanostructures, one
handed chiral field is obtained in the gap between the upper and lower layers, and
the other handed chiral field surrounds the metal nanostructure [27]. The enhanced
chiral near-field is located on the gap between the two nanostructured layers [27].
Unfortunately, it is difficult to use these strongly enhanced chiral fields in chiral
molecular sensors. Layer-by-layer nanostructures are usually prepared through a
multi-step advanced nanomanufacturing process. During the experiment, layer-by-
layer nanostructures must be separated by dielectric layers, such as MgF, layers,
so chiral molecules cannot be placed in areas where the chiral field is strongly
enhanced between the interlayer spacing.

Planar polymer nanostructure illuminated with circularly polarization light is
proposed to generate near-chiral fields for simplification. The chiral near-field is
enhanced by boosting light—matter interaction. The improvement of local chirality
originates from the simultaneous enhancement of magnetic and electric fields and
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Fig. 4 (a) and (b) 3D optical chirality map for different pitch values showing chiral near-fields of
one handedness in the whole interior of the nanostructure. (¢) Optical chirality of slice plots for

different pitch values. The slice plots confirm the confinement to the inner region [26]
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Fig. 5 Optical chirality enhancement by a planar gammadion structure illuminated with (a) LCP
and (b) RCP at a wavelength of 2.01 pm [11]

their proper spatial overlap in the gap between polymer nanostructures as shown
in Fig. 5 [29-33]. For example, optical chirality is generated around a swastika to
achieve a chiral signal enhancement of 6 orders of magnitude. As a major difference,
the gammadion shows both positive and negative values of optical chirality with
similar absolute values, while for the helix the values corresponding to light with
matching polarization are higher [20].

Optical chirality can be found around metal structures, and silicon (Si) nanopar-
ticles also can generate large chiral electromagnetic fields. Si nanoparticles support
electric and magnetic Mie resonances of substantial strength in the visible range
of the electromagnetic spectrum [34—39]. These resonances originate from charge
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Dual E and H fields for maximizing C Practical realization of dual fields
Ceim!EH" (b)
@ \ J #7,  Dielectric dimer
/| e \
‘ s
\“ MD Optical chirality hot-spots

(d)

Dielectric disk

(c)

ED-MD

Fig. 6 (a) Duality of electromagnetic fields in a pair of electric and magnetic dipoles (ED and
MD). The electric (red) and magnetic (blue) field lines of the electric dipole lie parallel with
the corresponding magnetic (cyan) and electric (pink) field lines of the magnetic dipole. For
comparison, similar color tones have been chosen for electric fields (red and pink) and magnetic
fields (blue and cyan). (b) Realization of the dual dipoles in panel (a) by a dielectric nanodimer
composed of two high refractive index spherical nanoparticles. (¢) Overlapping electric and
magnetic dual dipoles in a single nanoparticle by Kerker effect. (d) Holey dielectric disk could
provide overlapped dipoles shown in panel (¢) [36]

displacements in the high refractive index material. For Si nanodisks, the magnetic
and electric dipole resonances are almost independently tunable via the aspect ratio
[35, 36, 38, 40]. Solomon et al. investigated the near-field chirality enhancement in
Si nanodisks with spectrally overlapping magnetic and electric dipole resonances as
shown in Fig. 6 [41].

3 Far-Field Light-Matter Interactions

Artificial nanostructures provide a wealth of resources for designing customized
optical responses. Different types of chiral structures have been designed with a
common goal of using plasmons to enhance chiral responses. Under CPL illumina-
tion, artificial chiral metamaterials exhibit optical chirality due to the difference in
refractive index and extinction coefficient of RCP and LCP. The chiral effects (CB,
CD, and AT) are discussed for the far field of chiral plasmon and outlined in the
following part of this chapter.
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3.1 Circular Birefringence (CB)

CB refers to the optical rotation of polarization of the linearly polarized light
transmitted through a chiral medium, in which the rotation direction (clockwise
or counterclockwise) is determined by the handedness of the chiral material [42,
43]. Linearly polarized light can become circularly polarized light through a quarter
glass and thus can be regarded as a combination of two circularly polarized
lights (LCP and RCP). When RCP and LCP are transmitted in a chiral medium,
linear polarization rotation occurs because their amplitudes are the same but their
phase velocities are different. Kuwata—Gonokami et al. designed three sample—two
enantiomorphs and an achiral pattern [31]. The measured achiral plasma structure
and the rotation angle of the chiral plasma structure are shown in Fig. 7. Opposite
rotation direction was observed with the left- and right-handed chiral structure, but
no rotation was observed with the achiral structure.

Esposito et al. studied the hand optical properties of a 3D metal spiral system at
light frequencies. A study focused on the optical activity of single nanowires and
three nanowires under linear polarization and circular polarization and found that in
the triple-helical nanowire configuration, the obtained pure CB can lead to a large
optical activity of up to 8°, which is independent of the sample angle and extends in
the visible light range in the 500 nm broad band [44].

(a)

incident light

(-] 4 M 13¥ W
o ooy

Fig. 7 (a) Schematic of CB measurement. (b) Optical rotation angles measured from plasmonic
planar nanostructures with left-handedness, achiral geometry, and right-handedness [31]
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3.2 Asymmetric Transmission

Circularly polarized light passing through the chiral structure is transformed into
orthogonally polarized light. The conversion capacity of polarized light is called
the transformation transmittance, and AT is the difference in transmittance between
the two polarization states. For example, an RCP light is converted to an LCP light
after passing through a chiral structure, and the quantitative relationship between the
incoming RCP and the outgoing LCP is called the transformed transmittance (Fig.
8). When the incident light is LCP or RCP, the conversion transmittance is different.
The conversion transmittance of the two kinds of polarized light is AT.
The AT of the circularly polarized light is defined as follows [46]:

AT =Ty — Tpo = |t—1|* = lt— 4> = [Im (txx) — Im (tyy) ] [Re (txy) + Re (tyx)]
— [Re (tx) +Re (tyy) [ [Im (1) — Im (tyx)%)

The AT effect was first discovered in metamaterials by Fedotov et al., who
showed that this phenomenon is related to the direction of the light’s propagation
and the polarization state of the incident light. Under the strong interaction between
electromagnetic waves and chiral metal structures, AT originates from the different
polarized lights irradiated from the same polarized light in the opposite direction
[47, 48]. This phenomenon is widely used in the design of polarization transformers
and optical devices [49, 50]. At present, the AT effect of circularly polarized light
excitation on many complex 3D has been studied. The AT effect of helical plasmonic
nanostructures is the result of introducing spatial asymmetry into helical chiral
nanostructures [13, 51].

The chiral plasmonic nanostructure of twist nanoslit-nanorod arrays can produce
aremarkable AT effect (Fig. 9). Figure 10 illustrates that at the resonant wavelength,
the spectra of T_ and T4 _ correspondingly present peaks and valleys, respectively,
leading to a large AT effect. When the irradiation direction of polarized light is

@ [I(:) =T {Ib} é@
o mmm"' ,ﬂrmgm

mﬂ# ll:n: -

Fig. 8 (Color online) Asymmetric total transmission of a circularly polarized light incident on
(a) front and (b) back side of a planar chiral metamaterial. The incident right-handed circularly
polarized light (red spiral) is partially converted to the left-handed (blue spiral) polarization when
propagating through the metamaterial [45]
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Fig. 10 Simulated (T)circ matrix, CD spectrum, and AT spectrum of TNNAs for +z-direction
light excitation (a) and -z-direction light excitation (b). Three resonances labeled as mode I, II,
and T1I [14]

changed, the spectra for T_ and T _ will produce reverse effects. The AT effect is
highly dependent on the geometric parameters of the twist nanoslit-nanorod arrays.

The layer-by-layer structure is introduced to generate the AT effect of electro-
magnetic coupling between adjacent layers. Here, a composite chiral metamaterial
composed of cut-wire pair and conjugated gammadion resonators is proposed
(Fig. 11) [46]. Figure 11 shows that by changing the effective dielectric constant
of composite chiral metamaterial medium, the electromagnetic behavior of the
metamaterial can be controlled manually.

Spiral or multilayered chiral metamaterials are prepared using a complex process
of bottom-up and top-down approach. Therefore, planar structures that produce AT
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Fig. 11 (a) Scheme of a unit
cell of the composite chiral
metamaterial. (b) Photograph
of the experimental sample
[46]

Fig. 12 (a) Design of the
gold G-shaped chiral
metamaterial suspended in
air. (b) Illustration of
transmission and polarization
conversion of circularly
polarized light partially
directly transmit remaining
the same handedness and
partially convert to the
opposite handed component.
(c) Spectra for direct
transmission 74 4,7 _,
circular polarization
conversion 74, T4, and
(d) circular polarization
conversion dichroism
T_—T+- [52]

(a)

600 1000 1400 1800 2200
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effect, such as G-shaped structures, coupled cleavage resonators, and chiral fish-
scale structures, have become research hotspots [52] (Fig. 12).

Broadband AT can be achieved in the spectral range using 2D monolayer spiral
metamaterials. The AT effect with a bandwidth greater than 940 nm in the range of
965-1905 nm is realized by increasing the winding number of the element atoms
(Fig. 13). Electric and MD have opposite chirality as incident lights. They radiate
the counter-handed transmitted field component, which leads to the conversion from
the incident RCP light to the transmitted LCP light.
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Fig. 13 Electric field
magnitude |E| distributions
excited by RCP light incident
from opposite sides are
presented by grey maps for
structures G7 (a), G8 (b), G9
(¢), G10(d), and G11 (e).
Propagating directions of
lights are indicated by the
light vectors k. The induce
effective electric p and
magnetic m dipoles in
individual elements are given
by solid black (red online)
and grey (orange online)
lines, respectively [52] 1110 nm

(d)
G10
1220 nm

(e)

G11
1290 nm

|E|

In contrast to the above protruding planar structures, metal films with nanoslits
are easily and directly powered on as specific electrodes [53]. Such films can confine
localized electric fields along the nanoslits (Figs. 14 and 15). Therefore, the design
of nanoslits in thin films can aid in clarifying the mechanism of this effect and may
show promising applications.

Tilted rectangular nanohole arrays (Fig. 16) in a square lattice have been
proposed to produce AT effect. The AT properties of the tilted rectangular nanohole
strongly depend on structural parameters, such as width, length, thickness, and tilted
angle of tilted rectangular nanohole.

When the tilted rectangular nanohole is irradiated by circularly polarized light,
the LSP and SPP appear around the tilted rectangular nanohole, thus producing the
AT effect. In particular, the mechanism of SPPs provides another means to achieve
AT effect, that is, when the array period matches the wavelength of the SPPs.



14 Z. Zhang

Fig. 14 (a) Schematic model of connected gammadion-shaped nanostructure arrays and (b) their
unit cell with the associated parameter definition [54]
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Fig. 15 (a) Schematic model of nanostructure arrays and (b) their unit cell with the associated
parameter definition [55]

3.3 Circular Dichroism (CD)

CD points to the differential absorption or transmission of RCP or LCP light [57].
This parameter can identify enantiomers and is important in life science, analyt-
ical chemistry, biochemistry, and medical science. Compared with natural chiral
molecules, such as DNA and proteins, artificially manufactured chiral plasmonic
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Fig. 16 (a) Schematic of tilted rectangular nanohole arrays with perforated gold film and (b) their
unit cell with the associated geometric features [56]
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Fig. 17 (a) Simulated transmittance spectra and plasmonic modes of a metallic spiral with two
pitches. The structures basically block LCP light while transmitting RCP light nearly without loss
[25]. The observed plasmonic modes extend over the entire structure, thus being strongly handed
themselves. (b) Platinum helices produced by focused ion and electron beam deposition [59]

nanostructures show larger CD response. Different strategies have been adopted to
enhance the CD signal and improve detection sensitivity.

The helix is a typical chiral geometric structure and has attracted attention for
CD effect enhancement. In 1940s, Kraus invented the helical antenna [58], which
is widely used today. Gansel et al. proved that the vibration mode of the plasmon
helix is a standing wave type. Figure 17a shows that the structures basically block
LCP light while transmitting RCP light nearly without loss. Each of these modes
has a distinct handedness and thus predominately interacts with the light of the
same handedness [25]. Esposito et al. used focused ions and electron beam-induced
deposition to prepare platinum helix with up to 22% CD in the visible spectrum as
shown in Fig. 17b [59]. Helical nanostructures typically result in CD spectra in the
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Fig. 18 (a) SEM images and 3D AFM measurement of nanostructure. (a), (b) SEM images of LH-
and RH-LSNDH arrays; (¢) 3D AFM image of RH-LSNDH arrays; (d) height profile of LSNDH
in panel along the cross-section line shown in the bottom left corner. The height of the arm with
coverage layer height is approximately 60 nm [67]

visible and NIR regions; however, their cumbersome preparation process hinders
their application.

Given that the helical structure is difficult to prepared, scientists have proposed
different kinds of 3D structures to enhance the CD effect. Zhao et al. used the
colloidal monolayer technology of PS beads and the glancing angle deposition
(GLAD) technology to create 3D nanostructures. Helically stacked plasmonic layers
[60] and fan-shaped nanostructures [61] (Fig. 18a) have partial characteristics
of helical. By using a similar technique, Zhang et al. designed L-shaped chiral
nanostructures with different thicknesses of the two slices [62], U-shaped tilted
multilayer structures [60], and chiral L-shaped nanostructure added with an achiral
nanorod [63]. In the U-shaped tilted multilayer structures, the thickness of the SiO;
film served as the basis to control the phase difference [60]. The CD signal of
the U-shaped 3D structure increases with the phase difference. A chiral L-shaped
nanostructure at the bottom is coupled with an achiral nanorod acquiring different
positions in the top layer with respect to the long and/or short arm of the chiral L-
shaped nanostructure at the bottom layer [63]. The metastructure generates a giant
CD signal resulting from the strong coupling of the multipolar and dipolar resonant
modes on the two layers.

In addition to providing a certain spiral characteristic for the structure, other
strategies can be employed to enhance the CD effect. In the Fabry—Perot (F-P)
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cavity strategy, the CD effect can be enhanced by multiple reflections inside the
dielectric spacer [64, 65]. Metal—insulator—-metal (MIM) structures with periodic
ordered patterns offer rich optical responses and CD effects from the coupling
between the localized plasmon of nanoparticles and the surface plasmon mode
sustained by the underlying metallic layer [66]. The CD effect can also be improved
by the direct coupling of the upper metal and the lower metal. For example, L-
shaped planar silver nanostructures were prepared using EBL and normal electron
beam deposition, and the GLAD method was used to partially cover one arm of
the L-shaped nanostructure as shown in Fig. 18 [67]. Simulations revealed that the
height difference in the two arms of the L-shaped NDH causes a variation in the
polarization directions of the LCP and RCP incident light, thereby generating CD
effects.

In addition to the 3D nanostructures, the CD effect is also found in the layer-by-
layer nanostructure. Decker et al. prepared chiral metamaterial structure composed
of right-handed twisted gold crosses (Fig. 19a). Although single-layer crosses are
not chiral, they develop chirality along the direction perpendicular to their surface
when placed on top of another layer of cross and rotated on an angle [68]. Another
typical structure is the U-shaped nanostructure, which is also called split ring
resonator (SRR). Decker et al. prepared an array of SRRs, where the unit cell is
made of four SRRs each rotated at 90° with respect to its neighbors as shown in Fig.
19b [69].

Compared with 3D and layer-by-layer structures, the chirality of the planar
structure is relatively small because the former are a real chiral structure, whereas
the chirality of the planar structure is mainly caused by the physical difference
between the air sample and the sample—matrix interface. Although the chirality of

*

*

*
* ¥ +* LN .!l !I_!
** ] *
o 5 e slb|efb|e
* % * * S ajs g n
* % * *
% % 4 * ™ alb|m
* % * * ®|pjep)e —
* % * *
* % PERAAA AR A RRR JEUCUC - S
+ * LPAEAAALALALR L] S pfs pje g)s nle
* R FARRRRL AR Ly = ~ =R A2 A R
+ % I R R =

Fig. 19 (a) Scheme of the chiral metamaterial structure composed of right-handed twisted gold
crosses [68]. (b) Schematic diagram and SEM image of a four-fold rotationally symmetric double-
layer composed of U-shaped gold nanostructures [69]
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planar structures is relatively small, planar chiral nanostructures can be combined
with other materials through modern nanomanufacturing technology to open up
new possibilities. For example, introducing 2D materials to the planar structure
can produce strong surface electric field and lead to large CD effects [70]. For the
most basic array composed of a single chiral structure, such as S-shaped [71] and
gammadion-shaped [72] nanostructure, the CD effect occurs due to the LSP on the
different parts of structures. Another common technique is the coupling between the
two structures and the enhancement of the CD effect through the gap plasmon. The
CD signal of planar heptamer gold nanostructures is due to the coupling between
light and dark collective modes achieved by rotating the peripheral hexamer [29],
thus providing large local electromagnetic field enhancements and strong near-field
couplings.

4 Sensor

Chiral biomolecules are one of the basic units of life. Certain chiral molecular
units are also important components of many drugs. Therefore, the detection and
sensing of chiral molecules are particularly important. However, the weak chiral
response of chiral molecules complicates the process of chiral molecular sensing.
Chiral biomolecules can change some characteristics of chiral nanostructures and
thus can be used for chiral sensing. This technique is easy to implement and is non-
invasive to the analyte. Therefore, chiral plasmons have good application prospects
in ultra-sensitive chiral molecular sensing.

The wavelength shift of chiral molecules can be achieved through the superchiral
electromagnetic field capability generated by artificial chiral plasmonic nanostruc-
tures [73-78]. For example, the superchiral electromagnetic field generated by the
optical excitation of plasmonic plane chiral metamaterial (PCM) is a highly sensitive
probe of chiral supramolecular structure [78]. The PCM is prepared into a gamma-
ray structure. The CD spectrum of the structure produces three resonance modes,
which correspond to different localized surface plasmon resonances (LSPRs). When
biomolecules are adsorbed, the gamma structure can be strongly coupled with chiral
molecules. The refractive index change of LSPRs will displace the LSPRs, thereby
changing the CD spectrum of PCM. The asymmetry of the refractive index of
biomolecules can be extracted by the deviation of the CD spectrum. Therefore, the
chirality of biomolecules can be judged, and the detection sensitivity can be greatly
improved.

A low-cost and high-efficiency tilt angle deposition method has also been used
to prepare large-area chiral molecular probes (in Fig. 20a) [76]. The plasmonic
chiral conic nanoshell metallic nanostructure (CCNM), which is composed of three
nanoshells of different heights, is synthesized by varying the incidence and orien-
tation angles of deposition to achieve symmetry breaking. Such a conic nanoshell
nanostructure can couple the incident light into the nanostructure, thus reducing
the reflection and localizing the electromagnetic energy inside the nanoshell. This
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Fig. 20 (a) CCNM Structural diagram (b) experimental and simulated AT spectra of the R-
CCNM and the L-CCNM in water (dashed line) and chiral L-cys solution (solid line). The shift of
resonant peak from water to the chiral solution is defined as A\, and the inset is the amplified shift
of the CD peak

structure can also achieve CD spectrum shift by adsorbing chiral molecules (in Fig.
20b) for chiral molecule detection.

In 1966, Bosnich showed that chiral molecules can induce CD at the absorption
lines of achiral molecules with which they are closely interacting [79]. Induced
circular dichroism (ICD) is the one which results from the interaction of chiral
molecules with metal nanostructures, in this case the CD signal of chiral molecules
lies between ultraviolet and visible bands. With monolayer inscribed graphene
dual-rings arrays (IGDAs) and chiral molecular structures as examples, the ICD
from the interaction of chiral molecules and metal nanostructures is shown in Fig.
21a, b. Figure 21c shows the T, of chiral molecules, outer rings, inner rings,
and IGDAs with chiral molecules. The 7 of chiral molecules, inner rings, and
outer rings presents three resonant dips in Ag = 0.192 pm, Alg = 22.084 um,
and Aor = 41.131 pwm, respectively. When the IGDAs composed of the inner
ring and the outer ring are immersed in a chiral molecule, their transmission
spectrum (black line) T4 ranges from 10 pm to 60 wm band and shows nine
new resonance dips represented by A; (i from “1” to “9”). At the wavelength A;,
the newly appeared CD signal is called an induced CD signal. Researchers have
experimentally and theoretically studied the interaction between chiral molecules
and metal nanostructures to induce molecular chiral signals from the ultraviolet band
to the visible light band.
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Fig. 21 (a) Schematic of IGDAs immersed in chiral molecular solution and parameters definition;
(b) the zoom cell presenting grapheme layer and chiral molecules; (¢) 744 of chiral molecules,
outer rings, inner rings, and IGDAs with chiral molecules [80]

In theory, the plasma-enhanced CD is an ideal choice for detecting the chirality of
molecules [81, 82] and can achieve the chirality detection of single-layer molecules
or single molecules. As shown in Fig. 22a—c, gold nanorod dimers with chiral
molecules fixed in the gap have stronger effect on resonance and non-resonance
CD signals. For a gap size of 5 nm, an enhancement factor of up to 3000 can be
expected. The CD enhancement factor is related to the average electric field in the
gap [83]. Figure 22d—f shows that the CD spectra of individual chiral molecules and
IGDAs with chiral molecules almost overlap at Ao = 0.192 pm. However, the CD
spectrum of IGDAs with chiral molecules exhibits new CD signals in the microwave
band. The wavelength of these newly emerged CD signals is almost the same as the
resonance wavelength of IGDAs. Hence, the resonance valley is determined by the
chiral molecule.
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Fig. 22 (a) Schematics of gold nanorod dimer with chiral molecules immobilized in the gap;
(b) calculated CD enhancement factor for different gap size; (¢) corresponding values of average
electric field in the gap volume [85]. (d) T4+ of chiral molecules, outer rings, inner rings, and
IGDAs with chiral molecules; (e) CD spectra of chiral molecules alone (green line) and with
IGDAs (magenta line); (f) the CD enhancement factor f as the ratio between the values of magenta
line and with green line [81]

Experimental analysis of the formation of chemical bonds revealed that molec-
ular charges can be transferred to surface plasmonic nanostructures [85]. In
addition, optical activity can be enhanced or inhibited through specially tailored
nanostructures to customize optical activity [86]. As shown in Fig. 23, the formed
achiral nanoparticles, namely, gold/silver core/shell nanocubes, can be used as chiral
additional molecules of the plasma and can provide 2 orders of magnitude CD
enhancement in the near visible region [87].

Chiral molecular sensing is important and is currently achieved by moving the
chiral CD spectrum or inducing CD production. The self-assembly of plasmonic
nanostructures triggered by chiral molecules is a promising method for chiral
molecular sensing [74]. Therefore, chiral plasmons play an important role in
chiral molecular sensing. Many possibilities and aspects worth studying remain
unexplored.
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Fig. 23 Plasmonic nanoparticle with chiroptical activity, based on silver nanocube and DNA.
(a) Design of “individual plasmonic chiral nanoparticle” using a gold/silver (Au/Ag) core—shell
nanocube (namely, Ag NC) surface-functionalized with chiroptical molecules (e.g., DNA), theo-
retically expected to exhibit a plasmon- CD response. Structural characterizations of single-strand
(ss) DNA-functionalized Ag NCs (b—e). (b) Low-magnification scanning electron microscopy
(SEM) and (c) trans-mission electron microscopy (TEM) images show size and shape uniformity
of nanocubes with edge length of 42 4+ 2 nm. (d and e) Scanning transmission electron microscopy
(STEM) and the corresponding energy dispersive X-ray (EDX) mapping images showing that the
nanocube is made of an octahedral Au core embedded with thick cubic shell of Ag [87]

5 Outlook

Plasmonic chirality shows many unique characteristics in the near and far fields
and provides many exciting possibilities for the sensing of molecular chirality for
chirality improvement and CD induction. Different chiral metal nanostructures,
such as 3D, multi-layer, and planar chiral nanostructures, have been prepared using
some advanced methods, including top-down and bottom-up technology, and can be
combined with different chiral molecules for various sensors. However, a tunable
sensor is necessary for practical application. On the basis of their continuous
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maturity in scientific research and their high electron mobility, 2D materials have
shown good effects in the design and regulation of metal structures [88, 89].
Recent research indicated that surface plasmon effects can also be excited in
semiconductors, such as InAS nanowires and carbon nanotubes [90-92]. Given the
electrical tunability of semiconductors, electric fields can be used to control the
light field and achieve the tunability of plasmons and chirality. These ideas can
serve as references for the design of molecular sensors based on plasmonic chiral
nanostructures in the future and provide new ideas for the generation of plasmonic
chirality.

Plasmonic chirality is still evolving, and many phenomena and challenges remain
undiscovered, such as circularly polarized luminescence, nonlinear chiral effects,
chiral selective hot electron transfer, ultrafast detection, and chiral quantum optics.
The research on plasmonic chirality plays a vital role in the future development of
science and technology.
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Abstract Two exciting research fields in modern optics are the fields of plasmonics
and the optics of materials with vanishing permittivity, also known as epsilon-near-
zero (ENZ) materials. On the one hand, plasmonics allows us to confine light at
deep sub-wavelength scales, enabling the possibility of light-matter interactions
over nanoscale dimensions. On the other hand, ENZ materials exhibit interesting
features such as wavelength elongation, decoupling of light’s temporal and spatial
properties, velocity divergence, and field enhancement. Indeed, as these two fields
evolve, it has become clear that combining the properties of plasmonics and ENZ
materials could open new avenues for manipulating light, offering an exciting road
ahead for nanophotonics research. In this chapter, we review the recent progress
in the field of ENZ plasmonics. We discuss fundamental aspects of ENZ media
and its interaction with plasmonic systems, giving particular emphasis to nonlinear
optical phenomena. We also review the various approaches to the realization of ENZ
materials, mentioning the advantages and limitations of each.

Keywords Plasmonics - Nanophotonics - Epsilon near zero materials -
Metamaterials - Metasurfaces - Nonlinear optics - Transparent conductive oxides

1 Introduction

Light-matter interactions are of great importance in several areas of science and
technology. It is therefore essential to explore and understand methods to enhance
and control such interactions. The field of plasmonics, for instance, studies to a large
extent the use of surface plasmons for enhancing light-matter interactions at the
nanoscale through the sub-wavelength field confinement and large optical intensities
that they can achieve. On the other hand, epsilon-near-zero (ENZ) materials,
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i.e. materials with vanishing electric permittivity, promise exciting avenues for
manipulating the properties of light and light-matter interactions, due to their
interesting optical properties, which include strong optical field enhancements [1, 2],
vanishing group velocity and phase-free propagation [3-5].

Both, plasmonics and ENZ materials, have recently attracted much attention
on their own. For instance, plasmonic systems have been exploited for sensing
applications [6, 7], surface enhanced Raman spectroscopy [8, 9], nanoscale field
localization [10—12], and for manipulation of the properties of light through the use
of nanostructured two- and three-dimensional plasmonic media commonly known
as metasurfaces and metamaterials, respectively [13—-16]. ENZ materials, on the
other hand, have been recently used to demonstrate outstanding effects, such as
enhanced nonlinear optical phenomena [17-20] and light-funneling through sub-
wavelength channels [21, 22]. Given the demonstrated potential of plasmonics and
ENZ materials, it is apparent that optical systems combining the essence of both
fields could open new avenues for light control and for the enhancement of light-
matter interactions, offering an exciting road ahead for nanophotonics research.
Indeed, the available literature in the field reveals the rich physics of complex
ENZ-plasmonic systems, as well as the important optical phenomena that they
enable, such as perfect absorption [23-25], tailoring of radiation emission [26-28],
enhanced nonlinear refraction [29], and optical frequency conversion [30-32].

This chapter summarizes the major theoretical and experimental progress
achieved in the field of ENZ plasmonics. The chapter is organized as follows:
Sect. 2 discusses the fundamental concepts of plasmonic and the ENZ materials,
giving special attention to the description of fundamental optical phenomena in ENZ
materials; Sect. 3 reviews the different material platforms that have been explored
for the fabrication of ENZ media; in Sect.4, we review and discuss the major
theoretical and experimental studies on linear and nonlinear optical phenomena in
ENZ-plasmonic systems; finally, the concluding remarks are presented in Sect. 5.

2 Fundamental Concepts

In this section we review the relevant concepts related to the field of plasmonics and
ENZ materials. The topic of plasmonics is treated briefly, only discussing the most
important aspects, while the reader is referred to selected scientific literature for a
deeper understanding of the subject. Special attention is given to the subject of ENZ
materials and their optical properties.

2.1 Plasmonics

The field of plasmonics studies the fundamental properties and applications of
surface plasmons (SPs), which are transverse magnetic (TM) polarized optical
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surface waves formed at the interface between a metal and a dielectric [33].
They are coupled excitations comprising a charge density wave in the metal and
electromagnetic fields that peak at the interface and decay exponentially into both
media. SPs can be casted in two main types: surface plasmon-polaritons (SPPs) and
localized surface plasmons (LSPs) [34]. SPPs are propagating modes that exist on
open metallic surfaces and can be excited over a continuous range of frequencies.
In comparison, LSPs are resonant modes localized to metallic nanoparticles [33];
they can be excited at discrete resonance frequencies defined by the size, shape, and
material composition of the nanoparticle. For both types of SPs, a negative real part
of permittivity with a magnitude much larger than the permittivity’s imaginary part
is required [35].

Both SPPs and LSPs are capable of confining optical fields to dimension
significantly smaller than the wavelength [35, 36], generating regions of large
optical energy density where light-matter interactions can be dramatically enhanced.
Specially, plasmonic nanostructures featuring nanoscale gaps (see Fig.la) [37]
can confine optical fields to volumes well bellow the diffraction limit, reaching
volumes as small as A3/1000 [38]. These important properties, hold promise for
enabling controlled optical interactions with nano-scale objects [39—41], and for
a wide range of applications such as photodetection, surface-enhanced Raman
spectroscopy, optical microscopy, and on-chip communications [36, 42, 43].

2D arrays of metallic nanoparticles arranged in a specific fashion, known as
plasmonic metasurfaces, have also revealed superior performance in tailoring the
optical response (see Fig. b as an example). Engineering the orientation of the
constituent nanoparticles and lattice parameters of such arrays offers additional
flexibility in manipulating the amplitude, phase, and polarization of light [44]. A
wealth of functional metasurfaces have been reported for the realization of ultrathin
metalenses [45], waveplates [46], vortex beam and angular momentum generators
[47, 48], and nanolasers [49], to name a few. Moreover, the enhanced fields and

(a)

Fig. 1 (a) SEM images of plasmonic nanoantennas featuring nanoscale gaps (top panel) with
the corresponding spatial maps of third harmonic generation intensity illustrating the regions
of high energy densities (bottom panel). The numbers included in the bottom panel represent
the magnification of the normalized intensity. (b) A metasurface composed of L-shaped gold
nanoantennas used for generating optical angular momentum. (Panel (a) is adapted with permission
from Ref. [37]. Copyright (2012) American Chemical Society. Panel (b) is adapted from Ref. [48])

(b)
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relaxed phase-matching condition in ultrathin plasmonic metasurfaces are beneficial
for efficient nonlinear applications [50-53].

The capabilities of the plasmonic nanostructures and metasurfaces in enhancing
the field and controlling the properties of light when combined with the interesting
properties of the ENZ media holds much promise for harnessing extraordinary
optical phenomena. For a comprehensive understanding of the optical properties
and applications of plasmonic systems, the interested reader is referred to a number
of excellent review articles and books on the subject [33, 44, 54-57].

2.2 Epsilon-Near-Zero Media

ENZ materials are characterized by a vanishing real part of permittivity that
occurs over a particular frequency range [58], typically referred to as the ENZ
spectral region, or simply the ENZ region. These materials exhibit a number
of unconventional optical properties that, together with the ability of plasmonic
materials to confine light, enable the development of ENZ-plasmonic systems with
an outstanding linear and nonlinear optical response [23, 26, 29, 30, 32]. In this
section, we explain the fundamental properties of light in the ENZ region, which
will be later required to describe interesting optical phenomena occurring in ENZ-
plasmonic systems.

Decoupling of temporal and spatial properties An optical wave propagating
through a material is characterized by the spatiotemporal coupling of the electric and
magnetic fields and its oscillatory nature. In a source-free medium, this is captured
by Maxwell’s curl equations (assuming exp(—iwt) harmonic convention),

V x E = —iopH 1)
V x H =iweE, ()

where E and H are the electric and magnetic fields, and € and p are the permittivity
and permeability of the medium, respectively [59]. However, when ¢ — 0, Eq. (2)
reduces to V x H = 0, indicating the electric and magnetic fields are decoupled
[3, 60]. Furthermore, applying Gauss’s law we find that the electric field is described
by Laplace’s equation, V2E = 0, implying an electrostatic-like spatial distribution
regardless of the oscillation frequency, w. Thus, the fields in an ENZ medium are
quasi-static, with decoupled electric and magnetic fields oscillating in time at the
frequency w [3, 61].

Wavelength expansion As a spatial property, the optical wavelength (1) in a
medium is related to frequency (f) and the phase velocity of the wave (v,) by
A = v, /f. The phase velocity depends on the constitutive parameters of the medium
with
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c

Up = n’ 3)
where n = /ey is the refractive index and c is the speed of light in vacuum. At
optical frequencies p = 1; therefore, v, — oo when € — 0. This divergence of the
phase velocity results in a significant wavelength expansion in an ENZ medium [3,
58].

Another property of wave is the phase accumulated after propagation for a certain
length (/) given as ¢ = 27l /). Replacing A with Agnz, it instantly becomes obvious
that the phase acquired by a wave traveling inside an ENZ medium approaches
zero (¢ — 0) [5, 62]. This property of the ENZ material benefits nonlinear
processes such as wave mixing where a phase mismatch-free propagation is critical
for efficient constructive interaction among the waves [63].

Zero group velocity In a dispersive medium, waves with different frequencies
propagate with different phase velocities. For an optical pulse, waves with various
frequencies interfere and shape the envelope of the pulse that propagates with group
velocity, vg, given by [59]

dw  2c+/e(w) dw
Vop —m — —= — .
87 ok o  0e(w)

“)

where k = w+/e(w)/c is the wavenumber in the medium. Equation (4) describes
the group velocity of an unbounded ENZ medium, which becomes zero in the limit
of € = 0. This means that a lossless unbounded material with zero permittivity
does not transport energy [64, 65]. In reality, however, ENZ media have finite sizes
and suffer from loss. As a consequence, they can have a small, but non-zero, group
velocity [3]. As an example, v, = 0.08c is theoretically calculated for a narrow
U-shaped ENZ channel, assuming a small optical loss [64].

Field enhancement An important property of ENZ media is the large filed
enhancement experienced by the longitudinal component of a transverse magnetic
(TM) polarized light wave incident from a dielectric medium onto the surface of
an ENZ material [66]. Boundary conditions dictate that at the interface of an ENZ
medium the normal component of displacement field, D = ¢ E, must be continuous.
Therefore,

S gt 5)

where E IL and Eé‘NZ are, respectively, the longitudinal component of fields outside
and inside the ENZ medium, and egnz is the permittivity of the ENZ medium.
The field intensity enhancement (FIE) in the ENZ material is given by the factor
|Eenz/Ei|*> = |€i/eenz|?. In principle, as the permittivity of the ENZ medium
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approaches zero, the FIE would approach infinity. However, in real ENZ materials
the maximum FIE is limited by the unavoidable optical losses, which results in
a non-zero value of Im(egnz), and hence a non-zero value for egnz. From the
above discussion, it is clear that in order to maximize the FIE, it is important
to develop low-loss ENZ materials. One possible way to achieve this is through
loss compensation by incorporating gain materials. Although fabrication of gain
incorporated ENZ media is technologically challenging, a significant improvement
of FIE could be realized in them [66]. An alternative path has recently been explored
which considers the role of anisotropy in improving FIE [67, 68].

It is theoretically predicted that anisotropic ENZ media with a vanishing
permittivity in the longitudinal direction reach larger FIE compared to isotropic
ones [67, 68]. Taking into account the reflection at the interface, the FIE in
longitudinal-ENZ media is given by [67]

€l

€1

FIE pnz & 4 cos?(0), (6)

with 6 being the incidence angle, and €| and €, being the transverse and longitudinal
components of complex permittivity tensor, respectively. According to Eq. (6), the
FIE in a longitudinal-ENZ medium becomes considerably large when €| — 0, and
grows further with pronounced anisotropy (larger |€;|) [67]. A comparison of the
FIE between the longitudinal-ENZ and isotropic-ENZ cases is presented in Fig. 2a,
which reveals a significantly larger enhancement for the longitudinal-ENZ case [67].
Moreover, the sensitivity of the FIE with respect to the optical losses seems to be
relaxed in anisotropic ENZ media.

(a) (b)
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Fig. 2 (a) Variation of FIE with the angle of incidence in an anisotropic ENZ medium (blue)
compared to that of isotropic ENZ media (red and green). The anisotropic medium is made of
alternating layers of Si and Dysprosium-doped Cadmium Oxide (CdO:Dy) with €, = 0.26i and
€] = 5.98 + 0.065i. (b) The thickness dependent magnitude of the longitudinal component of the
electric field calculated at the center of an ENZ slab, z = —d /2, shown in the inset. (Panel (a)
is adapted with permission from Ref. [67]. Copyright (2017) by the American Physical Society.
Panel (b) is adapted with permission from Ref. [2]. Copyright (2015) by the American Physical
Society)
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The magnitude of the electric field inside the ENZ materials also depends on
thickness (d). This dependence is theoretically shown to be linear |Egnz| o 1/d
(Fig. 2b) in ultrathin ENZ layers, which support the ENZ mode (see Sect.4.1) [2].
However, the relation is not linear in real ENZ materials because of absorption losses
at the wavelength of near-zero permittivity [69].

3 Material Platforms for ENZ Media

Materials with vanishing permittivity can be mainly categorized into natural and
artificial media. A large portion of this section is dedicated to naturally occurring
ENZ media due to their easy processing and availability over a wide range of
frequencies. Our definition of natural media is limited to metals, transition metal
nitrides, and transparent conducting oxides. For these materials, the near-zero
permittivity is an intrinsic property achieved at their bulk plasma frequency. The
frequency-dependent permittivity of natural ENZ materials, arising from the free
electrons in the conduction band, is explained by the Drude model [33]

w2

P
_ ’ 7
€(w) = €x 2 iy (N

where €, is the high-frequency permittivity and usually takes values between 1 and
10. The damping parameter () and plasma frequency (w)) are given by

e

m* (apt

Ne?
wp = o’ &)

in which N, m* and f1op¢ are volume density, effective mass, and optical mobility of
free electrons, respectively. The quantity e is the fundamental charge of the electron
and ¢ is the vacuum permittivity. It is useful to write Eq. (7) in terms of its real and
imaginary components,

Yy = ®)

€(w) = Re(¢) + Im(e)i, (10)
where,
Re(€) = €00 — % (11a)
w +y
Im(e) = “p (11b)

w(@? +y?)’
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Note that when o is equal to the screened plasma frequency, @) = w),/\/€,
the real part of permittivity becomes zero, whereas the imaginary part takes a non-
zero value. Therefore, Im(¢e) needs to be decreased to acquire smaller values for the
permittivity. For the rest of this chapter, the condition Re(e) = 0 will be referred to
as zero-crossing with the corresponding wavelength Azc.

Metals All metallic elements have a zero-crossing of real permittivity as an
intrinsic property in the UV or visible range due to the high density of free electrons
(10?2102 ¢m—3) [70-72]. Studies on the ENZ properties of metals are limited
to gold and silver [73, 74] because their Azc is in the range accessible by high
power pulsed laser sources; zero-crossing wavelengths for Au and Ag are 520
and 362 nm, respectively [5]. However, the large optical losses, untunable zero-
crossing wavelength, and low damage threshold of these materials impose serious
limitations on their performance as ENZ materials. The low damage threshold,
in particular, makes noble metals unsuitable for nonlinear applications where the
media is typically illuminated by a high intensity laser. Moreover, attempts to further
the Azc of Ag and Au to longer wavelengths have had limited success with the cost
of increased optical losses [75, 76].

Transition metal nitrides A substitute to metals in the visible range is transi-
tion metal nitrides such as Titanium nitride (TiN), Zirconium nitride (ZrN), and
Hafenium nitride (HfN) [77]. Similar to metals, these materials possess relatively
large losses [77-79]. Nevertheless, one of their advantages over metals is the
tunability of optical properties by adjusting the fabrication parameters [79, 80]. In
general, increasing metal:nitrogen ratio shifts Azc to shorter wavelengths because
of the increased electron density (see Eq. (9)) [78]. Furthermore, highly-crystalline
thin films can be produced with these materials, leading to a reduction in optical
losses [79]. Unlike metals, transition metal nitrides offer the advantage of being
compatible with the standard CMOS technology.

Transparent Conducting Oxides (TCOs) TCOs are wide band gap semiconduc-
tors that show a metallic conductivity when degenerately doped with donor impuri-
ties. Typical free-electron density of TCOs is around 10?° cm™3 or larger [81], which
locates their zero-crossing wavelength in the NIR [82]. Analogous to transition
metal nitrides, the optical dispersion of TCOs can be tailored through material
processing [83]. A wide tuning range of Azc from 1280 to 2900 nm can be achieved
in Tin-doped Indium Oxide (ITO) as a result of changes to free-electron density
by simply annealing under different gasses and temperatures [84]. TCOs have the
smallest losses among the natural ENZ media in the NIR; almost five times smaller
than noble metals and at least an order of magnitude smaller than transition metal
nitrides [78]. According to Eq. (8), the damping parameter is inversely proportional
to optical mobility. Therefore, materials with higher electron mobility are expected
to have smaller losses. It is possible to improve the optical mobility by growing
highly-crystalline thin films through well-established techniques such as pulsed
laser deposition. Another advantage of TCOs is their large damage threshold,
allowing for a full realization of their nonlinear response in the ENZ region using
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intense laser pulses (see Sect.4.2) [17]. Furthermore, TCOs could potentially be
used in CMOS fabrication processes.

Although a large number of TCOs has been reported for optoelectronic appli-
cations, only ITO [17], Aluminum-doped Zinc Oxide (AZO) [85], Gallium-doped
Zinc Oxide (GZO) [86] and Indium-doped Cadmium Oxide (ICO) [87] have been
explored as the ENZ media. This can be due partly to the fact that not all TCOs
have small enough losses to be suitable for nanophotonics purposes. For instance,
correlated metals with electron densities in the order of 1022 cm ™3 are considered
as alternatives to ITO for optoelectronic applications [88]. However, their large
imaginary permittivity has to be reduced before any attempts to evaluate their ENZ
properties.

Optical Metamaterials This class of materials refers to artificial 3D media
consisting periodic sub-wavelength particles or layers. The constituent parts of
metamaterials are engineered to manipulate the properties of light upon interaction.
As a consequence, unusual and intriguing optical properties such as negative refrac-
tion, superlensing, and cloaking can be obtained [§9-92]. Metamaterials can also
provide a large degree of freedom in designing tunable ENZ media. For instance,
stacking alternating layers of metal and dielectric together is a straightforward way
of realizing a near-zero effective permittivity [93]. Metal-dielectric structures are
characterized by an anisotropic permittivity with effective components parallel (¢|)
and normal (e ) to the interface (Fig. 3a) given by [94]

- €mdm + €qdy L _ dm/em +dd/6d (12)
= dy +dy ' €1 B dm +dg

where €,,(e4) and d,, (dy) represent, respectively, the permittivity and thickness of
metallic (dielectric) component. At optical frequencies, the permittivity is negative
for metals and positive for dielectrics. Therefore, by a proper choice of materials
and thicknesses, one can tune the zero-crossing wavelength [93, 95].

Metal-dielectric structure with periodic air holes extending the entire thickness,
known as fishnet structure, allows for manipulating both € and p at the same
time. Refractive indices ranging from negative to positive are reported for these
structures [96, 97]. A drawback of ENZ media comprising metallic components
is the ohmic loss, which can be overcome in all dielectric structures. These are
periodic metamaterials with a Dirac cone-like dispersion that acquire a near-zero
index as a result of Mie resonances supported by dielectrics [98, 99]. All-dielectric
metamaterials with an in-plane geometry enable the integration of zero-index media
into on-chip photonic applications, offering flexibility in customizing the device
shape and interaction length [100, 101]. A plasmonic waveguide operating at cut-
off frequency may also be treated as an ENZ metamaterial, and is another approach
to the realization of vanishing permittivity (Fig. 3b). It is shown that at the cut-off
frequency, the electromagnetic field oscillates in phase inside a metal-insulator-
metal waveguide [102]. That in turn means the wavenumber is zero (k = 0), in
resemblance to the case of n = 0.
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(a)
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Fig. 3 (a) Schematic representation of a metal-dielectric multilayer structure labeled with the
structural parameters used in Eq.(12). (b) A plasmonic metal-insulator-metal waveguide for
realization of near-zero permittivity. (¢) An ENZ-plasmonic metamaterial composed of a gold
nanodisk array deposited on top of a metal-dielectric multilayer metamaterial. (Panel (b) is adapted
with permission from Ref. [102]. Copyright (2013) by the American Physical Society. Panel (c) is
adapted with permission from Ref. [27])

Metasurfaces which are the 2D equivalent of metamaterials have also attracted
great attention due to their lower loss and ease of fabrication compared to the
3D structures. Integration of ENZ media with plasmonic metasurfaces offers extra
degree of freedom in controlling the properties of light. An example of such a struc-
ture is shown in Fig. 3c, in which a metasurface of nanodisc antennas is fabricated
on top of a metal-dielectric metamaterial. Moreover, plasmonic metasurfaces are
of interest as they can augment the coupling of light to the ENZ mode and further
enhance the field within the thin ENZ media [31, 32, 103—-106] (see Sect. 4).

4 Linear and Nonlinear Optical Phenomena in ENZ
Plasmonics

The interesting optical properties of ENZ and plasmonic media have ignited
extensive research for understanding the physics behind the different optical
phenomena in coupled ENZ-plasmonics systems. In this section, we review the
major contributions thus far reporting linear and nonlinear optical phenomena in
ENZ media incorporating plasmonic structures.

4.1 Linear Case

In this subsection, we review different linear optical phenomena observed in ENZ-
plasmonic systems, including perfect optical absorption, tailoring of radiation
emission, as well the strong coupling between plasmonic resonators and highly-
confined quasi-static modes supported by ultra-thin ENZ materials.
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Tailoring the radiation characteristics In a medium with vanishing permittivity,
the wave can enter (or exit) the medium only at angles close to the normal. This
is because the transverse component of the wavevector must be continuous at the
interface between two media, i.e. k;; = kgnz:, Where k;; and kgnz; are the transverse
component of wavevectors outside and inside the ENZ medium, respectively. Since
kgnz: — 0, k;; must approach zero, which is satisfied only in a range of angles
centered around the normal to the interface [99, 107]. Following the same reasoning,
one finds that the wave also leaves the ENZ media with high directionality. This
phenomenon was reported in Ref. [107] for an ENZ metamaterial made of metallic
grid network with a monopole source embedded inside. It was shown that the
emission directionality of the structure is enhanced near the plasma frequency. In
this work, the emission measurements in the far-field revealed a narrow lob centered
around the normal to the surface. A directional quantum dot emission from PbS
semiconductor placed within an all-dielectric structure was also demonstrated [99].

The analytical expression predicting the angular bandwidth of the wave transmit-
ted from a simple planar ENZ slab was developed and, in the lossless ENZ limit, is
given by

Af = 2—‘/EENZ/EO, (13)

kodenz

in which egnz and dpnz represent the permittivity and thickness of the ENZ slab,
respectively [62]. According to Eq.(13), A6 becomes narrower as € gnz tends to
zero or as the thickness grows. It needs to be noted that losses arising from the non-
zero imaginary permittivity can broaden the angular bandwidth of transmission in
realistic ENZ materials [62, 108]. Scattering losses as a consequence of structural
imperfections can also broaden the angular bandwidth [108].

Highly directional emission from the ENZ material enables tailoring the radiation
pattern through customizing the shape of exit side of the media. This was proposed
theoretically [62, 109] and confirmed experimentally [110, 111]. In Ref. [109],
simulation of an anisotropic 2D plano-concave waveguide illuminated on its flat
side at cut-off frequency showed that the transmitted wave adapts the shape of exit
face and the structure works as a lens focusing the wave at the focal point. Focusing
phenomenon was also experimentally observed in a Dirac cone photonic crystal
made of alumina nanorods [98].

The ability of ENZ media in modifying the radiation pattern of the wave passing
through them can be used to influence the scattering characteristics of nearby
objects. Studies on nanostructures composed of plasmonic metasurfaces deposited
on top of ENZ media [26—28] reported that the resonance frequency of a plasmonic
nanoantenna does not strongly depend on its dimension, when located in close
proximity to an ENZ medium. Figure 4b illustrates the so-called resonance pinning
effect for the nanorods deposited on Al:ZnO substrate, as shown in Fig.4a. A
considerably reduced red-shift of resonance wavelength versus nanorod length is
evident for the ENZ-nanorod system [26]. This phenomenon is caused by a decrease
in effective refractive index (n.¢r) of the media surrounding the nanorod array, which
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Fig. 4 (a) Schematic representation of gold nanoantenna array deposited on TCO layers, and (b)
the corresponding reflection spectra for various antenna lengths. (Figures adapted with permission
from Ref. [26] © The Optical Society)

compensates for the effect of increased nanorod length. Resonance pining was also
reported for a plasmonic nanodisk array developed on top of a metal-dielectric
ENZ substrate [27], as shown in Fig.3c. A 3-fold reduction of the resonance shift
was observed when comparing the response of the nanodisk array on the ENZ
substrate with that on a glass substrate. The resonance shift was smaller when the
zero-crossing of the ENZ metamaterial coincided with the resonance frequency of
nanodisks, further supporting the role of vanishing permittivity of the substrate in
modifying the scattering from the plasmonic resonators.

ENZ mode Complex frequency modal analysis for a slab of gold with thickness d
bounded with two semi-infinite free-spaces showed that the dispersion curve splits
into symmetric and asymmetric modes for d values comparable to the skin depth.
As d gets much smaller than the skin depth, the dispersion curve of the symmetric
mode becomes flat at the zero-crossing frequency of the material [1, 2, 112]. This
mode, usually referred to as ENZ mode, exhibits a quasi-static behavior, having a
uniform field distribution strongly confined to within the slab, and a near-zero group
velocity originating from its nearly-flat dispersion relation [1, 2]. In comparison, the
field distribution inside a thick ENZ slab has a minimum at the center of the slab. A
flat dispersion is only realized in a certain small range of transverse wavenumber X,
values, given by w,/c < k)| < 0.4/d for the gold slab [2]. The ENZ mode is only
excited by the longitudinal component of the electric field; hence, illumination with
TM-polarized light at oblique incidence is required. Moreover, d has to be smaller
than A, /50, where A, is the plasma wavelength [2].

A number of studies have reported a strong optical coupling between the
resonance of plasmonic antennas and the ENZ mode of a thin ENZ film acting
as a substrate [29, 103—106]. This occurs because the plasmonic antennas produce
near-fields with a significant longitudinal component that can effectively excite
the ENZ mode. For antennas with a resonance frequency overlapping with that
of the ENZ mode, the strong coupling is manifested as a large splitting of
the plasmonic resonance, typically observed in the transmission spectrum of the
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Fig. 5 (a) and (b) SEM images of the structures with strong optical coupling between the ENZ
mode and gold nanoantenna resonance. (¢) Transmission spectrum of the structure in (a), showing
two largely separated resonances. (d) Top and bottom panels show the electric field magnitude
for the coupled system in (b) at resonance frequencies in the ENZ region and away from it,
respectively. (Panels (a) and (c) are adapted with permission from Ref. [106]. Copyright (2016)
American Chemical Society. Panels (b) and (d) are adapted with permission from Ref. [105])

coupled structure (Fig.5c) [106]. In these systems, the ENZ material is a TCO
such as ITO (Fig.5a and b), with its zero-crossing wavelength located in the NIR
region of the spectrum. The possibility of adjusting the zero-crossing wavelength
of TCOs by doping, and adjusting the plasmonic resonance frequency through
the antenna’s dimensions makes this system particularly robust for exploring the
coupling phenomenon [29, 30, 105, 106]. For instance, a resonance splitting as
large as 30% of the zero-crossing frequency of ITO (Fig.5c) was reported in
Ref. [106]. The authors of Ref. [105] used a similar material system (Fig. 5b) to
study the field enhancement in the ENZ layer induced by the plasmonic antenna.
As shown in Fig. 5d, field enhancement in the order of 10 (intensity enhancements
around 100) are estimated within the ENZ material. It was also noted that the
resonance characteristics of the coupled system show a small dependence on the
nanoresonator’s size [ 105]. Coupling to the ENZ mode was also obtained in the mid-
IR region using an ultra-thin layer of n-type GaAs with a gold split-ring resonator
array deposited on top [103]. A triple resonance splitting was reported in the mid-IR
region for a structure that supports an ENZ mode and an optical phonon resonance
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that are both coupled to the resonance of gold resonators. This in turn led to three
distinct polariton branches in the transmission spectra of the coupled system. The
authors also demonstrated the triple splitting due to the simultaneous coupling to
an ENZ mode and a quantum-well intersubband transition. Moreover, an increased
splitting was achieved by tuning the zero-crossing frequency of the ENZ layer to
overlap with the intersubband transition [104].

Perfect absorption Research on perfect absorption (PA) is fueled because of its
importance in many applications such as photovoltaics, photodetection and sensing.
There is a number of ways to achieve PA [113]. Recently, it has been shown
that ENZ media provide a new approach to realizing PA. A detailed theoretical
and experimental study of TM-polarized light PA in a glass/ITO/Ag structure was
performed in Ref. [114]. In this structure, or similar ones, the metallic capping acts
as an opaque layer setting the transmission to zero. Therefore, A = 1 — R, where
A and R represent the absorptance and reflectance, respectively. Surprisingly, a
somewhat counter-intuitive relation among the thickness dpa of ITO, its permittivity
€7 and the angle of incidence 6pas was drawn for the condition of PA [114], given by

(14)

2mdpa | Re(e2)? + Im(er)? 1
Apa

GT/ZIm(ez) tanfpa Sinfpa

in which € is the permittivity of glass substrate. The above equation predicts that
as the angle of incidence increases or Re(ez) and Im(ez) simultaneously tend to
zero, d pa/Apa becomes smaller, indicating that PA can be attained in films with
deep sub-wavelength thickness. More interestingly, ITO layers with smaller loss
need to be thinner to satisfy the conditions for PA [114]. This is in contrast with
the case of conventional media, where the absorbed power increases exponentially
with the thickness of the medium. The absorption measurements for the structure
studied in Ref. [114] consisting a 53 nm-thick ITO layer revealed PA at 57.3°
incidence angle. Moreover, simulation of the angle resolved absorption indicated
that PA occurs at two different frequencies; one at a frequency slightly larger than
zero-crossing frequency and another at a much larger frequency [114]. Complex
wavenumber modal analysis showed that at these two frequencies the imaginary part
of the propagation constant vanishes. At the frequencies of PA, the field distribution
resembles that of an incident plane wave in medium 1 which is completely absorbed,
and unlike the surface and leaky modes, it neither decays nor increases [114, 115].
Similar conditions were found for air/ENZ/metal structure featuring a uniaxially
anisotropic ENZ medium, resulting in an equation analogous to Eq. (14), but with no
dependency on the in-plane component of the permittivity [115]. Conditions leading
to Eq. (14) also require Re(ez) > 0, i.e. PA is obtained at frequencies larger than the
zero-crossing frequency [87, 114—116]. Nonetheless, PA was experimentally shown
at frequencies slightly smaller than the zero-crossing frequency [116, 117]. In these
works, an overlap of the ENZ mode dispersion with the PA frequency along with a
constant field distribution in the ENZ medium led the authors to link PA to the ENZ
mode [117].
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According to Eq. (14), the PA wavelength can be tuned with the proper choice
of thickness, permittivity and the angle of incidence. However, the thickness and
permittivity cannot be altered after fabrication. Therefore, PA can only occur at
single wavelength unless the angle of incidence is dynamically tuned, which might
not be of practical convenience. As a consequence, other strategies should be
adapted to have broadband absorption at a fixed incidence angle. TCOs allow
for broadband PA as their permittivity can be engineered to remain small in a
wider range of wavelength by fabricating a multilayered film with each layer
having different electron density [116, 117]. Employing this strategy, close to
100% absorption was demonstrated over 45nm [116] and 300nm [117] spectral
bandwidth.

Broadband PA was also demonstrated in ENZ-plasmonic systems as a result of
coupling between a gap plasmon mode and the ENZ mode supported by a thin ITO
film [23]. The studied structure (Fig. 6a) was a metal-insulator-metal arrangement
with the top metal layer patterned as an array of squared nanopatches, and a 12 nm
ITO film deposited between the top metal and the insulator (SiO;) region. Gap
plasmons are supported between the top and bottom metallic layers. The thickness
of the insulator was optimized in order to have a weak coupling between the gap
plasmon and the ENZ mode to increase the PA bandwidth. Measured reflectivity
data, shown in Fig. 6b, revealed a 246 nm bandwidth for PA. The distinguishable
characteristic of the reflectivity curve is a flat PA over the entire bandwidth, which
was not achieved in other designs. Based on a similar approach, broadband perfect
absorption was also studied theoretically in Ref. [24], reporting 99% absorption over
a 255 nm wavelength range.

(a) (b)
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Reflectivity
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Fig. 6 (a) A metal-insulator-metal gap plasmon structure consisting an ultrathin ITO layer
deposited in the gap region. (b) The reflectivity spectrum for the ENZ-plasmonic system in (a),
exhibiting a flat top broadband PA. (Figures adapted with permission from Ref. [23]. Copyright
(2018) American Chemical Society)
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4.2 Nonlinear Case

Nonlinear optical phenomena are fundamental for applications such as telecom-
munications, optical data processing, microscopy, and spectroscopy [36, 118]. Yet,
the performance of such applications is usually hindered by the weak nonlinear
response of materials. It is, therefore, important to develop material systems with a
large optical nonlinearity. Recently, it has been recognized that ENZ materials can
possess an outstanding nonlinear optical response [17, 87, 130]. Moreover, several
groups have taken advantage of plasmonic materials to enhance even further the
nonlinear optical phenomena in coupled ENZ-plasmonic structures [29, 30, 32]. In
what follows, we explain the main mechanisms contributing to the nonlinear optical
response of ENZ materials, and review the main investigations reporting nonlinear
optical phenomena in ENZ materials and ENZ-plasmonic systems.

Origins of boosted nonlinearity A number of mechanisms can contribute to the
nonlinearity of ENZ media. Next we provide a brief description for each of them.

» Field enhancement: Nonlinear optical effects require the interaction of a
material with an intense coherent optical field. Therefore, a possible way to
achieve a stronger nonlinear optical effect without increasing the illumination
power is by enhancing the optical intensity within the material. As discussed
in Sect.2.2, the continuity of the electric field displacement across a material
boundary results in an enhancement of the longitudinal electric field component
inside ENZ materials that is proportional to |EENZ|_1 — see Eq.(5). Thus, a
significant intensity enhancement can be achieved at the zero-crossing frequency
for ENZ materials with low loss (small Im(egnz)). In addition, since only the
longitudinal electric field component is affected, the intensity enhancement is
highly dependent on the incidence angle, resulting in angle-dependent nonlinear
effects. This enhancement mechanism is predicted to be further improved in
thin films that have a real permittivity tensor with a vanishing out-of-plane
component [67, 119]. Furthermore, as discussed in Sect. 4.1, ultra-thin ENZ films
based on TCOs support quasi-static modes (ENZ mode) that exhibit large field
enhancements that can significantly enhance the nonlinear optical response of
these materials [1, 2]. Finally, the use of plasmonic structures to enhance the
electric field nearby ENZ materials has been proven to be a powerful method
to achieve efficient nonlinear responses in coupled ENZ-plasmonic systems
[29, 30, 32].

* Hot electrons: A significant contribution to the nonlinear optical response of
TCO-based ENZ materials comes from the generation of hot electrons in the non-
parabolic conduction band [17, 120-123]. This mechanism affects mainly those
nonlinear processes associated to an intensity-dependent permittivity, which can
be described by the Drude model — see Eq. (7) — by taking intensity-dependent
plasma frequency (w,) and damping constant (y) parameters [122]. In TCOs,
hot electrons are generated by raising the kinetic energy and temperature of
free electrons through the intraband absorption of an optical pump (Fig. 7a). In
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Fig. 7 Schematic representation of (a) intraband, and (b) interband excitation of TCOs featuring
a non-parabolic conduction band (the parabolic band is shown in gray). (¢) Variation of plasma
frequency and damping parameter as a function of intensity in an ITO layer under intraband
excitation. (d) Changes of Re(e) and Im(e) with w,, and y. The linear permittivity data reported
in [17] was used for plotting the figure in panel (d). (Panel (c) is adapted with permission from
Ref. [122]. Copyright (2020) by the American Physical Society)

turn, the energy increase of an electron in the non-parabolic conduction band
results in an increment of its effective mass, m* [121-123], and consequently
a reduction of w, — see Eq. (9). Hot electrons also produce an increment in the
value of y. However, this parameter is limited by the high density of defects and
ionized impurity scattering of TCOs; hence, its dependence on the intensity is
usually assumed to be negligible [121, 123]. Since w, is much larger than y,
it follows from Egs. (8), (9), (10), and (11) that the generation of hot electrons
results in an increment (reduction) of the real (imaginary) part of the material
permittivity and refractive index. This effect has been reported by several groups
[17, 85, 87, 121] and can be summarized nicely by the results in Fig. 7c and d.
It can be seen in Fig.7d that even a large increase (50%) of y has almost no
effect on Re(e) and slightly increases Im(e). However, only 5% red-shift of w),
increases Re(e) by 0.4 at the zero-crossing wavelength. Smearing of the Fermi-
level caused by hot electrons also contributes to the enhanced nonlinear response



44 H. Ghobadi et al.

of ENZ material. Nevertheless, the main contribution is from the dynamics of

non-parabolic conduction band.

Temporal dynamics of the hot electrons is ultrafast (sub-picosecond), which is
often explained by the two-temperature model [5, 17, 121]. This model takes into
account the electron-electron (z..) and electron-phonon (z,) relaxation times.
The intraband excitation causes electrons to be in thermal non-equilibrium. After
a few femtoseconds, they arrive equilibrium through electron-electron scattering
with the required time being determined by the scattering rate [, = re’el.

Afterwards, the electron-phonon scattering gives rise to equilibrium between the

hot electrons and the lattice (Izp = ‘Ce;l), which increases the lattice temperature.

Finally, heat dissipates from the lattice to the surrounding environment. This last

step takes a longer time than the previous ones.

* Interband transitions: Interband transitions occur when a material is illuminated
by photons with energies large enough to promote the electrons from the valence
band to the conduction band (Fig. 7b). In case of TCOs, the excited electrons
add to the already existing population of free electrons in the conduction band.
This in turn increases (reduces) the plasma frequency (Re(e)) — see Eq. (9) and
Fig. 7d. The excited electrons return to their unperturbed state through a number
of processes with the characteristic recombination time on the order of a few
picoseconds [124, 125]. TCOs, however, feature a sub-picosecond relaxation
time because of the mid-gap trap states that facilitate the recombination process
[125, 126].

Intensity dependent refraction The intensity-dependent refractive index is
arguably one of the most important nonlinear optical effects, because of its
application in high-speed optical signal modulation, switching, and optical data
processing. This effect is characterized by a refractive index of the form

n=ngy+ An, (15)

where ng is the linear refractive index and An = n3[ is the intensity-dependent
change in refractive index, with np being the nonlinear refractive index and [
being the optical intensity in the medium. Here, we are employing a more general
definition of the nonlinear refractive index, np = dn/d1, to be consistent with the
terminology broadly used in the literature. However, note that under this definition
ny is in general a function of the intensity [127] and not a constant value as it is
typically the case for weakly nonlinear materials. It is desired for both n, and the
maximum value of An, to be as large as possible. The latter describes the strength
of the nonlinearity, which is typically limited by saturation effects; the former
describes its efficiency, i.e. how large is the effect for a particular input intensity.
Furthermore, for many applications such as telecommunications and optical signal
processing, it is of utmost importance for the material to have an ultrafast (sub-
picoseconds) nonlinear response.

For decades, there has been a great deal of work in this research line, aiming
at developing materials with strong and ultrafast intensity-dependent refraction.
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Recently, it has been demonstrated that TCO-based ENZ materials possess remark-
able intensity-dependent refraction properties, featuring record reported values for
ny and maximum An that can be several orders of magnitude larger than that of
Arsenic Triselenide glass, which has the largest nonlinear coefficient previously
reported [118, 128, 129]. Furthermore, it has been shown that the fast hot-electron
dynamics in these materials results in an ultrafast intensity-dependent refractive
index, with response times in the order of a few hundred femtoseconds [17, 85,
87, 126]. In addition to the hot-electron effect, the field enhancement mechanisms
discussed earlier play an important role in defining the overall nonlinear optical
response of the material.

A number of studies have reported large values of An in different TCOs
[17, 85, 87, 125, 130]. The key findings of these works can be summarized as
follows: (i) for a given angle of incidence, a larger change of refractive index is
achieved near the zero-crossing wavelength (Fig.8a); (ii) nonlinear response of
the TCOs is further enhanced for an oblique incident TM-polarized light (Fig. 8a).
This is due to an increase in the longitudinal field component, which causes larger
field enhancements inside the ENZ material; (iii) the smaller heat capacity of free-
electron for TCOs, compared to that of noble metals, gives rise to a higher electron
temperature after an intense laser excitation. As a consequence, unforeseen values
of An (An/ng) as large as 0.45 (5) and 0.72 (1.7) have been obtained for AZO [130]
and ITO [17], respectively; (iv) the large An is accompanied with a sub-picosecond
response time as shown in Fig. 8b.

A significantly larger change of refractive index over a broader range of wave-
lengths was achieved in an ENZ-plasmonic structure composed of a gold nanoan-
tenna array deposited on top of a 23 nm-thick ITO layer on glass (Fig. 8c) [29]. In
this work, a strongly coupled system was realized by tuning the fundamental reso-
nance of nanoantenna to overlap with that of the ENZ mode of the ITO layer. The
linear transmittance spectrum of the coupled system featured a resonance splitting
(see Sect.4.1) with the main resonance centered at 1280 nm. Considerably large
ny values over a broad spectral range of 1180—-1560 nm were measured (Fig. 8d).
The authors reported both positive and negative values of ny, corresponding to
the measurements at wavelengths shorter and longer than the main resonance,
respectively. The largest absolute value of |ny| = 3.73 + 0.56 x 10”3 m?/W
was 2000 times larger than that of the bare ITO film. Values of |An| larger than
2.7 were also reported for a relatively low beam intensity of 0.150 GW /cm?”. The
nonlinear response of this system is enhanced by two main factors: (i) an efficient
coupling of the radiation into the ENZ material mediated by the nanoantennas, and
(i) a large intensity enhancement in the ENZ material due to the field localization
around the nanoantennas. A 860 fs total response time was also measured using the
degenerate pump-probe experiment. Compared to the bare ITO film, the response
time of the coupled structure was relatively slower because of the resonant nature of
the system [29].

Adiabatic frequency conversion Adiabatic frequency conversion (AFC) is a
nonlinear process that shifts the frequency of light as a result of time-varying
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Fig. 8 (a) Wavelength and angle dependent nonlinear refractive index, and (b) the temporal
response of hot electrons measured in ITO layer. (¢) An array of gold nanorod deposited on top
of a thin ITO film, and (d) the change in nonlinear refractive index as a function of wavelength
reported for the structure in (c¢). (Panels (a) and (b) are adapted with permission from Ref. [17].
Panels (c¢) and (d) are adapted from Ref. [29])

refractive index (dn/dt). AFC is important for applications such as sensing,
imaging, and telecommunication. Contrary to the spatially-varying refractive index,
that is characterized by a constant frequency and a changing wavevector, a
time-varying refractive index shifts the frequency while the wavevector remains
constant [131, 132]. TCOs offer a large time-varying refractive index in the ENZ
region, which induces a broadband adiabatic frequency conversion [133, 134].
Experimental studies performed on TCOs have resulted in a shift of the probe
wavelength (AX) in the range of 12-58 nm [130-132, 135]. The wavelength can be
either red- or blue-shifted, depending on the delay time between the pump and the
probe (Fig.9a). It has been shown that for a given pump intensity, the magnitude
of the red-shift is larger than that of the blue-shift, as illustrated in Fig. 9b and c
for the case of ITO [131]. When the probe precedes the pump, the probe signal
experiences an increase in the refractive index, and a translation of the probe
wavelength to the longer wavelengths occurs. This is because of the excitation of
free electrons in the conduction band. On the other hand, the probe experiences a
reducing refractive index during the relaxation process when it follows the pump. As
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Fig. 9 (a) Measured probe spectra as a function of pump-probe delay time. Changes in probe
frequency with the pump intensity in an ITO film for the cases of (b) red-shift and (c) blue-shift.
(Figures adapted from Ref. [131], CC- BY-4.0)

a consequence, the probe wavelength undergoes a blue-shift. The faster dynamics
of hot electrons during the excitation, compared to that during the relaxation (see
Fig. 8b), leads to a larger change of refractive index with time. This in turn, results
in the larger red-shifts than the blue-shifts measured in TCOs. Moreover, a larger
wavelength shift is acquired when the central wavelength of the probe is near the
zero-crossing wavelength of ENZ media. A blue-shift of AL = 11 nm in the probe
central wavelength at a low pump intensity of 4 GW/cm? was measured in an ENZ-
plasmonic structure composed of cross-shaped gold antennas on top of 65 nm-thick
ITO layer on glass [30]. It is worth noting that comparable values of the blue-shift
in bare ITO film required at least an order of magnitude larger pump intensity [131].
Moreover, in order to acquire similar values of the red-shift in bare AZO layers, 400
times larger pump intensities were utilized [135, 136].

Optical wave mixing This category of nonlinear phenomena refers to processes
in which the interaction of photons in a nonlinear medium can lead to the
generation of new photons with different frequencies [137]. Four-wave mixing
(FWM), second harmonic generation (SHG), and third harmonic generation (THG)
are among the most studied nonlinear phenomena in this category. Phase matching
is critical to achieve efficient nonlinear wave mixing because multiple photons
with different frequencies are involved in the process; however, its realization
is typically challenging because of material dispersion [63, 137]. Recently, the
feasibility of using ENZ media for perfect phase matching in SHG was theoretically
studied [138], introducing a clever material design with ENZ regions at both
fundamental and second-harmonic frequencies. In such a scenario, all photons
carry zero momentum, enabling phase mismatch-free nonlinear interactions for
any combination of photon directions. This concept was further investigated and
experimentally demonstrated through degenerate FWM in a zero-index material
[63]. Since the refractive index at the pump, signal, and idler frequencies was zero,
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Fig. 10 (a) Phase mismatch-free propagation of light (top panel) and forward and backward
idler intensities (bottom panel) in a zero-index medium. (b) Schematic representation of an ENZ-
plasmonic system studied for SHG, and (c) the corresponding conversion efficiencies for different
circularly polarized pump. (d) TiN split ring resonator array supporting a resonance at the pump
frequency and another at the second harmonic frequency. (e) SHG enhancement versus pump
wavelength for the structure in (d); the blue and magenta dots show the experimental results for the
horizontal and vertical polarization of the pump, respectively. (Panel (a) is adapted with permission
from Ref. [63]. Copyright (2013) AAAS. Panels (b) and (c) are adapted with permission from [32].
Copyright (2018) American Chemical Society. Panels (d) and (e) are adapted with permission from
[31]. Copyright (2018) American Chemical Society)

the phase-matching condition, |Ak+| = |2kpump — ksignal F kidler|, Was automatically
fulfilled for both forward and backward idlers (Fig. 10a-top panel). As a result, the
intensities of the counter-propagating idlers were almost equal (Fig. 10a-bottom
panel), contrary to significantly different idler intensities typically obtained for
FWM in conventional nonlinear media [63].

In addition to the advantages for phase matching, the strong field enhancement
in ENZ media increases the conversion efficiency and lowers the required pump
power [139]. Experimental studies of the SHG and THG in thin films of TCOs have
shown several orders of magnitude larger conversion efficiencies when pumped at
the [18, 19, 119, 140, 141]. Furthermore, high harmonic generation up to the 9th
order was obtained in a 75 nm-thick ICO layer because of a large field enhancement
in the ENZ region [20].

Much stronger SHG was realized in an ENZ-plasmonic structure made of
plasmonic nanoantenna fabricated on top of ITO (Fig. 10b) [32]. The structure
featured a conversion efficiency up to 4 orders of magnitude larger than that in
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the bare ITO film for normally incident pumps. This was attributed to the efficient
coupling of the pump to the ITO layer along with further enhancement of the
field by the nanoantennas. In addition, the integration of rotationally symmetric
nanoantennas with the ENZ medium provided the extra advantage of simultaneous
polarization control for the second harmonic signal upon its generation. As shown
in Fig. 10c, a right (left) circularly polarized pump resulted in generation of a
left (right) circularly polarized harmonic signal. It is important to note that the
conversion efficiency is not only dependent on the field enhancement at the pump
frequency, but also on that in all other generated frequencies. Therefore, nonlinear
materials with multiple resonances that coincide with the pump and the generated
frequencies can ensure highly-efficient nonlinear interaction [31, 138]. For instance,
an array of TiN split ring resonators that supports an ENZ mode in the visible
and a localized surface plasmon resonance in the NIR (Fig. 10d) was employed for
enhancing the electric field at the harmonic and pump frequencies [31]. As shown in
Fig. 10e, the conversion efficiency was larger for the horizontally polarized pump,
which was due to the excitation of the fundamental plasmonic mode. Moreover, a 16
times larger enhancement of SHG was measured for the resonator array compared
to the thin layer of TiN.

5 Concluding Remarks

Over the past years, there has been a growing interest in studying a broad range of
optical phenomena occurring in ENZ media and in ENZ media coupled to plasmonic
structures. Indeed, it is clear from the current state of this research field that there
is great deal of synergy between the fields of ENZ materials and plasmonics. In
particular, the capacity of plasmonic structures to enhance optical interactions in
ENZ materials through strongly localized near fields results in enhanced linear and
nonlinear optical phenomena with rich physics. Various material platforms for ENZ
media have been proposed so far, however, those based on TCOs appear to be the
best candidates for devising coupled ENZ-plasmonic systems because of their ease
of fabrication and readily integration with plasmonic structures through standard
nanolithography methods. Through this approach, ENZ-plasmonic structures have
already demonstrated exciting linear optical phenomena such as strong coupling
between plasmonic and ENZ excitations, tailoring the optical scattering of plas-
monic nanoparticles, and broadband perfect absorption. On the other hand, several
convincing laboratory demonstrations have made clear the enormous nonlinear
optical response of TCO-based ENZ materials, and the dramatic enhancement that
such a nonlinear response can achieve by incorporating plasmonic structures. In
addition to their strong nonlinearity, it has been demonstrated that coupled ENZ-
plasmonic structures can feature a nonlinear optical response with sub-picosecond
time scale, opening possibilities for creating advanced materials with strong and
ultrafast nonlinearities. However, there are important challenges to solve, such as
the detrimental impact of the losses in most applications and the low damage
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threshold of conventional plasmonic materials, which would limit the performance
of nonlinear optical devices. Despite these challenges, it is the opinion of the authors
that the field of ENZ plasmonics has a bright future with vast opportunities for
research activities and great potential for applications.
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Abstract Plasmonic waveguides exhibit an effective epsilon-near-zero (ENZ)
operation in their cut-off wavelength and Fabry-Pérot resonances at lower wave-
lengths. In this chapter, we demonstrate a scheme to realize nonlinear coherent
perfect absorption (CPA) at the nanoscale using the ENZ plasmonic waveguide
nanochannels. The strong and uniform field enhancement inside the nanochannels
of the waveguides at the ENZ resonance can efficiently boost Kerr nonlinearities,
resulting in a new all-optical switching intensity-dependent CPA phenomenon
which can be tunable with ultrafast speed. Our findings provide a new platform to
efficiently excite nonlinear phenomena at the nanoscale and design tunable coherent
perfect absorbers.

In addition, we demonstrate the formation of exceptional points (EP) in a
nanoscale open and lossy (non-Hermitian) nanophotonic system based on gain
medium embedded inside the ENZ plasmonic waveguide nanochannels. Reflec-
tionless transmission (perfect loss compensation) at the nanoscale is realized at the
EP, which coincides with the ENZ cut-off frequency of the proposed plasmonic
system. This special spectral degeneracy point (EP) is a unique feature of the
presented nanoscale symmetric plasmonic ENZ configuration, different from most
of the previous works that were mainly focused on asymmetric bulky micron-scale
active photonic configurations. When we further increase the gain coefficient of the
dielectric material loaded in the waveguides, a spectral singularity occurs leading
to super scattering (lasing) response at both forward and backward directions.
The presented results demonstrate that ENZ plasmonic waveguides can enhance
different coherent optical effects that can find a plethora of new applications.
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Keywords Surface plasmon - Epsilon-near-zero - Plasmonics - Coherent
optics - Exceptional point - Non-Hermitian

1 Introduction to Epsilon-Near-Zero (ENZ) Plasmonic
Waveguides

Plasmonic nanostructures have received extensive attention due to their ability to
generate surface plasmon resonances resulting in an efficient and realistic way to
control and manipulate the light-matter interactions at the nanoscale [1-5]. Surface
plasmon-polaritons (SPPs) are electromagnetic waves which are confined to metal-
insulator interfaces and allow sub-wavelength confinement of light [6]. Applications
of SPPs in optics and photonics are numerous, including light harvesting [7],
plasmon focusing [8], waveguiding, cloaking [9, 10], plasmon-enhanced solar cells
[11], and surface enhanced Raman spectroscopy [12].

During the recent years, few natural materials or metamaterials with permittivity
or permeability near zero have been proposed with several exciting properties [13—
16]. Such materials whose permittivity or dielectric constant become close to zero,
are called epsilon-near-zero (ENZ) materials. Many materials in nature, such as met-
als, achieve ENZ permittivity at specific wavelengths. In this chapter, a free-standing
waveguide structure is proposed to obtain an effective ENZ response [17-21]. It is
based on periodic rectangularly-shaped plasmonic ultranarrow channels operating
close to their cut-off frequency. This anomalous quasi-static response was originally
proposed in [22] and can lead to very strong fields inside the ENZ plasmonic
waveguides, characterized by uniform phase distribution and infinite phase velocity.
It has been used for several applications, such as squeezing and tunneling of
light [22], superradiance enhancement [17, 23], boosting optical nonlinearities [24—
26], realizing quantum entanglement [20], and obtaining tunable coherent perfect
absorbers [18].

In the following, we demonstrate that the proposed plasmonic waveguide
channels can indeed achieve an effective ENZ response at their cut-off frequency.
Figure 1 shows one unit cell of the periodic nanochannel geometry. As depicted in
Fig. 1, a narrow rectangular slit filled with dielectric material with width w, height
t < w, and length [, is carved in silver to create a waveguide. To further simplify
our analysis, the dielectric slits are assumed to be composed of a material with no
gain or loss. The relative permittivity of the passive dielectric material loaded in the
narrow slit is chosen to be ¢ = ¢, = 2.2. Similar to the ENZ supercoupling effect
presented in closed waveguides at optical [22, 23] and microwave frequencies [27,
28], the proposed approach to realize effective ENZ nanophotonic configurations
consists of properly modulating the lateral width w of the plasmonic channels, such
that each nanowaveguide operates at the cut-off of its dominant mode.

The lowest-order mode of such narrow orthogonal waveguide channels is a quasi-
TE19 mode, which is of a ‘quasi’ nature due to the non-negligible losses induced by
the metallic (silver) waveguide walls at optical frequencies [24]. It can be evaluated
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Fig. 1 Geometry of the silver plasmonic waveguide unit cell. The rectangular slits are loaded with
a lossless passive dielectric material (¢ = €, + 18, where § = 0) and are carved in the silver screen.
The device is excited by a plane wave impinging at normal incidence. (Adapted with permission
from Ref. [18]. © 2018 Optical Society of America)

by considering the transverse magnetic (TM) mode supported by a parallel-plate
waveguide made of the upper and lower plates of the nanochannel, in combination
with the transverse electric (TE) mode confined between the lateral walls [29].
In the limit e44 — — oo (assuming perfectly conducting metal), the effective
permittivity for the quasi-TE ¢ mode of the plasmonic nanowaveguide array system
can be simply written as: g,/ = & — 2/ k%w2, where ko is the wave vector of the
propagating wave in free space and ¢ is the relative permittivity of passive dielectric
material loaded in the narrow slit. As a result, the effective permittivity given by the
approximate formula will become equal to zero leading to an effective ENZ resonant
response only for a waveguide with width w equal to: w = =/ (ﬁko), which is
the classic cut-off condition of rectangular waveguides at microwave frequencies.
Therefore, the effective ENZ operation can be obtained at the cut-off wavelength
(he = 2w /€) of the dominant quasi-TE;9 mode, where Re[e.z] = Re [Byg] = 0.

In order to further clarify the ENZ resonance features of the proposed plasmonic
waveguide system, the transmittance from the system has been evaluated by
using full-wave numerical simulations (COMSOL Multiphysics). The waveguide
parameters are chosen to obtain the cut-off wavelength around A, = 1012nm, by
using a slit height # = 40 nm and width w = 200 nm. The grating period is selected
to be equal to @ = b = 400 nm. The transmittance results are computed and shown in
Fig. 2 as a function of the incident wavelength for three different waveguide lengths:
[ = 500 nm (solid line), / = 700 nm (dashed line), and [ = 1 pwm (dotted line). A
strong transmission peak around the wavelength A = 1012 nm is always present,
independent to the waveguide’s length / values, which further proves that this is the
cut-off wavelength of this waveguide. This cut-off wavelength is very close to the
theoretical value computed by the theoretical analysis [19].

For longer wavelengths, the slits operate below cut-off and the incident waves
are totally reflected back leading to zero transmittance, whereas for shorter wave-
lengths, several additional transmission peaks are observed that correspond to
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Fig. 2 Computed transmittance of the waveguide channels shown in Fig. 1 for three different
values of channel thicknesses: / = 500 nm, 700 nm, and 1 pm. (Adapted with permission from
Ref. [19]. © 2019 American Physical Society)
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Fig. 3 (a) Transmission and reflection coefficients and phase difference between them for the
plasmonic waveguide as a function of the incident wavelength. (b) The total electric field
enhancement distribution in the channel’s xy-plane operating at the ENZ, FP{, and FP; resonant
wavelengths. (Adapted with permission from Ref. [18]. © 2018 Optical Society of America)

Fabry-Pérot (FP) resonances, which are strongly dependent on the waveguide’s
length [, as it can be seen in Fig. 3. In the next section, we will plot the
field enhancement distributions at the ENZ operation and other higher-order FP
resonances (see Fig. 3b). It is interesting that at the ENZ cut-off wavelength, large
and uniform field enhancement is obtained inside the nanochannels due to the
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effective infinitely elongated guided wavelength in each nanowaveguide (tunneling
effect), since A, = 27/ Re [By,] and Re[B,,,] = 0 at ENZ. Whereas for higher-
order FP resonances, the fields have the typical characteristics of standing wave
distributions, where sharp minima and maxima are observed along the waveguide
length. The enhanced and homogeneous fields at the ENZ resonance are responsible
to the boosting of several coherent optical effects, such as CPA.

2 Tunable Nonlinear Coherent Perfect Absorption (CPA)
Based on Passive ENZ Plasmonic Waveguides

Recently, increased interest has been dedicated towards the design of different plas-
monic nanostructures to control light in an efficient and coherent way. One example
is the effect of coherent perfect absorption (CPA) leading to the interferometric
all-optical control of absorption under the illumination of two counter-propagating
coherent beams [30]. As the time-reversed counterpart of lasing, coherent perfect
absorption, also known as “anti-lasing”, can be obtained by reversing the gain
in a medium with absorption that will completely annihilate the incoming beams
due to the formation of a standing wave distribution inside a lossy medium [31].
This interesting effect provides a new opportunity to dynamically modulate the
absorption of a lossy medium by changing the relative phase between the two
counter-propagating incident waves. CPA has been investigated and demonstrated
in various nanostructures [32, 33] and new materials, such as graphene [34, 35].
Moreover, CPA is also related to the new physics of parity-time (PT) symmetric
photonic systems. Spatially symmetric and balanced inclusions of loss and gain in
photonic structures have led to PT-symmetric devices that simultaneously behave as
a coherent perfect absorber and a laser oscillator (i.e., a CPA-laser) [36, 37]. More
details about PT-symmetric structures are provided in the next Sect. 3 of this chapter.
However, CPA so far has been mostly realized with bulky materials exhibiting linear
absorption and only a few theoretical studies have been focused on the extension of
the CPA effect to nonlinear absorptive media [38—40].

In a relative context, considerable research efforts have been dedicated during
the recent years to realistic metamaterials with effective ENZ permittivity response
due to their peculiar transmission properties that provide, in principle, infinite
phase velocity combined with enhanced and uniform field confinement distribution
[12—14]. Recently, some interesting works have been proposed that connects ENZ
metamaterials, even zero index metamaterials (ZIM), with CPA [42-44]. However,
none of these works is focused on the nonlinear extension of the CPA effect.

In this section, we propose a nonlinear ENZ plasmonic waveguide system to
realize tunable nonlinear CPA in nanoscale dimensions. We first analyze the CPA
conditions in linear plasmonic waveguides. This plasmonic configuration exhibits
an effective ENZ response at its cut-off frequency and FP resonances at higher
frequencies [25, 26]. In the vicinity of the ENZ resonance, it is found that perfect
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CPA can be achieved under the illumination of two counter-propagating plane
waves with appropriate amplitudes and phases. Next, we present an ultrafast and
efficient way to switch ON or OFF the CPA process by incorporating Kerr nonlinear
materials inside the ENZ plasmonic waveguide. Our findings can provide a new
platform to excite nonlinear gap solitons [39], and design unidirectional CPA [45],
optical switches [40], and ultrasensitive optical sensors.

2.1 Linear CPA by ENZ Plasmonic Waveguides

The geometry of the proposed plasmonic waveguide unit cell has been shown before
in Fig. 1 in the previous Sect. 1. It is composed of a narrow periodic rectangular
slit carved in a silver screen whose material permittivity dispersion follows derived
experimental data [46]. The slits are loaded with a passive dielectric material (§ =
0) with the linear part of permittivity ¢ = &, = 2.2. This free-standing waveguide
geometry was originally introduced in [24] for several nonlinear applications and
can sustain ENZ and FP resonances. The slit width w is designed to tune the cut-
off wavelength of the dominant quasi-TE|yp mode along the channel. The guided
wave number B of this mode has near-zero real part, resulting in effectively
infinite guided wavelength and an anomalous impedance-matching phenomenon
at the nanochannel. This effect is independent of the grating’s periodicity and the
waveguide channel’s thickness [24]. Here, the slit dimensions of the rectangular
channels are chosen to have width w = 200 nm, height r = 40 nm (¢ < w), and
thickness / = 1 wm, respectively.

Now we consider the linear operation of the plasmonic waveguide channel. This
linear plasmonic waveguide is illuminated by a normal incident z-polarized plane
wave and the simulated transmittance and reflectance are shown in Fig. 3 as a
function of the incident wavelength. Resonant optical transmission peaks occur at
the waveguide’s cut-off wavelength and at lower wavelengths (gray solid line in Fig.
3). At the cut-off wavelength of the dominant quasi-TEjg mode (A = 1016 nm),
the plasmonic waveguide behaves as an effective ENZ medium. An anomalous
impedance-matching phenomenon occurs that leads to extraordinary transmission
combined with large field enhancement and uniform electric field distribution inside
each slit. The field distribution at the ENZ operation is shown in the upper caption of
Fig. 3b. Below the cut-off wavelength, the first and second order FP resonances are
observed at A =989 nm and A = 926 nm, respectively, which have typical standing
wave field distributions [middle and lower captions in Fig. 3b]. The dashed line in
Fig. 3a refers to the computed phase difference A¢ between the transmission and
reflection coefficients of the system. At the ENZ and lower FP resonances, the phase
offset between the transmitted and reflected waves experience an abrupt transition
from almost = to -1, typical behavior of resonating effects. We will show later that
either Ap = 0 or A¢p = m is one of the required conditions to generate the CPA
effect under the illumination of two coherent counter-propagating beams.
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from opposite sides. The two output plane waves (Eyy1, Eour2) are also shown in the schematic. (b)
Output coefficient ® versus the phase difference Ay of two incident waves operating very close
to the ENZ wavelength. CPA occurs at Ay = 0° or 360°. (c) Field enhancement distribution of
the real part of E, in the channel’s xy-plane at the ENZ wavelength in the case of Ay =0  (CPA
point). The white arrows depict the power flow direction. (Adapted with permission from Ref. [18].
© 2018 Optical Society of America)

Next, we illuminate the same nanowaveguide with two plane wave sources of
equal intensity Iy (o = |Ein1|2/2770 = |Ein2|2/2n0) launched from opposite sides,
as illustrated in Fig. 4a. The transfer matrix method is used to investigate the role
of interference from the two incident waves, which provides a relationship between
the outgoing waves (Ey,7, Eou2) and the input waves (Ejy 1, Ein2):

|:E0ut2:| :M|:Ein1 :|, (1)
Ein» Eour1

where M is the transfer matrix that has a unitary determinant for systems with
time-reversal symmetry [47]. This quantity connects the fields at the output and

input surfaces. The elements of the transfer matrix are related to the elements of the
scattering matrix S through the following relations [30]:

s R ()
M1 My ST

S$20811 S
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where S21 and S1; represent the transmission coefficient 7 and reflection coefficient
r under a single normal incident plane wave, respectively. In a reciprocal and
symmetric system, similar to the current case, S1; = S22 = rand S21 = Spp =+t.
Perfect absorption occurs only when the outgoing waves from each side disappear,
i.e., Eoyyp = Eourz = 0, which means that the upper left transfer matrix element
becomes Mj; = 0, a relationship that can be directly derived from Eq. (1).
Combining the relationship of M7 with the scattering matrix elements in Eq. (2), it
implies that > = 2 [30], which is valid for reciprocal systems. Hence, in order
to achieve CPA through destructive interference, the transmission and reflection
coefficients not only should have equal amplitudes (| 7 | = | r |), but they must also
have a particular phase difference A¢, which is equal to either O or £ [30]. All
these conditions are very difficult to be simultaneously satisfied in subwavelength
plasmonic structures and usually large photonic structures are used instead with
several wavelengths thicknesses [48]. For instance, in our design, we consider a
dielectric slab with the real part of permittivity & = 2.2 and very small thickness [ =
1 pm. According to Eq. (7) in [30], for a given incident wavelength (around 1 pm),
CPA would occur only when the imaginary part of the permittivity of this ultrathin
slab will reach 0.7, an extremely high dielectric loss value that does not exist in
nature. Moreover, just a metallic slab will also not work to obtain CPA because it
will reflect all the incident radiation from both sides.

However, the aforementioned CPA conditions can be easily fulfilled by the
proposed plasmonic waveguide system that has a very small thickness (I = 1 pm)
and is loaded with lossless dielectric material. As illustrated in Fig. 3a, at the
wavelength point (A = 1017 nm), very close to the ENZ wavelength, the amplitude
of the transmission is totally equal to the reflection amplitude (| # | = | r |) and
the phase difference A¢ between the transmission and reflection coefficients (¢
and r) reaches nearly the desired value of -. Therefore, CPA is expected to be
obtained at this point when we illuminate the nanowaveguide with two coherent
counter-propagating plane waves (Ein; = /217010 and Einy = /2n0lpe'2"), where
no = 3772 is the surrounding free space impedance) that have equal intensity
amplitudes / ¢ and zero phase offset Ay = 0.

To quantitatively measure CPA, we define an output coefficient ® as the ratio
of the total outgoing light intensity to the total incoming light intensity impinging
at the nanowaveguide [36, 49]: ® = (|[Equt1]* + [Eoutz|*)/(|Ein1|*> + [Ein2[?.
Therefore, ® = 0 refers to CPA while ® = 1 refers to coherent perfect transmission
(transparency). Figure 4b demonstrates the computed output coefficient ® of
the system as a function of the phase difference Ay between the two counter-
propagating incident waves (Ejy; and Ejp2). The input wavelengths of the two
incident beams are fixed at A = 1017 nm (the CPA point). Perfect CPA is obtained
by using a phase offset Ay value of either 0" or 360°. The total output power can be
modulated from zero (perfect CPA) to high transmission just by changing the phase
offset Ay between the two incident waves. Note that the high transmission obtained
close to Ay = 180° is counterintuitive compared to the low transmission values
obtained for just one incident wave shown in Fig. 3a. Hence, the ENZ response
becomes almost lossless in this case due to constructive interference and exhibits
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close to unitary transmission, an effect which is surprisingly achieved by a passive
lossy plasmonic system. The normalized real part of the electric field distribution
(E., the main component) at the CPA point ( = 0") is shown in Fig. 4c, where the
electric field outside of the plasmonic waveguide is nearly plus/minus unity (plane
wave incidence), meaning that there are no reflections from either side and that all
the incident radiation energy is completely absorbed by the proposed plasmonic
waveguide (perfect CPA). This is another counterintuitive result, since the material
at the core of the waveguide, where the electromagnetic energy is confined, is
lossless. Note that the minimum field value used in the colorbar at Fig. 4c is —1.
The white arrows in Fig. 4c represent the total power flow direction of each counter-
propagating wave and provide another clear indication of the vanishing outgoing
waves.

In addition, it is interesting to note that the value of the field enhancement inside
the nanochannels nearly doubles at the CPA point for the case of two incident waves,
compared to the field enhancement at the ENZ resonance using only one incident
wave (Fig. 3b). However, the field distribution still remains homogeneous because
the CPA effect happens close to the ENZ resonance of the waveguide. The obtained
large and uniform field distribution at the CPA point is advantageous in order to
increase light-matter interactions. For example, it will lead to large and uniform
local and non-local density of optical states inside the waveguide’s nanochannel,
which are ideal conditions to increase the collective coherent spontaneous emission
rate of several emitters placed inside the channel leading to superradiance [17]. In
this case, CPA is achieved with an extremely thin plasmonic structure (thickness
I =1 wm) and, interestingly, the area of the field enhancement is lossless while the
losses are coming only from its metallic walls.

2.2 Tunable CPA by Nonlinear ENZ Plasmonic Waveguides

Now we consider the Kerr nonlinear effect in the proposed CPA ENZ plasmonic
waveguide. The strong and uniform field enhancement at the CPA point can cause
the plasmonic system to access the optical nonlinear regime, especially as we
increase the intensity of the incident waves. Third-order nonlinear effects will make
the CPA phenomenon become intensity-dependent, in addition to phase-dependent,
and, as a result, tunable with ultrafast speed. The slits in Fig. 1 now are loaded with
a standard nonlinear Kerr material, with relative permittivity ., = ¢ + xP|Ecnl?,
where ¢ = ¢, = 2.2 represents the glass linear permittivity (same as the linear case),
x® =44 x 10729 m?/V? is its third-order nonlinear susceptibility [50], and |Ecp|
is the magnitude of local electric field in the nanochannel. The local electric field
E¢n at the ENZ CPA point will be very strong and homogeneous (Fig. 4c) and the
Kerr nonlinear effect is expected to be enhanced and triggered by relative low input
intensities. This will directly lead to a shift in the frequency where CPA is obtained.
Slow thermal nonlinear effects are not expected to affect the performance of the
proposed nonlinear CPA device because it will be excited by relative low input
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intensities that will lead to low induced temperatures in the plasmonic structure
[51].

Again, we illuminate the waveguide with two z-polarized plane waves (Fig. 4a)
at the ENZ CPA point (A = 1017 nm) and compute the output coefficient ® now
versus the input intensity /y of each beam. For a fixed input intensity /, the phase
difference Ay of the two incident beams is set to vary from O to 2. We record the
maximum (coherent perfect transmission) and minimum (CPA) values of ® in Fig.
5a. The CPA effect is always present [minimum ® ~ 0] as we gradually increase
the input intensity I before reaching to a threshold value of 30 MW/cm?. Above
this threshold low input intensity, the minimum ® gradually approaches maximum
® values ~ 1, which directly indicates that the nonlinear CPA effect disappears
just by increasing the illuminating input intensities. Interestingly, an absorption dip
in the value of ® down to 0.0017 is observed at Iy = 3.16 MW/cm?2, attributed
to the nearly perfect satisfaction of the CPA conditions at this point. It can be
seen in Fig. 5b that for Iy = 0.01 MW/cm? (solid line) the CPA is obtained at
Ay =0 and 360" [similar to the linear operation in Fig. 4b], while at a larger
input intensity I = 1000 MW/cm?, the output coefficient becomes almost phase-
insensitive [dashed line in Fig. 5b]. This can be explained by the fact that the
third-order Kerr nonlinearity leads to a gradual change in the nonlinear permittivity
of the dielectric medium and the system does not satisfy the aforementioned CPA
conditions anymore. This effect is similar to nonlinear saturable absorption [22] but
it works for waves illuminating the nonlinear structure from both sides and can
lead to perfect transparency with relative low input intensities and in nanoscale
dimensions. It can be used to achieve passive Q-switching for the envisioned
compact nanolasers based on plasmonic structures [52—54]. It can also be utilized to
design amplitude modulators for efficient all-optical routing of the electromagnetic
radiation in nanoscale dimensions and to build adaptive optical filters. Such strong
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Fig. 5 (a) Nonlinear variation of the maximum and minimum values of the output coefficient
® versus the input intensity Iy for two incident counter-propagating waves operating very close
to the ENZ wavelength. (b) The output coefficient ® versus the phase difference Ay for low
0.01 MW/cm? and high 1000 MW/cm? input intensity values. (Adapted with permission from
Ref. [18]. © 2018 Optical Society of America)
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nonlinear tunable CPA response, achieved with relative low input intensities, is a
unique feature of the proposed ENZ plasmonic structure. Note that regular elongated
photonic CPA configurations will not be able to achieve this strong nonlinear
response under such low input intensities due to the poor field confinement and
enhancement inside their geometries.

Finally, we plot in Fig. 6 the nonlinear output coefficient ® versus the incident
wavelength around the ENZ resonance for four different input intensities. The
phase difference Ay of the two incident beams is now fixed and equal to
zero, corresponding to perfect CPA. As we increase the input intensity Iy from
0.01 MW/cm? to 200 MW/cm?, the CPA effect always exists close to the ENZ
resonance and the absorption dip (perfect CPA point) is gradually shifted to larger
wavelengths and becomes tunable. Finally, it is interesting to note that the abrupt
transition of © obtained for 200 MW/cm? is a clear indication of optical bistable
response [24].

3 Exceptional Points and Spectral Singularities by Active
ENZ Plasmonic Waveguides

Exceptional points (EPs) are branch point singularities of the spectrum found in
open non-Hermitian (lossy and/or active) Hamiltonian systems that correspond to
the coalescence of both eigenvalues and eigenvectors [55]. They have been observed
in parity-time (PT) symmetric non-Hermitian photonic systems and have led to
several counterintuitive phenomena including unidirectional light propagation [56—
59], loss-induced lasing [60], topological energy transfer [61], and asymmetric
mode switching [62]. Not limited to PT-symmetric structures, EPs have also been
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detected in other open non-Hermitian systems without gain (passive), such as
metallic gratings [63], photonic crystal slabs [64], asymmetric plasmonic nanos-
tructures [65, 66], lossy metamaterials [67], and graphene [68]. All these interesting
systems exhibit some form of geometrical or material asymmetry in order to break
parity reversal symmetry and achieve the EP response. A unique characteristic of
EPs is that the reflection of the system becomes zero from different directions,
which provides a strong indication of potential EP formation in the pursuit of
their detection. Besides EPs, another class of irregular spectral points obtained
only in active systems is the so-called spectral singularities that correspond to a
lack of completeness of the system’s eigenfunctions in a continuous spectrum [69].
They lead to distinct spectral degeneracies where the reflection and transmission of
the system tend to infinity and have extremely narrow resonant bandwidth [70].
This interesting feature can be used for potential applications relevant to super
scattering [71, 72], coherent perfect absorption and lasing [36, 37, 49], and saturable
nonlinearity [73]. Note that the majority of the previous related works are focused on
asymmetric nanoscale structures and the realization of EPs in symmetric plasmonic
configurations have not been presented so far.

In parallel with the aforementioned research efforts, some interesting works
have recently been proposed [44, 74—77] that connected active ENZ metamaterials,
even ZIM, with PT-symmetry in order to realize the formation of EPs and spectral
singularities or other degeneracies. However, the permittivity of the loss material
in these systems needs to be equal to the conjugate of the permittivity of the
gain medium to obtain efficient PT-symmetric effects, such as the EP formation.
Note that, in the case of plasmonic nanoscale systems, it is very difficult to find
optical active (gain) media with a positive imaginary part of permittivity equal to
the usually large, especially for metals, optical losses associated to the negative
imaginary part of the loss material permittivity [78]. Fortunately, the response of
plasmonic waveguides operating near their cut-off frequency exhibiting effective
ENZ response is accompanied by a uniform and strong field enhancement inside
their nanochannels, where the gain material is located. This unique property is
expected to trigger EPs and other PT-symmetric effects with minimum gain values,
since the enhanced electromagnetic mode is evenly spread throughout the entire
gain dielectric medium leading to a strong interaction with it. Hence, arrays
of ENZ waveguides are anticipated to bring the formation of EPs and spectral
singularities in symmetric plasmonic nanoscale systems one step closer to their
practical implementation.

In this section, we propose a realistic design of a non-Hermitian nanophotonic
system based on an array of ENZ waveguides loaded with active dielectric materials
with low gain values with the goal to obtain PT-symmetric effects with spatially
symmetric nanostructures. In the previous sections, it was demonstrated that this
plasmonic configuration exhibits an effective ENZ response at its cut-off frequency
and FP resonances at higher frequencies [22, 24, 41]. In this section, we study the
effect of low gain in this system, which is induced by realistic active materials
loaded inside the spatially symmetric plasmonic nanoslits. Our aim is to completely
compensate the loss of the proposed plasmonic ENZ configuration and achieve
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more complicated optical effects derived by PT-symmetry. Towards these goals,
we numerically demonstrate and analytically prove the existence of an EP spectral
degeneracy at the ENZ resonance that leads to reflectionless transparency combined
with total loss compensation at the ENZ frequency point. In addition, a spectral
singularity with super scattering (lasing) response is obtained by the same compact
ENZ nanoscale system when active materials with slightly larger gain coefficients
are introduced inside the nanochannels. The proposed active optical ENZ system
has several additional unique features. For example, it is demonstrated that it can
be used to dynamically modulate the output ENZ power from phase-controlled
amplification to unidirectional absorption when the waveguide is illuminated by two
counter-propagating plane waves. Finally, the proposed active ENZ configuration
is also found to drastically boost several relative weak optical nonlinear effects,
such as optical bistability and all-optical switching [79, 80]. It is interesting that all
these effects are achieved by a purely symmetric plasmonic configuration that does
not break parity reversal symmetry. Our findings provide a new platform to design
lossless ENZ metamaterials, low threshold nanolasers, and unidirectional coherent
perfect absorbers [45].

3.1 Numerical Modeling of Active ENZ Waveguides

The geometry of the unit cell of the proposed plasmonic non-Hermitian nanopho-
tonic system is the same as the structure illustrated in Fig. 1. It is composed of an
array of narrow periodic rectangular slits but loaded now with an active dielectric
material carved in a silver screen. The loss is introduced in the proposed non-
Hermitian system by the silver screen, in addition to the inherent radiation losses
of the system. The silver permittivity dispersion values used in our simulations
are taken by previously derived experimental data [46]. In this design, the slits are
loaded with an active dielectric material exhibiting gain with a relative permittivity
at steady-state equal to ¢ = ¢, + i, where the real part is equal to &, = 2.2
and the imaginary part corresponds to the gain coefficient that, for now, is set to
be an arbitrary variable with constant value 8. This is a valid approximation to
model active materials with low gain coefficient values at the steady-state condition
when equilibrium is reached [81, 82]. In addition, always an exp(i2rwff) time
convention is assumed in the current simulations. The slit dimensions are chosen
to have width w = 200nm, height t = 40nm (r < w), and thickness / = 500nm,
respectively, and the grating period is selected to be equal to a = b = 400nm. As
it was explained in the previous Sect. 1, this free-standing waveguide geometry
can sustain an ENZ resonance at the cut-off wavelength of its dominant quasi-
TEjo mode [24]. It has been proven that extraordinary optical transmission can
occur at the ENZ wavelength combined with large field enhancement and uniform
phase distribution inside the nanoslits [17]. This is due to an anomalous impedance
matching phenomenon that depends only on the interface properties, i.e., on the
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aperture to period ratio of the array, and is therefore independent to the grating’s
periodicity and each waveguide channel thickness.

The active plasmonic waveguide system is illuminated by a z-polarized plane
wave. The contour plots of transmittance and reflectance as a function of the incident
wavelength and small values of the active dielectric permittivity imaginary part &
are computed and shown in Fig. 7a, b, respectively. The wavelength in these plots
varies very close to the ENZ cut-off frequency point of the system that was found
to be approximately equal to A = 1011nm in the case of passive slits (§ = 0).
Interestingly, reflectionless ENZ response is observed for a very low gain value
of § = 0.011 at A = 1011 nm [point A in Fig. 7b]. This is clearly shown in
Fig. 8, where the computed transmittance and reflectance of both passive (§ = 0)
and active (§ = 0.011) systems are plotted. In the absence of gain (§ = O/black
lines), resonant optical transmission occurs at two different frequency points: the
ENZ cut-off wavelength (A = 1011 nm) and the FP resonance A = 922nm. The
transmittances have relatively small values (T ~ 0.5) for these two wavelength
points and cannot reach unity due to strong ohmic losses coming from the metallic
(silver) walls of the waveguides. However, when an active dielectric material with
small gain coefficient equal to § = 0.011 is included in the waveguide channels
(gray lines in Fig. 8), perfect transmittance and zero reflectance are obtained at the
ENZ wavelength point. This response offers a clear indication of an EP formation
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Fig. 7 (a) Transmittance and (b) reflectance as a function of the incident wavelength and the small
imaginary part § (gain) of the active dielectric material permittivity loaded in the waveguides.
Reflectionless loss-compensated ENZ behavior is obtained at the exceptional point A. The super
scattering (lasing) ENZ mode is obtained at the spectral singularity point B. Amplitude of the
electric field enhancement distribution in the channel’s xy-plane operating at (c) the reflectionless
loss-compensated ENZ point A and (d) the super scattering (lasing) ENZ point B. The white arrows
depict the incident wave direction. (Adapted with permission from Ref. [19]. © 2019 American
Physical Society)



Epsilon-Near-Zero Plasmonic Waveguides for Enhanced Coherent Optical Effects 71

—Reflectance - - Transmittance

1.0 1.0
5 S
% 08 08 8 =
S T & =
[&] 2 @
85 0.6 06 < ¢
o T x 2
x g 3T
9 504 {04 2 €
€ 2 S o
Sa E=R
£ 0 E 5
£ 202 102 2 ®
< S
o =
Y : : : : : , —=={0.0
850 900 950 1000 1050

Wavelength (nm)

Fig. 8 Computed transmittance and reflectance of the plasmonic waveguide as a function of the
incident wavelength with (gray) and without (black) gain. An active dielectric material permittivity
with imaginary part 6 = 0.011 is used to obtain the reflectionless loss-compensated ENZ response
shown by the exceptional point A in Fig. 7b. (Adapted with permission from Ref. [19]. © 2019
American Physical Society)

which is now obtained by a purely symmetric active nanoplasmonic structure. The
proposed system is completely different than the usually used asymmetric active
photonic microscale structures exhibiting PT-symmetry [57].

The corresponding amplitude of the electric field enhancement distribution at the
reflectionless ENZ wavelength point A is shown in Fig. 7c along a cross-section
of the waveguide unit cell. The fields inside the waveguide, plotted in Fig. 7c, are
homogeneous and enhanced, a distinct characteristic of ENZ response. In this case,
the transmitted field (right side of waveguide) has almost the same field values as the
incident field (left side of waveguide), which means that there is no reflection and all
the incident energy is perfectly transmitted through the matched nanochannel. We
will prove in the next Sect. 3.2 that, indeed, an EP is formed at this wavelength (point
A) where perfect loss-compensated ENZ response is achieved that is not affected by
the losses of the plasmonic waveguide. The loss and gain parameters of the resistive
metallic waveguides and the active dielectric material are perfectly balanced at this
ENZ EP. Note that in the proposed open non-Hermitian system the radiation loss
also needs to be included in the total loss of the system, in addition to the loss
stemming from the plasmonic material. The presented perfect loss-compensated
ENZ response can be used to further improve the enhancement of quantum effects,
such as superradiance [17], and boost optical nonlinearities [24] by skipping the
usual loss limitations of plasmonic systems. The EP response at the ENZ wavelength
is relative similar to the unidirectional reflectionless transparency obtained before
for larger microscale (not nanoscale) PT-symmetric photonic systems [57, 83].
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However, in the currently proposed design the zero-reflection response is obtained
from both sides due to the symmetric structure of the proposed active plasmonic
waveguide system. In addition, and even more importantly, in the proposed unique
ENZ configuration we obtain this effect by using a subwavelength active plasmonic
configuration with an extremely thin thickness of just / = 500 nm.

Next, we further increase the imaginary part of the gain material permittivity
loaded in the nanochannels. When a gain value of 6 = 0.038 is reached, the
response of the proposed open non-Hermitian plasmonic system is totally different
compared to the lower gain EP response presented before and is transformed to
a spectral singularity [71]. A super scattering (lasing) response is observed at the
spectral singularity point B (§ = 0.038, A = 1011.7 nm) in Fig. 7b, obtained in the
vicinity of the passive system’s ENZ resonance. Giant and narrow transmittance and
reflectance are simultaneously achieved by the proposed active plasmonic system
at point B, which are ideal conditions for nanolasing and sensor applications. The
corresponding fields inside the active waveguides also diverge and the surrounding
fields are enhanced by many orders of magnitude. The calculated normalized
electric field enhancement distribution in this case is depicted in Fig. 7d. It is
expected that the inherent nonlinear response of the gain material used in the
proposed active system will eventually saturate the spectral singularity [73].

The gain loaded inside the nanochannels has a constant non-dispersive value
and our next step will be to consider a more practical gain material model.
To this end, we include the realistic frequency dispersion in the gain material
that follows Kramers-Kronig relations [50]. Hence, the dielectric properties of
the active medium are modeled with the Lorentz dispersion model with relative

2
permittivity: € = e + % where 00 = 2.175, €rorenr; = 0.06325,
0

wo = 4.2 x 10Prad/s, 8o = 5.0 x 10°rad/s and w = 2xf [45, 84]. Realistic gain
materials that exhibit these dispersion values are dyes (for example Rhodamine)
doped in dielectric materials [85, 86]. The corresponding active material dispersion
curves around the operating wavelength are plotted in Fig. 9a. The real permittivity
in this case is equal to ¢, ~ 2.2 and the imaginary part (gain) is approximately
6 ~ 0.038, which are ideal values to achieve the spectral singularity effect that was
mentioned in the previous paragraph. The computed transmittance and reflectance
of the active system loaded with the presented realistic gain material are plotted
in Fig. 9b, where the black lines refer to the plasmonic channels loaded with a
passive dielectric material (§ = 0, also shown in Fig. 8), while the gray lines
represent the channels loaded with the realistic active material characterized by
the aforementioned Lorentzian dispersion model. As already mentioned, in the
absence of the gain medium (black lines), resonant optical transmission occurs at
the ENZ cut-off wavelength (A = 1011 nm) and the FP resonance A = 922 nm. The
maximum transmission is accompanied by minimum reflection at these wavelength
points that consist a typical resonance behavior.

In the passive case, the summation of transmittance 7 and reflectance R is always
less than one (T + R < 1), since the presented array of passive waveguides is
a lossy system and part of the incident energy is absorbed by the ohmic losses
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Fig. 9 (a) The Lorentz permittivity model of the dispersive realistic active (gain) dielectric
material. (b) Transmittance and reflectance of the plasmonic waveguides as a function of the
incident wavelength with (gray) and without (black) gain. The permittivity of the active material
in this case follows the Lorentz model shown in (a). (Adapted with permission from Ref. [19]. ©
2019 American Physical Society)

of the waveguides’ metallic walls. However, this situation changes dramatically
when the realistic active dielectric material with Lorentzian dispersion is included
in the waveguide channel. An ultrasharp spectral singularity with giant and narrow
transmittance and reflectance is obtained, interestingly, only at the ENZ resonance
[gray lines in Fig. 9b] and not at the FP resonance. This response is similar to the
one obtained in point B of Fig. 7 for the constant (not dispersive) gain coefficient.
Hence, super scattering and lasing with a very small practical gain coefficient is
achieved only at the ENZ resonance frequency point. This is in stark contrast to the
FP resonance response A = 922 nm of the same active system loaded with the same
gain coefficient material, also shown by the gray lines in Fig. 9b, where there is no
super scattering mainly due to the inhomogeneous and relative weak fields inside
the plasmonic nanochannels.

3.2 Theoretical Analysis of Active ENZ Waveguides

The simulation results presented in the previous section provide a clear indication
of EP formation and super scattering (lasing) response. The presented reflectionless
transparency caused by the EP and the obtained divergent super scattering properties
are further analyzed and scrutinized by using a transmission-line analytical model.
This simple theoretical model can provide additional physical insights to the
currently proposed active plasmonic system and can accurately verify the previously
presented simulation results. The unit cell of the ENZ plasmonic waveguides
section is described by a transmission line segment with length /, wavenumber ,,,,
and characteristic impedance Z,,¢. It is schematically depicted in Fig. 10a and is
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Fig. 10 (a) Transmission-line theoretical model of an active plasmonic waveguide Zy, terminated
by two loads with impedances Zy due to the surrounding free space. (b) Analytically computed
3D distribution of the amplitude of the scattering parameter |Sy|? (reflectance) versus the incident
wavelength and gain coefficient §. (¢) The real and imaginary part of the input impedance Z;, versus
the incident wavelength for a fixed gain coefficient § = 0.017. The condition of the reflectionless
loss-compensated ENZ response given by Eq. (9) is perfectly satisfied at the exceptional point
(vertical gray dotted line). (d) The real and imaginary part of the input impedance Z;, versus the
incident wavelength for a fixed gain coefficient equal to 6 = 0.039. The condition of the super
scattering ENZ response given by Eq. (10) is perfectly satisfied at the spectral singularity point
(vertical gray dotted line). (Adapted with permission from Ref. [19]. © 2019 American Physical
Society)

surrounded by free space with a constant impedance equal to Zy = 377%2. The
guided wavenumber B,,, of the ENZ mode, which supports a dominant quasi-TEo
mode at the proposed plasmonic system, is calculated by solving the dispersion

equation:
2 _g ¥ _Vﬂ?”g_k%g
tan( By — Bi ) —ﬂ%}p—ﬂ%g’ 3

£2
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where kag = ko.,/2ag is the wavenumber of silver with relative Drude permittivity

dispersion £4¢ = €00 — 77 ff”ly) f, = 2175THz, y = 4.35THz, £00 = 5 [46], ko

is the free space wavenumber, and B, is the guided wavenumber in an equivalent
parallel-plate waveguide with the same height 7 but infinite width w that can be
computed by the following dispersion formula [87]:

2 _ k2

t & IBpp Ag
tanh ( /B2, — ek2 A 4
an < Byp — € 2) gAg //32 8]% “4)

where ¢ = ¢, 4 i6 is the relative permittivity of the active dielectric material
loaded inside the nanochannels. Thus, the characteristic impedance of the dominant
quasi-TE mode inside the plasmonic waveguide operating at the ENZ wavelength is
defined as [28]:

o

ng = ﬁ ,
wg

®)

where w = 2nf is the radial frequency. The effective permittivity of the active ENZ
waveguide system can also be derived, in the limit e4; — — 00 (assuming perfectly

conducting metal) and 8,, = ko./&,, to be equal to [24]: g.rf = &, — % + 4.
0

The real part of this formula will become equal to zero at the ENZ resonance for a
waveguide width equal to w = 7w/ (\/s_rko), which is the classic cut-off condition
of rectangular waveguides operating at microwave frequencies.

The proposed plasmonic configuration is a two-port network. In this case, we can
use the guided wavenumber B,,; and characteristic impedance Z,, to construct the
2 x 2 ABCD matrix that relates the total electric and magnetic fields at the output
and input ports of this system. This matrix is written as [88]:

ABY | cos(Bugl) iZugsin(Bugl)
|: ] — |:iZ 8 8 8 :| . (6)

CD we S (Bugl)  cos (Bugl)

By computing the ABCD parameters, we can calculate all the elements of
the scattering matrix S that directly correspond to the reflection (S11,S22) and
transmission (S21, S12) coefficients seen from both directions of the system [88]:

A+B/Zy—CZy—D
Sy = AtB/Zo—CZo=D

A
2(AD—BC)
Sip = =—=—F—,
2 4 (N
A?
_ ZA4B/Zy—CZy+D
= —A+B/z0ClodD

’
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where A = A + m and Zyp = 37722 is the surrounding free space
impedance. The currently system is symmetric and reciprocal leading to S1; = S22
and S71 = S12.

Based on the aforementioned transmission-line method, we analytically compute
the three-dimensional (3D) distribution of the reflectance |S;;|? versus the incident
wavelength and gain coefficient § in the vicinity of the ENZ resonance. The
results are demonstrated in Fig. 10b, where two interesting points with very high
(divergent) and low (approximately zero) reflectance values are observed in the
vicinity of the ENZ resonance depending on the value of the gain parameter §. The
analytical results are consistent with the previously demonstrated simulation results
shown in Fig. 7b and prove that the presented transmission line model can accurately
predict the performance of the proposed active ENZ nanophotonic system.

To gain even more physical insights, we further analyze the impedance matching
conditions where the reflectionless ENZ and super scattering frequency points
occur. The free space surrounding the plasmonic waveguide is represented by two
parallel lumped impedance elements Zy connected to the transmission line segment
of the waveguide, as it can be seen in Fig. 10a. The input impedance Z;,, seen looking
towards the back load Zj of the plasmonic waveguide system at a distance / from
this load is given by [88]:

Z0 + i Zyyg tan (Buygl)

Zin=72
Y8 Zug +iZotan (Bugl)

®)

The reflection coefficient of the entire plasmonic ENZ system is analytically
calculated by r = (Z;, — Zo)/(Zin + Zop), due to the front load Zy. The transmission
coefficient of the same configuration is equal to t = 2Z;,,/(Z;, + Zp) [88]. In order
to obtain perfect transmission and reflectionless responses (» = 0 and r = 1) at the
ENZ EP, the real part [Re(Z;;)] and imaginary part [Im(Z;,)] of the system’s input
impedance have to satisfy the following perfect impedance matching relationships:

Re (Zin) = Zo,
Im (Zin) = 0. )
because Zy = 3772 always takes real values. We plot in Fig. 10c the real and
imaginary part of the input impedance Z;, versus the incident wavelength for a
fixed gain coefficient equal to 6 = 0.017. It is interesting that exactly at the ENZ
resonance (A = 1016 nm), the input impedance Z;, perfectly satisfies the conditions
given by Eq. (9). The presented impedance matching process results in perfect
ENZ transmission combined with reflectionless ENZ propagation, as it was clearly
demonstrated in Fig. 10b.

Similarly, in order to achieve simultaneously diverging reflection and transmis-
sion coefficients (super scattering), the denominators of r and 7 need to become equal
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to zero. Therefore, the real and imaginary part of the system’s input impedance
should satisfy the following lasing conditions:

Re (Zin) = —Zo, (10)
Im (Z;,) = 0.

These interesting conditions are also verified by plotting the real and imaginary
part of the input impedance, now for a higher gain coefficient § = 0.039, with
results depicted in Fig. 10d. Note that the results obtained by the proposed analytical
transmission line method are very close to the previously presented in Sect. 3.1
simulation results. Some minor discrepancies are expected and are mainly due to
the numerical and analytical approximations that are inevitable made during the
simulations and theory, respectively.

Next, we compute the eigenvalues and eigenvectors of the proposed plasmonic
ENZ system to unambiguously prove that the presented reflectionless perfect ENZ
transmission happens, indeed, at an EP. Towards this goal, we introduce the transfer
matrix M formalism, which provides a direct relationship between the outgoing and
input waves of the system. The eigenvalues of the transfer matrix M of the proposed
plasmonic ENZ structure are computed by [71]:

M1 + My My + M \?
nmpo = 5 ﬂ:\/( > > -1, (11)

where the transfer matrix components M1, and My, are calculated by using the
transfer and scattering matrix elements relationship which has been shown in Eq.
(2). Equation (2) is derived if we assume that the determinant of the transfer matrix
is unitary det(M) = 1 and the condition M1 = — Mp>; is satisfied, which are
valid relationships for reciprocal and symmetric systems, similar to the current
case [71]. Hence, the product of the two eigenvalues of the system always needs
to satisfy the relation |n172| = 1, meaning that either each eigenvalue is unimodular
or the eigenvalues form pairs with reciprocal moduli [37]. In contrast to the
orthogonal eigenvectors of a Hermitian system, the eigenvectors of a non-Hermitian
Hamiltonian system are biorthogonal given by the relation [71]:

<<pi‘ v5) = <<pé( o) =0, (12)

where the left (pﬁ , and right g7 , eigenvectors of the transfer matrix M are computed
by the following formulas:

/ _ (ma2—Mpn
(vhal = (2502 1).

n1.2—Ma (13)
r = My .
§01,2> 1
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Fig. 11 (a-b) Evolution of the two complex eigenvalues 11 and 1y as a function of the gain
coefficient § at (a) the ENZ cut-off wavelength (A = 1016 nm) and (b) slightly off the ENZ
resonance wavelength (A = 1015.8 nm). The two eigenvalues coalesce to form an EP degeneracy
only at the ENZ cut-off wavelength which can be clearly seen in caption (a). (c) Absolute values
of the two eigenvalues versus the wavelength for two different gain coefficients equal to § =
0.017 (solid lines) and § = 0.04 (dashed lines). (d) Absolute values of the two eigenvectors
versus the wavelength for a fixed gain equal to § = 0.017. A clear bifurcation point is observed
for both eigenvalues [caption (c¢)] and eigenvectors [caption (d)] for the gain value § = 0.017.
This bifurcation point coincides with the ENZ wavelength, which is a clear indication of an
EP spectral degeneracy formation. (Adapted with permission from Ref. [19]. © 2019 American
Physical Society)

We present in Fig. 11a, b the evolution of the eigenvalues computed by Eq. (11)
in the complex domain as a function of the gain coefficient § at the ENZ resonance
(A =1016 nm) and slightly off the ENZ wavelength (. = 1015.8 nm), respectively.
Interestingly, a clear EP degeneracy is observed for § = 0.017 at the ENZ cut-
off resonance wavelength (A = 1016 nm) (Fig. 11a), which is manifested by the
collapse of the two eigenvalues into one along the unit circle only for this particular
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gain coefficient value. On the contrary, the two eigenvalues are always separated
and there is no EP formation at a wavelength slightly off the ENZ resonance (Fig.
11b).

We also compute and present in Fig. 11lc the absolute values of the two
eigenvalues, calculated again by using Eq. (11), as a function of the incident
wavelength for two different gain coefficients: 6 = 0.017 (solid lines) and § = 0.04
(dashed lines). In the case of § = 0.017, a clear bifurcation point is observed at
the ENZ resonance (A = 1016 nm). The observed bifurcation point again coincides
with the ENZ wavelength which is another clear indication of an EP formation.
When the wavelength is smaller than the ENZ resonance, the computed eigenvalues
are unimodular, implying that there is no net amplification nor dissipation. However,
when the wavelength is larger than the resonance, the eigenvalues have reciprocal
moduli, with one magnitude greater than one and the other less than one, corre-
sponding to states of amplification and dissipation, respectively [71]. In between and
exactly at the ENZ resonance wavelength, there is a clear bifurcation point that is
equivalent to an EP formed only on the ENZ response of this particular ENZ system.
On the contrary, in the case of higher gain § = 0.04, the computed eigenvalues are
not unimodular and the EP degeneracy does not exist anymore.

The associated eigenvectors, computed by using Eq. (13), also coalesce at the
ENZ resonance for a very small gain coefficient of § = 0.017, which is another
unambiguous indication of an EP, and the results are shown in Fig. 11d. Therefore,
the ohmic losses induced by the metallic waveguides in addition to the radiation
losses of the proposed open non-Hermitian Hamiltonian system are completely
compensated by the active dielectric material leading to the formation of an EP
degeneracy, which, interestingly, is obtained by a purely symmetric nanoscale
plasmonic configuration. The formation of the corresponding EP results in a totally
lossless (or loss-compensated) ENZ response leading to the reflectionless trans-
parency behavior shown in Fig. 10b. Both eigenvalues and associated eigenvectors
coalesce at the presented bifurcation point that is analytically proven to be certainly
an EP with intriguing properties [71].

In addition, the other interesting spectral degeneracy point shown in Fig. 10b
exhibits divergent reflectance values and satisfies the condition My = 0 at the ENZ
wavelength for slightly larger gain values § = 0.039. This is a necessary condition
in order to obtain a spectral singularity leading to the calculation of a gain threshold
value that will cause lasing operation [49, 70]. However, we have computed that
M1 # 0 at the same ENZ wavelength, indicating that the anti-lasing (also known
as coherent perfect absorption) condition cannot be satisfied at the same frequency
point if we excite the plasmonic structure with two counter propagating beams [49].
Therefore, as the gain coefficient § is increased from 0.017 to 0.039, the proposed
open non-Hermitian active plasmonic system is transformed into a system where
gain dominates its response; the transitional point (EP) is transformed to a spectral
singularity, which is manifested as a super scattering (or lasing) response of the
system. Interestingly, the transmission and reflection of the system decrease again
to low values in the case of further gain increase above the lasing threshold (not
shown here), a different response compared to typical lasing system configurations.
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3.3 Applications of Active ENZ Plasmonic Waveguides

In this section, we use the proposed active ENZ plasmonic system to investigate
some interesting applications stemming from its unique properties, including unidi-
rectional absorption and the enhancement of third-order optical nonlinear effects.
The same active plasmonic waveguides system, which exhibits super scattering
spectral degeneracy and is characterized by the previously presented Lorentzian
model (Fig. 9a), is illuminated by two counter-propagating plane waves with equal
intensities Iy and arbitrary phase difference Ay = ¥, — ¥, as illustrated in Fig.
12a. The computed phase dependent output power in port 1 (Output 1) and port 2
(Output 2) as a function of the phase difference Ay is demonstrated in Fig. 12b
when the incident wavelengths of the two beams are fixed slightly off the ENZ
resonance (A = 1009 nm). Interestingly, almost perfect directional absorption is
obtained only from one side of the waveguide (either Output 1 or 2), surprisingly
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Fig. 12 (a) Active ENZ plasmonic waveguide illuminated by two counter-propagating plane
waves. The phase difference of the two waves is Ay = > — ;. (b) Normalized output power
computed at both sides of the active plasmonic system versus the phase difference Ay plotted
slightly off the ENZ resonance wavelength (A = 1009 nm). The right inset caption demonstrates
the amplitude of the normalized electric field distribution when A = 212°. It can be clearly seen
that the wave propagates only towards the output 1 in this case. (Adapted with permission from
Ref. [19]. © 2019 American Physical Society)
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by a perfectly symmetric structure, when a phase offset Ay equal to either 148° or
212° is used.

The output power from both sides is modulated from amplification (super
scattering) to perfect directional absorption just by carefully tuning the phase
offsets between the two counter-propagating waves. It is noteworthy that the
strong modulation between high to almost zero transmission happens with a
purely reciprocal symmetric system with nanoscale subwavelength dimensions. The
computed normalized electric field distribution at one of the directional absorption
phase difference conditions (Ay = 212°) is shown in the inset of Fig. 12b, where
it can be seen that the power is mainly scattered unidirectional to the output port 1
and the transmission is almost zero at output port 2. Note that the field distribution
inside the nanochannel is homogeneous and strong because we operate very close to
the ENZ resonance. Such an efficient control of the radiation direction, achieved in
subwavelength scale, is unprecedented. It is envisioned to have several all-optical
switching and routing applications in integrated nanophotonic components and
nanocircuits. Finally, we would like to stress that the currently proposed plasmonic
system cannot work as a coherent perfect absorber under the illumination of two
counter-propagating waves and can only work as a laser [49, 70]. The complex
transmission and reflection coefficients # and r do not have equal amplitudes
(|#| # |r]), even at the ENZ super scattering point shown in Fig. 9b, and the phase
difference between transmission and reflection coefficients cannot be made equal to
either O or £ [18, 30]. These critical conditions are absolutely needed in order to
achieve coherent perfect absorption, as it was explained in the previous Sect. 2, and
cannot be realized with the currently proposed active ENZ plasmonic system.

The strong and uniform fields inside the waveguide channels at the ENZ
EP (shown in Fig. 7c) are expected to naturally cause the proposed plasmonic
system to access the optical nonlinear regime as the intensity values of the input
illumination are increased. The triggered boosted third-order nonlinearity will make
the system become intensity-dependent and bistable. Due to this reason, we study
the third-order Kerr optical nonlinear effect in the active plasmonic waveguide
system illuminated now by only one plane wave incident from one side. In this
case, the slits in Fig. 1 are loaded with a Kerr nonlinear material with relative
permittivity e, = ¢ + X(3)|Ech|2, where ¢ = 2.2 + 0.011i represents the active
dielectric material with a gain coefficient § = 0.011 corresponding to the response
demonstrated by point A in Fig. 7b, x® = 4.4 x 1072 m?/V? is a typical third-
order nonlinear dielectric material susceptibility [50], and E, is the local electric
field induced inside the nanochannels.

We illuminate the waveguides with a z-polarized plane wave (similar to Fig. 1)
and compute the transmittance versus the wavelength for a fixed input intensity
Ip = 1500MW/cm?. The result is shown in Fig. 13a, where we also present in
the same figure the linear operation (dashed line) to better illustrate the effect of
nonlinearity to the proposed ENZ system. In the case of linear operation, perfect
reflectionless transmission is obtained at the ENZ EP (A = 1011 nm), similar to
point A in Fig. 7b. In the nonlinear case (solid lines), a strong optical bistablity
or broad hysteresis appears which exhibits two stable transmission branches. The
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Fig. 13 Third-order optical nonlinear material introduced in the nanochannels of the active
plasmonic waveguides. (a) Computed transmittance versus wavelength for both linear (dashed
line) and nonlinear (solid line) operation when high input intensity Iy = 1500 MW/cm? is applied.
(b) Bistable transmission versus the input intensity /o computed for two different wavelengths both
of them with slightly larger values compared to the ENZ EP wavelength. (Adapted with permission
from Ref. [19]. © 2019 American Physical Society)

peak of the upper transmission branch reaches very close to one values (total
transmission) and, at the same time, the corresponding lower transmission branch
reaches zero values. Perfect transmission (ON state) or total reflection (zero
transmission-OFF state) is achieved with the same nonlinear structure just by
increasing or decreasing the incident radiation’s wavelength (shown by the arrows
in Fig. 13). This interesting property consists the epitome of all-optical nonlinear
switching behavior. Figure 13b demonstrates the variation in the transmission versus
the input intensity I for two different incident radiation wavelengths, both chosen
to be slightly larger than the ENZ EP wavelength. Two broad nonlinear transmission
hysteresis loops exist under relative low threshold input intensities (approximately
1000 MW/cmzd) and the peak transmission in both cases is almost one (total
transmission). Hence, the proposed optical nonlinear active ENZ plasmonic design
is an ideal platform to be used for tunable all-optical switching applications [24, 89,
90]. Note that the combination of nonlinearities and non-Hermitian Hamiltonian
systems has been demonstrated before mainly with microscale bulk photonic
structures, especially for nonlinear PT-symmetric photonic systems [91], but these
interesting effects have not been presented yet with subwavelength nonlinear
plasmonic systems.

Finally, it is interesting to mention that the proposed active ENZ plasmonic
system is able to slow down the incident light at the ENZ EP, where the group
velocity nearly vanishes [92]. The group velocity is defined as v, = (dﬁwg/da))_l,
where the guided wavenumber 8,,, at the ENZ wavelength of the proposed array
of plasmonic waveguides is calculated by using Eq.(3). In the usual case of lossy
ENZ plasmonic waveguides (8 = 0), slow group velocity values of v, = ¢/7 have
been reported before close to the ENZ wavelength [26]. However, in the alternative
current example of an active ENZ plasmonic waveguide with gain coefficient
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d = 0.017, the group velocity becomes much smaller and reaches to vy = ¢/570
(stopped light regime) at the ENZ EP degeneracy, where c is the velocity of light in
free space. We have also considered the case of complex frequency excitation in the
proposed active plasmonic devices leading to purely real wave numbers with very
low values, which can retain their slow group velocity even in the presence of losses
[93, 94]. Such slow group velocities at the ENZ EP may inspire new applications in
temporal soliton excitation and in the design of slow light devices.

4 Conclusions

The goal of the research work presented in this chapter is to propose a new
practical plasmonic metamaterial that promises to maximize coherence in various
optical effects. It can serve as a novel platform to trigger, harness, and enhance
coherent light-matter interactions at the nanoscale. To fulfill this goal, specialized
ENZ plasmonic waveguides have been presented, which can efficiently control the
intensity and phase of electromagnetic radiation, and engineer some of the coherent
optical features of light. The proposed plasmonic screens are practical and can be
fabricated by embedding them in a dielectric material that can serve as superstrate
and substrate.

When we illuminate the passive waveguide with two counter-propagating waves,
the CPA effect was found to exist around the ENZ cut-off wavelength leading
to double field enhancement inside the nanochannels in comparison to the single
incident wave case. The strong and uniform field enhancement at the ENZ-CPA
point can cause the plasmonic system to access the optical nonlinear regime
exhibiting boosted third-order optical nonlinear effects at the nanoscale. As a result,
the phase-dependent CPA effect also becomes intensity-dependent and tunable
with ultrafast speed due to the third-order nonlinear susceptibility of the dielectric
nanochannels.

Finally, we explored the formation of an EP in a similar nanophotonic system
consisting of an array of periodic nanowaveguides loaded now with a very low
gain coefficient material. Reflectionless transmission (perfect loss compensation)
and ultraslow group velocity values at the nanoscale were realized at the EP,
which coincides with the ENZ cut-off frequency of the proposed plasmonic system.
This special spectral degeneracy (EP) point was a unique feature of the presented
nanoscale symmetric plasmonic active ENZ configuration, different from most of
the previous works that were mainly focused on asymmetric bulky micron-scale
active photonic configurations.
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Abstract Topological insulators with Dirac conducting surface state and insulating
bulk state offer a promising platform for plasmonics with a broad operating
frequency range from ultraviolet (UV) to terahertz (THz). Topological insulator
plasmonics (TIPs) has become a quickly developing branch of plasmonics since
the terahertz (THz) Dirac plasmons was observed from Bi, Tes topological insulator
microribbons in 2013. This chapter mainly introduces plasmonic effects generated
in three-dimensional (3D) topological insulator materials as well as their application
potentials in light-matter interactions. The effects mainly contain Dirac plasmons,
surface plasmon resonances (SPRs), localized plasmon resonances (LPRs), and
magnetic plasmon resonances (MPRs) occurring in structured topological insula-
tors. TIPs with the field confinement and enhancement acts as a promising platform
for reinforced light-matter interactions. Here, we also discuss the recently reported
applications of TIPs, especially in refractive index monitoring, photoluminescent
emission, and light harvesting. These results will not only help us to understand
plasmonic behaviors and characters of topological insulators, but also provide
guidance for exploring their applications in light control and functional devices.
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1 Introduction

Surface plasmons (SPs) are electromagnetic waves coupled to collective electron
oscillations on the metal surface, presenting the high light confinement, strong
near-field enhancement, and beyond the traditional diffraction limit of light [1-
4]. SPs generated in metallic micro/nanoscale structures enable the realization of
novel optical physics and devices. For example, extraordinary optical transmission
can be observed in the metallic gratings/arrays with the generation of SPs [1, 3].
The metallic nanoparticles can support localized plasmon resonances (LPRs) [5].
The coupling between metallic nanoparticles enables the formation of plasmon-
induced transparency (PIT) and Fano resonances [6—8]. The plasmonic slow light
and rainbow trapping effects were observed in the graded metallic gratings [9, 10].
The magnetic resonances were found in the metallic nanoparticle-film structures
[11]. The subwavelength light confinement of SPs makes the metallic waveguides
a promising platform for miniaturization and integration of optical devices [12,
13]. Metasurfaces composed of nanoscale metallic elements with flexible control of
light polarization and phase were used for the vector beam generation [14]. These
plasmonic effects also contribute to the realization of optical devices, for instance
logical gates [15], multiplexers [16, 17], filters [18, 19], and perfect absorbers
[20]. Particularly, the plasmonic electric field with several orders of magnitude
enhancement is beneficial for boosting light-matter interactions. The plasmonic
enhancement results in the realization of high-sensitive sensors [5, 8, 21], nanoscale
lasers [22, 23], ultrafast optical switches [24, 25], high-responsivity photodetec-
tors [26], highly efficient nonlinear optical conversion [27], and improved light
harvesting and emission [28, 29]. Even so, metal-based plasmonics faces some
drawbacks and difficult challenges in practical devices and integration, such as
the large intrinsic ohmic loss at optical frequencies, chemical instability in the
environments, incompatibility with standard silicon manufacturing processes, and
poor tunability [30].

The alternative materials have attracted great attentions for broadening actual
applications of SPs. For example, the semiconductors with a heavy doping can
increase free carriers to make the materials produce negative real permittivity at the
frequencies of interest [31]. However, the complicated doping has the challenge of
efficient introduction of dopants into semiconductors for a high carrier concentration
[30]. Transparent conducting oxides (e.g. indium tin oxide) with the heavy doping
present metal-like characteristics in the near-infrared region [32]. Graphene with
two-dimensional (2D) massless Dirac electrons has been demonstrated to exhibit
pronounced plasmonic response [34—37]. Graphene plasmonics (GPs) gradually
draws broad attentions for nanoscale light control and integrated devices [34—
37]. This is attributed to the advantages of graphene, such as the high charge
carrier mobility, electric tunability, and compatibility with standard semiconductor
technology [34, 35, 38, 39]. Even so, the operating frequency of GPs is limited to
the mid-infrared (MIF) and THz regions [33—37]. To achieve plasmonic response in
the near-infrared (NIF), graphene should be heavily doped for a large Fermi level
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[40]. The doping operation inevitably hinders the actual applications of graphene in
high-frequency plasmonic devices.

Topological insulators are a new type of materials that play critical role in current
electronics and condensed matter physics due to the fantastic electric properties
[41-43]. Different from conventional materials, topological insulators present the
conducting edge/surface state and insulating bulk state [44]. The topologically-
protected nontrivial edge/surface state with the time-reversal symmetry enables
the avoidance of the backscatting as the carriers encounter the impurities without
magnetism [43]. The topological property was predicted and confirmed in the 2D
CdTe/HgTe/CdTe quantum wells [41, 42]. In 2009, the topological surface states
were reported in the 3D materials with layered structures, such as Bi,Ses, Bi,Tes,
and SbyTes [45]. The compound materials (Bi,Sbi_y)>Te; and Bi;.,Sb,Tes.,Se,
were proposed to achieve the tunable topological insulators by adjusting the ratio
of elements Bi, Sb, Te, and Se [46, 47]. Recently, thousands of materials have
been reported to possess the topological properties [48, 49]. Topological insulators
with unique band structure will advance the development of spintronics, quantum
computing, and low-energy-consumption devices [43, 46, 47, 50, 51]. In 2013, the
THz Dirac plasmons like GPs was observed in the microribbons of 3D topological
insulator BipSes [52]. In recent years, various plasmonic behaviors have been
found in topological insulators containing Bi;Ses, BirxTes, SbyTes, BipTe,Se, and
Bi; 5SbosTe; gSeq 2 in an ultrawide range from the UV to THz [53-65]. After GPs,
topological insulator plasmonics (TIPs) becomes a new branch of plasmonics. TIPs
will provide a promising platform for advancing optical physics and applications
in light-matter interactions, light control, photonic integration, and optoelectronic
devices. Here, we introduce the fabrications, optical constants, plasmonic effects
of 3D topological insulators, and discuss their applications in plasmon-enhanced
light-matter interactions.

2 Fabrications and Optical Constants of Topological
Insulators

2.1 Fabrications of Topological Insulators

The binary sesquichalcogenides Bi;Ses, Birx Tes, and SbyTes are the main members
of reported 3D topological insulators. As shown in Fig. la, these materials have
layered crystal structure with space group D334 (R3m), whose unit cell is composed
of five alternative layers with Se (Te) and Bi (Sb) along c-axis direction, namely
quintuple layer (QL) [45]. QLs are bonded together via van der Waals forces along
the ¢ axis. Each QL is about 1 nm thickness, in which the atom layers are strongly
coupled [45]. As depicted in Fig. 1b, topological insulators exhibit surface state
with spin-momentum locking and a gapless Dirac cone dispersion in the bandgap
of bulk state [41-47]. The bulk bandgaps are relatively small. For example, the
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Fig. 1 (a) Crystal structure of 3D topological insulators BiySes, BirTes, and SbyTes. The square
denotes a quintuple layer (QL) with five-atom layers. (b) Energy dispersion of the surface state for
3D topological insulators with the 2D Dirac cone and spin-momentum locking

bandgap is ~0.3 eV for BipSe3 [45]. With the unusual band structure, topological
insulators will not only play critical role in next-generation electric devices, but
also present exciting potential for new optical and optoelectronic applications
[46, 50, 51, 66-69]. Particularly, various plasmonic response has been found in
the fabricated structures based on topological insulators [52—65]. The topological
insulator materials can be synthesized using a variety of methods for different
fabrication technologies. Here, we simply introduce some methods to grow typical
3D topological insulators.

The melting and slow-cooling (MSC) method can be used to fabricate the high-
quality topological insulator single crystals [65, 70]. We take SbyoTes as an example
to simply describe the growth process. As the starting materials, the high-purity
Te and Sb powders are sealed in a quartz tube with an atom ratio of 3:2. The single
crystals can be grown in a vertical furnace. The procedures are described as follows:
Firstly, the Te and Sb powders are mixed and heated to 900 °C until completely
melted. Secondly, the mixture temperature is quickly decreased to 650 °C with the
60 °C/h rate, and then slowly to 550 °C with the 2 °C/h rate. Thirdly, the furnace is
naturally cooled down to the room temperature, and thus the SbyTes single crystals
can be fabricated along the c-oriented growth direction. It should be noting that
the temperatures may be different for other topological insulators. Some of them
could be doped with other elements to modulate the crystal and electronic structures
[70]. The topological insulator thin films are easy to be exfoliated from bulk single
crystals with the weak van der Waals forces between QLs. In this way, the quality
of topological insulator films is high, but the area is limited.

The atomic layer deposition (ALD) method enables the growth of topological
insulator film with the nanoscale precision and relatively large area at relatively
low temperatures [62, 63]. This method is compatible with complementary metal-
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oxide-semiconductor (CMOS) technology [62]. For example, the SbyTe; film
can be synthesized through the chemical equation: 3[(CH3)3Si],Te + Sb(OC;
Hs); — 6(CHj3)3Si-OC,Hs + Sb,Tes. For the precursors of the chemical materials
3[(CH3)3Si]Te and Sb(OC;Hs)3, the injection (purge) time is set as 0.1 (9) s
and 0.75 (9) s, respectively. To improve the gasification process of Sb(OC;Hs)3
precursor, an Ar gas booster can be employed on the cylinder. The chamber
temperature and vacuum are set as 70 °C and 2 x 1072 Torr, respectively. The
Sb,Tes growth rate is 0.01 nm per cycle [62]. The ALD growth time is about 5 h for
depositing a 50 nm Sb,Te3 film [63].

The pulsed laser deposition (PLD) method can also be used to fabricate large-
area topological insulator film. The detailed growth process of SbyTes film can be
seen in [71]. Compared with ALD, PLD can grow topological insulator film faster,
but with the relatively high roughness. Another predominant method to fabricate
topological insulator film is the molecular beam epitaxy (MBE) growth [72]. The
MBE method is able to grow ultrathin Sb, Tes film (even 1 QL), but effusion cells are
employed and heated to high temperatures for the evaporation of elements [72]. The
chemical vapor deposition (CVD) methods have been generally used to synthesize
few-layer topological insulator nanoplates [60, 73]. Recently, some approaches
were used to produce topological insulator nanoparticles for the investigation of
plasmonic resonances, for example the solvothermal synthesis method [59, 74],
facile solution-based method [58, 75]. There are some common-used technologies
for clarifying the chemical composition, crystalline character, and quality of 3D
topological insulators. They contain the Raman shift spectrum, energy-dispersive
X-ray spectroscopy (EDS), X-ray diffraction (XRD), high-resolution transmission
electron microscopy (HRTEM)/selected area electron diffraction (SAED) [55, 58,
63, 65, 70-72, 76]. The structural profile and surface roughness can be characterized
by optical microscope, scanning electron microscope (SEM), TEM, and atomic
force microscope (AFM) imaging [55, 58, 59, 63, 65, 76]. The AFM image presents
the highest precision for recognizing the detailed surface structures. To explore
optical properties and applications of topological insulators, it is of particular
importance to know their optical constants.

2.2 Optical Constants of Topological Insulators

The first-principles electronic structure calculations and angle-resolved photoemis-
sion spectroscopy (ARPES) experiments have revealed the Dirac surface states of
Bi,Tes, BizSes, and SbyTes [45, 77-79]. The existing surface states complicate the
measurement of optical constants for this kind of topological insulators. Several
methods have been proposed to measure the refractive indices or relative permittiv-
ities of topological insulators in different wavelength ranges. The permittivities at
short wavelengths (e.g. from the UV to NIF region) of topological insulator films
and single crystals can be measured by spectroscopic ellipsometer [53, 57, 62, 63,
65]. As shown in the inset of Fig. 2a, topological insulators can be seemed as
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Fig. 2 (a-b) Surface and bulk permittivities of Bij sSbgsTe;gSe;» (BSTS) and Sb,Tes single
crystals in the UV, VIS, and NIF ranges. The fitted permittivities of the topological insulators are
obtained by fitting the ellipsometer data with a layer-on-bulk model, as shown in the inset of (a)

an insulating (or semiconductor-like) bulk covered with a thin Drude conducting
surface [63, 65]. The surface and bulk permittivities of topological insulators can be
obtained by fitting the ellipsometer data with the Drude and Tauc-Lorentz dispersion
models, respectively [53]. The bulk permittivities are primarily derived from the
interband transition and can be described using the Kramers-Kronig equations [80—
82]. The imaginary and real bulk permittivities (¢5// and &5’) can be written as
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where ©(E — E;) = 1 for E > E; and 0 for £ < E,. The physical parameter A
stands for the absorption peak amplitude, C is the broadening factor, and Ey is the
peak in joint density of states, and E; is the bandgap energy of bulk state. E = hw
represents the energy of incident photons, and w = 2w ¢/A is the angular frequency
of incident photons. €p « is the relative permittivity at high frequency, and P is the
Cauchy principal part for the integral [81]. The surface permittivities of topological
insulators can be modeled by the Drude dispersion:

w2

P
& (w) = Es,00 ) Tioly , (3)
where €50 stands for the surface permittivity at the high frequency, w, is bulk
plasma frequency, and I'q is electron collision frequency (damping rate) of surface
state [53, 63, 65]. With the spectroscopic ellipsometer, the ellipsometric angles W
and A (or Is and Ic) can be measured by impinging light on the smooth surface
of topological insulator at a fixed angle (e.g. 70°). The entire real and imaginary
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Table 1 Fitting parameters in Drude and Tauc-Lorentz models for surface and bulk of topological
insulators

Range
Material S, (nm) | Eg (€V) | &p,00 | A (€V) | Eg (eV) | C (V)| ecos | wp (€V) | I'q (€V) | (Lm)
BSTS [53] | 1.5 0.25 0 659 |1.94 1.94 1.3 175 0.05 0.2~

1.6
SbyTes [56] | 2.6 0.33 3.28 | 89.5 1.39 1.40 1.0 |7.98 0.16 0.25 ~

2.065

BSTS Bij 5SbgsTe; gSe; 2, Sy Surface thickness

permittivities of topological insulators can be achieved. Then, the surface and bulk
are set as a surface-on-bulk double layer model with Drude and Tauc-Lorentz
dispersion relations, respectively [53, 63, 65]. Through fitting the experimental
data in the software, the surface, bulk, and entire permittivities can be obtained for
topological insulators. Table 1 depicts the fitting parameters of Bij 5Sbg sTe; gSeq 2
and SbyTes single crystals in the Drude and Tauc-Lorentz models. It should be
noting that the thickness of conducting surface is unknown and also set as a
fitting parameter. Generally, the surface thickness is a few nanometers, and thus the
topological insulator surface should be smooth enough for ensuring the accuracy
of results. Figure 2 show the surface and bulk dispersion curves, which are plotted
according to the fitting results of topological insulators in Table 1. It shows that
the real surface permittivity is negative (¢;” < 0) at the UV, visible (VIS), and NIF
wavelengths, similar to noble metals [53, 65]. The bulk also exhibits negative real
permittivities(ep’ < 0) at the UV and part VIS wavelengths. This mainly stems from
the interband electronic transitions of bulk, similar to the semiconductors [83]. Due
to the intraband transition of Dirac electrons, the surface permittivity is also negative
at the long wavelengths [64, 82]. The negative real permittivities of topological
insulators provide the possibility for the generation of plasmonic behaviors over
an extremely wide spectral range [83]. At the UV and part VIS wavelengths, the
topological insulators exhibit plasmonic figures of merit (FOM) superior to noble
metals [53, 62].

Actually, limited by the detection range of spectrometer in ellipsometer, it is
not easy to measure the optical constants of materials at the long wavelengths
(e.g. the MIF region). The reflection and transmission spectra also enable the
calculations of surface and bulk permittivities for topological insulator films. In
the calculations, the Drude and Tauc-Lorentz models can also be used to fit
the experimental spectra for the surface and bulk layers, respectively [64]. For
measuring the MIF permittivities, the optical spectra of topological insulators can be
achieved by Fourier-transform infrared spectroscopy (FTIR) [64]. The spectroscopic
ellipsometry data and NIF-to-MIF reflection spectra were employed to calculate the
dielectric constants of topological insulator in the UV-to-MIF range [82]. It has
been found that topological insulators BiyTes possess ultrahigh refractive indices
(>7) at the infrared wavelengths, offering a new platform for the light control and
functionalities. From optical constants of 3D topological insulators, we can see
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that plasmonic response is attributed to the surface and bulk states in the UV and
VIS regions, while mainly Dirac surface state at the infrared region [64]. The first-
principles density functional theory (DFT) is a powerful scheme to theoretically
study the electronic band structures and optical constants of topological insulators
in BixSby.xTeySe;y family [83]. The DFT calculations are significant for the
clarification of the ellipsometric measurements [82, 83].

At the THz wavelengths, there exist the phonon modes in the topological
insulator (e.g. BipSe3) films. When the film is thin and its thickness H is smaller than
lateral dimensions, the optical response of the film can be described using effective
conductance G(w) with neglecting nonlocal effects. In the region around optical
phonons, the topological insulator permittivity can be approximately written as [84,
85].

2
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where £, stands for the permittivity at high frequency. wp;, and y;, are the phonon
frequency and width, respectively. The permittivity of topological insulator film can
also be written as the form of conductivity o(w): ¢e7 = 1 + 4wio(w)/w. The 2D
conductance G(w) related to Ho (w) can be expressed as [85].

e iw, ioH o
G(w)=— — + ; 57—+ (1 —é0) |, )
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where y . is the intrinsic decay rate of electronic excitations for topological insulator
surface, and w, is a characteristic frequency. If there is no overlap between the two
metallic regions, w, should rather not depend on the film thickness A and dielectric
environment. The above parameters of surface conductance can be extracted from
the extinction spectra of topological insulator film on a substrate as following [85].

1

E(w=1- - 5.
[1+ ZoG' (w) / (n+ D]” + [ZoG" (w) / (n + 1)]

(6)

Here, Z is the impedance in free space (Zy = 377 2). G () and G”(w) is the real
and imaginary parts of surface conductance G(w), respectively. n is the refractive
index of the substrate at the THz frequencies.
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3 Plasmonic Behaviors of Topological Insulators

3.1 Dirac Plasmons

Topological insulator plasmonic response was firstly observed in the THz range
from microribbon arrays of BiSe3 with the 2D electron gas at the surface [52].
This plasmonic response was regarded as Dirac plasmons like plasmons in graphene
with massless Dirac electrons. Figure 3a depicts the microribbon structure of MBE-
grown BirSe3, which were fabricated by electron-beam lithography (EBL) and
reactive ion etching (RIE). From Fig. 3b, we can see that there exist two extinction
coefficient peaks at 1.85 and 4.0 THz, which correspond to two phonon modes,
namely o mode and 8 mode [52]. The frequencies of phonon modes are independent
on the structure and the polarization of incident electric field. However, when the

A== M Ell| (c) 10 W=2um El
— T o5 & os /\//
= e /

d=120QL W=2pm i
0.0 L 0.0 -+
b — ] 1.0 4 W=25pm 1.0
— = \ =
o = 0s \ & 05
d=60QL W=25pum o ——— 00 |
e —— ].0 W=4pm 1.0
e ’
——
| — = =
| —— & 054 & 0.5
T
——
d=60QL W=4pm 0.0 0.0
— 1.0

1.0 4

.
.

E(v)
E(v)
o
n

0.5
d=120QL W=8pm 00 - 0.0
R 10 10
A Z 0s
d=120QL W =20pum 0.0 4 T T i 0.0+
] 2 4 6 0 2 4 6

v(THz) v{(THz)

Fig. 3 (a) Optical microscope images of the BipSes microribbons with different widths W and
periods P =2 W. The arrows denote the direction of the electric field E. d stands for the thickness
of BixSes film, and QL is quintuple layer (1QL ~ 1 nm). (b) Normalized extinction coefficients of
the BipSe3 microribbons at 6 and 300 K when the electric field is parallel to the microribbons. (c)
Normalized extinction coefficients of the microstructures when the electric field is perpendicular
to the microribbons. (Reprinted with permission from Ref. [52] © 2013 Macmillan Publishers
Limited, part of Springer Nature)
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polarization of incident light is perpendicular to the ribbons, the phonon peak of
o« mode disappears and is replaced by new peaks in the spectrum, as depicted in
Fig. 3c. The new peaks are derived from the generation of plasmonic mode that
interacts with & phonon mode. The plasmonic and phonon modes can be extracted
from the spectral curves by fitting with the coupling equation (see Eq. 1 in [52]).
The fitting results showed that the plasmonic mode had a red shift with increasing
the array width, while the frequency of phonon mode was unchanged. Similar to
traditional SPs, the microribbon arrays were used to offer the reciprocal-lattice
vectors to satisfy the wavevector matching condition between the incident light and
topological insulator plasmons. The Dirac dispersion of plasmon frequency in the
long wavelength limit (k — 0) can be described as [52, 86].

1 2 1/2
vp = — k| ——vp/2mnp ), %
2 dmegeh

where the wavevector k is equal to 7w/W, and W is the microribbon width.
np =341 x 1083 cm™ and v = 6 = 1 x 107 cm/s for BirSes thin films
[87]. The above equation does not include the permittivity and thickness of the
BiySe3 film, while contains the surrounding permittivities with ¢ = (g1 + £2)/2.
Here, 1 and ¢ are the permittivities of air and substrate, respectively [52]. At
the highest wavevectors, the form of Eq. (7) is not proper for the description of
experimental data. With considering the permittivity 7 and film thickness H of
topological insulator Bi;Se3 film, the equation can be modified as [86].
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At the THz wavelengths, Dirac plasmons can also be observed in the BiySes
microring arrays with strong plasmon-phonon hybridization and interference [85].
The excitations and properties of the THz Dirac plasmons in Bi»Se3 microstructures
were concluded and discussed by Lupi et al. in [86].

Marta et al., reported the modulation of THz plasmons under the condition
of external magnetic field (i.e., magnetoplasmonics) in the Bi;Se3 microribbon
arrays [56]. Plasmonic response induced by Dirac surface state were detected in
the MIF region on topological insulator BixTez nanosheets using scattering-type
scanning near-infrared optical microscopy (s-SNOM) [60]. The plasmonic near-
field properties of BipTe; nanosheets can be tuned by supplying an external gate
bias. The propagating plasmons at 10.6 wm wavelength were also observed on
topological insulator Bi; Te,Se flakes through SNOM [64]. The wavelength of MIF
plasmonic wave on the topological insulator exceeds 100 times smaller than that of
incident light. This is different from visible SPs, whose wavelengths are on the order
of incident light [64].
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3.2 Surface Plasmon Resonances

The Kretschmann structure is a simple and effective method to excite SPs, which
has a broad application in plasmonic sensors [88]. In this configuration, the light
beam impinging into the prism can satisfy the wavevector matching condition with
SPs. The incident light couples with SPs via the evanescent field and induce surface
plasmon resonance (SPR) on the metal nanofilm. An obvious dip will appear in the
reflection spectrum at the SPR excitation angle or wavelength. To excite SPR on
the topological insulators, the SbyTes films with a 50 nm thickness were grown on
the glass substrate using the ALD method [63]. Figure 4a shows an optical path
to study the SPR generation on the Sb,Tes film. Here, the SbyTes film replaces
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Fig. 4 (a) Optical path for the SPR generation on the SbyTes film. The inset shows the ALD-
grown SbyTes film on the glass substrate adhered to a rectangular prism. The experimental
setup contains optical fiber coupler (OFC), expanding lens (EL), aperture stop (AS), collimator
lens (CL), linear polarizer (LP), and rectangular prism (RP). (b) Measured reflection intensities
of p-polarized light in the Sb,Tes3-based Kretschmann structure at different incident angles 6,
for the 532, 632.8 and 640 nm incident beam. (¢) SPR excitation angles of the SbyTes; film
in the Kretschmann structure at the different wavelengths. The circles and curve represent the
experimental and theoretical results, respectively. The inset depicts the field distribution of E
in the Kretschmann structure with the SbyTes film. Here, a p-polarized light with the 640 nm
wavelength is obliquely illuminated at the SPR excitation angle. The field distribution is simulated
by finite-difference time-domain (FDTD) method. (Reprinted with permission from Ref. [63] ©
2019 The Royal Society of Chemistry)
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the traditional metal film in the Kretschmann structure, as can be seen in the inset
of Fig. 4a. The experimental setup includes the laser source, optical fiber coupler,
expanding lens, aperture stop, collimator lens, linear polarizer, rectangular prism,
and detector. The linear polarizer enables the control of the polarization for incident
light beam. The glass substrate with the Sb,Tes film on top is adhered to the prism
(K9) by employing the refractive index matching liquid (n = 1.516). The detector
can record the power of light beam reflected from the Sb,Te3 film. By rotating the
prism on a rotator, the reflected intensities of incident light at different angles can be
measured. 8, (6;) represents the external (internal) incident angle. Figure 4b depicts
the reflection intensities from Kretschmann configuration at different incident angle
0. The p-polarized light with the 640 nm wavelength presents a distinct reflection
dip at 6, ~ 38.8°. But the reflection is not sensitive to the incident angle of s-
polarized light. The reflection dip of p-polarized light is derived from the SPR
excitation on the SbyTes film at 640 nm wavelength. To prove it, the SPR angles
of the SbyTes film are theoretically calculated for different incident wavelengths.
As depicted in Fig. 4c, the SPR angle decreases with the increase of the incident
wavelength. The theoretical results agree well with the experimental measurement.
The visible SPR on topological insulator SbyTe3 mainly stems from the conducting
property of surface and the optical conductivity due to the interband transition of
bulk [61]. As shown the inset of Fig. 4c, when a p-polarized light is incident at
the excitation angle, the SPR electric field can be observed on the SbyTes film.
Similar to Bij 5Sbg5Te; gSej 2, the topological insulator SboTes will also support
the plasmonic generation in the UV region due to the negative permittivity [53]. The
topological insulator-based SPR possesses the smaller excitation angle and stronger
field penetration in air, compared to metal-based SPR. These properties will benefit
for the sensing of refractive index. The generation and propagation of visible SPs on
the ALD-grown Sb,Te3 nanofilm was confirmed by the SNOM measurement [62].

3.3 Localized Plasmon Resonances

Localized plasmon resonances (LPRs) commonly occur in the metallic nanoparti-
cles and are well known from some fantastic phenomena, for example Lycurgus
glass cup [89]. The cup with embedded small Au nanoparticles has different color
for transmitted and reflection light. The spectral response (e.g. position, profile,
and strength) of plasmonic resonances relies on the shape, material, size, and
surrounding refractive index of the metallic nanoparticles. The resonantly enhanced
near fields are promising for applications of metallic nanoparticles in light-matter
interactions [29, 89]. The LPR effect was also observed in topological insulator
Bi; 5SbgsTe; gSe; 2 (BSTS) nanocone arrays in the UV and VIS regions [57].
With the conducting surface and insulating bulk, the BSTS nanocones display the
intrinsically core-shell structures. The ellipsometry results demonstrate that the
refractive index of BSTS can approach 5.5 at the NIF wavelengths [57]. Figure 5a
shows a unit of BSTS nanocones with intrinsically core-shell structures. The red part
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Fig. 5 (a) Schematic diagram of a BSTS nanocone with the intrinsically core-shell structure. The
red and yellow parts are a metallic shell and a dielectric core, respectively. (b) 3D AFM image of
a BSTS nanocone array with the width d = 300 nm, height 4 = 450 nm, and pitch p = 600 nm. (c)
Experiment and simulation results of normalized absorption spectra from BSTS nanocone arrays
with different p when d = 500 nm. (d) FDTD simulated field distribution of BSTS nanocone
arrays with d = 500 nm and p = 1000 nm at the resonance wavelength of 411 nm. (Reprinted with
permission from Ref. [57] © 2017, AAAS)

is a metallic (metal-like) shell, and the yellow part is an insulating core. In Fig. 5b,
we can see the 3D AFM image of a nanocone array fabricated on flat BSTS flakes
using the focused ion beam (FIB) milling method. The width, height, and pitch of
the nanocone array is set as d = 300 nm, 7 = 450 nm, and p = 600 nm, respectively.
The light reflection from the BSTS nanostructures can be measured by the FTIR
equipped with a microscope system. Figure 5c depicts the normalized absorption
spectra from the BSTS nanocone arrays. The absorption spectra can be calculated
through A = 1 — R. It shows that there exist the distinct absorption peaks in the UV
and VIS regions. The simulation results are in good agreement with the experimental
measurements. The absorption peaks are derived from the generation of LPRs on the
nanocones. This can be verified by the FDTD simulated field distribution. As shown
in Fig. 5d, the plasmonic resonance is localized on the BSTS nanocone surface as
the light is incident on the structure at the wavelength of absorption peak. Moreover,
the resonance wavelength has a red shift with the increase of the pitch p, enabling
the selection of LPR wavelength. The LPR response in topological insulator BSTS
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nanocones results from both the bulk charge carriers induced by interband transition
and the surface charge carriers [57].

The VIS and NIF plasmonic resonances were also observed in the BiTes
hexagonal nanoplates synthesized by solvothermal method [59]. Meanwhile, it was
found that the Se doping could be used to tailor the spectrum of plasmonic resonance
in Bip;Te3 nanoplates. With increasing the portion of Se, the resonance wavelength
presented a clear blue shift [59]. Especially, the crystalline-amorphous phase
change of BirTes material enables the dynamic modulation of the intensity for the
plasmonic resonance. The plasmonic behavior similar to LPRs was also found in the
Bi,Se3 hierarchical nanoflowers composed of a large number of nanocrystals. The
plasmonic resonance was proposed to effectively produce enhanced photothermal
conversion effect [58]. Actually, the Dirac plasmons in BirSe3 microribbons and
microrings belong to the topological insulator LPRs [52, 85].

3.4 Magnetic Plasmon Resonances

Artificially structured materials composed of metallic atoms (e.g. split rings) attract
broad attention due to the exciting strong magnetism. The artificial magnetism
plays an important role in the realization of negative refractive index and cloaking
[90, 91]. But the magnetic response induced by conduction current loops mainly
exists at the relatively low frequencies. Broadening artificial magnetism to high
frequencies is limited by the magnetic response saturation of metallic rings [92].
Plasmon-assisted magnetic resonances in special metallic structures can achieve
the high-frequency artificial magnetism with the formation of displacement cur-
rent loops [93]. The metallic nanopillar pairs, nanoclusters, and nanoparticle-film
structures were reported to acquire plasmon-assisted magnetic resonances [93-95].
The plasmon-assisted magnetic resonances were also named magnetic plasmon
resonances (MPRs) [96]. MPRs are not only capable of engineering magnetism and
controlling light at nanoscale, but also in favor of enhancing light-matter interactions
[93-95]. Currently, magnetic resonances draw special attentions in other materials,
especially new-emerging materials for improving the characters and application
range. Graphene split rings were proposed to produce stronger magnetic resonances
than metallic structures in the far-infrared region [97]. The topological insulator
materials presented plentiful plasmonic behaviors at high frequencies due to the
surface conducting and bulk conductivity. This makes the generation of MPRs in
topological insulator structures possible.

Figure 6a shows a topological insulator nanogroove grating structure with a
width d, height h, and pitch p. 0 is the polarization angle of light incident on the
nanostructure. Figure 6b depicts the SEM image of a nanogroove grating fabricated
on the SbyTes single crystal by the FIB milling method [65]. The SbyTes single
crystal is grown by the MSC method and mechanically transferred onto a silicon
substrate. The reflection spectra of SbyTes nanogroove grating structures were
measured by a home-made micro-spectrometer system. As shown in Fig. 6c, an
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Fig. 6 (a) Schematic diagram of a Sb,Te; nanogroove grating with the width d, height A, and
pitch p. The incident light has a polarization angle of 6. (b) SEM image of the fabricated Sb,Tes
nanogroove grating. The scale bar is 2 pm. (c—d) Measured and simulated reflection spectra from
the nanogroove grating with # = 110 nm, d = 130 nm, and p = 450 nm when 6 = 0° and 90°. (e)
Field distribution of |H/H;| in the SbyTe3 nanogrooves at the wavelength of reflection dip when
6 = 0°. (f) Resonance wavelengths of Sby Te3 nanogrooves with different depth /4. The theoretical,
simulation, and experiment results are achieved using the MLC circuit model, FDTD method,
and micro-spectrometer, respectively. (Reprinted with permission from Ref. [65] © 2020 Springer
Nature)

obvious reflection dip appears at the wavelength of ~736 nm when the polarization
of incident light is vertical to the nanogrooves (6 = 0°). There is no reflection dip
for the incident light with the polarization parallel to the nanogrooves (6 = 90°).
The FDTD simulations agree well with the experiment results, as shown in Fig.
6d. This effect was attributed to the excitation of visible-range magnetic resonance,
similar to MPR in metallic nanogrooves [96]. The field distribution in Fig. 6e
clarifies the generation of MPR-like effect in the SbrTe3 nanogrooves. The MPR
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wavelength presents a nearly linear redshift with increasing the nanogroove depth.
The experimental measurements are consistent with the simulation and theoretical
calculations, as depicted in Fig. 6f. This visible-range magnetic resonance will
open a new door for exploring topological insulator optical functionalities and high-
frequency artificial magnetic materials.

4 Plasmon-Enhanced Light-Matter Interactions

4.1 Refractive Index Monitoring

Due to the surface sensitivity, SPRs enable the realization of sensing, monitoring,
and measuring of the refractive index [98]. The SPR sensing in the Kretschmann
structure is generally attributed to the change of reflection intensity when the
surrounding refractive index alters. It is worth noting that the reflection phase
also plays a critical role in the refractive index sensing [99]. Digital holography
(DH) is an advanced technology to simultaneously acquire the phase and intensity
information of the objects. DH has the advantages of non-intrusive and dynamic
measurement [100]. SPR DH is able to measure the near-field refractive index
from the recorded holograms in the far field [98, 100]. The phase and intensity
information of the specimen can be reconstructed using the angular spectrum
method [63, 100]. The principle of double-exposure holographic interferometry can
be used to measure the phase differences of reconstructed object waves and intensity
ratios (reflection intensities) at different time #. The phase difference is described as
Ador = dor-poo = arg(0:/0p). Here, ¢por and ¢po denote the phases of object
waves at different time ¢ and start time, respectively. Oy is the reconstructed object
waves at time ¢, and Oy is the reference object wave at start time. The intensity ratios
can be calculated by IR; = |0,/Og|>.

The SPR response on the SbyTes film will advance the practical applications
of topological insulators in environmental and biochemical sensing. Combing with
DH, the topological insulator SPR was proposed to realize the real-time monitoring
of the refractive index variation [63]. Figure 7a shows an experimental setup of
the SPR holographic imaging for monitoring refractive index variation of ethanol-
water mixtures. The ethanol and deionized water are mixed with a ratio of 1:1
as a specimen. When the ethanol volatilizes, the refractive index will alter from
1.350 to 1.331 for the mixture. The 640 nm laser beam with a 45° polarization
is obliquely incident into the Kretschmann structure. When a mixture droplet is
dripped on the Sb,Tes film, the incident light beam can excite SPR at a certain angle.
The reflected light will carry the information of droplet specimen and be projected
on the CCD after penetrating a Wollaston prism (WP) and a linear polarizer. The
WP can split the p- and s-polarized components of reflected light with a small
angle for recording off-axis holograms. With the excitation of SPR, the p-polarized
component can sense the refractive index variation of the droplet on the SbyTes
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Fig. 7 (a) Experimental setup for the common-path DH with the SPR on the SbyTes film for
measuring the variation of refractive index, which contains Wollaston prism (WP) and charge-
coupled device (CCD) besides the elements in Fig. 4a. The upper-right inset depicts a mixture
droplet adhered to the SbyTes film on the prism. The lower-right inset shows the s- and p-polarized
light components that are split through the WP. (b) Measured reflection intensities at different
angles of incident light in the Kretschmann structure with a deionized water droplet on the SbyTes
film. (c) Normalized reflection intensities and phase shift differences of DH reconstructed images
varying with time. (Reprinted with permission from Ref. [63] © 2019 The Royal Society of
Chemistry)

film. But, the SPR excitation is prohibited for the s-polarized component, which
does not carry the droplet information. The p- and s-polarized components can
be regarded as the object and reference waves, respectively. After passing through
the linear polarizer, the two split light beams have the same polarization direction.
Thus, the two light beams generate interference (holograms) on the target plane
of CCD. As shown in Fig. 7b, the SPR angle 6, is around 67.5° for the water
droplet. Thus, the excitation angle 6; is 59.6°, which is smaller than ~70° in the
Kretschmann structure with gold film [101]. This benefits for reducing distortion of
holographic images. The angle sensitivity of SPR is defined as Sy = df./dn, which
is estimated as 88.5°/RIU for the SbyTes film [63]. This value is comparable to the
traditional gold-based SPR systems [102]. Here, 6, is set as 71.3° to excite SPR on
the SbyTes film with a mixture droplet. To monitor the refractive index variation
of this droplet, 1000 holograms are recorded with 3 s time interval as the ethanol
in the mixture volatilizes. The phase- and intensity-contrast holographic images of
mixture droplet can be acquired from the holograms by the numerical reconstruction
[63]. Figure 7c shows that the reflection intensity rapidly rises before 600 s and
then becomes relatively flat. This is because the volatilization of ethanol in the
mixture droplet is quick in the initial stage and then slow. The intensity sensitivity
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of SPR is defined as S, = dR/dn. It depends on the recording time and is largest at
~501 s. The average sensitivity is ~15.8 RIU™!. As the mixture droplet volatilizes
before 501 s, the phase difference has a nearly linear decrease and then gradually
increases. The phase sensitivity is lowest at 501 s, when the intensity sensitivity is
highest. This kind of SPR DH systems facilitates the realization of the real-time,
full-view, nondestructive, and distortion-reduced monitoring of near-field refractive
index variation [63, 98, 100].

4.2 Enhanced Photoluminescence Emission

Plasmonic resonances with strong field enhancement have broad applications in
light-matter interactions, for example enhanced photoluminescence (PL) emission
[29, 59, 65]. The MPR effect in topological insulator nanogrooves can give rise
to significantly strong electric field [65]. It provides a pathway for reinforc-
ing light interactions with 2D materials. As a kind of 2D materials, transition
metal dichalcogenides (TMDCs) present semiconductor-like band structures with
excellent electric, optical, and mechanical characters [103—105]. For instance,
molybdenum disulfide (MoS;) as a typical TMDC exhibits the state transition of
a 1.2 eV indirect bandgap for bulk, while a 1.8 eV direct bandgap for monolayer
[103]. Monolayer MoS; with the direct bandgap contributes to the realization of
the field effect transistors with ultra-high on/off ratio [105]. Meanwhile, the PL
response of monolayer MoS; attract particular interests due to the chemical stability,
photoemission, and excitonic binding [29, 65, 106, 107]. But, the atomic-layer
thickness of MoS; is not beneficial for light-matter interactions and restricts the
light emission. The significant enhancement of light-matter interactions is crucial
for MoS; optoelectronic devices. Monolayer MoS, was proposed to integrate with
the SbrTes nanogroove grating for tailoring and reinforcement of PL emission [65].
As shown in Fig. 8a, a mechanically exfoliated MoS, flake is transferred on the
SbrTes nanogrooves by using fixed-point transfer method. The inset of Fig. 8b
shows SEM image of the Sb, Tesz nanogrooves after the transfer of a MoS; flake. The
nanogroove grating with d = 130 nm, 7 = 50 nm, and p = 400 nm was fabricated
on an exfoliated SbyTes single crystal with a thickness of ~200 nm. The Raman
shift spectra show that the vibrational modes E%g and A of MoS; on Sb,Tej; has

a frequency difference of ~18.5 cm™! with the excitation of a 532 nm laser [65].
This verifies the monolayer character of MoS;. The nanogrooves exhibit a magnetic
resonance at the wavelength of ~532 nm when 6 = 0°. The PL spectra in Fig. 8b
show that two PL peaks appear at 680.5 and 638.0 nm wavelengths for MoS; on
the SbyTe; nanogrooves when & = 0°. The two peaks are close to the positions
of A and B direct excitonic transitions of MoS; [106, 108]. SbyTe3 cannot solely
excite the distinct PL emission. It illustrates that the PL emission comes from MoS,.
The primary PL peak of MoS; on the Sb,Tes nanogrooves is about 21-fold higher
than that of MoS, on SbyTes. This is mainly attributed to the enhanced electric
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Fig. 8 (a) Schematic diagram of the SbpTes TI nanogroove grating with a monolayer MoS,
on top. (b) PL emission from the SbyTesz nanogrooves and monolayer MoS, on the SbyTes
film/nanogrooves. The inset shows SEM image of SbyTes nanogrooves with transferring MoS;
flake. (Reprinted with permission from Ref. [65] © 2020 Springer Nature). (¢) Schematic diagram
of the BiTes nanoplates coated with the CdSe/ZnS QDs and an Al,Os spacing layer. (d)
Normalized PL intensity of QDs with different thicknesses of the Al,O3 layer. (Reprinted with
permission from Ref. [59] © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)

field induced by the generation of MPR in the SbyTe; nanogrooves at ~532 nm
wavelength. When 6 = 90°, the PL emission is seriously suppressed due to the
vanishment of magnetic resonance [65]. The doping of MPR-excited hot electrons
can increase the level of A- trions in MoS; and cause the redshift of PL peaks [65,
108].

The plasmonic resonance in solvothermal method-synthesized Bi, Te3 nanoplates
was proposed to enhance the fluorescence emission of CdSe/ZnS quantum dots
(QDs) [59]. Figure 8c shows the CdSe/ZnS QD structure for PL emission assisted
by the BirTe; nanoplates with the hexagonal shape. An Al,O3 spacer is introduced
between the QDs and Bi;Te3 nanoplates. The QD emission peak locates at 610 nm
wavelength, overlapping with the SP energy of Bix Tes [59]. With the excitation of a
410 nm laser, the PL intensity of QDs is dependent on the thickness of Al,O3 spacer,
as depicted in Fig. 8c. As the thickness is smaller than 10 nm, QD PL emission
is quenched compared to the case without the Bi;Tez nanoplates. The quenching
of PL emission was attributed to the dominant nonradiative energy transfer from
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the QDs to BipTes nanoplates. As the thickness is 20 nm, the PL intensity reaches
the highest value with a 3.8-fold reinforcement. This results from the plasmon-
enhanced electric field and enhanced radiative rate due to the Purcell effect [29, 59,
108]. As the spacer thickness further increases, the PL emission descends with the
weakening of electric field and Purcell effect [59]. The enhanced UV PL emission
of ZnO was also observed with the excitation of SPs existing at the ZnO/Bi,Tes
interface [109]. The plasmonic effects in topological insulator materials enable the
enhancement of light-matter interactions, which will broaden the applications of
topological insulators in photonics and optoelectronics, especially light emission
and sources.

4.3 Enhanced Light Harvesting

The strong plasmon-induced electric field has also been widely applied in boosting
light harvesting for high-performance photodetectors and solar cells [26, 28]. As
mentioned above, the plasmonic resonance can be supported in the topological
insulator nanocone arrays and nanoplates at the UV and VIS wavelengths [57,
59]. This holds potential to reinforce the light absorption and conversion efficiency
of photovoltaic devices. Figure 9a shows a designed a-Si solar cell with BSTS
nanocone arrays. The BSTS nanocones are integrated into the back of a-Si thin film
and act as the back electrode of the solar cell. Figure 9b depicts the light absorption
of the a-Si thin-film solar cells without and with the BSTS nanocone arrays. We
can see that the BSTS nanocone arrays can achieve a broadband light absorption
enhancement in the VIS range. The light absorption of a-Si thin-film solar cell can
be enhanced by 15% in the entire range with the integration of BSTS nanocone
arrays. The enhancement reaches the maximum value of 55% at the wavelength
of 325 nm. Besides the plasmonic resonance, the high light absorption efficiency
also arises from the strong backward scattering of BSTS nanocone arrays, which
increases the path length of light [57].

Zhao et al., reported a plasmon-enhanced Si/PEDOT:PSS solar cell integrated
with the BipTes; nanoplates [59]. As shown in the inset of Fig. 9c, there exists
a Schottky junction at the Si-PEDOT:PSS film interface. Meanwhile, a built-in
potential forms around the interface due to the difference between the conduction
band of n-Si and the work function of PEDOT:PSS film. The aluminum electrode
and silver-grid top act as the electrodes. The PEDOT:PSS film can help to collect
and transfer the holes separated in the internal electric field. The PEDOT:PSS
layer was fabricated through spin-coating the mixture of BipTe; nanoplates and
PEDOT:PSS solution on n-doped Si plane [59]. Figure 9c shows the plasmon-
enhanced performance of the solar cell with the introduction of Bi; Te; nanoplates.
The curves denote the current-density-voltage (/J—V) properties of the solar cells
without and with BiyTes nanoplates (1.04% weight percentage). The incorporation
of BiyTes can contribute to the significant reinforcement of short-circuit current
density (Js.) from 21.75 to 27.08 mA/cm? [59]. Figure 9d shows the incident
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Fig. 9 (a) Schematic diagram of the a-Si solar cell with a BSTS nanocone array integrated into
a-Si thin film. The BSTS nanostructure also acts as the back electrode of solar cell. (b) Light
absorption in a-Si thin-film solar cell with (red curve) and without (black curve) the BSTS
nanocone array. (Reprinted with permission from Ref. [57] © 2017, AAAS). (c—d) Current-
density-voltage and incident photon-to-charge carrier efficiency (IPCE) of a solar cell without and
with BipTes nanoplates (1.04% weight percentage). The inset in (c) shows the schematic diagram
of the Bi, Tes-incorporated solar cell. (Reprinted with permission from Ref. [59] © 2016 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim)

photon-to-charge carrier efficiency (IPCE) of the solar cell device with and without
the BipTe; nanoplates. The Bi;Tes-involved solar cell presents a significantly
enhanced IPCE in the entire visible range. The enhanced light absorption effects
stem from the plasmonic resonance in the BiTes nanoplates. The strong local
electric fields of plasmonic resonance can promote the creation of electron-hole
pairs and boost the absorption of incident light near the Si layer. Meanwhile, the
light scattering from the Bi; Te; nanoplates can also enhance light absorption in Si
layer and IPCE at the short wavelengths from 400 to 500 nm. The plasmon-enhanced
light absorption of the Si layer results in the improvement of the short-circuit current
density in the solar cell with the Bi;Te3 nanoplates. Topological insulator-based
plasmonics can enhance not only light interaction with semiconductors, but also
light absorption of topological insulators. For example, Tamm plasmons generated
in BSTS-Bragg mirrors is able to improve light-BSTS interaction with a three-fold
enhancement of BSTS light absorption [110].
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5 Conclusions

Topological insulators, as new states of quantum matter, have attracted broad
attentions in electronics and condensed matter physics due to the generation of
phenomena, for instance quantum spin Hall effect, superconductivity, and Majorana
fermions [41-43]. These exotic phenomena are attributed to the special band
structures of topological insulators. Topological insulators exhibit topologically-
protected conducting edge/surface state and insulating bulk state [44]. Due to the
band inversion induced by strong spin-orbit coupling, the surface state forms a
gapless Dirac cone in the bandgap of bulk. Besides the electronic capacities, the
unique optical characteristics and functionalities have been found in topological
insulators. For instance, the intrinsic surface-on-bulk structures of topological
insulators facilitated the achievement of ultrathin holographic imaging [50]. At
the infrared wavelengths, the topological insulators possess ultrahigh refractive
indices (see Table 2), larger than traditional infrared materials Si and Ge [57,
65, 82, 111]. With the high-refractive-index topological insulator, the photonic
type I Weyl points were observed at optical frequencies [51]. Moreover, the high
nonlinear refractive coefficients were reported in topological insulators (see Table
2), larger than the nonlinear coefficient of graphene [66, 112, 113]. The nonlinear
features are helpful for the realization of broadband wavelength converters and
optical Kerr switchers [66]. The Dirac conducting surface and semiconductor-like
bulk contributes to the ultrabroad plasmonic behaviors from the UV to THz region
[52-65]. As mentioned above, the 3D topological insulators have exhibited some
attractive plasmonic effects, such as Dirac plasmons, SPRs, LPRs, and MPRs [52,
57, 63, 65]. The plasmonic resonances with near-field enhancement promote the
application potential of topological insulators in improving light-matter interactions,
especially the refractive index monitoring, PL emission, and light harvesting [57,
59, 63, 65]. Meanwhile, TIPs can be used to achieve the CMOS-compatible OAM
nanometrology, which is generally unavailable for novel metal-based plasmonics
[62]. Different from novel metals, the optical properties of topological insulators
can be dynamically tuned through controlling the temperature, light intensity,

Table 2 Refractive indices and nonlinear refractive coefficients of 3D topological insulators at
optical wavelengths
Refractive index
850 nm 1310 nm | 1550 nm
Material n k n k n k Nonlinear refractive coefficient (cm2/W)
BSTS [53] 46 |30 |50 |1.7 |49 |15
BirTes [82] |5.0 (45 |67 [3.6 |69 3.1 |~9.16 x 107® @ 1526 nm [66]
SbyTes [65] 3.8 (4.1 |61 |32 |62 |25 |2.606x 1075 @ 632.8 nm [112]
BTS [64] 56 |36 |61 |22 59 |21
BirSe; [111] | 6.1 (2.1 |58 (08 |56 |0.7 |2.26 x 1071° @ 800 nm [113]

BSTS Bi1'5Sb0‘5Te1'gSe1'2, BTS BizTezSe
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and magnetic field [54, 56, 59, 111]. An ultrahigh modulation depth of 2400%
was achieved in the BipSes microribbon arrays by tailoring THz plasmon-phonon
interference with an optical pump injection [54]. With these advantages, plasmonics
in topological insulators will open a new door for optical physics and functional
devices. TIPs will become a rapidly developing branch of plasmonics and may find
significant applications in nonlinear optics, integrated photonics, and optoelectron-
ics.
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Abstract The nonlinear optical effects originating from the light-matter interaction
under intense light excitations have enabled numerous novel applications, such
as frequency conversion, all-optical modulation, and ultrafast optical switching.
Recent years, the development of metamaterials, photonic crystals, and topological
optics allow unconventional enhanced nonlinear effects that may potentially exceed
traditional nonlinear materials. In this chapter, we discuss the concepts of nonlinear
optical effects and introduce several nonlinear optical applications, including broad-
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1 Introduction

With the development of lasers, the nonlinear interaction between light and matter
becomes accessible. Despite the weakness of the nonlinear response, intrinsic
nonlinear effect of materials is essential for optical signal processing in photonic
integrated circuits and provide opportunities to develop numerous modern appli-
cations from the second- and third-order nonlinear processes, optical parametric
amplification lasers to optical solitons, holography, and self-modulation of optical
signals, as well as parametric down-conversion. Recent developments of plasmonic
modes in metals and their nanostructures have been widely used to improve the
efficiency of linear light-matter interaction [1-7]. The excitation of plasmonic
modes, either surface plasmon plasmons (SPPs) or localized surface plasmons
(LSPs) in metal nanoparticles, enables electromagnetic field confinement near
metal-dielectric interfaces, leading to the local field enhancement. The presence
of plasmonic resonances, strongly enhanced near the metal-dielectric interface,
has profound implications for nonlinear optics, which depends on the linear field
intensity in a superlinear manner [8, 9].

Recent developments of nonlinear plasmonics take advantages of the linear
plasmonic resonances described above and operate linear and nonlinear dynamics
on subwavelength scales; Thus, they are naturally compatible with integrated optics.
There are two concepts to utilize plasmonic excitations in nonlinear plasmonic sys-
tems. One scenario is to enhance the nonlinear conversion efficiency of dielectrics
by the strong localized field near the metal interface in the metal-dielectric hybrid
system. The other is to generate the nonlinear response from the dynamic motion of
free electrons in metals then harvest the nonlinearity of metal itself. Both concepts
are explored to enhance coherent nonlinear interaction and require a universal
description of complex linear and nonlinear dynamics of free electrons.

A full hydrodynamic consideration of free electrons reveals key contributions
to the nonlinear effects caused by the interplay between the nonlinear response
of the fermionic gas and metallic structures with arbitrary geometries, allowing
for investigation of nonlinearities in plasmonics. In this chapter, we first present
efficient and broadband terahertz (THz) generation from plasmonic metasurfaces.
The THz generation due to optical rectification (OR) originating from the second-
order nonlinearity of symmetry-breaking meta-atoms is numerically investigated
by a first-principle calculation. Then we give an overall review of the nonlinear
plasmonic response and their intrinsic connections with bound states in the con-
tinuum (BIC) modes in plasmonic nanomaterials, which can extend the lifetime of
plasmonic excitation and therefore enhance the nonlinear optical processes such as
second harmonic generation (SHG), third harmonic generation (THG), and surface
enhanced Raman scattering (SERS). Finally, we show that topologically protected
one-way edge nonlinear plasmons up to infrared frequencies could be realized in a
periodically nanostructured graphene monolayer under the time-reversal-symmetry
breaking induced by a static magnetic field.
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2 Broadband THz Generation from Nonlinear Metasurfaces

A novel broadband THz source based on a single layer metasurface made of
gold split-ring resonators (SRRs) has been reported in a recent experimental study
[10]. The SRRs with a just 40 nm thickness were designed to have magnetic-
dipole resonances around the optical communication wavelength of 1550 nm. By
exciting the metasurface with an infrared femtosecond laser pulse, efficient THz
emission can be observed due to the nonlinear optical rectification in SRRs. The
measured THz conversion efficiency from the metasurface is in the same order as
the zinc telluride nonlinear crystals which are generally used for broadband THz
generation. The single-layer metasurface is made of gold and glass, making it have
deficient absorption in the THz frequency region. Thus, the metasurface can be
used to generate broadband THz signals. In an analytical theory, we can predict
the generated THz wave from the metasurface by omitting the thickness of the
metasurface. The wave equation can describe the generated THz field in a nonlinear
medium with the second-order nonlinear susceptibility x ® propagating in the z-axis

(2)
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where n is the medium refractive index at the THz frequencies, ¢ is the speed
of light. The THz polarization is proportional to the power of the pump laser
|Eo(z, t)|2. The pump laser is a temporal Gaussian pulseEy(f) = cos (wot + ¢)gs(?)

E(t) = cos (wot + ¢)g(t). Here g, (1) = 207 = g (w) = (m/o> ¢ 207
is a Gaussian envelope. wowy is the center frequency of the pump pulse, and ¢
is a phase delay. The full width at half maximum (FWHM) of the pump pulse is
A f;gvmff u ~ 2.3350 Af%l:{,nIEM ~ 2.3550. THz generation from the infinitesimal
thin nonlinear metasurface can be expressed as

P (1) ~ E%(t) = cos Quot +2¢) g2(t) + g2 (1) =
PO w) ~ g 1 (w —2wo) +e g 1 (—w—2u0) +g_y_ (). )
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We can see the first two terms are the SHG with a center frequency of 2w; the
last term is the origin of the THz emission; thus, the THz emission only depends on
the temporal Gaussian envelope. Consequently, the emitted THz field is written as

w2
ETHD () ~ D (—iw)?g 1 (w) = cPw?e #?
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From Eq. (3), we can see that the bandwidth of THz emission is limited mainly
by the duration of the incident pulse. The THz emission has a peak frequency
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fie = 20 f{12 = 20 and a bandwidth Af/))%,, = 2310 AffZ ~
2.310. We can theoretically estimate the peak frequency and bandwidth of the
THz emission by the bandwidth of pump pulse, i.e., Afpms, ~ 0.98AfF T,
Afflz o~ 0.98 Aty and £ T2 A~ 0.85AF Yy TRHE A~ 0.85 ATy The
bandwidth of the generated THz spectrum can be tuned by changing the duration
of the incident Gaussian pulse. One can see that THz emission bandwidth and
central frequency scale linearly with the pump pulse bandwidth. Comparing with the
nonlinear crystals, the single-layer metasurface emitter is free from the limitation of
the Reststrahlen region [11]. Therefore, it can achieve tunable THz bandwidth by
changing the pump pulse duration. Moreover, the fundamental pumping frequency
of the metasurface THz emitter is flexible and can easily be scaled to arbitrary
operation frequencies by optimizing the dimensions of the SRR unit.

However, due to the fact that the upper cut-off frequency of the inorganic crystal
detector used in the experiments is much smaller than the emitted THz signal, the
measured bandwidth of the THz signal was much narrower than expected from
the analytical solution. Consequently, it is important to investigate the mechanism
of the THz emission from nonlinear metasurfaces by a first-principle method.
When an intense electromagnetic field illuminates a plasmonic nanostructure, it can
interact with free electrons in the plasmoinc material resulting in intrinsic nonlinear
behaviors. The nonlinear response of the conduction-band electrons in plasmonic
structures can be modeled by self-consistently solving Maxwell’s equations and
hydrodynamic model. The interaction of electromagnetic fields with an arbitrary
nonmagnetic material can be described by Maxwell’s equation:

VxH=¢gdE+] @)
V x E = —uooH,

where €9 and g are the vacuum permittivity and permeability. The hydrodynamic

model can describe the complex dynamics of electrons in metallic/plasmonic

materials driven by an external field (Lorentz force):

[0 +v-VIv=—yv— £ [E+vxB] - 22 )
on =—V - (nv).

Maxwell’s equation and hydrodynamic equations can be coupled through the
polarization density, electron density, and velocity:

J=0;P = —env. ©6)

With the help of the FDTD algorithm, Egs. (4), (5) and (6) can be solved self-
consistently, and both linear, nonlocal, and nonlinear responses can be captured [ 12—
17].

The efficient and compact metasurface THz emitter is shown in Fig. la. The
gold SRRs are arranged periodically in both x and y directions and supported by
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Fig. 1 (a) Layout of a metasurface consisting of a periodic array of SRRs. (b) The feature size of
aunit cell. (¢) Semilog plot of the nonlinear signal spectrum. (d) The FWHM of pump pulse versus
the generated THz spectral bandwidth (red dots) and peak frequency (blue dots). The straight lines
are the predicted analytical results. (e) Polar plot of the peak-to-peak amplitude of THz emission
as a function of the polarization angle. (f—i) Current and charge density distributions in two SRRs
at the frequencies of linear response (200 THz) and THz generation (4 THz)

a glass substrate coated with ITO. The thickness of the gold film, ITO, and SiO;
substrates are 40 nm, 6 nm, and 200 nm, respectively. The glass substrate and
ITO layer are chosen as non-dispersive dielectric materials of relative permittivities
2.25 and 3.8. The parameters for gold are taken to be np = 5.92 x 10%® m™3
and y = 10.68 x 10'3 rad/s. The dimensions of the SRRs are the same as the
experimental sample [10], for which the magnetic dipole can be excited around
200 THz as shown in Fig. 1b. An x-polarized infrared laser pulse propagating
in the z-direction. We describe the pump laser by a Gaussian pulse of the form
E(t)=Epexp[—21In2(t — 10)%/t2] cos (wt). Here, the driving frequency, temporal
width and peak amplitude are chosen as @ = 1.257 x 10" rad/s, © = 140 fs
and Eg = 2 x 107 V/m, respectively. Figure 1c shows the second-order nonlinear
spectrum with the two peaks: the sum-frequency generation has a peak around
400 THz and difference-frequency generation spectrum shows a peak in the THz
region. Figure 1d compares the THz emission bandwidth AT AfTHZ and central
frequency fOTH ngHZ from the metasurface versus the incident pulse bandwidth
A"~ 0.44 /T AfNC ~ %. The first-principle FDTD calculation results agree
well with the analytical solution. In contrast, when the polarization is perpendicular
to the gap of SRRs (along the x-axis), the excitation of the circular current is
forbidden by symmetry and only straight-line linear currents are induced in the SRR
arms. Then, the nonlinear currents in the two arms show reverse flow directions
along the x-axis, leading to the vanishing of radiation in the far-field. Consequently,
the proposed THz emitter indeed has a polarization dependence. Figure le shows
the polar plot of the peak-to-peak amplitude of THz signals versus the polarization
angle. We can see that the simulated results fit very well with cos?(9), consistent
with the polarization control from SRR metasurface reported in [10].

The calculated charge and current distributions at the frequencies of 4 THz and
200 THz were plotted in Figs. 1f-i. Figures 1f, h shows the fundamental field
distributions for the normal incidence to the SRR. When the polarization of the
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incident wave is parallel to the gap of SRRs (along the x-direction), the nonlinear
currents in both arms are parallel along the y-direction and thus strong radiation
fields can be observed in the far field as depicted in Fig. 1g. Differently, when the
polarization is perpendicular to the gap of SRRs, the nonlinear currents show reverse
flow directions along the y-direction, leading to a vanishing radiation in the far field
as shown in Fig. 1i.

Despite of being a seminal progress toward compact tailorable THz sources
benefiting next-generation computation and communication, the nonlinear optical
response reported in [10] is still fairly weak. Therefore, a fundamental improvement
in nonlinear efficiency with metasurface-based devices is critical. In order to
improve the THz conversion efficiency, instead of driving the SRR directly, a
resonant dark bound state in a silicon film with a sub-wavelength thickness was
used to create local field enhancement and the strong evanescent surface fields of
this quasisurface mode then drive the SRRs [18]. The low-loss dielectric dark state
allows to concentrate intense field energy in the metasurface leading to a strong local
field enhancement. Figure 2a shows the schematic unit of dark-state metasurface
THz source. Two gold SRRs oriented in the same direction asymmetrically sit on
the two sides of a thin Si slab, which is periodically punctuated by metal walls. The
two SRRs are not only the key element for THz emission via difference frequency
generation, but also serve as a bridge coupling the incident wave into the dark
element (Si slab). The introduction of metal walls is to quantize the modes of the
dielectric slab achieving a set of discrete resonant dark states (see Fig. 2b). The
TE».,0 mode marked by a red circle in Fig. 2b, which gives an antisymmetric profile
of the electric field as shown in Fig. 2a. By shifting the positions of the two SRR,
i.e., Ax; and Axp, the energy of excitation exchanged to the dark state indeed can
be controlled purposely. Upon the excitation of the TE.o mode in the Si slab, out-
of-phase polarization currents I; and I, are induced in the two SRRs, which can
be decomposed to symmetric (corresponding to an electric moment along the y
axis) and antisymmetric (corresponding to a magnetic moment along the x axis)
polarization sets, respectively, as shown in Fig. 2c. Consequently, the proposed
metasurface can be regarded as the superposition of an electric current sheet and
a magnetic current sheet with conductivities O'(e) and a(m), while the scattering
properties of the metasurface, i.e., reflectance (R) and transmittance(7’), can be given
by [19]

2 (¢t = 1o ™)
4+2§0,(€)_’_2§ la(m)—i-Za(e) (m)

R= )

4 — (e) (M)
T = (8)
4+ 2§0§9) + 2§ (m) + 2 (e) S(m)

where ¢ is the wave impedance. An ideal perfect absorbing sheet should fulfill
the condition {og(e) = ¢ o¢(m) = 2. For the dark-state metasurface, the sheet
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Fig. 2 (a) Schematics of the meta-atom of designed metasurface THz emitter. The geometric
parameters of the unit are designed to have the length L = 800 nm and thickness 7 = 100 nm,
so the operation wavelength is tailored within typical high-speed telecommunications range as
round 1.5 pm, and the thickness of SRRs is set as # = 50 nm. (b) Dispersion diagram of the
system. The solid (red) line shows the lowest TE branch and vertical dashed (blue) lines indicate
the quantization of eigenmodes. The blue dots are the quantized eigenstates of the lowest TE
branch, and the red circle indicates the TE»,p mode adopted in the dark-state metasurface. (c)
Polarization currents on two SRRs (I} and Iy) can be decomposed into the set of symmetric (Is)
and antisymmetric (I5) currents, equivalently described by electric O’S(e) and magnetic O'S(m) sheet
conductivities. (d), (e) Maps of as(e> and as(m) in dependence of positions of the two SRRs. Black
dots indicate the optimized case of the system showing the highest absorption. (f) THz intensity
enhancement map of our design. (g) Distributions of THz currents (black arrows) and charge
density (color plot) of the SRRs. “+” and “—” indicate charge accumulation. (h) Time trace of
THz radiation from design (red) compared to that from traditional SRR metasurface (blue). (i)
THz peak-to-peak amplitude in dependence of pump power for our design (red squares) and for
bare SRRs metasurface [10] (blue dots)

conductivities in dependence of (Axy, Axp) are shown in Figs. 2d, e, from which,
an optimized case may be picked at Ax; = 70 nm and Axy; = 470 nm with
Clos@)] = ¢ Y og(m)| = 1.8 and the corresponding absorption reaches as high as
95%. In the dark-state meta-atom, two SRRs driven by the out-of-phase field, the
linear responses of the two SRRs are opposite and get canceled, while the nonlinear
responses of the two SRRs are in phase and interfere constructively as shown in
Fig. 2g. Therefore, the THz radiation from the SRRs has negligible phase delay and
will be coherent. Figure 2h gives the typical time-domain trace for the dark-state
metasurface THz emitter compared to that for the bare SRR metasurface [10]. Upon
increasing the pump pulse intensity, the generated THz signal amplitude increases
linearly as presented in Fig. 2i. By properly optimizing the two SRRs, more than
120-fold enhancement in THz emission power compared to the reference case can
be achieved.



124 M. Fang et al.

3 Nonlinear Fano Resonances and Plasmonic BICs

Periodic media supports both leaky and non-leaky modes respectively for each
supported resonant Bloch wave (as extended wave solutions of periodic potentials) if
the lattice is symmetric. The non-leaky mode is associated with BICs (or embedded
eigenvalues), which provides a physical mechanism for trapping electromagnetic
energy for a long time [20, 21]. Ideally, BICs exhibit an infinitesimal value of the
resonance spectral width (or infinite Q factor). In the case of plasmonic materials,
BICs can be realized as quasi-BICs (or supercavity mode) [22], where both the
Q factor and resonance width become finite. Nevertheless, BIC-based localization
of light in plasmonic materials still makes it possible to realize high-Q quasi-
BIC modes. Therefore, BIC-based plasmonic resonances exhibit strong light-matter
interaction, which could enhance the light-matter interactions as well as the optical
nonlinearities.

Research on BICs initially dates from quantum mechanics [23]. Recently, all
dielectric nanostructures have been extensively studied for optical BICs [24-32].
Both symmetry-protected and non-symmetry-protected BICs have been proposed.
Symmetry-protected BICs are often found in a system with a reflection or rotational
symmetry. On the other hand, non-symmetry-protected BICs can be formed by the
destructive interference of interacting optical resonances. BICs provide a way to
confine light in a mini structure via destructive interference. They provide new
avenue for designing high-Q optical nano devices, which is important for lasers,
nonlinear optical enhancement, optical sensing, as well as for the enhancement of
general light-matter interactions [33].

However, BICs in plasmonic nanostructures were less reported, especially in
experiments. Plasmonic structures have unique advantages in light confinement
[34, 35]. In addition, the strong near-field and large local density of optical states
(LDOSs) in plasmonic materials enable the efficient coupling of light emission
from nearby emitters [36-39]. Nevertheless, plasmonic nanostructures suffer from
significant metal absorption and radiation losses. Therefore, increasing concerns
on the suppression of radiative dissipation in plasmonic nanostructures have been
taken in several reports [40—42]. The strong coupling interaction between plasmonic
and photonic modes have been theoretically investigated, which realizes hybrid
plasmonic BICs in nanostructures [43, 44]. In the strong coupling regime, such
a hybrid BIC mode occurs near the band anti-crossing point via the destructive
interference, under a Friedrich-Wintgen condition [45].

In the section, we will discuss in detail the nonlinear plasmonic BICs in nanos-
tructures and the inherent connections between the Fano resonances and physics
of BICs. Particularly, when the frequency converting materials are positioned near
the localized electromagnetic field induced by plasmons, the nonlinear responses
of this hybrid structures can be further enhanced at the resonance modes where the
constructive interference occurs. Potential applications of BIC-inspired plasmonic
resonances are also discussed in this section.
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Plasmonic BICs can be categorized with respect to the physical origin of
radiation suppression [46]: The coupling interaction between the resonant mode
and all radiation channels of the surroundings could vanish due to the spatial
symmetry, which is called as the symmetry-protected BICs [47-52]. In contrast to
the symmetry-protected BICs, another is the accidental BICs, whose formation is
due to the accidental vanishing of the coupling to the radiation waves via continuous
tuning of one or several parameters (Perot-type) or the destructive interference of
several leaky waves (Friedrich-Wintgen scenario) [53]. There are more specific
examples of BICs, such as anisotropic [54], Floquet [55] or PT symmetric systems
[56, 57].

In connection with the high-Q resonances supported by BICs, the light-matter
interaction and the nonlinear optical effects would be greatly enhanced, which is
currently under active study [44, 52, 58, 59]. The reason is that nonlinear optics
at the nanoscale is governed by strong field confinement and resonant response,
[60] and is not limited by phase matching [61]. As a result, the processes of optical
nonlinearity can be boosted dramatically since they scale as (Q/V)", where n is the
nonlinear process order and V is the mode volume [62]. Therefore, the giant increase
of the nonlinear efficiency is expected in isolated subwavelength nanoantennas
which are tuned to the BIC regime. This prediction was recently demonstrated for
the case of the SHG in AlGaAs nanodisks [63].

In this section, several research works on nonlinear BIC-based metasurfaces
are reviewed. The frequency conversion efficiency of BIC-based metasurfaces can
be boosted dramatically by smart engineering the asymmetry parameter in the
vicinity of the quasi-BICs. The physics is that the optical metasurfaces with broken-
symmetry (incidence or meta atom) could enhance substantially the Q factor of the
structures when tuning to the BIC conditions. Additionally, the applications of these
BIC-based ideas will also be discussed.

BICs are commonly considered as an effective means to dramatically elongate
the trapping time of light. However, light-matter interaction depends not only on the
lifetime of an optical mode, but also on its mode volume. Yi et al. [44] proposed
a novel hybrid plasmonic-dielectric structure to manipulate the mode volume of
BICs. Strong localization of electric field can be achieved along the surface normal
direction for the symmetry-protected BICs, leading to one order of magnitude
reduction of mode volume in one unit cell compared with the conventional
symmetry-protected BICs of all-dielectric structure. The proposed hybrid photonic
system could provide an ideal flat platform for advanced manipulation of light-
matter interaction.

Very large two photon absorption (2PA) and three photon absorption (3PA)
enhancement can be achieved at ~730 nm, as shown in Fig. 3b, where the leaky
resonance associated with the FW-BIC appears. The corresponding electromagnetic
field distribution for this leaky resonance is shown in the inset, where the electro-
magnetic field is mainly located inside the nanoparticle, leading to enhancement
factors as large as 3500 and 250 for the 3PA and 2PA compared with the single
dielectric nanoparticle case, respectively. The dependence of the 2PA and 3PA on
the lattice constant of the hybrid structure was also examined, as shown in Fig. 3c.
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Fig. 3 (a) Schematic of the hybrid plasmonic-photonic system, which is composed of a periodic
array of Si nanopillars, a thin MgF, spacer layer, a thin Ag film and a SiO, substrate. (b)
Reflection spectrum of the hybrid structure, and the electric field distribution of unit cell in the
inset. (¢) Dependence of the nonlinear optical absorption (2PA and 3PA) on the lattice constant
[44]. (d) Schematics of the nonlinear plasmon-assisted MoS, metasurfaces with multiple radiation
channels orienting towards nonlinear multiplexing. (e) Wavelength dependence of the enhancement
of second-order susceptibility determined for the asymmetric parameters. (f) Hamiltonian of the
nonlinear optical process [58]

Significant enhancement of the 2PA and 3PA of Si nanopillars can also be achieved
in the hybrid structures close to the FW-BIC condition owing to the dramatical
increase of radiative Q factor.

The spectrum of nonlinear optical response is typically determined from the
linear optical resonance. To settle this matter, a wavelength-multiplexed nonlinear
plasmon-MoS; hybrid metasurface with suppression phenomenon was proposed
[64], where multiple nonlinear signals could be simultaneously processed and
optionally tuned. As shown in Fig. 3d, a typical planar array of split metal frames
is placed on monolayer MoS, for exciting singularity-associated light-trapping
resonances via symmetry breaking. The presence of a quantum oscillator is adopted
to both suppress and enhance the nonlinear quasi BICs, which makes the optical
nonlinearity exhibit as Fig. 3e. This selectable nonlinear BIC-based suppression and
enhancement effect can optionally block the undesired modes, resulting in narrower
linewidth as well as smaller quantum decay rates.

The Hamiltonian of plasmonic nonlinear system is described in Fig. 3f, which
involves with the incident wave, fundamental and nonlinear mode plasmons, as well
as the quantum oscillator brought by MoS, molecule. The relationship between the
second harmonic generated mode and the fundamental mode tells the phenomenon
of enhancement and suppression, whose underlying physics is the destructive
interference effect.

The enhancement of optical nonlinearity in BIC-based nanostructures derived
from the boosted light confinement and strong light-matter interactions. For the
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plasmonic nanostructures, there are three factors, multiplying each other, provide
for the enhancement of nonlinear processes [65]: (i) Localization of the incident
radiation into hot spots can increase the local intensity 5 orders of magnitude.
The enhanced intensity also amplifies the nonlinear processes, which is the major
contribution to the nonlinear enhancement [66—69]; (ii) Fano resonances in the
linear response can enhance the localized field. Nonlinear interactions as well as
the surface-to-volume ratio can be enhanced via breaking the symmetry of both the
materials on a nanoscopic level and the optical fields. This further enhancement
in the hot spot field enhances the nonlinear process more [70]; (iii) Finally,
multiplying (i) and (ii), originates from the constructive interference effect of the
frequency conversion paths. Particularly, among various plasmonic nanostructures,
plasmonic metasurfaces resolve the phase-matching issue due to the thin-film
nature. Additionally, since the resonant properties of nanostructured plasmonic
metasurfaces depend strongly on the geometries of the unit cells, the resonances can
be both spatially and temporally tuned by varying the nanoscale geometries across
the metasurfaces, and the interplay between the linear and nonlinear properties can
be exploited for more complex spatiotemporal nonlinear beam shaping and control.

4 Nonlinear Interaction of Topological Graphene Plasmons

Graphene plasmon is promising for the development of efficient photonic devices
at the nanoscale due to its deeply subwavelength optical field confinement and
extremely long intrinsic relaxation times in the terahertz and up to mid-infrared
frequency range. Recent works [71, 72] have shown that topologically protected
one-way edge plasmons operable up to infrared frequencies could be realized
in periodically nanostructured monolayer graphene under time-reversal-symmetry
breaking induced by a static magnetic field. These topological graphene plasmons
are immune to backscattering from structural defects, thus hold great potentials
in the advancement of topologically robust chiral plasmonic devices and provide
new opportunities for nonlinear graphene plasmonics, such as harmonic generation,
plasmonic nanolaser, and plasmonic soliton propagation. Especially, recent works
[73-74] demonstrate that due to the significant nonlinearity enhancement and large
life time of graphene plasmons, a net gain of four-wave mixing interaction of
plasmonic edge states can be achieved with a pump power of less than 10 nW;
and what is more, the effective nonlinear edge-waveguide coefficient could reach as
large as 1.1 x 10'> W~! m~!, which is more than 10 orders of magnitude larger
than that of commonly used, highly nonlinear silicon photonic nanowires.

In the work of [73], the authors considered a graphene plasmonic metasurface
consisting of a periodic nanohole array with hexagonal symmetry, which is placed
in a static magnetic field B. At infrared and terahertz frequencies, graphene placed
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in a static magnetic field can be characterized as an electrically gyrotropic material
with the surface conductivity tensor given by

as=|: oL "H] ©)

— OH OL

where the diagonal elements o and the off-diagonal elements oy at room
temperature and for frequencies below the visible-light region can be written as

1—iwt (10)
oL, = O
b O(a)ct)2 —((+ wr)2
WeT
o = —O (11)

0 (a)ct)2 — @+ a)t)2

where o9 = €2EF‘L'/(7Th2), T is the relaxation time (plasmon lifetime), w, =
eB Lv% /EF is the cyclotron frequency, with B}, vr, and Er being the external
static magnetic field perpendicular onto the graphene surface, the graphene Fermi
velocity, and the Fermi energy, respectively. Because of the time reversal symmetry
breaking induced by the magneto-optical response of graphene under an external
magnetic field, this plasmonic system could host a topological bandgap. To demon-
strate this, the authors calculated the photonic band structure using a numerical
approach based on the finite element method. The unit cell (with lattice constant
a and air hole radius r) and the first Brillouin zone of the system used in the
numerical calculations are shown in Figs. 4a, b. The band diagrams of the system
at a = 400 nm, r = 120 nm under different magnetic fields B =0, 2, 5,7, 10 T are
given in Fig. 4c, where the parameters of the graphene are set to be Er = 0.2 eV,
vp = 10° ms~!, and t=50 ps.

As can be seen from Fig. 4c, without the external magnetic field (i.e., B = 0),
due to the hexagonal symmetry of the metasurface structure, Dirac cones protected
by the parity (P) inversion and time reversal (T) symmetries exist at K and K’
symmetry points of the Brillouin zone. When B > 0, the time reversal symmetry of
the system is broken and, consequently, the Dirac cones are gapped out, resulting in
a topological nontrivial bandgap. Moreover, the width Av of this bandgap increases
as the amplitude of the magnetic field increases. The topological properties of
the bandgap could be characterized by the so-called gap Chern number, whose
magnitude indicates the number of topological edge modes, whereas the sign shows
the direction of propagation and the gap Chern number was calculated to be —1 for
the bandgap shown in Fig. 4c.

To confirm the topologically protected edge modes will emerge within the
topological bandgap, the authors calculated the projected band diagrams of a finite
graphene metasurface as shown in Fig. 4d, which has 20 unit cells along the y axis
and is periodic along the x axis. The projected band diagrams along K, determined
for B=0, 2,5, 7, 10 T, are depicted in Fig. 4e. From the figure, one can see apart
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Fig. 4 (a) Unit cell and (b) the first Brillouin zone of the graphene plasmonic metasurface. (c)
Band diagrams of the metasurface at B =0, 2, 5, 7, 10 T. As the Dirac cone is below the air light
cone, surface plasmons can exist at deep-subwavelength scale (\/a > 40). Moreover, a topological
bandgap is opened in the presence of an external static magnetic field. (d) Geometry of the finite
graphene metasurface, where the number of unit cells (green dashed frame) is finite along the y
axis and infinite along the x axis. (e) Projected band diagrams of the metasurface at B =0, 2, 5,
7, and 10 T, where the edge modes on the top and bottom boundaries are depicted by red and blue
curves, respectively. Since the gap Chern number characterizes the number of edge modes in the
gap, there is a single edge mode at each boundary

from the bandgap also shown in the bulk band diagrams of Fig. 4c, there are two
additional edge modes at the top (red) and bottom (blue) boundaries of the finite
graphene system. These two edge modes connect the bulk bands located above and
below the bandgap and cannot be moved out of the bandgap into the bulk bands as
long as the bandgap exists, i.e., they are topologically protected by the bandgap.
The existence of one-way topological edge plasmons in the nanostructured
graphene metasurface makes the system ideal for studying nonlinear frequency
conversion. This is because in addition to the typical plasmonic effects, such as local
field enhancement and field confinement, the local field can be further confined to
the edge of the graphene plasmonic system, leading to a marked enhancement of the
nonlinear optical response of the graphene system. Furthermore, in contrast to the
frequently used bulk modes for nonlinear frequency mixing processes, where several
modes with different wave vectors usually exist at a given frequency, the one-way
topological edge mode has a unique wave vector at a fixed frequency. Therefore, the
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phase matching condition can be achieved and implemented experimentally much
more easily, as in this case only one mode can be excited at a specific frequency.
Taking these advantages, the authors studied the nonlinear four-wave mixing
interaction of the topological edge plasmons as illustrated in Fig. 5a, where the
system is excited by an external source at the pump frequency w,. Because of the
strong third-order nonlinearity of graphene, a degenerate four-wave mixing process
could take place, where two photons in a pump mode will generate a pair of photons
at the signal and idler frequencies, ws and w;, respectively. As a result, the energy
of the pump mode (green) in Fig. 5a is transferred to the (seeded) signal (blue) and
idler (red) modes, leading to the pump decay and the amplification of the signal
and idler. The four waves participating the degenerate four-wave mixing process are
labeled in Fig. 5b. To gain deeper insights into the physical properties of plasmonic
bulk and edge modes of the graphene metasurface, the near-field distributions of
these modes propagating in a finite graphene plasmonic metasurface were studied
by using full-wave simulations as shown in Figs. 5c, d. Note, in these computations,
a perfectly matched layer was used at the left side of the graphene structure, whereas
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Fig. 5 (a) Four-wave mixing (FWM) of topologically protected one-way edge plasmons in a
graphene metasurface consisting of a periodic nanohole array with hexagonal symmetry in a static
magnetic field and the corresponding energy level diagram of a degenerate four-wave mixing
process. (b) Band diagram of the graphene metasurface at B = 10 T. (¢) Field profile of a bulk
mode excitation at v, = 16THz, showing that the optical field spreads throughout the bulk region.
(d) Field profile of an edge mode excitation atv, = 13.17THz, illustrating its unidirectional and
defect-immune propagation along the system edge (7 — 00). (e) Dispersion map of the normalized
wave vector mismatch Ak. The blue contour is defined by the condition Ak = 10~ whereas the
red and magenta dots correspond to a nearly phase-matched (Ak = 5.16 x 107%) and a phase-
mismatched (Ak = 1.75 x 1072) four-wave mixing process, respectively
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at the other sides, scattering boundary conditions were imposed so as to mimic
infinite air space. The source to excite the finite graphene system is marked by a
red triangle in Fig. Sc. In the case of the bulk mode, the corresponding optical field
excited by the source spreads throughout the graphene structure as shown in Fig.
5c. In the case of the excitation of an edge mode as presented in Fig. 5d, the optical
field does not penetrate in the bulk region and only propagates unidirectionally
along the edge of the graphene metasurface. In addition, because of the chiral
nature of the edge mode, this unidirectional propagation is robust against structural
defects, which allows it to circumvent defects (e.g., sharp bends) without producing
backscattering. As there is only a single-edge mode with a unique wave vector at a
given frequency (see Fig. 5b), the phase matching could be achieved more easily. To
analyze the circumstances in which the phase matching condition in a degenerate
four-wave mixing of one-way edge modes can be fulfilled, the authors calculated
the normalized wave vector mismatch, Ak = a(2k, — ky — k;), corresponding to a
four wave mixing process in which a pump edge mode with wave vector k, gives
rise to signal and idler edge modes with wave vectors k; and k;, respectively. The
dispersion map of the normalized wave vector mismatch is given in Fig. Se and from
the contour defined by Ak = 107>, the authors found that for frequencies inside the
domain defined by the contour, energy could be transferred from the pump to the
signal and idler over a distance of about 1077 lattice constants.

The nonlinear dynamics of the four-wave mixing process was studied by full-
wave simulations, in which a point indicated with a red dot in Fig. Se characterized
by v, = 13.17 THz, vy = 13.72 THz and v; = 12.62 THz was chosen and the
input intensity of the signal was considered to be much smaller than that of the
pump, whereas the input intensity of the idler was set to zero. The nonlinearity of
graphene under the influence of a magnetic field of 10 T is described by a third-order
susceptibility with value of x® =5 x 1071%m?V — 2. The calculated near-field
profiles at the frequencies of the pump, signal, and idler, are given in Figs. 6a, b,
from which one can see as a result of the nonlinear four-wave mixing interaction,
the signal is amplified upon propagation, whereas an edge mode is generated at the
idler frequency. Since the frequency of all the interacting edge modes is located in
the topological bandgap, both signal and idler modes are topologically protected
and exhibit unidirectional and defect-immune propagation along the system edge.
The dependences on the propagation distance of the power carried by the three
edge modes, calculated by integrating the corresponding Poynting vector across
the transverse section of the mode, are given in Figs. 6¢, d, corresponding to the
case of near phase matching and a case when the four-wave mixing process is
not phase matched (marked by the magenta point in Fig. 5e). Figure 6¢, d show
that the power of both the signal and idler modes is amplified upon propagation,
due to the energy conversion from the pump mode and the growth rate of the
signal and idler modes in the case of the nearly phase-matched four-wave mixing
is larger than when the four-wave mixing interaction is not phase matched, which
means that the energy conversion is more efficient in the former case. Furthermore,
the predictions of the coupled-mode theory were shown to agree very well with
the rigorous results obtained using full-wave simulations of the nonlinear mode
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Fig. 6 (a) Field profile at the signal frequency, vy = 13.72THz. (b) Field profile at the idler
frequency, v; = 16.62THz. (c) Dependence on the propagation distance of the mode power of
the pump, signal, and idler corresponding to the field profiles shown in (a) and (b), determined
using the coupled mode theory (CMT) when the four-wave mixing process is phase matched. Also
shown in the insets are the same mode powers determined using the coupled mode theory and
full-wave simulations. The black curve corresponds to the total power and shows that the energy is
conserved in the four-wave mixing interaction. (d) The same as in (c), but corresponding to a case
when the four-wave mixing interaction is not phase matched

interaction, despite the fact that the optical fields at the three frequencies are
strongly confined at deep-subwavelength scale and significantly enhanced. Most
importantly, the coupled-mode theory predicts that the effective nonlinear four-
wave mixing coefficient y pyps &~ 2.4 x 10" W~ Im~!, which is more than 10
orders of magnitude larger than that of silicon photonic wire waveguides and 5
orders of magnitude larger than that of a graphene nanoribbon waveguide. This
remarkable result is a consequence of the particularly large third-order susceptibility
of graphene, which is further enhanced by the plasmon-induced enhancement and
extreme confinement of the optical field of the edge modes. In particular, the size
of the unit cell of the graphene metasurface is much smaller than the operating
wavelength, namely, A/a > 50 in the four-wave mixing process, a notable feature that
can facilitate the design of low-power, ultracompact active photonic nanodevices.
The findings in [73] pave a new way for developing ultralow-power-consumption,
highly integrated, and robust active photonic systems at deep-subwavelength scale
for applications in quantum communications and information processing.



Advanced Applications of Nonlinear Plasmonics 133

5 Conclusion

The recent advances in nonlinear plasmonics, including difference frequency gener-
ation for terahertz source, multiple photon absorption and multiplexing enhanced by
Fano-resonance and BICs, and four-wave mixing in topological graphene structure,
have been briefly reviewed in this chapter. The nonlinearities in metallic and
graphene plasmons are greatly enhanced and highly tunable by using the state-
of-art principles and designs. In future, the nonlinear plasmonics will emerge into
quantum regime. The nonlinear plasmonic processes could be manipulated at few
photon levels and even under vacuum fluctuation scenarios.
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Abstract The use of evolutionary algorithms for optimization has been applied in
various aspects of nanosciences and nanotechnologies. These algorithms emulate
the biological course of action such as inheritance, mutation, genetic load, etc., and
transfer these to the field of computer programming to accelerate million-year long
natural processes, and to solve them in just a minimum fraction of time, depending
on the complexity of the simulation. In this chapter, a novel way to apply the genetic
algorithm is presented, where the geometry of nanostructures, made up of Bezier
curves, is optimized by evolving their surface (2D) or volume (3D), which allows
considering the structure as a moldable clay that can take virtually any possible
shape. The advantages of this new technique are also discussed.

Keywords Bezier curves for molding nanostructure geometries - Evolutionary
algorithms - Geometry as optimization issue

R. D. de Leon-Zapata (><) - A. B. de la Rosa-Zapata
Electrics, Electronics, and Mechatronics Department, Tecnolégico Nacional de México, Instituto
Tecnolégico de SLP, San Luis Potosi, Mexico

I. A. Cruz-Garcia
Electrics, Electronics, and Mechatronics Department, Tecnolégico Nacional de México, Instituto
Tecnolégico de SLP, San Luis Potosi, Mexico

Mechatronics Department, Tecnolégico Nacional de México, Instituto Tecnolégico Superior de
SLP, San Luis Potosi, Mexico

J. Mendez-Lozoya - G. Gonzalez - F. J. Gonzalez
LANCYTT—Terahertz National Laboratory, Universidad Auténoma de San Luis Potosi, San
Luis Potosi, Mexico

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022 137
P. Yu et al. (eds.), Plasmon-enhanced light-matter interactions,

Lecture Notes in Nanoscale Science and Technology 31,
https://doi.org/10.1007/978-3-030-87544-2_6


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-87544-2_6&domain=pdf
https://doi.org/10.1007/978-3-030-87544-2_6

138 R. D. de Leon-Zapata et al.

1 Introduction

Multiple factors can yield optimal nanostructure. These factors are dependent
functions of certain variables such as geometric shape, material combinations,
operating frequencies, and so on. If it is assumed that a maximum, or a minimum,
optimum is required (for example, maximum absorption at a specific frequency or
minimum loss of power), then the value of a variable or a set of variables that make
that specific attainable (optimal) condition is usually unknown. Furthermore, if the
optimal conditions are a combination of these functions, then, each variable with its
maximum or independent minimums do not converge at the same point; therefore, it
will be impossible or possibly impractical to find the final solution due to the large
computational time that leads towards a difficult process for accurate calculation.

In particular, concerning to nanoantennas, an alternative has been suggested to
obtain an acceptable value for their performance (not necessarily optimal perfor-
mance). This consists in changing the design and manufacturing characteristics from
the macroscopic (radio frequency antennas for telecommunications) to the micro
and nanometric scale, although it is necessary to understand that the behavior of
these devices can be significantly different.

One property of antennas that is usually transferred to the micro and submicron
scale is its ‘geometry’. It has been considered that the suitable behavior of these
antennas exhibited at “conventional” scales would be the same at any other
scale. However, it has been shown that at least in the geometric aspect [1] the
optimum turned out to be geometrically different to the macroscopic counterparts.
Consequently, questions arise about the optimal geometry characteristics or how to
obtain (among other possible variables) an optimal geometry for a nanometric scale
model, since this has only been imported from telecommunications antennas and is
yet to be tested or studied.

Geometric optimization processes with evolutionary algorithms at different
scales have been proposed [2, 3]. In general terms, very complex figures are
obtained, which are difficult to manufacture with precision or are built up with a
hollow or a ‘filled’ space. Other equivalents, such as a matrix or a grid of material
can be considered, though their fabrication could be more complex due to the
resolution limit to create filled or empty spaces aside from the resonances and/or
parasitic capacitances caused by the interactions of those void spaces within the
antenna material.

An alternative to obtain solid, continuous, completely malleable geometric
figures, both two- and three-dimensional, is to assume that the material can take
any shape because it can be conceived as plasticine and thus it is ideal to adopt its
construction with Bezier curves [1]. Figure 1 depicts a brief comparison between
a classical dipole nanoantenna (a), an evolutionary-non-continuous nanoantenna
(b), an evolutionary segmented dipole satellite antenna (c), and an evolutionary-
continuous nanoantenna (d).
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d)

Fig. 1 Classical dipole nanoantenna (a), evolutionary-non-continuous nanoantenna (b) evolution-
ary segmented dipole satellite antenna (c), and evolutionary-continuous nanoantenna (d)

2 Use of Bezier Curves in Nanostructures

Bezier curves are a tool to manipulate polynomial surfaces with applications
in computer-aided geometric design [4], trajectory generation [5], and model
reconstruction [6]. This tool is formed of a straight line defined between two points
(initial and final) and it can have one or more so-called ‘control points’ that adjust
to form a curve instead of a straight line, and join all the involved points (the initial,
the final and control points). A first-degree Bezier curve contains a single control
point, a second-degree Bezier curve contains two control points, and so on, making
it a function of the number of control points (Fig. 2).

The junction of several curves can form an initial open or closed geometry, with
as many curves as necessary to achieve the desired resolution or smoothing (quality)
effect of the final geometry. In this matter, flexible polynomial curves are called
rational Bezier curves. Figure 3 shows a surface composed of several Bezier curves
(a) and how that surface can be deformed by changing the control points (b).

The Bezier curves of degree n are defined as:

b)) =) biBl(1),(0<1<1) @)

i=0

where b; € %% in a set of n 4+ 1 where the control points are defined.
A rational Bezier curve R, of degree n with control points b; € 92 and positive
weights w; € N is defined as:

Z? w;b; Bl-" (1)

O<t<1 (2

Equation (2) is often used in reconstruction for 2D and 3D geometrical designs

[7].
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Control point 1

7" End point
Start point — _./--)/

Control point 2

Fig. 2 Second-degree Bezier curve

As previously mentioned, the geometry or figure, in many engineering fields,
plays a fundamental role in the performance of the conceived devices as supported
by the argument of references [8, 9]. Particularly, although not limited to the case of
the geometries of structures of nanometric dimensions (field of nanotechnology),
the behavior of electromagnetic radiation with matter depends significantly on
geometry [10].

3 Application of Evolutionary Algorithms in the
Optimization of Nanostructures

With the premise that surfaces or volumes can be molded using geometrical curves,
the next query is how to find the geometry that generates the optimal resonance
considering only the geometric optimization.

The seek for geometries that optimize parameters of interest has led to the use of
optimization algorithms such as evolutionary ones, particularly genetic ones, both
single and multi-objective [1, 11].

Evolutionary algorithms try to imitate nature, where all living organisms exist
in a given environment. The genetic material is stored in chromosomes, which
contain all the organism-specific genetic information (characteristics) encoded in
genes, also known as the genotype. Through reproduction, the organisms transfer
their characteristics to new generations. Nonetheless, the newly created living
beings are unique, as a consequence of the combination and crossover of maternal
and paternal chromosomes. Moreover, mutations may also occur, altering the
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a)

Lact
-

Fig. 3 Bezier curves conforming surfaces (left) and their respective control points (right). An

arbitrary surface (a), can be molded by modifying their original Bezier’s control points producing
a new surface (b)

information contained within the genes. The new organism begins its life in an
environment that is not significantly different from that of its parents; it grows and
develops to survive and transfer its genome, which allows the species to persist in
such environment. An organism that cannot adapt to its environment will struggle
to survive and to transfer its genes to new generations.

These ideas can be modified and used for optimization of problem solutions.
An analog of this process can be implemented based on numerical calculations,
assuming that the environment is defined based on known values and characteristics.
The population of organisms constitutes potential solutions to the given problem,
thus the solution already exists within the environment.

An adequate mathematical function must be chosen to define the fitness of any
given organism representing how well adapted they are to their environment. Living
beings will exchange genetic materials and mutations will occur during the genetic
crossover process. Therefore, an optimal solution that best suits a given environment
will be created [1].
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genetic operators
v
Creating a new
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Fig. 4 Generic flow diagram of a genetic algorithm

A flow diagram of the algorithm is presented in Fig. 4.

Interesting results have been obtained through the application of this technique,
as those presented in the references [2, 3]. A novel variant has also been applied to
this technique, in which it is considered that the geometric modeling by evolutionary
algorithms is no longer the placement or absence of material (organisms of the pop-
ulation) that generated discontinuous patterns. Due to the nanometric dimensions,
smooth and continuous geometry ease the manufacture process and provide material
continuity, which avoids possible interactions or parasitic (plasmonic) resonances in
discontinuous cases.
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In the case of micro and submicrometric geometries, each organism is considered
as one of the control points that shape a Bezier curve. Afterwards, a complete and
typically closed geometry (area or volume) is formed of several of these curves.

In the case of this algorithmic variant, the chromosomes are considered to be
geometrically positioned in two or three dimensions depending on the application
and are named by the letters X, y, and z.

In nanoantennas built by self-assembly techniques [12, 13], which are used in
the thin surface, it is not relevant to consider the thickness within the optimization
variables; however, in the case of plasmonics [14, 15] the height (z) of the geometry
is a parameter that must be considered, as for some cases of meta-surface design.
Assuming the simplest evolutionary model of the genetic algorithm, the so-called
“Holland genetic algorithm” [16] (although others may be applied depending on the
particular application), a population of at least ten times the number of original
organisms that make up a pattern is started and considered to be sufficiently
flexible (several Bezier curves such that an arbitrary geometry can be molded). For
instance, 16 third-degree (three control points) Bezier curves can be sufficient for
the construction of a dipole nanoantenna, besides its respective start and end points.
This number, to a certain arbitrary point at the moment, is being analyzed by this
same research group to quantitatively determine the minimum value of necessary
curves and is part of future work.

A population ten times greater than the number of original organisms, which
is necessary to construct an initial geometry, is useful and essential to guarantee
genetic variation. Furthermore, genetic variation avoids the production of unhealthy
organisms during the cross genetic operation, that do not contribute to the conver-
gence of the fitness function.

Given that, for any antenna (including nanoantennas), the objective is that if they
can present the maximum concentration or emission of electromagnetic radiation
in a specific range of frequencies, one could try to select it as a fitness function
for the maximum emission or reception according to the radiation source. However,
these structures at the nanometric level present amplified resonances that are not
necessarily the maximum if their simulated or experimental value is unknown.
Therefore, in reality, the health function will be changed to that which represents
the minimum losses in the range of frequencies of interest and depending on the
dimensions of the nanoantenna. Consequently, the fitness function can be expressed
as shown in Eq. (3):

. 1
ffitness = min (E Re (oE - Etot)) (3
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where

E
Ewt = 1o / (J + &0 5) da “4)

Similar to any ecosystem, there is the possibility that organisms can go through
mutation. These alterations to the chromosomes are introduced into the computa-
tional algorithms to prevent them from cycling. Consequently, it does not achieve the
convergence or demonstrates a point of the function different from its true maximum
or minimum, which is often known as false convergence. The value assigned in
the percentage of mutation is usually very different between biological species.
For instance, a higher breed of animals such as humans, statistically presents an
extremely low mutation index, while certain bacteria and viruses have a higher
proportion [17, 18]. In practice, this value is usually adjusted empirically after
executing the algorithm for a few times to establish the one that best corresponds.
Nonetheless, a present value in many practical cases has been 0.1%, which has
perfectly suited the expected results for the tests carried out in previously published
works.

There are other biological analogies for genetic algorithm; however, it is not
included in the scope of this work. Following this background, Table 1 presents a
summary of the variables and their respective values.

Figure 5 shows the results of the algorithm execution where the first geometry
is obtained in the first iteration (of more than 30). Additionally, the classical dipole
(for comparative effects) and the last geometries generated by the algorithm can be
seen. It can also be noted that all are two-dimensional geometries (nanoantennas)
because of their simplest nature; however, the algorithm is easily applicable to three-
dimensional cases (plasmons). For the case of surface plasmons, unless the design
situation is different, it is intended that most of the electromagnetic field is concen-
trated on the surface normal to the plane of incidence, which in this case is normal
to the X, y plane (hence, the name of plasmon surface resonance). Furthermore, it
can be seen in Fig. 5 that the first iteration, which generated a completely random
geometry, is capable of significantly concentrating the electromagnetic field but not
in a uniform or normal way to the plane of incidence. Finally, in the last iteration,
the maximum concentration is observed on the normal surface of the nanoantenna
(see intense red color in the center).

Table 1 General values for the experimental genetic algorithm

Parameter Value

Population size 200

Elite count 0.05*Population size

Crossover fraction 0.8

Stop criteria 100*number of variables or 0.01% of losses (first thing happens)

Number of variables 22 (Bezier control points and start and end curve points)
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Fig. 5 2D nanoantenna evolution and comparison with a classical dipole geometry

After demonstrating the success of the evolutionary algorithms application to
optimize a single parameter, in this case geometry (single-objective evolutionary
algorithms), the next step is to search for optimization that involves more parameters
simultaneously (multi-objective).

The multi-objective genetic algorithm was used by the authors to obtain nanopar-
ticles with optimized geometry, current density, and electric field strength for
maximum plasmon resonance simultaneously. Because the problem involved the
boundary conditions of the plasmon and its interaction with the semiconductor
substrate, it was convenient to add restrictions that led to the “multi-objective
restricted genetic algorithm” application [19], which can be established in general
terms as follows:

Mininize/ Maximize f,(x), m =1,2,...M;
Subjectto g;j(x) >0,j=1,2,...J;
hy(x) =0,k=1,2,...K;

xiL < x; fin,i =1,2,...n

®)

where the constraints divide the search space of the solution into feasible and non-
feasible regions.

As with a single-objective optimization, all Pareto optimal solutions must be
feasible (the Pareto optimal solution means that there is no way of improving any
objective without degrading at least one other objective) [20]. The constraints can
be equality or inequality type. Equation (5) shows that there are J inequalities and
K equalities in the problem. The constraints can also be hard or soft. The hard
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constraints must be satisfied for the solution to be acceptable. A soft constraint,
however, is less demanding and does not determine if the solution is acceptable
but the result might lose some accuracy. Therefore, in this type of algorithm,
the constraints by equality hy will be omitted. It is important to note that this
relaxation in the constraint requirement does not mean that the algorithm cannot
handle equality constraints but that the inequality constraints must be treated as a
convergence toward equality.
For the proposed case, Eq. (5) takes the following form:

Optimize f(x),
Minimize f5(x),

6
Maximize f3(x), ©

Subject to gi(x) (see table 2)

The objective functions fi(x), f2(x) and f3(x) are:
1 (x) = optimum Geometry(x) 7
A

f2(x) = min <§ Re (Jror - Etot)) (3)
f3(x) = max (—o VV) (&)

Equation (7) is a function that determines the geometry of the plasmon: the
optimal geometry at the end of the execution of the multi-objective genetic
algorithm. Equation (8) is a function that determines the power losses of the electric
field (minimization function), and Eq. (9) is a function that returns the current
density in the plasmon; at lower power losses and higher current density, there is
higher plasmon efficiency [21]. xx represents the twenty-two variables (x12, ... 22)
that form the geometry. Some of them are the control points of the Bezier curves,
and others represent the height, scale deformations, inclination angle, etc. (see
Table 2). This allows for a geometric evolution of the plasmon as if it was clay or
plasticine, which offers the advantage of obtaining a continuous figure that is easier
to manufacture [1]. J,,, is the total electric current density over the whole geometry
obtained by the genetic algorithm,

Jiot = 0E (10)

where o is the electrical conductivity and E,,; is the electric field over the whole
geometry shown in Eq. (4) and V is the electric potential on the bottom and top
ends of the obtained geometry.

For electric current conduction, the flux physically signifies the total number
of electrons flowing through the cross-section per time unit (referred to as current
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Table 2 Constraint values for g;(x)

Range Units Comments

0 <x; <200 nm Bezier control points (Parameter x; goes from x; to xj¢)
0 <x17 <200 nm Height of the geometry

0<xg<12 Dimensionless | Scaling factor in x

0.1 <x19 < 1.2 | Dimensionless | Scaling factor in y

0 < xp9 <200 nm Displacement x

0 <xp1 <200 nm Displacement y

0<x2»<90 Degrees Twisting in the geometry (twisting along the Z axis)

density). The multi-objective genetic algorithm was implemented in Matlab®, and
the evaluation of the objective functions, as well as the characterization via numer-
ical simulation of the nanostructure, was performed in COMSOL Multiphysics®
through iterations between these programs with the aid of the LiveLink-for-Matlab®
module by creating a fully automated process, which eliminated errors due to
human intervention and ensured optimal results. Figure 6 shows the flowchart of
the process.

The search for more complex optimal nanostructures, such as Seebeck antennas
[22], which are formed by the union of two materials with different Seebeck
coefficients (hence their name), forced us to think about other parameters which can
affect their performance (apart from the geometric appearance). The combination
of materials is precisely the additional aspect of interest for this new optimization
model, since the geometric optimization and the previously analyzed parameters
were not enough, despite it can be assumed a priori that the best combination of
materials is the one that has the largest opposite Seebeck coefficients. The largest
positive Seebeck coefficient and the largest negative Seebeck coefficient is not a
guarantee that the other parameters will turn out to be adequate for those materials.

The outcome of an executed multi-objective algorithm with 2 geometries (each
one of different material) joined in a relatively small region are shown below. As
already mentioned, these materials must have a different sign in their Seebeck
coefficient. For this particular example, an electromagnetic wave with a frequency of
1TH is applied, which is a frequency of specific interest for telecommunications and
other applications. As described in reference [23] two measurements were carried
out, the normalized electric field and the density of total power dissipation in W/m?.
The objective was to find the best pair of geometries with their combination of
materials for which the best Seebeck effect is attained.

In this case, it is necessary to increase the number of organisms in the initial
population because the solution space increases significantly with the increase
from a single material (in the previous studies) to nine combinations of materials;
materials that are, on the one hand, the most common ones, and on the other
hand, those that have an available data to conduct a numerical simulation. For this
purpose, it is required to utilize a greater genetic diversity like 100 organisms with
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a number of proposed generations of 40. After executing the algorithm with these
characteristics, Fig. 7 shows the follow-up of the offspring of an organism.

It can be noted from Fig. 7 that the difference between the generation 1 (a) and
generation 2 (b), is only in the shape of the geometries since the combination of
materials in the first two generations of silver and nickel was the same, and it is
the case where the “offspring” (b) exhibits a minimized response of the normalized
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(a) Generation 1 Silver - nickel
(1.4 x 10’7V/m) (1.3>< 107 Wim')

(b) Generation 2 Tantalum - potassium
(9.8 X IO‘SV/m) (7.7>< 10’1W/m3)

(c) Generation 3 Tungsten - potassium
(5 2%107 8V/m) (6-1x10° 3W/m

+ I

(d) Generation 4 Tungsten - potassium
(5 5x10° 8V/m) 1 5x10° W/m

« I

Fig. 7 Descendants of an organism over 4 generations. On the left: the representation of the
normalized electric field response; on the right: the representation of the total power dissipation
density response
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Fig. 8 (a) Pair of geometries (a) Silver — nickel
of silver-nickel material. (b) R _

Pair of geometries of (18107 V/m) (1810 W/m’)
tantalum-potassium material.
Left side represents the total
power dissipation density;
right side represents the
normalized electric field

(b) Tantalum - potassium
(2x10°V/m) (3-8x107 Wim’)

electric field and the total power dissipation density to the concerning “ancestor” (a).
However, for generation 3 (c), there is already a change in the materials (tantalum
and potassium) and it is an important reduction in the two responses, even when the
changes in the shape of the geometries are small. Figure 8 shows the contrast of the
responses between the pair of geometries with the lowest normalized electric field
and total power dissipation density (b), and the pair of geometries with the highest
normalized electric field and total power dissipation density (a) after running the
multi-objective genetic algorithm with an initial population of 100 individuals and
40 generations.

Complementary optimization studies have been reported where the concept of
evolution with Bezier curves has been applied. One of these studies shows an
improvement in the thermoelectric efficiency of nanoantennas [24]. In this study,
the design of the nanoantennas was obtained and characterized in the first instance
by numerical simulation. The aim was to identify if the antennas would present
any significant improvement as compared to classical dipole antennas before the
fabrication process. The results of these simulations can be seen in Fig. 9.

Once the numerical simulation indicated that there was an increase in thermal
efficiency, it was fabricated according to the mentioned specifications which are
summarized in Fig. 10 as the results of the real thermoelectric characterization of
the device, and the reference with the classical dipole.

The technique exposed here, is being applied to interdigital capacitors (Fig. 11a)
with similar positive results. A preliminary geometry obtained with the evolutive
algorithm can be seen in Fig. 11b).
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(@) A 3014213 (b) A 3154110
301.421000 01410 315.410900
max: 301.421 | {301.420500 315.410800
301.420000 =S 315.410700
min: 301.419 301.419500 315.410600
315.410400

¥ 301.4186 WV 315.4104

Fig. 9 Numerical simulation and its respective comparison, between a classical dipole geometry
and an evolutionary geometry subjected to thermoelectric analysis

Nanoantenna Voc(V) Isc(A) Pmax(W)
EDN 0.09194 1.209€-7 4.005E-9
CDN 0.03047 4.095E-7 3.125E-9

Fig. 10 Thermoelectric characterization of a Classical Dipole Nanoantenna (CDN) and an
Evolutionary Dipole Nanoantenna (EDN)

Fig. 11 (a) Classical interdigital capacitor. (b) Evolutive interdigital capacitor
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Plasmon-Induced Hot Electrons )
in Metallic Nanoparticles G

Lei Yan, Zhengkun Fu, and Zhenglong Zhang

Abstract Plasmon-induced hot electrons have attracted much recent attention due
to its promising potential in photocatalysis and other light harvesting applications.
Surface plasmon of metal nanoparticles decays nonradiatively to generate energetic
electrons, referred to as hot electrons. Since hot electrons can be transferred to a
chemically attached acceptor, this process is potentially useful for technological
applications. Plasmon-induced hot-electron transfer is known to occur via two key
mechanisms: indirect transfer and direct transfer. For hot-electron-driven catalysis,
the energy of hot electrons needs to overlap with the unoccupied orbitals of
the reactant, and the particular chemical channel can be selectively enhanced by
controlling the energy distribution of hot electrons. High-energy hot electrons
generated by plasmon decay also could contribute to nonlinear responses, which is
essential for fundamental understanding of the optical nonlinearity associated with
quantum and nonlocal effects on the atomic level. This chapter focuses on the recent
advances in the understanding of plasmon-induced hot electrons and highlights its
application in photocatalysis.

Keywords Surface plasmon - Hot electrons - Photocatalysis - Electron transfer -
Nonlinearity

1 Introduction

The photoelectric effect was discovered by H. Hertz in 1887 when studying the
effects of ultraviolet light on electrical discharge from metallic electrodes [1]. The
key explanation of the phenomenon was provided in 1905 by A. Einstein [2], who
suggested that a beam of light consists of a set of photons, each with a quantized
energy E linked to their frequency v [3]. This bold proposal explained why light
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Fig. 1 Effects from the photoexcitation of hot electrons in a metal (blue). (a) Photoemission of
electrons from a metal surface into vacuum can occur when the electron energy exceeds the metal’s
work function. (b) Photoexcited hot electrons can remain trapped inside a metallic nanostructure
and cause local heating of its surroundings. (¢) Hot electrons can interact with molecules on a
surface and induce photochemistry. (d) The energy of hot electrons can be used to photo-desorb
small molecules from the surface. (e) Photo-ejected electrons from a metal can be captured by a
counter-electrode (orange) to generate useful current. (f) Photo-ejected electrons can be captured
by an ultrathin semiconductor layer or two-dimensional materials (grey) and electrically dope them

[4]

cannot eject an electron from a metal surface regardless of the intensity below a
certain threshold frequency. The process requires a minimum photon energy equal to
the metal’s work function. These historical events provided the initial sparks for the
quantum revolution and inspired a diverse set of fundamental research efforts aimed
at elucidating the complex physical and chemical processes that can be stimulated
with energetic, photoexcited ‘hot’ electrons [4]. Figure 1 shows the possible hot
electron effects.

The photoemission process (Fig. 1a), where the energy of an incident photon is
used to eject an electron, is arguably the most well-studied phenomenon involving
hot electrons. The energy and angular dependent photoemitted electrons provide
important information about the surface properties and the electronic structure of
solids [5]. Hot electrons stimulate useful physical and chemical processes, but their
ability to do so is limited by rapid relaxation processes where the electron’s energy
is converted into heat. On the other side, the relaxation provides an opportunity to
heat nanostructures effectively (Fig. 1b) [4], which has many practical applications.
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Hot electrons can have positive or negative energy depending on their position with
respect to the vacuum level. The negative-energy hot electrons are bound to the
nanostructure but can have energies that are larger than those arising from thermal
excitations. In this sense, they are of particular importance in chemical applications.
Such electrons can transfer into nearby structures and induce photochemical
transformations (Fig. 1c) or photo-desorption (Fig. 1d). These are discussed in the
section on the ‘Hot-electron-driven catalysis’. Finally, there is an opportunity to
harvest the hot electrons for a number of device applications in photodetection (Fig.
le, f) [4].

The birth of each photogenerated hot electron is a photon absorption event. Plas-
mon provides ways to manipulate light absorption with nanometre-scale precision
and at sub-femtosecond timescales enabling new levels of control of hot electron
processes. The outstanding light-trapping and electromagnetic-field-concentrating
properties of surface plasmons open up a wide range of applications in the field of
plasmonics [6]. Localized surface plasmon resonance (LSPR) can occur in noble
metal nanoparticles (NPs) in which confined free electrons oscillate with the same
frequency as the incident radiation and eventually enter resonance, giving rise to
highly localized electromagnetic fields [7]. Consequently, such nanostructures have
been proposed as efficient light-trapping components that can be integrated in photo-
voltaic cells to increase the efficiency of conventional architectures considerably [8].
Recent investigations have shown that plasmonic nanostructures can also directly
convert the collected light into electrical energy by generating hot electrons [9,
10]. After light absorption in the nanostructures and LSPR excitation, plasmons can
decay and produce highly energetic electrons, also known as ‘hot electrons’, which
can be collected by chemically attached acceptor via indirect or direct electron
transfer [11]. This process has been believed to promote the chemical reactions
and as an essential step for artificial photosynthesis toward a sustainable energy
future [12]. The hot electrons ultimately dissipate by coupling to phonon modes
of the metal nanoparticles, resulting in a higher lattice temperature. Local heat
generated by hot electrons can be harvested to drive a wide range of physical and
chemical processes [13]. These are discussed in the section on the ‘Plasmon-induced
hot electrons’. High-energy hot electrons generated by plasmon decay also could
contribute to nonlinear responses, which is discussed in the section ‘Hot-electron-
induced nonlinearity’. This chapter provides the recent theoretical and experimental
advances in the understanding of plasmon-induced hot electrons and highlights its
application in photocatalysis.

2 Plasmon-Induced Hot Electrons

The LSPR excitation of metal NPs produces strong light—matter interaction,
resulting in highly localized electromagnetic fields on the surface of the NP (Fig. 2c)
[14]. Plasmonic resonant energy is controllable by tuning their size, shape, material,
and surrounding medium across the entire visible spectrum (Fig. 2b) [14]. Following
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Fig. 2 Surface plasmon excitation (a—c) and decay (d, e). (a) Density of states of a plasmonic
metal and the photoexcitation of intraband s-to-s and interband d-to-s transitions [19]. (b)
Absorption spectrum of plasmonic metals [14]. (¢) Coherent oscillation of electrons, resulting
in a highly elevated plasmonic field at the surface of the NP [14]. (d) Schematic showing the
photoexcitation and subsequent relaxation processes of the LSPR [4]. (e) Time evolution and
energy distribution of hot carriers generated from plasmon decay [12]. Ef is the Fermi energy,
and the gray shading indicates filled electronic states

plasmon excitation, electromagnetic decay takes place on a femtosecond timescale,
either radiatively through re-emitted photons [15] or non-radiatively by transferring
the energy to hot electrons [16] (Fig. 2d). The branching ratio between these two
decay mechanisms is determined by the radiance of the plasmon mode, which can
be suppressed for structures supporting dark plasmon modes [17]. Non-radiative
decay can take place on the timescale of ranging from 1 to 100 fs through intraband
excitations within the conduction band or through interband excitations caused by
transitions between other bands (for example, d bands) and the conduction band. A
possible carrier distribution is illustrated in Fig. 2a. The distribution of the carriers
depends on the plasmon energy, the particle size, the symmetry of the plasmon
mode, and the electronic structure and density of states of the material [18].
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Since the work functions of standard plasmonic metals are larger than their
plasmonic energies Awp, hot electrons will have negative energies ranging from
the Fermi level Ef up to Er + hwp (Fig. 2e) and cannot escape into vacuum. The
hot electrons generated from plasmon decay will quickly redistribute their energy
among many lower-energy electrons via electron—electron scattering processes [20],
forming a Fermi—Dirac-like distribution characterized by a large effective electron
temperature (Fig. 2d). Time-resolved studies [21, 22] suggested relaxation times for
extended metal surfaces around 100 fs to 1 ps (Fig. 2e). Then the hot distribution
cools via the coupling between the “hot electrons” and the phonons of the metal
lattice, which elevates the lattice temperature over a longer timescale of 1 ps ~ 10 ps
[23]. In a final step, heat is transferred to the surroundings of the metallic structure.
Taking from 100 ps to 10 ns depending on the material, the particle size, and the
thermal conduction properties of the environment (Fig. 2d) [4].

2.1 Hot-Electron Generation and Relaxation

The basic understanding of physical processes behind plasmon-induced hot electron
generation is essential for the design and optimization of novel devices capable of
fully exploiting the properties of hot electrons [24]. Figure 3a shows the the energy
of the hot electrons and holes generated by silver nanoparticles using different hot
carrier lifetimes by a theoretical model. Experimental measurements of excited

O

(b)

D=15nm
s—-‘ 8 T N T T T 1- m‘—-‘ T T ¥ T T
£ T=1ps | e 3+ Ground state ) @
£ E - - 460 &
to 5 A i — c
& of—t—y e - o 3
e -
2 8rc=05ps 1 = | ) | 3
-é '|.. . 45 2p along z-axis | | 440 g
: O — - L il —_— < @
524 .. S | &
2 t=01ps ( = r=0.5ps g
g ' o 1t {20 %

\ =

. N W - 2
2 af I
= 42r =005 ps ( © r ‘ along x-axis g
5 3 oL e
'g Ok I e — ——— — s Ot 4 1 1 L 0 <
3 4 -2 0 2 4 0.0 0.3 0.6 09 1.2

Hot carrier energy (eV)

Radial position/(D/2)

Fig. 3 (a) The number of hot electrons (red lines) and hot holes (blue lines) generated per unit of
time and volume as a function of their energy with hot carrier lifetimes t ranging from 0.05 to 1 ps
for a silver nanoparticle with diameters D = 15 nm. Zero energy refers to the Fermi level [18].
(b) Local density of hot electrons generated in a silver nanoparticle of D = 25 nm at the plasmon
frequency calculated along the axis parallel (solid lines) and perpendicular (dashed lines) to the
external field polarization for t = 0.5 ps (red lines) and T = 0.05 ps (blue lines). For comparison,
the ground state density (black line) is also shown [18]
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Fig. 4 (a) Instantaneous hot-electron (red), hot-hole (blue) distribution, and photoluminescence
for a silver jellium sphere with diameter of 1.5 nm (100 electrons) illuminated for 10 fs with light
intensity of 1 mW/uwm? [26]. The inset shows the carrier distribution immediately after plasmon
decay. (b) Illustration of the decay channels for hot-electron relaxation: electron—electron,
electron—photon, and electron—phonon scattering [26]

carrier lifetimes have shown that hot carrier lifetimes can range from 0.05 to
1 ps [25]. Interestingly, the actual value of the lifetime turns out to be of crucial
importance since the energy distribution of the hot carriers changes dramatically as
this magnitude is varied within that range. In particular, long lifetimes result in the
generation of carriers with large energies. On the contrary, smaller values favor the
generation of carriers near the Fermi level. In addition, the plasmon-induced hot
electrons are not distributed uniformly across the nanoparticle volume. Figure 3b
shows the hot electron density distribution in a silver nanoparticle at the plasmon
frequency. Hot electrons are primarily generated in the region of the sphere along
the polarization direction. Shorter lifetimes results in more homogeneous spatial
distributions, similar to the ground state.

After excitation, the hot electrons start to relax through electron—electron,
electron—photon, and electron—phonon scattering as depicted in Fig. 4b [26].
Electron—electron relaxation is shown to be the dominant scattering mechanism
from numerical simulations using quantum mechanical model and results in efficient
carrier multiplication where the energy of the initial hot electron—hole pair is
transferred to other multiple electron—hole pair excitations of lower energies.
Specially, instantaneous hot-electron distribution following a pulsed laser excitation
of the plasmon in a small nanosphere calculated using numerical integration for the
electron—electron scattering matrix element is shown in Fig. 4a [26]. Plasmon decay
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predominantly results in cold holes and hot electrons in two states located around
1 and 2 eV above the Fermi level. Within the first picosecond, the electrons in the
2 eV state begin to scatter into the 1 eV state and to some extent, into a state located
around 1.5 eV. As the electrons scatter into these lower energy states, a small but
finite fraction of electrons scatter into luminescent states where they can recombine
radiatively with holes by emission of photons. The energy of the emitted photons is
found to follow the energies of the electrons and thus redshifts monotonically during
the relaxation process. The electron—photon rate is around 6 orders of magnitude
smaller than the electron—electron scattering rate.

When the energies of the electrons approach the Fermi level, electron—phonon
interaction becomes dominant and results in heating of the nanoparticle. While
no conclusive experimental measurements of the time scales for relaxation have
been reported so far, it is generally believed that electron—electron interactions
occur on a time scale of 200-500 fs [27] and that electron—phonon coupling
to equilibrate electron and lattice temperatures takes a few picoseconds [28]
in gold and silver. The involved process can be addressed in the experiment
using transient absorption spectroscopy. Minutella et al. [29] has investigated hot-
electron relaxation times on the excitation wavelength on gold nanoparticles to
differentiate between inter- and intraband transitions, and found that interband
transitions result in significantly longer electron—phonon (e-ph) coupling times
than solely plasmonic excitations, stemming from higher initial temperatures.
Excitation-power independent electron—phonon relaxation times were observed
in both experiments and calculations [29, 30]. In scope of the importance of hot
electrons for photocatalytic reactions and photovoltaics, this result revealed that the
possibility of interband transitions is an important factor that has to be considered.

2.2 Size and Shape Effect of Nanostructure

The size and shape of plasmonic nanostructures are among the most important
parameters for LSPR excitation and hot-electron generation. They affect not only
the wavelength at which LSPR takes place, but also the efficiency of the charge
separation process [7]. As mentioned above, surface plasmons decay by either
radiative emission of photons (the dominant process in large Au and Ag NPs with
the size of 20—40 nm [31]) or through non-radiative excitation of hot electrons (the
dominant process for smaller nanostructures [10]). The nanostructure size at which
radiative decay starts becoming the predominant process strongly depends on the
optical characteristics of the material. Langhammer et al. [32] investigated this
dependence in lithography-patterned Ag, Pt and Pd nanodisks with sizes ranging
from 38 to 530 nm. Interestingly, non-radiative decay was found to be the dominant
process for Pd and Pt nanodisks for all the investigated sizes, whereas it disappeared
for Ag nanodisks larger than 110 nm. Yu et al. [33] observed larger photocurrents for
15-nm-diameter nanoparticles than in nanoparticles with larger diameters because
of more efficient decay of surface plasmons into hot electrons in the 15-nm-diameter
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Fig. 5 Atomic-scale distributions of hot electrons in silver nanoparticles. Spatial distribution of
hot electrons generated on different atomic sites in icosahedral (Ih), cuboctahedral (Cub-Oh),
and regularly truncated octahedral (RTO) NPs. Sites with lower coordination exhibit a higher
proportion of hot electrons than core sites. A spatially uniform distribution corresponds to a
normalized probability of unity. The insets show the atomic structures with the different atomic
sites colored [38]

nanoparticles. Specifically, larger nanoparticle sizes and shorter lifetimes result in
higher carrier production rates but smaller energies, and vice versa [18].

In addition, spherical nanoparticles exhibit a single plasmon resonance peak,
whereas structures such as nanorods exhibit two characteristic peaks that correspond
to longitudinal and transverse modes. This phenomenon has been investigated in
periodically distributed Au rods nanopatterned on TiO, single-crystal substrates [34,
35] and in nanorod-based plasmonic systems [36]. Double-peaked extinction spectra
allow the optical absorption range to be extended, which is typically in the visible
range for Au nanostructures to the near-infrared region. Strikingly, the photoelectric
conversion efficiency obtained with these plasmonic structures increases with
increasing temperature, in contrast to the general trend of semiconductor-based solar
cells. Plasmonic energy conversion could thus solve the overheating problem that
afflicts conventional photovoltaic cells [37].

A more quantitative view is obtained by considering the total per-atom occu-
pation probability of hot electrons at a particular atomic site in comparison to the
total per-atom occupation probability throughout the system (Fig. 5). Overall, hot
electrons with more than 1 eV constitute 30~60% of all hot electrons depending
on the system. Although the details of the distribution depend on particle size and
shape, as a general trend, lower-coordinated surface sites such as corners, edges,
and {100} facets exhibit a higher proportion of hot electrons than higher-coordinated
surface sites such as {111} facets or the core sites. Thereby, hot electrons could be
tailored by careful design of atomic-scale structures in nanoscale systems [38].
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Several works have provided insights into the localization of hot-electron
generation in plasmonic nanostructures. Kazuma et al. [39, 40] showed that sites
in Ag nanorods on TiO; exposed to higher electromagnetic fields generate more
hot electrons. After LSPR excitation and hot-electron generation, the oxidized ions
diffuse in the water layer, and eventually recombine with electrons from TiO;,
leading to the formation of satellite islands. This effect was observed in rods with
different aspect ratios that sustained different multipole plasmon modes. Islands
appeared in locations where the LSPR electromagnetic field was more intense,
confirming the hypothesis that the charge generation process is induced by the
intense electromagnetic fields in the plasmonic nanostructures. Optimizing the
design of plasmonic nanostructures so as to maximize the electromagnetic fields
will increase hot-electron generation [7].

2.3 Direct and Indirect Electron Transfer

Since hot electrons by plasmon decay can be transferred to a chemically attached
acceptor such as a semiconductor or a molecule, this process is potentially useful
for technologies such as photovoltaics, photodetection, and photocatalysis [8, 12,
41]. The initially generated hot electrons go through the thermalization process
forming a hot Fermi—Dirac distribution, and then transfer into the acceptor via
inelastic electron tunneling (Fig. 6a). This two-step transfer process, termed indirect
electron transfer, is the primary excitation pathway in plasmonic catalysis, which
shows a relatively high transfer efficiency due to the continuous distribution of hot
electrons near the Fermi level [13]. However, the energy of hot electrons cannot
be effectively controlled by the excitation light, ultimately limiting the ability to
selectively enhance specific chemical pathways. Resonant excitation of the LSPR
would only enhance the efficiency of electron excitation without having much
impact on the electron distribution of adsorbed molecules. Hot electrons generated
in the metal can quickly relax back to the Fermi level via electron-electron scattering
before being transferred to the acceptor (Fig. 6¢), which leads to a low efficiency of
hot-electron catalysis [42].

Fig. 6 Plasmon-induced hot electron transfer from the metal to the adsorbed molecule. (a)
Two-step indirect electron transfer mechanism. (b) Direct electron transfer mechanism. (c)
Recombination of hot electron—hole pairs in metals with the adsorbed molecule. Ef is the Fermi
energy, and the gray shading indicates filled electronic states [14]
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When there are strongly interacting reactants such as chemically adsorbed
molecules or semiconductors, hybridized surface states can be formed at the
interface as a result of the interactions between the metal and the reactants [43].
The formed interface states provide an additional pathway for plasmon dephasing
through the coupling between the hybridized states and the plasmon, which induces
the direct generation of hot electrons in the electron-accepting orbitals of the
adsorbate, leaving hot holes in the electron-donating states on the metal surface
(Fig. 6b). Without electron—electron scattering in the metal before its transfer,
this process can significantly reduce the energy loss of the hot electron and
accelerate the overall plasmon dephasing process [44]. Compared with the indirect
mechanism, this direct electron transfer process shows a lower efficiency because of
the relatively small transition dipole moments of molecule—metal composites and
the required formation of hybridized surface states. In addition, the energy overlap
between the excited LSPR and the energy gap of the hybridized surface states is
also important for the direct transfer process, which allows for a direct resonant
transition from occupied to unoccupied orbitals of the molecule—NP complex [45].

Since direct transfer occurs on an ultrafast time scale and is experimentally dif-
ficult to distinguish from indirect transfer that operates in parallel, the hot-electron
transfer mechanism remains poorly understood at the atomic scale [46, 47]. It has
been particularly challenging to isolate direct-transfer transitions, understand their
characteristics, and quantify them accurately. Fortunately, theoretical calculations
could help in this direction, and there is a methodology to address these issues rooted
in a rigorous first-principles approach [42]. Zhang et al. investigated photon-induced
electron injection from small metal clusters Auss into a MoS, monolayer, employ-
ing nonadiabatic molecular dynamics simulations [48]. The spatial distributions of
the hot-carrier states in the Aus;/MoS; heterostructure are shown in Fig. 7. The
transverse mode (Fig. 7a (1)) indicates that the charge distribution of the plasmonic
oscillation is parallel to the MoS, monolayer, while the longitudinal mode (Fig. 7a
(i1)) means that the charge distribution of the plasmonic oscillation is perpendicular
to the MoS; plane. The interfacial delocalization between the Auss cluster and the
MoS, monolayer differs strongly for the two states. For the transverse state, the
photoexcited state is mainly localized (~65%) on the Auss cluster at + = O fs.
At the initial stage (~50 fs), the localization on the cluster decreases rapidly to
35% (Fig. 7a (iii)). This process can be assigned to the hot-electron transfer after
the photoexcited plasmonic state decays into electron—hole pairs in the indirect
transfer mechanism. Sequentially, the injected electron transfers back from the
MoS, monolayer to the Auss cluster in 600 fs. The longitudinal state follows a
similar trend with the crossover at 47 fs in the direct transfer mechanism (Fig.
7a (iv)), faster than the transverse state. Notably, both time scales are faster than
the time scale of energy relaxation inside the Auss cluster. Two electron transfer
mechanisms can coexist in a nanoparticle—semiconductor hybrid nanomaterial,
both leading to faster transfer than the recombination.

Furthermore, Kumar et al. [42] have isolated and quantified the direct-transfer
process at a model metal—acceptor (Agj47—Cd33Ses3) interface based on real-
time time-dependent density-functional theory (TDDFT) [49]. Figure 7b shows
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Fig. 7 (a) Charge distributions of the transverse and longitudinal states for Auss on the MoS;
monolayer at the top view (i, ii). The longitudinal state has a much larger delocalization between
the Auss cluster and the MoS; monolayer, forming a coherent superposition between the two
components. The localization of the hot electron on the Auss as a function of time after optical
excitation of the transverse (iii) and longitudinal state (iv) [48]. (b) Partial hot-electron (solid lines
and shaded) and hot-hole (dotted lines and unshaded) distributions for the Agj47 — CdzzSess
system [42]

the partial hot-carrier distributions in this system at 21 fs, i.e., immediately after
plasmon decay. A total probability of 43.4% for the plasmon decays, inducing
intraband and interband transitions, is observed in Ag nanoparticles (Ag — Ag).
Intra-acceptor excitation [45] occurs when plasmons directly excite electrons from
occupied states of the acceptor to unoccupied states of the acceptor with the
probability of 12.2% in this structure (CdSe — CdSe). The probabilities of direct
hot-electron transfer (Ag — CdSe) and hot-hole transfer (CdSe — Ag) are 23.0%
and 21.4%, respectively. Thus, direct transfer contributes up to 44.4% of the total
plasmon decay, demonstrating that it could play a significant role at metal—acceptor
interfaces [42]. Ma et al. [50] found that hot electrons are more efficient than the hot
holes in the charge injection due to different interfacial couplings, and over 40% of
the hot electron—hole pairs are separated spatially from the Agyo—TiO; interface,
which are in line with the direct electron transfer mechanism.

3 Hot-Electron-Driven Catalysis

Plasmon driven photocatalysis, as a route to concentrate and channel the energy
of visible light into adsorbed molecules, has gained increasing attention thanks
to its potential to drastically improve energy conversion technologies [4]. Many
experimental and theoretical groups have proposed several mechanisms underlying
plasmon-induced catalysis, including plasmon-field-driven catalysis [51, 52], heat-
driven [53, 54], indirect hot-carrier transfer [55, 56], direct charge transfer [57, 58]
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and intramolecular charge transfer, which can be distinguished by their timescales
[59]. In this section, we focus on the catalysis mediated by indirect and direct
charge transfer. Plasmon-mediated hot electrons can be transferred to the molecules
through a transient electronic exchange between the metal and reactant [14].
With electronic exchange, transient negative ions (molecules with the addition of
high energy electrons) are created and survive on the metal surface for tens of
femtoseconds, which is sufficient to induce a chemical reaction or add vibrational
energy to the molecule [4].

3.1 Catalysis Mediated by Indirect Electron Transfer

To date, most of the reported plasmonic catalysis is believed to occur through a
conventional indirect hot electron transfer mechanism [60, 61]. Yan et al. [56] inves-
tigated the atomic scale mechanism and real time dynamics of Hy photosplitting on
a silver atomic chain irradiated by laser pulses (Fig. 8a) using ab initio TDDFT [49].
Femtosecond laser pulses provide a powerful tool to engineer electronic excitations
and to study the ultrafast dynamics of chemical reactions [62]. Laser field polarized
in the x direction along the chain shaped by a Gaussian wave packet is shown in
Fig. 8b (i) with laser frequency of 1.74 eV as the plasmonic resonant frequency for
Nag = 6. With the strength of laser field gradually increasing in time, H-H bond
length in Ag-H; system gradually deviates from its original value. With the laser
frequency of 1.74 eV, the dissociation of Hj is obvious. While for other frequencies,
no dissociation is observed within the simulation time (Fig. 8b (ii)). Therefore, the
splitting of H» is induced by Ag-chain plasmon.

The H, splitting dynamics also exhibits dependence on the field strength (Fig.
8b (iii)). When laser field strength increasing, H, splitting shows an enhanced
behavior. To understand the intensity dependence of plasmon-induced Hj splitting,
the dynamic charge transfer from Ag atomic chains to H, molecule upon laser
excitation is analyzed (Fig. 8b (iv)). Calculated charge around H; denoted as Qpyg
is obtained by integrating total charge density above the plane between Hy and Ag
chain. The increase in Quy by 0.5-0.8¢ at ¢ = 20 fs results in a transient negative H;
state and subsequent H» splitting dynamics. To confirm that hot electrons transfer
to the anti-bonding (AB) state of absorbed H», indirect charge-transfer mechanism
is proposed from time-evolved occupation of KS states (Fig. 8c). Projection of
the time-dependent KS states on the anti-bonding eigenstate of H, shows that the
antibonding state is partially occupied and the occupation is increasing during the
dynamic evolution. There are sufficient couplings between the high-energy Ag states
and H» antibonding state during the dynamic evolution after plasmonic excitation.
Therefore, the laser pulse drives electrons to the excited states of silver chain,
and then excited electrons transfer to the antibonding state of H» facilitating the
reaction, which is a typical indirect charge-transfer process. This result is in general
accordance with the mechanism speculated for plasmon-induced photochemistry
reactions [63, 64].
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Fig. 8 (a) Schematic showing plasmon-induced H; splitting on Ag atomic chain with variable
number of Ag atoms Nag. (b) Hz dissociation on the silver chain with Nag = 6: (i) Time-dependent
field strength of the laser pulse. The maximum amplitude Epax is 2.5 V/A and laser frequency is
1.74 eV; (ii) Time evolution of bond length dyy under laser illumination with different frequency.
The dashed line is the case for isolated Hp in vacuum, and the vertical dotted line denotes the
time at which laser field reaches its maximum strength; (iii) Time evolution of dyy and (iv) charge
around Hj for the same frequency 1.74 eV. (¢) Time-dependent occupations of the ground-KS
states, based on the sum of squares of the projections of the td-KS states onto static eigenstates for
Emax = 2.5 VIA

3.2 Catalysis Mediated by Direct Electron Transfer

The existence of the direct transfer process was demonstrated by the atomic-
scale mechanism and real-time ultrafast electron—nuclear dynamics study of water
splitting on Au NPs upon exposure to femtosecond laser pulses (Fig. 9a) [57]. The
maximum field strength of laser pulse is set to Emax = 1.6 V/A and frequency
hw = 2.62 eV (Fig. 9b). This frequency matches the plasmonic absorption peak
at 2.62 eV calculated for the Au NP. In the Fig. 9c, the O atom is almost static
and the H atom pointing to the NP oscillates in a 10 fs period during the simulation
timespan. The height of the other H first oscillates, then keeps increasing from 3.7 A
at t = 10 fs to 6.4 A at 1 = 33 fs. The corresponding OH bond length increases
from 1.12 to 2.84 A. That is, water molecule splits into hydroxyl group (OH) and
hydrogen (H) within 30 fs. In contrast, for an isolated water molecule in the same
laser field, two OH bonds oscillate continuously and never break. Therefore, water
splitting is mediated by plasmon excitation in the Au NP.

Further evidence implicating plasmon-induced reaction can be drawn from
wavelength-dependent photocatalytic rates shown in Fig. 9d. For the Au NP with
diameter of D = 1.6 nm, the absorption spectrum shows double peaks due to
quantum size effect. Reaction rates also exhibit two major peaks, closely following
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Fig. 9 (a) The schematic showing plasmon-induced water splitting on Au nanosphere
(D = 1.9 nm) under the laser field polarized in the z direction. (b) Time evolution of the applied
field and (c) atomic distance d of water along the z direction to the Au surface. The vertical
dotted line denotes the time 7y = 6.6 fs at which laser field reaches its maximum strength. (d)
Water splitting rates (black dots) on Au NP with varied laser frequency. The connected line is the
guide to eyes. Corresponding absorption spectrum (red lines) of Au NP to an impulse excitation is
superimposed for comparison. (e) Time-evolved changes in the occupation of Kohn—Sham (KS)
states for Au NP (D = 1.9 nm) when driven by continuous plane-wave laser. Black line denotes
laser field oscillations, and calculated localized density of states (LDOS) of water is added in the
right panel. Horizontal dashed line denotes the Fermi level [57]

the absorption spectrum. However, surprising contrast in reaction rate and photo
absorption is found for Au NP of larger size. For Au NP with D = 1.9 nm, the
intensity for absorption at resonance frequency iw = 2.62 eV is almost doubled
compared to that for iw = 2.36 eV. The reaction rate with laser frequency
how = 2.62 eV, however, is only 36 ps_l, even smaller than the rate of 42 ps_1
at ho = 2.36 eV. Again, for D = 2.1 nm, the reaction rate at iw = 2.63 eV, where
the maximum absorption is reached, is almost same with that at 7w = 2.30 eV with
only weak absorption. Above simulations strongly suggest that the rate of water
splitting depends not only on optical absorption of Au NP, but also on its plasmonic
excitation mode. For the mode at o = 2.36 eV, the oscillation period of induced
charge density is odd. While the mode at 7w = 2.62 eV is even-period plasmon
excitation. Upon water adsorption, the odd mode indeed induces more electrons
around water than the even mode.

To further understand photo-excitations associated with odd and even modes,
Yan et al. analyzed time-evolved change in the occupation of KS states in Fig.
9e. For hww = 2.62 eV, there exist strong oscillations in the occupation of states
near the Fermi level, which is designated as electron “sloshing” [65], and electron
excitations from deep states with the energy at —1.43 to about —0.72 eV to the
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states at 1.40 ~ 1.50 eV, called “inversion” motion [65]. The “sloshing” behavior
around Fermi level results in oscillations in the charge density near the NP surface
[66], while “inversion” is responsible for plasmon decaying into hot electrons and
hot holes [67]. Compared with even mode, the variation in the occupation of KS
orbitals for the odd mode at hw = 2.36 eV is minor, and there mainly exhibits
electron inversion from the orbitals between —1.90 eV and — 1.50 eV to those at
0.58 ~ 0.79 eV. The AB state of water appears at the energy of 0.64 eV, overlapping
well with the KS orbitals of Au NP which are newly partly occupied upon excitation
at ho = 2.36 eV. The energy match promotes resonant charge transfer from Au
NP to water for the odd mode. Thereby, direct charge-transfer enhancement by
better energy overlap between plasmon-induced hot electrons and the adsorbate’s
unpopulated state is crucial for plasmon-enhanced reactions.

4 Hot-Electron-Induced Nonlinearity

Boosting nonlinear optical and electronic effects at the nanoscale is an important
subject of extensive theoretical and experimental studies. Since the photon—photon
interaction is intrinsically weak, nonlinear effects can be generated only with very
high light intensities before significant material damage occurs, limiting the choice
of materials [68]. A promising route for circumventing this difficulty and achieving
efficient nonlinear responses is to strengthen the localized optical field through
the excitation plasmon. LSPR can be exploited to dramatically enhance light—
matter interaction, enabling nonlinear effects observable with low incident light
intensity [69, 70]. Nonlinear plasmonics is a fast-growing field of research due to
its potential applications in energy [71], optoelectronic devices [72], and biological
imaging and sensing [73]. LSPR could boost nonlinear optical effects by tuning
the shape of the nanostructures such as non-centrosymmetric gold nanocup [74]
for enhanced second-harmonic generation (SHG) and gold bowtie antenna [75] for
third-harmonic generation (THG).

The nonlinear response of a model plasmonic system, a linear silver chain
coupled to molecules (Fig. 10a (i)), is investigated using ab initio TDDFT [76].
The laser field polarized along the chain direction is shaped as a Gaussian wave
packet. Laser frequency is set to the plasmon resonance frequency 1.69 eV and
intensity is 0.01 V/A. The tunneling current /; is collected at the central plane
between the end atom of the silver chain and water molecule in AggH,O, and it
is at the same position for the isolated chain Agg. The variation in the current can
be related to experimentally measurable quantities such as emission of high-energy
photoelectrons or localized high harmonic generation [77].

In the isolated silver chain, the tunneling current coherently oscillates following
the external field and continues to oscillate with negligible decay after field
attenuation (Fig. 10a (ii)). With a water molecule adsorbed, the tunneling current
exhibits phase shifts in the oscillations and shows the emergence of high-frequency
modulation (Fig. 10a (iii)). Figure 10b shows the spectra of tunneling current



170 L. Yan et al.

(a)z =i ho = 1.69 eV|(b) 03} . ]

L)
©O O 0 0 O 0,4

et
o
L

I' (mA)

_J

"o 2 4 6 8 10
Energy (eV)

—— LUMO+17
0.00 YRR 0000 {1 P ' ;
0.06 -q‘gt; 2 —LUMO+1 ] 0.002 - |CLUMO-—I'. i
——LUMO#17] = —— HOMO-1
. 2 —HoMoO
31 | -—
2003 Z 0,001}
#
G (i)
0008 o e o0 g0 0000, 20 40 0 80
t(fs) t(fs)

Fig. 10 (a) Time evolution of the applied laser field (i) and tunnel currents for Age (ii) and
AgeHO (iii). The maximum laser intensity Epqx is 0.01 V/A with a resonant frequency of 1.69 eV.
(b) Corresponding tunneling current spectra for Agg and AgeH;O. (¢) Time-evolved occupation of
initially unoccupied KS states in (i) Agg and (ii) AgeH2O driven by the laser pulse. (d) Zoomed-in
plot for the occupation of the LUMO+-17 state shown in panel (c¢). (d) Corresponding time-
dependent transition coefficient from all occupied states i to the LUMO+17 state for AggH,O
[76]

obtained by the Fourier transform of its time evolution. In addition to Mie resonance
and SHG, the third, fourth, and fifth-order excitations emerge for AgeH,O. The
SHG peak is even stronger than that for Mie resonance. In contrast, for the isolated
silver chain, Mie resonance dominates the spectrum, and nonlinear responses are
weaker than those for AggH,O. Therefore, adsorbing polar molecule such as a water
molecule at the end of nanoparticle could greatly enhance the nonlinear responses.

To gain a deeper insight into plasmon-induced nonlinear responses, the time-
evolved occupation of KS states (Fig. 10c) is calculated by projecting time-
dependent KS states onto the ground state. For the silver chain, the occupation of the
lowest unoccupied molecular orbital (LUMO) oscillates coherently and increases
to 0.06 (i.e., ~0.12e), and continuously oscillates without decay after laser falling
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off (Fig. 10c (i)). For AggH»O, the occupation of LUMO starts to decline upon
laser field attenuation (Fig. 10c (ii)), different from the case of Age. Therefore,
water adsorption at the end of the silver chain greatly accelerates plasmon decay. In
addition, the occupation of LUMO decreases exponentially leading to the excitation
of high-energy electrons. Therefore, plasmon decay of the silver chain into high-
energy electron—hole pairs is identified as nonradiative Landau damping [78].
Interestingly, the occupations of a few high-energy orbitals of AggH,O, particu-
larly the LUMO+-17 state, change significantly. Within the timespan of laser excita-
tion, the occupation of LUMO+-17 is almost zero (Fig. 10d (i)). With laser decay, the
occupation increases drastically. Figure 10d (ii) displays the transition coefficients
from occupied states to initial LUMO+-17 state. The transition mainly comes from
the HOMO—1 state, suggesting the generation of hot electrons promoted from
HOMO-1 to LUMO+17. Moreover, the energy difference between HOMO—1
and LUMO+17 is 6.70 eV, which is approximately four times the incident laser
frequency (1.69 eV). That is, the fourth-order nonlinear response is estimated to be
originated from electron transitions from HOMO—1 to LUMO+-17 through Landau
damping during plasmon decay. Other nonlinear responses including SHG and THG
have similar origins. The results shed light on the atomistic mechanisms regarding
how hot electrons generated by plasmon decay contribute to nonlinear responses.

5 Summary

This chapter has covered the fundamentals of hot electrons in plasmonic nanos-
tructures and its applications in photocatalysis. Optimizing the size and shape of
nanostructure so as to maximize the electromagnetic fields would increase hot-
electron generation. Direct or indirect hot-electron transfer occurs when plasmonic
metal contact with the attached acceptor. Specially, charge-transfer enhancement by
better energy overlap between plasmon-induced hot electrons and the adsorbate’s
unpopulated state is crucial for plasmon-enhanced reactions. In addition, high-
energy hot-electrons from plasmon decay could drive the optical nonlinear effect
with a wide range of practical plasmonic applications. Meanwhile, it is a big
challenge to provide a holistic description of the photocatalytic process and atomic
mechanism [79]. With the advances in nanotechnology and nanoscale character-
ization in the future, plasmon-induced hot electrons will be ripe in designing
highly tunable and selective catalytic systems along with carrying out significant
improvement in the effective use of solar energy.
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Plasmon-Enhanced Optical Forces m)
and Tweezers s

Domna G. Kotsifaki, Viet Giang Truong, and Sile Nic Chormaic

Abstract In 2018, the Swedish Academy of Sciences awarded one half of the
Nobel Prize in Physics to Arthur Ashkin for his pioneering work on optical tweezers
and their applications in biology. Since then, the manipulation of small particles
using optical forces has gained significant attention and generated a wide interest
across the fields of physics, chemistry, and medicine. This chapter describes the
underlying physics governing the plasmon-enhanced optical forces generated by
the integration of optical tweezers with plasmonic nanostructures. The aim of this
chapter is to provide the reader with the basic ideas and mathematical expressions
that can be used to understand the nature of optical forces at the nanoscale. We also
discuss some of the important applications of nano-enhanced optical manipulation
techniques in life sciences.

Keywords Optical forces - Maxwell’s stress tensor - Metallic nanostructures -
Plasmonic optical tweezers - Optothermal plasmonic tweezers

1 Introduction

In 1970, Ashkin discovered that a slightly focussed laser beam could attract small
objects towards the beam centre [1]. The particles, in this case, are confined
to the optical axis, and propelled in the direction of light propagation. Ashkin
demonstrated optical guiding of particles suspended in a liquid, as well as in
air, and trapped the particles by balancing the radiation pressure against the
gravitational force using an inverted geometry [1]. Moreover, he demonstrated the
three-dimensional confinement of particles using counter-propagating laser beams.
The single-beam gradient optical tweezers was first demonstrated in 1986 by Ashkin
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Fig. 1 (a) Schematic of a particle trapped at the centre of a laser beam. (b) Momentum, p, of the
photons impinging on a particle at normal incidence. (¢, d) Ray diagrams illustrating the origin
of the optical gradient force for non-normal incident rays in a tightly focussed Gaussian beam.
Symbols: n,, is the refractive index of the particle, n,, is the refractive index of the surrounding
medium, the wavenumber, k = 2mn,,/A, where A is the wavelength of light, 7 is the reduced
Planck’s constant, 3p is a momentum difference, w is the Gaussian beam waist, / is the intensity
of the Gaussian beam, and 8py: is the component of momentum transfer that contributes to the
scattering force. (Figure reproduced with permission from Ref. [19]; copyright 2016 American
Chemical Society)

and coworkers [2]. Since then, several applications of this technique have been
proposed and developed [3]. In the last few years, the optical trapping technique has
been advanced even further, and optical tweezers have become important tools in
the fields of biology [4], physics [5], and biophysics [6]. The physics behind optical
tweezers has been understood for a long time [7-11]. Therefore, a single-beam
gradient trap can be created by focussing a laser beam onto a diffraction-limited spot
using an objective lens with a high numerical aperture (NA) as illustrated in Fig. 1.
The strong field gradient near the focus creates a potential well, in which a particle
can be trapped in three dimensions. A variety of particles including atoms [12—16],
dielectric particles [17-21], small metal particles [22, 23], nanoplastics [24, 25]
and living bio-entities [26-33], with sizes ranging from several nanometres to tens
of micrometres, can be trapped and manipulated using optical tweezers. However,
the gradient force vary with the cube of the particle size; hence, smaller particles
require higher laser powers for stable trapping. At such high laser powers, more
than 100 mW [34], the trapped particles typically undergo rapid optical damage.
Furthermore, Abbe’s diffraction limit restricts the minimum particle size that can
be trapped efficiently. These obstacles make trapping and manipulating nanometre-
sized particles particularly challenging.

Optical tweezers based on metallic nanostructures [35-45] were developed to
overcome the limitations imposed by free-space diffraction as well as to enhance
the local optical intensity within the trap. In Sect. 2 of this chapter, we introduce
the fundamental concepts underlying optical tweezers based on the classical
electromagnetic wave theory. The physics behind optical trapping involves a net
exchange of linear momentum between the light field and the scattered object that is
described by Maxwell’s equations. Consequently, as per the law of conservation of
linear momentum, a force is exerted on the object by the light beam. Particles much
smaller than the beam wavelength behave similarly to an electric dipole; hence, a
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simple description is used to derive the optical forces acting on the dipole. Such
particles undergo Rayleigh scattering. In contrast, particles with a size comparable
to or larger than the beam wavelength undergo Lorentz-Mie scattering, wherein the
optical forces are modelled using classical electromagnetic theory. The Maxwell
stress tensor method is used to determine the net optical force or torque exerted by
the beam on particle size in Lorentz-Mie regime. Moreover, the Langevin equation,
which predicts the motion of the particle near the focussed beam and describes its
behaviour in the optical trap, is presented.

In Sect. 3, we discuss the limitations encountered by conventional optical
tweezers when dealing with nanometre-sized objects. Section 4 highlights the
geometries of the metallic nanostructures (disks, nano-antennas, nanoholes, etc.)
that have been used to enhance the optical forces in the nanoscale regime. In Sect.
5, applications of plasmonic optical tweezers (POTs) in the life sciences, especially
to manipulate biomolecules such as proteins and nucleic acids, are addressed. A
review of optothermal plasmonic trapping field is presented in Sect. 6 and, finally,
Sect. 7 summarises the main conclusions from the current state-of-the-art techniques
in optical manipulation and provides future perspectives in this field.

2 Optical Forces and Torque

2.1 Maxwell’s Stress Tensor

The derivation of the optical forces generated owing to the interaction between
an electromagnetic field and an object is based on the conservation of linear
momentum, which, in turn, can be derived using Maxwell’s equations in vacuum
[46], given by:

__3B(r.1)

VxE(r,t)= " (D

1 9E
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¢ ot

1
V-E(r,t)=—p(r,1), (3)

20
V-B(r,t)=0, )

where g9 and puo are the dielectric permittivity and magnetic permeability in
vacuum, respectively, E(r,t) is the electric field, B(r,t) is the magnetic field, p(r,t)
is the total electric charge density, j(r,t) is the total electric current density and ¢
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is the speed of light. The Lorentz force, F(r,t), exerted on a particle of charge ¢
and moving with velocity v(r,t) through an electric field, E(r,t), and magnetic field,
B(r,t), is defined as [47]:

F(r,t)=q[E(r,t)+Vv(r,t) x B(r,1)]

5
=/ o (r ) E (ro 1) +j(r 1) x B (r,0)]dV. ©
1%

The Minkowski form of Maxwell’s stress tensor, T, in a medium is defined as
[47]:

<>

1 <~
T = g9o¢EE + pouHH — > (808E2 + Mo,uH2> I, (6)

where the notation EE denotes the outer product, E° and H? are the electric and

1 B (r,t)) strengths, respectively, I denotes the

magnetic field (H (r,t) =
unit tensor, ¢ and p are the non-dispersive dielectric permittivity and magnetic
permeability in surrounding medium, respectively. An alternative definition of
Maxwell’s stress tensor, proposed by Max Abraham [48], does not consider the
material properties, such that the resultant momentum represents the momentum
stored in the electromagnetic field only [49]. In contrast, the Minkowski definition
includes the momentum of the matter that interacts with the electromagnetic field
and hence, is particularly useful when calculating the interaction between light and
matter, and the resultant optical force [50]. Using Maxwell’s Egs. (1, 2, 3, and 4)
and integrating over an arbitrary volume, V, we obtain:

/V-T‘dV:lzi/ (E(r,t) x H(r,1)dV
Vv cedt) vy 7

+f (p(r,t)E(r,t) +j(r,t) x B(r,t))dV.
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The last term of Eq. (7) can be recognized as the mechanical force (see Eq. (5)).
The volume integral can be transformed into a surface integral using Gauss’s law,
such that:

d [Pficia + Pmech

dt ’ ®
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where dV denotes the surface enclosing the V, n is the unit vector perpendicular
to the surface, da is an infinitesimal surface element, and Pgelg and Pech are the
electromagnetic and mechanical momenta, respectively. In Eq. (8), we have used
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Newton’s second law to derive the mechanical force and a similar definition to
derive the electromagnetic momentum, which describes the momentum carried by
the electromagnetic field within a volume V. Assuming harmonic electromagnetic
fields, the time-averaged optical force, < F >, acting on the scattered object is defined
as:

<F>=/ <(f(r,t)>~n(r)da. ®
k)%

Note that Eq. (9) is generally valid and is used to calculate the mechanical force
acting on an object within the closed surface, dV.

2.2 Dipole Approximation Regime

The Rayleigh scattering or dipole approximation regime applies when the diameter
of the particle is smaller than the wavelength of light (d < A), where d is the
radius of the particle. Therefore, a general expression for the optical force can
be derived by considering the interaction of the electromagnetic field of the laser
beam with the particle itself, which is treated as a point dipole. If we consider
two oppositely charged particles separated by a small distance and irradiated by
an arbitrary monochromatic electromagnetic wave with frequency w, then the total
force acting on the system of particles is given by [47]:

F=(P'V)E(r,t)+l)><(VXE(I‘,t))—F%(PxB("J))- (10)

In Eq. (10) the force consists of the term originates from the interaction of the
particles with an inhomogeneous electric field and the Lorentz force. Note that Eq.
(10) represents the mechanical force exerted by the electromagnetic field on the two
particles that are represented by the dipole moment p. To derive the basic equations
for a particle in an optical trap, we consider the simple case of a particle oscillating
in a classical radiation field. The time average of the force can be written as [47]:

<F>=Z<p,- () VE; (1) >, (11)

1

where i = x,y,z denotes the Cartesian components. We assume the following: there is
a linear relationship between the dipole and electric field, the dipole oscillates with
the same frequency as the driving frequency, and the particle has no static dipole
moment. Then, the induced dipole moment, p, is proportional to the electric field at
the particle position, r, and is given by the following equation [47]:
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P =« (w)E(ro), (12)

where a(w) is a tensor of rank two that denotes the polarisability of the particle,
and the underline denotes the complex amplitudes. Using Eq. (12) in Eq. (11), the
average force owing to the radiation field acting on the oscillator becomes [47]:

a/ a// ~
<F>=— ;%{ETV&H?;J{ETVQ}’ (13)

where @ = o + ia”. Note that the real part of Eq. (13) accounts for the
gradient force, while the imaginary part accounts for the absorption and longitudinal
component of the scattering force. Therefore, the gradient force is proportional to
the dispersive part of the complex polarisability, whereas the scattering force is
proportional to the dissipative part of the complex polarisability. The gradient force
originates from field inhomogeneities, while the scattering force arises because
of momentum transfer from the radiation field to the particle. The gradient force
accelerates the polarisable particles toward the extremes of the radiation field.
Therefore, a tightly focussed laser beam can trap particles in all dimensions at its
focus. However, the scattering force pushes the particles in the direction of laser
propagation; if the focus of the trapping laser is not sufficiently concentrated, then
the particles can be pushed out of the trap. Note that, for an evanescent field plane
wave and non-absorbing particles, the last term in Eq. (13) is zero [47]. Moreover,
the imaginary part of «(w) is often assumed to be zero for dielectric, transparent
particles. In the Rayleigh scattering regime, the polarisability is defined as [19]:
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where « is the Clausius-Mossotti relation defined as:
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The quantity m = Z—" is the ratio of the refractive indices of the particle, n,,
and the surrounding medlum ny, and d is the particle diameter. Consequently, the
gradient force is given by [51]:
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The scattering force is obtained by substituting the imaginary part of the
polarisability Eq. (13), as follows [51]:

.  np 8w kd4d2m2—121 17
< scat(",f)>—TT< 5) <§> (mz——i—2) (r). (17)

The trapping potential depth, Uy, is the key factor determining whether the
trapping is stable and it must be large compared to the thermal energy, k7. The
trapping potential is obtained by integrating the optical force as follows [52]:

2

’

surface d\> &, —¢ d\? e, —¢
Utrap = /Oo ”5(5) E:WWEFdx = 7T8<§) 8Pp+ 28V|Esurface
(18)

where ¢, and ¢ are the dielectric constants of the particle and the surrounding
medium, respectively. Note that the field intensity on the surface determines the
depth of the trapping potential.

2.3 Optical Torque

The torque due to the gradient force does not act on a spherical particle; rather, it acts
on a particle for which the associated polarisability tensor matrix is asymmetric with
respect to its three components [53]. A simple example of a nonspherical particle
is one with cylindrical symmetry, such as a rod. In this case, the diagonal elements
of the polarisability matrix have different values, o) and o, for the longitudinal
and transverse directions, respectively. Note that in a prolate ellipsoid, o has a
larger magnitude because it corresponds to a larger electron shift [53]. Such particles
experience a torque in response to a linearly polarised radiation field and align
themselves with their long axis parallel to the polarisation plane, which is at right
angles to the direction of light propagation. The expression for the nanoscale torque,
T is given by [53]:

T = (o) — L) (Eyi — Exj) Eq, (19)

where E, Ey, and E; are the electric fields in the x, y, and z directions, respectively
and i and j denote x and y directions, respectively.

Note that optical torque can also arise from the transfer of orbital angular
momentum (OAM) and spin angular momentum (SAM) from the trapping beam
to the particle. In 1936, Beth [54] demonstrated the angular momentum transfer
from an optical beam to irradiated particles. He measured the torque on a suspended
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birefringent half-plate as circularly polarised light passed through it. Since then,
several experiments have been performed [18], demonstrating that optical beams
with non-vanishing OAM can be used to transform a trapped particle into a spinning
state. SAM is strongly dependent on the polarisation state of the light beam and can
thus arise for beams that are either fully or partially circularly polarised; moreover,
the induced torque can be reduced if there is beam scattering and reflection [53].

2.4 Additional Forces on Dielectric Particles

The gradient force has a range of several hundred nanometres and attracts the
particles toward the centre of the optical trap. Based on the fact that the particle
has mass and is usually suspended in liquid, as well as considering the Hookean
nature of the gradient force, an equation of motion for the particle with respect to
the trapping position can be written as [11]:

d*r
ml’ﬁ =Furag + Fg +Fp + Fopr + Forper, (20)

where F g, is the drag force [11], Fg, represents gravity as well as the buoyant
force [11], Fp is the Brownian force [55], F,; is the optical gradient force [47], and
F,.er represents any thermophoretic force that may be present. The drag force can
be calculated using the following equation [11]:

m,9
Furag = —2" (w—v), @1)

2
ZPP(%)

where 7 is the viscosity of the surrounding medium, p,, is the density of the particle,
d is the particle diameter, u is the fluid velocity, and v is the particle velocity. Fy is
calculated using the following equation [11]:

F, = m,g M, 22)

Pp

where p is the solution density and g is the acceleration due to gravity. The Brownian
force is modeled as Gaussian white noise and is given by [55]:

d
127kgnT &

Fp=¢ 7

, (23)
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where T is the fluid temperature in Kelvin, kp is the Boltzmann constant, At is the
time step, and ¢ is a Gaussian random number with zero mean and unit variance.
The optical force is given by Eq. (16). If we assume that no thermophoretic force is
present, and that gravity along with buoyancy are negligible, then the motion of the
particle can be described by the overdamped Langevin equation, such that:

1

= —=x(t
I yX()Jr

where y [18] is the viscous damping, x(t) is the displacement of the particle from
the equilibrium point, and k;,, is the total trap stiffness. In the absence of damping,
Eq. (24) describes an ideal oscillator; however when there is damping, a response
that is equivalent to that of a low-pass filter is generated.

Plasmon Resonance Shift Induced by Optical Trapping The resonance wave-
length of a metallic nanocavity is highly sensitive to its dielectric environment,
such that even a small modification of its optical near-field by nanoparticles or
biomolecules in the cavity causes the resonance peaks to shift [56-58]. A general
expression for the relationship between the sensitivity of the nanocavity and
the material properties is important for understanding, analysing, and developing
trapping-assisted nanostructures. Zhang and Martin [59] derived an expression to
predict the resonance frequency shift of subwavelength plasmonic nanocavities
interacting with a nanoparticle located in the near-field zone of the nanocavity itself,
as illustrated in Fig. 2. Using perturbation theory and Green’s tensor technique, the
authors derived the following expression for the nanoparticle trapping-induced shift
in resonance frequency, Aw;, of a metallic nanocavity:

dw; |[E@rnp)l?
deca [0y |E (0)dr’

Aw; = —ayp (25)

where oyp is the polarisability of the nanoparticle, €., is the permittivity of the
nanocavity, and ryp is the location of the trapped nanoparticle or the absorbed
biomolecule. Equation (25) provides a general relation for the shift in resonance
frequency for subwavelength cavities made of dispersive materials.

The relationship between the resonance shift and the trapping potential of a
10 nm gold (Au) particle trapped in a metallic nanocavity [59] is shown in Fig.
2d. Specifically, the 10 nm Au particle is trapped in a gold dimer nanocavity of
dimensions 60 nm x 40 nm x 40 nm with a 25 nm cavity gap (see Fig. 2c). The
local field distribution of the nanocavity without the nanoparticle is enhanced in
the gap region due to the presence of the particle. The corresponding optical force
and trapping potential are calculated based on this field distribution along the minor
axis of the nanocavity gap as shown in Fig. 2d. Note that the trapping potential depth
attains its maximum value at the centre of the nanocavity, where the net optical force
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Fig. 2 (a) Schematic showing nanoparticle trapping in a metallic nanocavity, (b) Optical trapping
induced cavity resonance shift (blue curves on the left) and changes in energy (right). (¢) Local
field intensity map of the nanocavity. (d) Optical trapping potential (blue curve) and corresponding
optical force (red curve) of a 10 nm gold particle trapped along the minor axis of the nanocavity
(dashed line in (c)), (e) Optical trapping potential (blue curve) and trapping-induced shift in
resonance frequency (red curve) of the nanocavity along the dashed line in (a). (Figures reproduced
with permission from Ref. [59]; copyright 2015 American Chemistry Society)

is zero. However, as the trapped nanoparticle attempts to leave the potential well, the
optical force pulls it back to the equilibrium position (see the blue dots in Fig. 2d).
The nanoparticle trapping-induced resonance shift of the coupled nanosystem as a
function of the location of the trapped nanoparticle is also shown in Fig. 2e.

3 From Conventional to Plasmonic Tweezers

Although conventional optical tweezers have been extensively employed to manip-
ulate micron-scale particles, it is difficult to stably trap and hold particles that are
much smaller than the wavelength of light. The precise manipulation of such small
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particles is critical in bioscience [60, 61] as well as in atomic physics [62, 63].
Therefore, it is crucial to enhance the trapping forces acting on particles in the
nanoscale regime. The main issue regarding trapping nanoparticles is the magnitude
of the gradient force, which decreases significantly with decreasing particle size.
This results in a shallower potential well and the particles escape quickly from the
trap. Therefore, a high-intensity laser is needed to create optical forces that are
strong enough to overcome Brownian motion. For example, conventional optical
tweezers can trap micron-sized particles with laser powers less than 1 mW. However,
laser powers in the range 10 mW-1 W are required to stably hold particles with sizes
in the range 100—10 nm [2]. Such high-power lasers cause damage to the trapped
particles owing to thermal effects. Meanwhile, Abbe’s diffraction limit prevents
the confinement of propagating light beyond a fraction of its wavelength and thus
hinders accurate trapping. Therefore, using lenses with a higher NA or increasing
the laser power does not significantly improve the optical trapping performance.

Plasmonic optical tweezers [35, 41, 64] that are based on surface plasmon polari-
tons (SPPs) offer an alternative approach to manipulate particles at the nanoscale.
SPPs are coherent collective oscillations that exist at the interface between a
flat metal and a dielectric (SPPs) or bound electron plasmas on nanoparticles
(LSPs) [65]. The excitation of SPPs can be used to focus light energy far beyond
the diffraction limit which in turn can greatly increase the precision of optical
manipulation. Another merit of SPPs is that the evanescent field decays rapidly
away from the interface, thus inducing strong gradient forces and making the
trapping more stable. Novotny et al. [64] first suggested the theoretical possibility
of nanometric optical trapping using surface plasmons on a sharply pointed metal
tip under laser illumination. They proposed that this new trapping approach could
generate highly confined evanescent fields that significantly reduce the trapping
volume, as shown in Fig. 3. This results in a large trapping force as well as
enhancement of the field, thereby reduces the laser power illumination and radiation
damage to the trapped objects [64].

Optical trapping using SPPs was experimentally realised using metal/dielectric
interfaces, where surface plasmons were confined to subwavelength scales [66, 67].
Volpe et al. [66] observed and measured plasmon radiation forces on dielectric
particles using a linearly polarised beam that impinged upon the metal-water
interface through a prism thereby generating surface plasmons. A photonic force
microscope, which can yield the optical force by analysing the Brownian motion of
a trapped particle, was used to trap the probe particle and detect its position. Another
experiment was performed by Wang et al. [67], who placed gold nanoparticles
close to a gold film to effectively manipulate them using optical forces and test
their usefulness for biophysical investigations. Because of the proximity of the gold
particles to the gold film, the resultant near-field coupling greatly enhanced the field,
as shown in Fig. 4.

Although POTs can increase the local intensity by focussing the laser light to a
smaller cross-sectional area, a fundamental drawback is the thermal effect generated
as a result of the frequency-dependent absorption of this light by the metallic
nanostructures. Heating limits the maximum laser power that can be used as well as
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Fig. 3 (a) Potential energy surface of a 10 nm diameter particle in the x,y,z plane. Cross-sections
of the trapping potential along the (b) forward and (c) transverse directions of the metallic film.
(Figure reproduced with permission from Ref. [64]; copyright 1997 American Physical Society)
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Fig. 4 Schematic representation and power flow magnitudes of the optical manipulation of a
gold nanoparticle using SPPs. (Figure reproduced with permission from Ref. [67]; copyright 2009
American Chemistry Society)

the magnitude of the optical force or trap stiffness that can be achieved. In addition,
the heat generated by the metallic nanostructures gives rise to bubble formation
and particle migration along the temperature gradient, thereby enhancing Brownian
motion that affects the stability of the trapping process [68—70]. Such photothermal
effects have been studied in POT designs [44, 71-75], and several approaches
have also been demonstrated to suppress them. For example, a POT configuration
on a heat sink [70] was proposed to trap and rotate 200 nm particles. In this
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approach, the thermal energy generated by the absorption of the optical energy in the
water solution surrounding the near-field trap was dissipated through the underlying
copper film and silicon substrate. Plasmonic-induced heating is expected to become
an important tool for several applications because of its simple optics, versatile and
low-power operation, applicability to diverse nanoparticles, and tunable working
wavelengths [74].

4 Optical Manipulation Using Plasmonic Nanostructures

The first experimental implementation of POTs was by Garcés-Chavez et al. [76];
they achieved self-assembly of microparticles at the flat gold/water interface (see
Fig. 5a) using the Kretschmann—Raether configuration (see Fig. 5b). In the same
year, Volpe et al. [66] measured the momentum transfer from SPPs to microbeads
using a photonic force microscope. They noted that the modulus of the optical
force undergoes exponential decay with respect to the distance from the interface,
similar to the exponential decay of the plasmon field (see Fig. 5c). Two years after
the first experimental demonstration of POTs, Grigorenko et al. [77] verified the
use of a localised electromagnetic field to trap 200 nm dielectric particles. They
achieved particle confinement with one order of magnitude higher trapping force
(2 nN for 1 wm particle near the nanostructure) than that of conventional tweezers.
Gold optical nanoantennas with a narrow gap have also shown to improve trapping
efficiency and have been used to trap live bacteria with laser intensities that are
much lower than the damage threshold, as shown in Fig. 5d [78]. A similar dipole
nanoantenna was later used for the trapping and sensing of 10 nm gold nanoparticles
[56] as well as 40 nm fluorescent nanodiamonds [79].

An array of bowtie nanostructures consisting of two symmetric triangular
structures facing tip-to-tip with a nanogap has also been used to trap submicron
particles in water [81] and buffer solutions [82] (see Fig. 6a). Although the electric
field enhancement in bowtie nanostructures is smaller than that in dipole antennas,
the former can support multiple resonances [83]. Yoon et al. [84] performed label-
free nanoscopic monitoring of a single trapped nanoparticle by illuminating it
with a pair of nonlinear point-like sources in a tapered plasmonic nanoantenna.
In this work, a pair of oscillating point-like nonlinear optical sources were used
to illuminate the quantum dot (QD) trapped between two potential wells formed
in the bowtie nano-apertures (Fig. 6b). The authors measured Kramers hopping by
analysing the high-contrast nonlinear optical spikes generated [84, 85]. Figure 6¢
shows pyramidal nanostructures that are used to trap various particles such as QDs
[86], A-DNA [87], and polymer chains [88]. An interesting approach with diabolo
geometry has also been demonstrated through the first nano-optical vortex trapping
of a silica particle with a refractive index smaller than that of its surrounding
[89]. Moreover, the trapping efficiency and thermal side effects of POTs can be
further improved using aperture-based nanostructures, where the self-induced back-
action (SIBA) effect can also be examined. In SIBA optical trapping, the trapped



190 D. G. Kotsifaki et al.

(a)
Plasmonic
structures
— Prism
_L |
B
Incident Reflected
(c) (d)
E.
H
E E
E
#

L]
Force [IN]

Fig. 5 (a) Successive frames showing the formation of linear arrays of 5 pm particles owing to
an enhanced optical interaction resulting from SPP excitation using a Kretschmann-Raether prism.
(Figure reproduced with permission from Ref. [76]; copyright 2006 America Physical Society). (b)
Schematic of the Kretschmann-Raether configuration. (Figure reproduced with permission from
Ref. [80]; copyright 2016 IOP Science Publishing Ltd). (¢) The radiation force (i) vector and (ii)
modulus acting on a 2 wm particle as a function of the distance from the metal surface. (iii) Force
vectors for three different sizes of the particle when the distance between the metal layer and upper
surface of the particle is 500 nm. (Figure reproduced with permission from Ref. [66]; copyright
2006 America Physical Society). (d) Frames showing optical trapping of E.coli bacteria using
periodically arranged gold nanoantennas [78]; copyright 2009 American Chemistry Society

particle strongly influences the degree of local field enhancement and thereby plays
an active role in the trapping process [90-93]. To date, several theoretical and
experimental studies on near-field optical tweezers involving the SIBA approach
have been discussed [90-96]. For example, a coaxial nano-aperture with a 10 nm
gap in a gold film was fabricated to trap nanoparticles and proteins (see Fig. 6d).
In the double nanohole (DNH) configuration (see Fig. 6e) trapping occurs at the
cusps where the holes overlap. This can lead to a very small trapping volume and
is therefore efficient in handling sub-10 nm particles [97, 98]. Apart from single
biomolecule trapping [98], DNH optical tweezers have also been applied to trap
and manipulate dielectric [99], silica [97], and magnetic [100] nanoparticles.

A smart design of the optical landscape is required for the dynamic manip-
ulation of nanoparticles in short-range plasmonic near-fields. Chen et al. [101]
demonstrated a plasmon-enhanced optical lattice to guide and arrange nanoparticles
over a distance of a few micrometres. In their work, the plasmonic lattice was
illuminated by a resonant Gaussian beam, which created a periodic optical potential
that was used to trap and transport nanoparticles simultaneously, as shown in Fig.
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Fig. 6 (a) An array of bowtie nanostructures. (Figure reproduced with permission from Ref.
[81]; copyright 2011 America Chemistry Society). (b) Bowtie nano-aperture configuration. (Figure
reproduced with permission from Ref. [84]; copyright 2018 Springer Nature). (¢) Nanopyramidal
dimer array nanostructure. (Figure reproduced with permission from Ref. [87]; copyright 2013
America Chemistry Society). (d) Coaxial nano-aperture. (Figure reproduced with permission from
Ref. [95]; copyright 2018 America Chemistry Society). (¢) DNH nanostructure. (Figure reproduced
with permission from Ref. [100]; copyright 2016 America Chemistry Society)
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Fig. 7 (a) Intensity enhancement and profile of an optical lattice created under Gaussian illumina-
tion as a 500 nm particle enters at the edge of the array and is attracted towards the central region.
(Figure produced with permission from Ref. [101]; copyright 2013 America Chemistry Society).
(b) Nano-optical conveyor belt generated by the controlling polarisation. (Figure reproduced
with permission from Ref. [102]; copyright 2014 America Chemistry Society). (¢) Holographic
plasmonic tweezers. 200 nm diameter particles can be moved in arbitrary patterns by shifting
the phase of the plasmon waves in space. (Figure reproduced with permission from Ref. [104];
copyright 2014 America Chemistry Society)

7a. Following this work, Hansen et al. [102] theoretically proposed and Zheng
et al. [103] experimentally demonstrated a nano-optical conveyor belt, in which
closely placed optical traps were activated in a sequential manner to transport a
trapped particle to adjacent traps using optical peristalsis (see Fig. 7b). An all-
optical technique was proposed by Huft et al. [104], in which the dynamic trapping
and manipulation of nanoparticles was demonstrated using plasmonic holograms
(see Fig. 7c). In their work, a focussed hot spot was created by modifying the
incident illumination pattern with a spatial light modulator through plasmon wave
interference and could be used to manoeuvre trapped 200 nm dielectric particles
across a surface.

Several studies have demonstrated the use of plasmonic nanoring arrays, which
enable tunability of the resonance frequency in the near-infrared region for optical
trapping and sorting of nanoparticles [80, 105, 106]. These studies investigated
the trapping performance of plasmonic nanostructures by manipulating 100 nm
polystyrene particles with a low incident trapping power of 1 mW [80]. Moreover,
they found that, by using the abrupt phase changes of the proposed plasmonic
nanostructures, the detection sensitivity can be improved by a factor of ten compared
to that in excitation spectra methods [80].
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Fig. 8 (a) Left: Schematic of an array of nanoring nano-apertures. Right: Scanning electron
microscope (SEM) image which also illustrates the concept of nanoparticle trapping. (Figure
produced with permission from Ref. [107]; copyright 2021 IOP Science). (b) Left: Schematic of
an array of asymmetric split-ring nano-apertures. Right: SEM image of the metamaterial. (Figure
reproduced with permission from Ref. [108]; copyright 2020 America Chemistry Society)

Han et al. [105, 106] demonstrated optical trapping of micro- and nanoparticles
using a POT based on annular nano-aperture arrays. The authors performed sequen-
tial single-particle trapping within specific trapping sites and concluded that their
proposed POT configuration had the potential to be used in lab-on-a-chip devices
for efficient nanoparticle trapping with high tenability [106]. However, the trapping
or sensing of nanoparticles using nanostructures suffers from an intrinsic problem
of low-throughput, as the particle delivery process is often diffusion-limited. More
recently, the same research group trapped nanoparticles both quickly and efficiently
in arrays of plasmonic coaxial nano-apertures with different inner ring sizes, as
illustrated in Fig. 8a. By illuminating an array of nanorings with an inner disk
diameter of 149 nm, a 20 nm dielectric particle was trapped in 8 s [107]; this helps
bridge the gap between optical manipulation and nanofluidics. For nanostructures
that are small compared to the wavelength of the incident light, only plasmons
having finite moments can be excited. The symmetry breaking of the nanostructures
introduces interference between the dark modes and broad bright modes, leading
to a Fano resonance peak. Fano resonance peaks are quantum phenomena due to
the interference of discrete state with a continuum [109]. These resonances are also
demonstrated in the artificial nanostructures that support both the radiative (bright)
and localized (dark) modes [110]. Photons in the bright modes have large radiative
loss to the incident electromagnetic light, resulting in broad spectral bandwidths. On
the other hand, photons in dark modes have small radiative loss, leading to narrow
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spectral bandwidths and high quality factors of the resonances. This Fano resonant
peak is highly sensitive to modifications of the surrounding medium, rendering these
nanostructures particularly attractive for optical trapping and sensing applications.
Therefore, an array of asymmetric split nano-apertures (ASR) (see Fig. 8b) was
fabricated to improve the trapping performance by several factors and reduce the
diffusion time [108, 111]. The ASR nano-aperture configuration increased the on-
resonance trap stiffness by a factor of 60 compared to the off-resonance trap stiffness
owing to the ultrasmall mode volume, which enables large near-field strengths.

Hybrid photonic-plasmonic tweezers that are based on plasmon excitation have
gained considerable attention as they enable efficient optical manipulation of
trapped nanoparticles in lab-on-a-chip devices and enhance light-matter interac-
tions between trapped nanoparticles and integrated photonic systems [112—114].
Recently, a periodic chain of gold nanorods coupled to a silicon photonic waveguide
was demonstrated to trap single nanoparticles and form well-defined, sell-assembled
nanoparticle clusters [112]. The authors showed that a single plasmonic trap on
a silicon waveguide can generate a pattern equivalent to that of seven traps with
comparable trap stiffnesses which is achieved through the balance of optical forces,
surface topography, and electrostatic interactions [112].

S Applications of Plasmonic Optical Trapping in Life
Sciences

Nano-aperture optical trapping has emerged as an essential approach to detect and
identify biological entities and their interactions at the single-particle level. Com-
pared with other single-molecule detection approaches [115] such as fluorophore-
based methods [116] or single-molecule fluorescence resonance energy transfer
(FRET) microscopy [117], biosensing with nano-optical tweezers offers intrinsic
information about the trapped biomolecule, and allows label-free and low-cost
operation. Hence, plasmonic nanostructures with large local field intensities and
high transmission efficiencies have emerged as the most promising architectures for
biological applications.

In the last few years, DNH nanoholes in metallic films have been extensively
used to trap, hold and sense biomolecules and dielectric nanoparticles (see Fig.
9). Using DNH optical tweezers integrated with an inverted microscope trapping
system (see Fig. 9a), Gordon et al. [40] successfully demonstrated the detection
and identification of biomolecules and their interactions. By employing a platform
of DNH nanotweezers, Pang and Gordon [98] experimentally demonstrated the
trapping and unfolding of a single bovine serum albumin (BSA) molecule with
a radius of 3.4 nm. The transition of the BSA molecule between the normal and
fast forms upon trapping was also confirmed by experiments using various optical
powers, as well as by changing the ionic concentration of the solution [98]. The ease
of trapping a single protein molecule with this plasmonic tweezers platform has
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Fig. 9 (a) POTs based on a DNH aperture. The top left corner shows the SEM image of the
DNH fabricated using a focussed ion beam (FIB). The circular inset shows a gold DNH with
20 nm polystyrene spheres suspended in water. (Figure reproduced with permission from Ref.
[99]; copyright 2014 American Chemistry Society). (b) Time trace of optical transmission through
the DNH, with the insets showing the trapping of a 20 nm biotin-coated polystyrene particle and
the binding process between the polystyrene particle and streptavidin. (Figure reproduced with
permission from Ref. [118]; copyright 2013 Optical Society. (¢) Suppression of DNA hairpin
unzipping by tumor suppressor protein p53: (i) wild type p53 suppresses the unzipping of the DNA
hairpin with a delay of approximately 10 s, (ii) cumulative probability as a function of unzipping
time At for p53-DNA complex and DNA alone, and (iii) energy reaction diagram showing
increased energy barrier AU. (Figure reproduced with permission from Ref. [119]; copyright 2014
Optical Society)

prompted researchers to hypothesise a possible development of this configuration
in a biosensor for single protein detection [98]. Following this work, Balushi et al.
[118] experimentally demonstrated the trapping of 20 nm biotin-coated dielectric
particles and their binding with streptavidin molecules by measuring the optical
transmission through a DNH aperture. Biotin—streptavidin binding was detected
by an increase in the optical transmission through the DNH aperture (see Fig.
9b). To ensure that the observed increase in optical transmission was owing to the
specific binding of streptavidin to biotin, the authors also performed two control
experiments using saturated streptavidin and non-functionalised dielectric particles;
neither of the control experiments resulted in a similar optical transmission behavior
[118]. By adopting the same trapping system, Kotnala and Gordon [119] studied
the interaction between the tumor suppressor pS3 protein and 10 base pair single
stranded DNA-hairpins (see Fig. 9c). They demonstrated the unzipping of individual
10 base pair DNA-hairpins and quantified the unzipping delay by the p53 protein.
The long unzipping delay implies a strong binding between the p53 protein and
the DNA molecule (see Fig. 9c inset (i)). The cumulative probability shown in
Fig. 9c inset (ii) shows that, for a given probability range, the unzipping time is
always greater than 10 s for the wild-type p53-DNA complex compared to DNA
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alone [119]. The energy barrier to the unzipping suppression was found to be
approximately AG = 2 x 10720 J, which is lower than the binding energy of p53
(AG =69 x 10720 ) [119]. Although the authors did not discuss the mechanism
of interaction between the DNA and p53 molecules, they revealed the capability of
DNH optical nanotweezers to study the interaction between proteins and short DNA
molecules directly without the need for tethers of fluorescence labels, as is typically
employed in experiments performed using conventional optical tweezers.

Furthermore, DeWolf and Gordon [120] and Wheaton et al. [121] demonstrated
extraordinary acoustic Raman (EAR) spectroscopy to directly measure the Raman-
active vibrations of single trapped biomolecules and nanoparticles, respectively,
by integrating two trapping lasers having tunable frequency differences with DNH
optical tweezers. The vibrational modes of biomolecules reflect their structure and
conformations; in the case of proteins, these provide valuable information about
their allostery, which in turn is associated with various diseases. The physical
mechanism behind EAR is based on the electrostriction force that leads to heating
and increased Brownian motion of the trapped biomolecule at the trapping site.
In one case, when the protein was trapped in the DNH [121], the lasers were
detached from each other, creating a tunable beat frequency between them. This
beat frequency was then used to modulate the electrostriction force on the trapped
protein in the nanohole. When the beat frequency matched the frequency of one
of the protein’s acoustic modes, the resonance motion of the protein increased the
temperature of the system, leading to an increase in the root mean squared (RMS)
variation of the transmission signal. This increase in the RMS was recorded to detect
resonance and create a Raman spectrum by plotting the RMS of the signal against
the beat frequency between the two laser sources. The spectra of two proteins,
streptavidin and conalbumin, are shown in the left column of Fig. 10. Additionally, a
theoretical anisotropic elastic network model was developed to associate the protein
modes and calculate the Raman intensity by treating the protein as a polarisable
ellipsoid [120]. Figure 10 shows the experimentally obtained EAR spectra (left) and
computationally modeled Raman spectra (right) of the two proteins. The intensity
and frequency of the major peaks, as well as some of the minor peaks, obtained using
the theoretical model are in agreement with the experimental results. Thus, EAR
spectroscopy is an important tool for studying the acoustic modes of bio-entities in
the nanometre regime.

At present, nanopore-based detection platforms rely on the modulation of an
ionic current to report small changes in the physical size of the analyte during
its passage through the nanopore [123]. However, the requirement of individual
current amplifiers for the read-out of each nanopore, the lack of full motion
control of the biomolecules, and the low temporal resolution, limit the platform
density for scalable integration of the chip [123]. Some strategies to reduce these
limitations have been employed, but these require labelling and fail to demonstrate
the full external motion control of the biomolecules. Alternatively, POTs have
demonstrated the capacity to retain small particles in their sensing volume through
optical trapping. Therefore, Verschueren et al. [122, 124] have combined POTs with
metallic nanopores to create a new method for single-molecule manipulation. They
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Fig. 10 Left column: Acoustic Raman spectra of five proteins obtained using DNH optical
tweezers and two trapping lasers to create a beat frequency. The increase in noise amplitude
as a function of the beat frequency is plotted. Right column: The theoretical Raman intensity,
calculated by applying an elastic network Raman ellipsoid polarisability model. (Figure reproduced
with permission from Ref. [120]; copyright 2016 American Physical Society)
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Fig. 11 [t]Schematic of an inverted bowtie plasmonic nanopore optical tweezers. The light
transmission is monitored by sandwiching the plasmonic nanostructure in between two objective
lenses, one for excitation and one for collection of the transmitted light. The ionic current
is observed simultaneously using a convectional current amplifier. (Figure reproduced with
permission from Ref. [122]; copyright 2018 American Physical Society)

integrated a nanopore at the feed gap of an inverted bowtie-shaped nano-aperture
to achieve simultaneous ionic current and optical transmission based detection
of single-molecule DNA translocations [122] and beta-amylase protein [124], as
shown in Fig. 11. The electrophoretic force from the nanopore and the gradient
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force from the plasmonic nanostructure constitute two independent control handles
at the single-molecule level that pull the molecules towards the sensor and retain
them there. They also confirmed the presence and reported the conformation of the
biomolecules by monitoring the changes in the light intensity transmitted though a
resonant nanoscale aperture [124].

6 Optothermal Plasmonic Optical Tweezers

A large temperature gradient can cause a repulsive force between the trapped
particle and the high-temperature zone. To address this drawback, Ndukaife et
al. [68, 125] introduced a hybrid electro-thermo-plasmonic nanotweezers. They
demonstrated long-range nanoparticle trapping by exploiting the synergistic effects
of an externally applied electric field and the plasmonic field enhancement of an
array of subwavelength nanoholes in a gold film. Specifically, by illuminating
metallic nanostructures, the localised heating of the fluid creates a local gradient
in the fluid’s electrical permittivity and conductivity. When an AC electric field is
applied in the presence of these gradients, it gives rise to an electric force that in
turn impacts the drag force on the suspended particles and transports them to the
plasmonic hot spots at a significant speed. Figure 12 shows the thermoplasmonic
platform in which an electrothermoplasmonic (ETP) flow arises from the combined
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Fig. 12 A hybrid electrothermoplasmonic tweezers platform where the forces present when the
laser illumination is “ON” and AC electric field is either “ON” or “OFF”. (Figure reproduced with
permission from Ref. [125]; copyright 2018 American Chemistry Society)
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Fig. 13 Top: Particle trapping at the microbubble generated by a plasmon-enhanced photothermal
effect. Bottom: By controlling the laser beam, the microbubble is moved to create patterns of
particles dictated by the trajectories of bubble movement. Left: Time-resolved process for drawing
a straight line using 540 nm dielectric particles on a gold nano-island substrate. Right: Dark-field
optical image of the surface plasmon pattern composed of 540-nm dielectric particles. (Figure
reproduced with permission from Ref. [127]; copyright 2016 American Chemistry Society)

action of the induced thermal gradient and the applied AC electric field [125]. Note
that this method is limited to fluids with low ionic concentrations, thereby excluding
most biofluids, whereas the localised nature of the plasmonic hot spots limits the
dynamic manipulation of the POT.

Recently, Lin et al. [126] developed an opto-thermoelectric trapping technique
that exploits plasmonic-induced heating. By optically heating a metallic substrate, a
light-directed thermoelectric field can be generated owing to the spatial separation
of the dissolved ions within the heating laser spot. This enables the manipulation
of nanoparticles of various of materials having, sizes and shapes with single-
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particle resolution [126]. The developed optothermal manipulation techniques
based on microbubbles and optothermal POTs are advantageous for controlling
the fabrication of plasmonic nanostructures, and they offer diverse functionalities,
including optothermal assembly and printing [127]. Plamsonic heating of a gold-
coated substrate generates microbubbles on the illuminated area, which creates a
Marangoni convective flow because of the surface tension gradient at the vapour—
liquid interface (see Fig. 13). The microbubbles can be exploited to manipulate and
assemble the colloidal particles on the substrate, where they are immobilised owing
to van der Waals interactions [127]. Note that manipulation with optothermal POTs
is reversible in nature, such that they can trap particles in the presence of a thermal
gradient and release them when the gradient is absent.

Most recently, Kotnala et al. [75] demonstrated nano-aperture-based plasmonic
tweezers for the dynamic manipulation of nanoparticles in short-range plasmonic
near-fields. By enhancing the local temperature through the collective heating
of closely spaced plasmonic nano-apertures, a robust convective fluid flow was
generated that moved the tracer particles close to the trapping region. This technique
used Rayleigh-Bénard convection to create a convection-assisted trap for POTs
with a low trap stiffness while the bubble-induced Marangoni convection was
used to create a bubble-assisted trap for POTs with a high trap stiffness [75]. By
using thermal activation, this technique facilitates rapid delivery of analytes with
an increased concentration to the functional surfaces of the nanostructures, thus
improving the overall sensitivity and throughput.

7 Future Perspectives

The manipulation of nanoparticles is critical for investigating single-particle pro-
cesses in physics, chemistry, and the life sciences, as well as for the construction of
nanodevices and molecular machines. However, molecular manipulation is strongly
suppressed by Brownian motion. Therefore, an in sifu single-molecule identification
technique is essential for detecting single-molecule trapping events. By changing the
wavelength, polarisation, and intensity of the incident light, the surface plasmon-
enhanced electromagnetic field can play a critical role in single-molecule trapping
[58], while achieving precise selectivity. Moreover, plasmonic optical trapping
brings new opportunities to the field of molecular electronics [128], such as
constructing optically controlled single-molecule junctions, which can achieve an
increased detection efficiency.

Additionally, molecular chirality is strongly related to biological functions and is
critical for several applications. Improvements over state-of-the-art techniques are
required to detect and achieve enantiopurity for pharmaceutical and agrochemical
applications. This necessitates further enhancements in chiral optical near-fields
in the mid- to near-ultraviolet regimes, where most molecules of interest exhibit
electron resonances. Existing separation methods rely on unique ways in which each
molecule in an enantiomeric pair interacts with other chiral molecules. However,
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these chemical processes may introduce unwanted side products. In contrast,
using POTs, enantioselective optical trapping can be achieved at the nanoscale by
combining chiral optical forces with efficient metallic nanostructures [129, 130].

The ability to completely control crystallisation from a solution impacts several
scientific and industrial fields. This is because the functionalities of the resulting
crystalline materials are influenced by the crystallisation process, and detailed
exploration of the fundamental mechanism behind this process often demands a
spatiotemporally predictable nucleation mechanism that has a stochastic nature.
The plasmonic optical trapping-induced crystallisation of acetaminophen provides
insight into crystallisation control [131] and paves the way for an alternative
approach to design the crystallisation process from a solution. In this example,
crystallisation occurs in a gold nanolattice pattern because of the excitation of the
surface plasmons, such that the crystals are transformed to a highly concentrated
droplet [131]. The position of the crystals was manipulated by changing the focal
spot position [131]. These results highlight that the plasmonic optical trapping
achieved by designed near-field and temperature distributions can manipulate both
the molecular assembly and the creation of functional crystalline materials at the
nanoscale. In summary, POTs have been widely studied and applied, but further
efforts are still needed for their commercialization.
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Plasmon-Enhanced Optical Tweezing )
Systems: Fundamental and Applications ik

Mohammad Hazhir Mozaffari

Abstract Optical tweezing systems have heralded a revolution in nanoparticle
science while they pose unique challenges, mainly due to low optical gradient force.
A promising candidate that can provide the highly concentrated field intensity and
vastly enhances the gradient force is surface plasmon. Hence, plasmon-enhanced
tweezers have matured to a stage where today become increasingly attractive for
optical manipulation applications. In this chapter, first, the physics behind the
optical tweezing with focusing on plasmonic tweezers is explained, and as an
example, a nano-bowtie plasmonic tweezer is simulated while its capability in the
trapping of the nanoparticle is investigated. According to finite-difference-time-
domain (FDTD) simulations, the device exerts a trapping force of 150 pNW~!
on a 40 nm virus-like-particle. Next, the applicable types of plasmon-enhanced
tweezers are briefly introduced through a classification of these devices in two main
generations. Finally, an intuitive overview of some of the widest applications of
optical and plasmonic tweezing systems have found in various fields, is presented.

Keywords Optical tweezer - Plasmonic tweezer - Optical force - Trapping
force - Optical trapping - Manipulation of nanoparticles

1 Introduction

The light can exert a force is now well understood. This force was predicted by J. C.
Maxwell in 1873 whereas an experimental demonstration of radiation pressure from
light was performed before the idea of a photon was suggested [1]. The radiation
pressure was inferred from the concept of light being a wave.

With the appearance of quantum mechanics, and the definition of photons as the
minimum unit of energy carried by a light beam, the force exerted by light could
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be described as the transfer of a photon’s momentum to a scattering or absorbing
object.

The optical force arises from objects changing either the magnitude or direction
of the momentum vector:

dp
F = o (1
where p is the momentum vector, F is the optical force vector and ¢ is time.

Everyday experience tells us that if there is an optical force, it must be
particularly small. It is therefore perhaps predictable that the phenomenon has found
application in nanoscience. An object’s volume, and therefore mass, scales with the
cube of its radius, meaning a factor of a million reduction in radius gives a 10'8
reduction in mass. The first observation of microscopic particles being influenced by
light came in 1969. Ten years after the invention of the laser, Ashkin, and coworkers
[2] demonstrated that a laser could accelerate microscopic particles at 10° times
acceleration due to gravity. In their experiment, thermal effects were evaded by
using transparent particles that did not absorb light, nonetheless did deflect the light
since the particles having a higher refractive index as compared to the surrounding
fluid index. Ashkin described that the particles were drawn into the beam axis
and accelerated in the direction of the light, which hints at the presence of two
mechanisms, one to pull the particle in and one to push the particle upwards. As
a result, an optical tweezer is defined as a device that uses tightly focused light to
trap and move particles. Developed by Ashkin in 1986, and originally termed as a
“gradient force optical trap,” optical tweezers represented a significant development
in optical trapping [3]. The key feature of this technique is the focusing of the beam,
which makes use of the propensity of light to pull high refractive index objects into
high-intensity regions. Hence, we need a highly localized field intensity gradient
to increase the gradient force and consequently to realize stable optical trapping.
In recent years, the use of metal nanostructures with localized surface plasmon
resonances (LSPRR) has gained many achievements in making optical tweezers. In
fact, they can provide intense and highly concentrated resonant fields smaller than
the radiation wavelength (near field) that leads to an increased gradient force. This
increased gradient force can, potentially, overcome the restrictions and drawbacks
of conventional optical tweezers.

In this chapter, the theoretical aspects of these plasmonic tweezers are explained.
For reaching this goal, first, we explain that how optical tweezers work and
then focus on concepts of surface plasmon to explain plasmon-enhanced optical
tweezers while as an example of plasmonic tweezer, we simulate a nano-bowtie
tweezing system and investigate its ability in the trapping of the nanoparticle. After
that, the applicable types of plasmonic tweezers are briefly introduced through a
classification of these devices in two main generations. Finally, various applications
of state-of-the-art tweezing systems are described.
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2 Theoretical Aspects of Plasmonic Tweezers

As mentioned, the ability of light to exert a force for manipulation and trapping of
particles was being founded by Ashkin. Basically, light not only has power but also
has a momentum according to the electromagnetic theory. When light illuminates
an object, there is a momentum change due to the scattering of the incident photons,
then an optical radiation pressure is exerted on the illuminated object. When the
object is a transparent dielectric particle, there are reflections inside the particle,
and a trapping force may be exerted on this particle. A typical optical tweezers
system is formed through a laser beam being focused onto a particle by an objective
lens. Take Gaussian beam as an example, as shown in Fig. 1. Optical trapping can
be broken down into two parts, namely, axial trapping and lateral trapping. In axial
trapping, the particle will experience a force due to scattering and refraction.

The force is composed of two components. One is scattering force, which usually
pushes the particle along the light propagation direction. It is proportional to the
Poynting vector of the optical field. The other is gradient force, which normally
attracts the particle to the laser focus area. It is proportional to the gradient of the
light intensity. To realize optical manipulation, the gradient force must overtake
the scattering force as well as other destructive forces such as the force resulting
from the kinetic energy of matter and the Brownian motion. Lateral trapping is also
indispensable for 3 dimensional (3D) manipulation. The axial gradient force pulls
the particle towards the focal spot, overcoming the scattering force, the gravity, and
the buoyancy of the particle. When the particle comes to the Gaussian laser beam,
the light at the center of the beam is usually stronger than the light at the edge, so
the gradient force will pull the particle to the center of the beam (Fig. 1). In other
words, the gradient force pulls the particle in the direction of maximum focalized
laser beam intensity and the scattering force gets the particle out from the beam
focal point in the direction of the incident light. Equations (2) and (3) show the
scattering force and the gradient force generated by a focalized beam emits to a
spherical dielectric particle in the Rayleigh regime in which the particle radius (R)
is much smaller than the radiation wavelength (R < \o/10) [4].

Fig. 1 Schematic diagram of (a) (b)
(a) axial trapping and (b)
lateral trapping of a dielectric Laser beam
particle in a laser beam
(Gaussian beam) focused by

an objective. (FGrap is the 4
gradient force, and Fgcar is
scattering force)

Gaussian beam
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In these equations, n,,4 is the refractive index of the environment, C is the speed
of light in a vacuum, C;.4; represents the scattering cross-section, R is the radius of
the particle, m is the particle refractive index/medium refractive index ratio, / (7) is
the intensity of the beam, Z is the propagation axis, 7 (7[) is the induced dipole

of the particle caused by the instantaneous electric field (T?) (71)) of the beam
and the beam wavelength is X¢. According to these equations, the scattering force
changes with the sixth power of the particle radius while the gradient force is related
to the third power of the particle radius. Therefore, as the particle size increases, the
scattering force increases intensely and, can overtake the gradient force, leads to
instability in optical tweezing. In contrast, the excessive reduction of the particle
size will be associated with two significant effects that both lead to the tweezing
instability [5]: First, reducing the particle radius, in turn, decreases the gradient
force proportional to the third power of the particle radius, and secondly, the viscous
drag is reduced, which raises the Brownian motion. Therefore, optical tweezers are
useful for trapping and manipulating particles of a certain size range. This known as
stability range (Rpuin < Rstabiliy < Rmax), and only when the target particle is in this
range the optical tweezing can be accomplished merely. The first term of Eq. (3)
cannot be improved and is the constant part of the equation. However, the second
term, the V/ (7), can be changed in order to enhance the gradient force. Increasing
this part can increase the particle stability range; i.e. it can lessen the dependence of
the tweezing stability on the particle radius variation. Thus, the intensity gradient,
(VI (7)), should be very high that the product of these two parts yields an adequate
gradient force of the order of femto or pico-Newton. Therefore, the optical tweezer
needs a highly localized electric field for providing adequate gradient force and to
realize proper manipulation.

One promising candidate that can provide the highly concentrated field intensity
is surface plasmons and an optical tweezer that works on this principle is known as
a plasmonic tweezer.

The surface plasmon occurs in two main forms which are illustrated in Fig. 2:
(1) surface plasmon polaritons (SPPs) and (2) localized surface plasmon resonances
(LSPRRs).

Surface plasmons are the collective oscillations in the electron density at the
interface of the two mediums with different electric constant where the zero electric
constant allows the coupling of surface charge oscillations to electromagnetic
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Fig. 2 Schematic illustration VA
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waves. A mixture of a surface plasmon and a photon excitation is called an SPP.
Consider a plane interface between two media, one having a complex frequency-
dependent dielectric function &1(w) and the other having a real dielectric function
&2(w). If the interface is at the plane z = 0, the electric field of the surface polariton
propagating at the interface (z = 0) in the x-direction can be expressed as [6]:

Eyp (x, 7) = Ege'hor* Nl 4)

This field proposes a surface plasmon mode propagating along the interface with
wavevector kgp and exponentially decaying from the interface with decay constant
k,. Ey is the electric field at beginning of the path and the wavevector ks, and normal
component k, are as follows:

w\2 ejen
K2 =(=2) —/——= 5
P (C) e +er ©)
bz C el+eg(J_ ’

To have a sustainable solution, the normal component has to be purely imaginary
in both media giving rise to exponentially decaying solutions. The following
conditions must be satisfied [7]:
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el (w) xe1(w) <0

)

g1 (w)+¢1(w) <0 (8)

meaning that the SPPs can exist only at the metal-dielectric interface, where metal
has a large negative real part of the dielectric constant.

In addition to SPPs, the second fundamental excitation of plasmonic is called
LSPRR, which are non-propagating excitations of the conduction electrons of
metallic nanostructures coupled to the electromagnetic field. LSPR is the result of
the confinement of surface plasmon. LSPR can also be described by the localization
of free electrons induced by external excitation. It leads to a strong electric field
enhancement. The frequency of LSPR can be determined through solving Laplace’s
equation while invoking proper boundary conditions. If the size of the nanostructure
is much smaller than the wavelength corresponding to the frequency of LSPR, then
quasi-electrostatic approximation is applicable in solving the equation. If a spherical
metallic particle of size a is much smaller than the wavelength of light, a quasi-static
approximation can be applied to solve for the electric field inside and outside the
particle which described in Eq. 9, and Eq. 10.

3e,

Ei, =E 9
in 08 T 3s,, )
3n(n.p) —
Eout = Eo+ 2P = P (10)
drege,r
Where p is the induced oscillating dipole moment:
p = €oemaEg 11
and the polarizability is defined as:
= dmad £ _ e +ie" —eo (12)

&+ 2¢ey g +ig” 4+ 2¢g

where ¢’ and ¢// represent the real and imaginary parts of the permittivity of the
nanosphere respectively. According to these equations, the polarizability of the
metallic nanoparticle experiences a resonant enhancement under the circumstance
that |¢ + 2e&p| is a minimum, simply Re [¢ (w)] = —2¢en. This relationship is
called the Frohlich condition, and the associated mode is called the dipole surface
plasmon of the metal nanoparticle. The magnitude of the electric field outside the
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nanosphere will be maximum when ¢’ + 2g9 = 0. This is the resonance equation of
the dispersion relation for a nanosphere. This case can be described as:

—2¢ je" — & 3¢
g= 20T 0y 2%, (13)
€

According to this equation, the polarizability is positively correlated to the
dielectric constant of the ambient environment and negatively correlated to the
imaginary part of the permittivity of the nanosphere. Thus we can either increase
the refractive index of the environment or decrease £// to obtain a stronger electric
field.

When the size of the nanosphere size increases, the contribution from higher
multipole, especially the quadruple term, becomes more and more significant. The
calculation of LSPR in higher-order mode can be obtained by simulation or by Mie
scattering theory.

As mentioned, the surface plasmon resonance is largely dictated by «, and
hence is the resonant enhancement of both internal and external fields. This field-
enhancement is the key to many applications of metal nanoparticles in optical
devices and sensors [7]. Surface plasmon can break the optical diffraction limit and
has a near-field enhancement effect. With these two characteristics, it can improve
the performance of the traditional optical device, induce many novel physical
phenomena, and realize new device functionality. Developed in the last 10 years,
the plasmonic tweezer is a novel technique in optical manipulation using surface
plasmon. The surface plasmon field can significantly improve the gradient force,
greatly reduce the requirement of the intensity of the light source, and solve the
problem of the weak field in the evanescent wave tweezers system. LSPR excited
among metallic particles can have a coupling with the surface plasmon excited in
the plasmonic tweezers system, thus enhancing the electric field and the gradient
force. Therefore, particles are more easily to trap by plasmonic tweezers. In 1997,
it was demonstrated that a sharp metal tip excited by a laser beam could create
sufficient optical force to trap nanoparticles close to the surface of the metal
tip [8]. Under certain conditions, the charge concentrations, due to geometrical
properties of the metal structure, generate highly localized evanescent field intensity
that damps exponentially as get away from the interface, thus exerting strong
gradient forces providing efficient optical trapping and manipulation. These fields
due to surface plasmon can increase the confinement and the depth of the tweezing
potential, making the tweezing more stable in the nanometer regime. Two years
later, Okamoto and coworkers [9] proposed a plasmonic tweezer employing the
confined light which is transmitted through a sub-wavelength aperture in an opaque
metallic film. Based on these important early works, the coming-of-age of plasmon-
enhanced tweezers occurred a decade later when small particles were trapped by
the use of low-power exciting lasers [10], opening new frontiers for trapping and
manipulation of nanoparticles.
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Fig. 3 Schematic illustration of a gold bowtie plasmonic tweezer
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As an example of plasmonic tweezer here we simulate a nano-bowtie tweezing
system and investigate its ability in the trapping of the nanoparticle. The schematic
of the proposed tweezer is depicted in Fig. 3 where a gold nano-bowtie with a
thickness of 70 nm has been located on a 50 nm-thick SiO, substrate. The altitude
and the base of the coupled triangles are 200 nm while the gap between them
is considered to be 5 nm. To mimic practical conditions in our simulations, the
bowtie is considered to be immersed in the deionized water (effective refractive
index = 1.33) with a height of 200 nm above the tweezer top surface.

In our 3D FDTD simulations, a perfectly matched layer (PML) boundary
condition with 32 PML layers and the mesh size of 2 nm are considered whereas
a horizontally polarized Gaussian laser beam (10 mW) located close to the chip
top surface (2 pwm) is employed for exciting the resonant modes. The results of the
simulations are illustrated in Fig. 4 where the distribution profile of the LSPRR
field intensity within the sample bowtie plasmonic tweezer is illustrated. As shown
in both 2D and 3D profiles, the LSPRR field intensity is purely confined in the gap
between the two nano-antennas on the interface between gold nano-antenna and the
dielectric.

To examine the tweezing capability of this plasmon-enhanced tweezer, we
calculated the total optical force exerted on a suspended bioparticle placed at
close proximity of the chip top surface (20 nm above nano-antennas). It is worth
noting that optical force exerted on a particle embedded in a viscous medium can
be calculated by different approaches, which can be derived by integrating the
momentum flux over a closed surface surrounding the particle. The main method of
optical force calculation is based on a potential or the Maxwell stress tensor method
[11].

We calculated the force exerted on a nanoparticle with a radius of 20 nm by
integrating the Maxwell stress tensor. The spherical nanoparticle with an effective
refractive index of 1.45 is modeled in the simulation to mimic virus-like particles.
The results are presented in Fig. 5. As shown, the maximum retainable longitudinal
trapping force is about 150 pNW~!. It is worth noting that the state-of-the-art
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Fig. 4 (a) 2-dimensional, and (b) 3-dimensional distribution of optical-electrical field intensity
within a sample nano-bowtie plasmonic tweezer

plasmon-enhanced tweezers demonstrate trapping force of 652 pN W~! on a 20 nm
diameter particle [12], ~ 0.3 nN W-lona25 pm diameter particle [13], ~ 0.53 nN
W1 on a 10 jum diameter particle [14], 9.8 pN W~! on a 10 wm diameter particle
[15], and 3.23 nNW~! on a suspended bioparticle with a radius of 10 nm [16].
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3 Types of Plasmonic Tweezers

In view of trapping forces, the plasmon-enhanced tweezers can be classified into two
generations [17]. The first generation works on the surface evanescent plasmonic
field with a nanostructured substrate. However, biosamples may be affected by
the photothermal convection caused by surface plasmon resonances. The second
generation of plasmonic tweezers in an effort to reduce the destructive effect
of photothermal convection merge the plasmonic enhancement and photothermal
effect as a combined trapping force.

3.1 First Generation

As stated before, the concept of plasmonic tweezers was theoretically proposed
in 1997. After that, the main aim of this device was to enhance the plasmonic
force provided by LSPRR in metal nanostructures knows as nano-antennas. By
employing a pair of nano-antennas in front of each other with a specified distance,
the resonant field generated in the gap between them is usually strengthened. A point
in which resonant electric field is strong known as the plasmonic hotspot [18] which
provides the optical tweezing and manipulation of the nanoparticles. The plasmonic
modes are influenced by various parameters such as the geometry, size, and optical
properties of nano-antennas [19]. Thus, several plasmonic tweezing systems based
on metallic nanoparticles such as nano-bowtie [20, 21], nano-rod [22], nano-ring
[23], double nano-hole [24], and nano-bowtie ring [16] have so far been proposed
in the first generation of plasmonic tweezer.
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Table 1 Properties of some novel works in the first generation of plasmonic tweezers

Size of the trapped

Nanostructure/material Wavelength (nm) | object (nm) Year

Bowtie + ring/Au 250-700 10 2019[16]
Nanowire/Ag 800 150 2019([28]
Nanohole/Graphene 8800 10 2016[29]
Cap/Au 717/767/817 100 2019(30]
Double nanohole/Au 975 20 2011[31]
Bowtie notch with curved grooves/Ag | 1064 100 2021[32]

Since in visible wavelengths the metal shows highly reflective behavior it may
block the illumination pathways, this disadvantage can be overcome by the use of
graphene because of its high transmittance, which is an alternative plasmonic.

material to gold and silver [25, 26]. Graphene as a one-atom-thick layer is
transparent in wide wavelengths, and its energy absorption is only 2.3-8.7%.
Moreover, in graphene plasmonic tweezers by changing the chemical potential
and conductivity of the graphene, the field enhancement can be controlled for a
fixed incident laser intensity. As an experimental evidence, Lee and co-workers
demonstrated that particles could be trapped by graphene nano-holes, with a local
field enhancement factor of 35.8 which was more than enhancement factors of gold-
based plasmonic structures [27]. Some state-of-the-art plasmonic optical tweezers
that can be classified in first-generation are summarized in Table 1, providing a
detailed comparison between the different trapping platforms.

3.2 Second Generation

As mentioned, the main shortcoming of first-generation plasmonic tweezers in bio-
analysis applications is photothermal convection, which will potentially damage the
biosamples. The illumination of plasmonic nanostructures with light leads to Joule
heating due to absorption. This generally complicates the trapping process because it
can result in convection currents, water boiling (in which the trapping is performed),
and to damage of the sample at high laser intensities [33]. Some approaches that
have been explored to mitigate this include the introduction of a high thermal
conductivity substrate (i.e., heat sink design) or by off-resonance illumination to
minimize the light absorption. For example, Wang et al. illustrated that heating can
be decreased about 100-fold by introducing a gold-copper-silicon heat sink design
with plasmonic nanoantennas [34]. On the other hand, the heating that accompanies
plasmon resonance can be turned into an advantage. Examples include plasmonic
photothermal therapies, the optical trapping and versatile manipulation of NPs and
biological cells using thermophoretic nanotweezers [35], and the long-range and
rapid transport of nanoparticles by the electrothermoplasmonic (ETP) flow [18].
Surface plasmon excitation can be accompanied by strong absorption, leading to
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local temperature increases. This in turn results in a large temperature gradient,
causing the thermal convection and thermophoresis or even boiling of the water.
Thermal convection, also commonly known as free convection or natural convection
of a fluid (usually water), takes place through the net displacement of the fluid that
is caused by buoyancy because the fluid density varies with the temperature. In
optical trapping experiments, since there have no any external sources (like a pump,
fan, etc.), the convection is only natural. The water that surrounds a plasmonic
nanotweezers structure is heated and thus flows upward due to buoyancy. Then this
hot water cools down via heat (or energy) exchange with the non-heated microfluidic
chamber walls and finally flows back to the plasmonic nanotweezers structure, thus
establishing a convective flow pattern which schematically is shown in Fig. 6.

Thermophoresis (also known as the Soret effect) moves particles along temper-
ature gradients of the background fluid [36]. The direction in which the particles
move by thermophoresis depends on the nanoparticle material. Polystyrene NSs,
for example, move from hotter to colder areas. However, this effect can be reversed
for very small particles (e.g., molecules) and at low temperatures (e.g., a few degrees
Celsius).

The main aim of the second-generation plasmonic tweezers is to present a
hybrid mechanism that combines the plasmonic enhancement and photothermal
effect through the mixed forces of thermal convection, thermophoresis, and optical
force. For example, Tsuboi and co-workers [37] founded that there is an optimum
LSPR excitation intensity for the stable tweezing of the nanospheres. Above the
optimum intensity, photothermal behavior such as thermophoresis disturbed the
trapping process. In comparison, by use of a gold film deposited on a cleaved
single-mode fiber, Ho and co-workers [38] fabricated a second-generation tweezer
for trapping Escherichia coli cells. In this design, stable trapping was attributed to
the force components, comprising thermophoresis, long-range converging lateral
thermal convective flow, and near-field optical force under 980 nm laser.

In another work a research group fabricated an original hybrid electro-thermo-
plasmonic nano-tweezers, that uses the interactive effects of LSPRR enhancement
and an A.C. electric field, providing fast trapping of particles through a complex
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interplay between thermal and optical forces [18]. In summary, during the past
decade some research groups work on the second generation plasmonic tweezers by
use of LSPRR induced by various nanoantenna structures and combining the related
optical force with the thermal force that facilitates the precise and non-invasive
tweezing of living biosamples even on the nanoscale, therefore will potentially
become mainstream bioparticle manipulation and trapping device in the future.

4 Applications of Plasmonic Tweezers

Exerting force on nanoparticles enables plasmonic tweezers in optical manipulation,
trapping, etc. Here we are describing the most apparent applications of this device:

4.1 Cell Biology

One of the most critical pieces of equipment that leads us to understand complex
cellular processes is optical tweezers. They can probe forces that are relevant to
cell biology in a minimally invasive way to search mechanical action and reaction
between cells or their environments. Combination of optical tweezers and cell
biology techniques help to the explanation of signaling pathways which is regulating
process like as binding or growth. Modify and control cell behavior are occupied
by using optical tweezers. As the size of the trapping target decreases, the main
concern to consider is the synchronously reduced radiation pressure. Moreover,
the thermal fluctuation will be comparable to the radiation force [39]. Plasmon-
enhanced tweezers because of their enhanced optical force can overcome both
issues. In the following, we illustrate some applications of plasmon-enhanced
tweezers in cell biology such as measurement of cellular adhesion forces, adhesion
and structure of bacterial pili, and guiding the growth of neurons.

4.1.1 Cellular Adhesion Forces

In cellular functions like endocytosis and migration, cellular adhesion has always
played an essential role. Adhesion occurs is caused by specific and non-covalent
binding between transmembrane receptors, such as integrins, and either counter-
receptors on other cells or extracellular ligands. As dynamic bonds, cellular bonds,
and their association and dissociation rates change by environmental factors for
instance mechanical stress. One of the important features in cellular dynamics is
regulation like spreading or migration. Exerting force by a cell on a substrate
depends on the linkage of the cytoskeleton to the extracellular matrix via the integrin
complex. To probe these forces, plasmonic optical tweezers are used either by
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trapping the cells themselves or by trapping microscopic colloidal probe particles.
The following two examples present this content:

(i) Optical tweezers were used by Thoumine and coworkers [40] to probe the
interaction between integrins and the extracellular matrix protein fibronectin in
fibroblasts. k,, represents the association and k. is used for dissociation rates
of receptors and ligands. These rates control the time evolution of the probability
p1(¢) that a single receptor is bound as follows:

kon —(k
D= —2 |1 g~ (kontkosp)t 14
p1(t) Kon + Kory [ e ] (14)

if adhesion bonds form independently, the probability, p,(?), that n out of a total
population of N receptors are bound at time ¢, would give by a binomial distribution.
Moreover, the probability that the cell attaches to the surface evolves as Eq. (15) in
which Na is the number of bonds necessary for adhesion.

N Ny—1
Pa®) =Y pa)=1—= Y put) (15)
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Optical tweezers hold Fibroblasts and bring them into contact with a fibronectin-
coated coverslip for a set time. When the trap location wants to separate from
the cell, the microscope stage moves fast, so an optical force Fp,; acts to detach
the cell from the surface. The function of cell-to-surface contact time in the
adhesion probability for low (Fp,; < 13 pN) and high (Fpu > 28 pN) force
fit the theoretical time evolution of the adhesion probability which retrieves the
association and dissociation rates in Eq. (15). N, = [ bonds represent the time
evolution of adhesion probability for pulling with a low force which is given rates
of kpy = 1.64 x 1070 s~1 and ko = 0.06 s~! and, for high force, with N, = 2 with
rates of ko, = 2.50 x 107% s~ ! and ko = 0.21 s~!. To demonstrate the adhesion
probability between F,; = 13 and 28 pN, need to transition from one to two bonds
that presented the strength of a single receptor-ligand bond lies within this range.

(i1) Optical tweezers were used to probe the interaction of the cytoplasmic tail
of integrins with the cytoskeleton by Jiang et al. [41]. The trimer of the
fibronectin—integrin-binding domain is used as a coat for Silica beads (0.64 pm
diameter) and holds in optical tweezers, they are in contact with the lead-
ing edge of the lamellipodia of a motile fibroblast. If the concentration of
fibronectin trimer on the surface is sufficiently low, then the probability of
the binding being a result of a single trimer is more than 80%. The beads
have been steadily moved backward with a speed of 60 nm/s, away from the
leading edge, as a result, the bead in the optical tweezers pulling away from
equilibrium, and the load on the link between the bead and the cytoskeleton
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were increased. The bead will be pulled back to the center of the trap by the
optical trapping force if the link was broken, whenever it is free to form another
bond and again be pulled out of the optical trap. Thoumine’s group measured
the fibronectin—integrin bond strength and it was considerably higher than was
measured previously. The theory that the connection between the cytoplasmic
tail of the integrin and the actin cytoskeleton has been broken was presented by
Jiang’s group.

4.1.2 Adhesion and Structure of Bacterial Pili

During colonization and infection processes, bacteria stick to tissues. Pili are hair-
like structures on the surface of the bacterium, they mediate bacterial adhesion. For
instance, the bacterium Escherichia coli which is consists of a long helical rod with
a short flexible fibrillum tip introduced the P pilus. The P pilus fimbrial adhesins and
disaccharides stick together on the surface of epithelial cells in the urinary tract and
make a route to colonization and infection. A plasmon-enhanced optical tweezer
force transducer system can measure the strength of E. coli adhesion. The bacteria
have been attached to the surface of large carboxyl polystyrene beads which were
immobilized on a glass coverslip. By use of galabiose which is binding specifically
to the P pilus adhesin, smaller polystyrene beads can be functionalized. To pull
the bacterium away from the plasmonic tweezers, the force has been applied to the
bond. For this purpose, the large bead was moved by using a piezo stage at a constant
speed [39].

4.1.3 Directed Neuronal Growth

One of the subjects that have been the target for the researchers is the mechanical
properties of cell membranes. Extension and distortion of the cell membrane are
necessary for the growth and motility of cells. While during the deformation
of the cytoskeleton the membrane is passive, motility and growth of the cell
and deformation depend on the mechanical properties of the membrane certainly.
Pulling the membrane into elongated tethers by optical tweezers is the way that
has been used to study the mechanics of the membrane of a neuronal growth cone
[42]. Plasmonic optical tweezers can trap spheres (0.5 pwm diameter) coated with
immunoglobulin G (IgG) then has been held against the surface of the growth cone
of chick dorsal root ganglias (DRGs), signal to the spinal cord was carried by the
clusters of sensory neurons. When the optical trap is moving at a constant velocity
caused pulls the sphere away from the surface. Formative of an elongated membrane
or the bead pulls out of the trap and remains on the surface, are the result of this
process. A force pulling can back the membrane exists when the tethers retract
during on release from the optical tweezers. If the displacement of the bead in the
calibrated optical tweezers measure, the force acting on it during the pulling out of
the tether will found.
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4.2 Spectroscopy

Optical spectroscopy is a formidable technique to characterize materials and
biological samples. For instants, Raman spectroscopy can measure chemical and
physical in material science, geology, microelectronics, and biology. In the regu-
lation of optical tweezers integrate spectroscopic functionalities can be possible.
Nanoparticles such as viruses, bacteria, etc. have been analyzed and manipulated by
spectroscopic plasmonic optical tweezers. In the following we briefly describe some
important applications of plasmonic tweezers in spectroscopy:

4.2.1 Absorption and Photoluminescence Spectroscopy

The interaction between light and matter is basically defined by the energy levels of
the inner degrees of freedom of the fabric system. As an example, Demtroder has
found that the electronic energy levels during an atom and therefore the motion of
atoms in a molecule the vibrational and rotational energy levels of the molecule are
determined by the motion of electrons [43]. If a molecule is excited by a photon
from its ground state to an excited state, then optical absorption will occur. The
wavelength of the absorption process usually happens in the UV spectral region
(approximately from 200 to 400 nm) or visible range (approximately 400-800 nm)
when the transition involves different electronic states. Accordingly, the electronic
structure of a system can be probed by spectroscopy in the UV and visible spectral
regions. Molecules are excited to higher vibrational/rotational levels by photons.

A process that is involving the transition from an exciting level to a lower
energy level of the molecular system which is resulting in the emission of a photon
is called optical emission which can be classified as stimulated or spontaneous.
A single photon can cause optical absorption and emission processes too. The
scattering process is one of the classes of phenomena crucial in optical spectroscopy
and can be elastic or inelastic depends on the energy of the scattered photon.
Rayleigh scattering is defined if the energy of the scattered photon is identical to
the energy of the incident photon and in the different levels of the energy Raman
scattering is shown. By using plasmon-enhanced tweezers, the chemical properties
of a single particle by probing its vibrational (Raman), electronic, plasmonic
(extinction, thermal), (fluorescence/photoluminescence), or nonlinear (e.g., two-
photons photoluminescence) properties in situ can be studied. Two optical beams
one to trap the particle and one to excite it are in a typical tweezer setup. One of
the optical methods which are used to probe the electronic and structural properties
of materials integrated into optical tweezers is Photoluminescence spectroscopy. As
well, holographic optical tweezers are used by Wang et al. [44] to scan the excitation
spot along the nanowires, mapping structural inhomogeneities and enabling sorting
of specific particles.
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4.2.2 Raman Spectroscopy

If the light is scattered from a molecule, the majority of photons will elastically
be diffused in which the scattered photons and the incident ones have the same
energy. The linear Raman effect is shown when a small fraction of the light (around
1 in 107 photons) has been scattered at energies lower than the incident light
energy. When the sample is illuminated by a laser beam, one can detect inelastically
scattered light from a sample by Raman spectroscopy. By calculating the energy
shift, information on the vibrational and rotational energies of molecular bonds as
long as the chemical species forming those bonds is provided. The Raman spectra
are the unique chemical property of molecules and reveal their interaction with the
environment. In bioanalytical applications, this facilitates chemical identification of
particular components in tissues, organisms, and cells.

At the first time, Raman tweezers were used to investigate biological materials,
for instance, they were able to distinguish between living and dead yeast cells
[45]. Next, Raman tweezers have been demonstrated to trap and analyze individual
nanostructures like 40 nm polystyrene beads [46]. With the aim of plasmon-
enhanced gradient force, they demonstrated more potential in the monitoring of
blood diseases and analyze and manipulate nanostructures in liquid in carbon nan-
otubes. In Rodgers group work [47], Raman tweezers have been used to selectively
trap and aggregate single-walled carbon nanotubes with specific chiralities. Also,
Raman tweezers would be a suitable device to trap, manipulate and sort individual
graphene flakes in solution while by the use of Raman spectroscopy, structural and
electronic information on individual flakes can be extracted [48].

Exploiting the LSPRR to amplify the Raman signal is known as surface-
enhanced Raman spectroscopy (SERS) that shows the enhanced gradient force
provided by the plasmon-enhanced effect and allows high-sensitivity and label-
free analyzing of molecular species [49]. The most efficient substrates for SERS
to adsorbs a molecule are the combination of optically and metal nanoparticles.
Optical tweezers are an effective tool to create SERS-active metal nano colloid
aggregates. As biomolecules, like proteins or nucleic acids, naturally function in
a liquid environment, with the use of plasmon-enhanced Raman tweezers, rapid,
ultrasensitive, and label-free detection of pathology biomarkers in body fluids can
be organized whereas the contactless, label-free, three-dimensional capability of
operation in liquids has been provided by SERS optical tweezers in high molecular
sensitivity [39]. While probes that are functionalized allow selective interaction with
specific sample sites, SERS-active probes can be highly specific. Therefore, SERS
optical tweezers are a promising tool to develop next-generation biosensors which
is capable to detect biomolecules and investigate biological samples in their natural
environment.
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4.3 Optofluidics and Lab-on-a-Chip

Optofluidics is known as the synergic combination of microfluidics and optics
[50]. In this field, we can provide a platform for enhanced optical sensing and
manipulation of different types of samples that are of interest to interdisciplinary
science [51]. A deeper vision is the lab-on-a-chip (LOC) model which includes
the scaling down of a complete laboratory to fit on a chip with biological, chemical,
physical, and optical sensing abilities. In this context, optical forces find their perfect
place, affording the possibility to trap, manipulate, sort, and characterize samples
without mechanical contact. Here, we explain that how plasmonic tweezers can be
exploited in optofluidics and LOC systems.

4.3.1 Optical Sorting

One of the important functions of optofluidic experiments is the isolation or
separation of particles and cells. Using a microfluidic system, biosamples can be
selected and delivered to a sensing or imaging location [52]. The first work in
this area was introduced simply with the use of scattering forces to achieve sorting
exploits the controlled propulsion and used this technique to sort Chinese hamster
ovary cells [53]. Then, Imasaka and coworkers combined radiation pressure with
an opposing fluid flow led to the realization of optical chromatography [54], and
Hart et al. [55] separated particles in a microfluidic channel by radiation pressure.
Some research groups were achieved to the optical separation of particles based
on size and refractive index containing spores of Bacillus anthracis and Bacillus
thuringiensis [56]. Moreover, a recent application of radiation pressure sorting is
its application to chiral structures such as liquid crystal microdroplets or chiral
solid microresonators [57]. The polarization-dependent interaction of light with
chiral particles is made by optomechanical chiral forces that provide chiral optical
sorting of cholesteric liquid crystal droplets using the radiation pressure of counter-
propagating beams with opposite circular polarization crossing a microfluidic
channel.

To create periodically modulated optical potentials that allow particles to be
directionally locked a couple of research groups proposed arrays of holographic
optical tweezers. Continuous and reconfigurable fractionation at the mesoscale
which is dependent on the particles’ properties, such as size and refractive index,
with the part-per-thousand resolution is produced by ratchet potentials [58]. To
sort particle which is dependent on size and refractive index, speckle fields have
been used to create random optical potentials [59]. While microfluidic flow use
extended static and time-varying speckle fields, optical sieving, guiding, and sorting
is achieved by the statistical interaction between particles and random optical
potentials.
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4.3.2 Monolithic Integration

The miniaturization and integration on a single substrate of several functionalities
for chemical, physical and biological analysis can be achieved by the LOC. If
particles and cells are suspended, a small amount of fluid (from the microlitre down
to the femtolitre range) is mixed, sorted, analyzed, and delivered by microfluidic
channels [60]. The monolithic integration of the various optical elements which are
necessary to trap, manipulate and characterize different samples is the basic element
of the LOC concept. Full integration of microdevices is providing the construction
of automated, low-cost, compactable, and portable microfluidic systems. The
monolithic integration in a glass of both microchannels for microfluidics and optical
waveguides can be provided by femtosecond laser micro structuring to deliver and
collect light for spectroscopic detection [61]. As an example, a fully integrated
system is achieved by sculpting elements directly on optical fibers providing
miniaturized optofluidic and LOC fiber-based optical tweezers by fabricating micro-
prism beam deflectors using two-photon lithography at the tip of bundled fibers.
The light conducted in the fibers is reflected by the micro-prisms near the bundle
axis, forming a trapping spot, where cells can be analyzed and trapped [62]. The
fiber-bundle micro-tweezers have been used to trap red blood cells and collect
fluorescence and Raman spectra of cancer cells towards the goal of a LOC-fiber
concept that opens perspectives for diagnosis and screening purposes in vivo. It is
worth noting that the integration of optofluidics with optical microcavities has great
potential as a LOC device [63, 64]. Due to the properties of some cavities such
as photonic crystals [65] or ring resonators [66], and the ability to integrate them
into optofluidic and lab-on-a-chip applications, they are suitable for near-field light
providing and trapping manipulation, and sensing. Because of the silicon substrate,
photonic crystals are entailed negligible heating effects compare to plasmonic
tweezers.

4.4 Trapping of Atoms

During the last decades, optical trapping at the atomic scale has seen enormous
progress. Control accurately of light-matter and couple mechanically were caused
neutral atoms, ions, and molecules to trap and cool and reach to the lower tem-
perature. Three Nobel Prizes have been received for this fabulous progress: for the
realization of Bose-Einstein condensation (BEC) of neutral atoms (2001), and for
the manipulation of individual quantum systems (2012) [39]. As mentioned earlier,
plasmonic tweezers due to their enhanced optical force compared to conventional
optical tweezers can provide the acceptable gradient force of the order of femto or
pico-Newton leads to stable optical trapping.
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4.5 Microchemistry

One of the most important applications of plasmon-enhanced optical tweezing
systems is the manipulation of droplets, vesicle membranes, and vesicles as movable
reaction vessels comprising tiny amounts of desired reagents.

4.5.1 Liquid Droplets

Microchemical reaction vessels are used by measuring reactant concentration in
aqueous droplets, reactants spread freely within a confined space, mimicking the
environment in which biochemical processes occur in a cell. It is possible to
optically trap aqueous droplets and manipulated them as aerosols. Light-scattering
behavior and chemical activity are regulated by distributing the size of aerosols.
Cavity-enhanced Raman scattering (CERS) has been used to study the coagulation
and mixing of aerosols [67]. By monitoring CERS spectra, one can control the
mixing of aerosol droplets of different compositions. Ideal reaction vessels can
be caused by micron-sized aqueous droplets for femto liter volumes containing
small numbers of molecules. Volume detection of a microscope without the need
for surface attachment can confine the molecule. Aqueous droplets have dispersed
in a suspending fluorocarbon, which is optically trapped, unlike the aerosol trap.

4.5.2 Vesicle and Membrane Manipulation

A (quasi-)spherical membrane that is surrounded by a liquid reservoir is called a
vesicle [68]. The membrane material consists of a lipid (if the vesicle refers to
as a liposome), a surfactant (noisome), or a block copolymer (polymersome). The
membrane protects the contents of the vesicle to transport to a targeted location and
potentially release on demand. Optical manipulation tools can transport the vesicle
and release the cargo. One of the challenges to provide a vesicle is a stable optical
trap because the refractive index is similar in the encapsulated material and external
medium. Plasmonic tweezers electric field gradient is applied to a point on the
surface of a large vesicle which is pulled the lipid membrane material towards the
trap and hence in laser-induced surface tension in the membrane. Surface tension in
optical tweezers is on the order of a few pico-newtons per micrometer. A research
group report on their ability to optically trap vesicles with a diameter as small as
50 nm containing 1 M sucrose solution [69].

Line optical tweezers are used to induce a budding transition in multilamellar
liposomes with the use of transforming the trapping laser beam into an elliptical
cross-section by cylindrical lenses. It is worth noting, however, that other mecha-
nisms caused by the heating induced by the trapping laser and the resulting changed
permeability of the membrane may also play a role in this mechanism.
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4.5.3 Vesicle Fusion

In a similar technique to that for aqueous droplets, a whole vesicle and membrane
material can be optically trapped and manipulated by tweezing systems while
aqueous droplets show some advantages in this regard, such as spontaneous fusion,
encapsulation within a vesicle more closely replicates the partitioning between the
inside and outside of a cell formed by the cell membrane. Giant multilamellar
vesicles can be manipulated by the use of plasmon-enhanced optical tweezers and
an additional pulsed ultraviolet laser when two vesicles are brought into contact
[39]. Experiment studies have shown that the fused vesicle has a shape of spherical
and that the volume of the vesicles was conserved during the fusion process. Since
the surface area of the vesicles has been conserved by unilamellar vesicles, it is
not possible for the final vesicle to be spherical without the uptake of additional
fluid from the surroundings, so we can conclude that the membranes might be
multilamellar.

4.6 Aerosol Science

Microscopic solid or liquid particles that are dispersed in a gas are called Aerosols.
They are an important material in fields like combustion science and atmospheric
chemistry. The chemical and physical state of the aerosol characteristics can be
measured by holding them in optical tweezers and help its action on the environ-
ment. These properties are including, nucleation rates, mass and heat transfer, and
particle composition, size, and mixing state. Because of the very low viscosity of the
suspending medium aerosols manipulating and optical trapping are a big challenge
and cause important inertial effects, bring the possibility to discover new phenomena
like photophoretic forces.

The first optical tweezers which are suitable for airborne particles have been
published by Omori et al. [70]. They presented micrometer-sized solid glass spheres
with the use of driving the surface with a piezoelectric from a glass surface also
reported a relatively low axial trapping efficiency (Qz = 0.01) for 2.5 wm-radius
spheres trapped using 40 mW of laser power. The first optically trapped (rather than
optically levitated) liquid aerosols was reported in 2003 [71].

Optical tweezing particles in a liquid and gas have several important differences
that are caused by the dissimilar viscosities of the media. While in a liquid medium,
inertial effects might be neglected if Brownian motion is typically overdamped, for
instance at relatively long-time scales (from a fraction of a millisecond upwards),
in a gaseous medium, it is underdamped and inertial effects become important.
Controlling the position of trapped aerosols is highly demanded like conventional
optical tweezers in liquid media. The majority of aerosols are not transparent, for
example, black carbon which arises from combustion processes. Due to the presence
of overwhelming scattering optical forces, conventional optical trapping could not
possible for these airborne particles, because of the light absorption. Shvedov and
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coworkers introduced an alternative scheme to trap and guide absorbing aerosols
based on radiometric forces (photophoresis). In this device, carbon clusters with
sizes ranging from less than a micron to over 10 pm were trapped, and the guiding
of particles up to 2 mm along the axis of the trap is realized [72].

5 Conclusion

The ability of light to exert forces leads to the invention of optical tweezers. In
this chapter, we briefly explained how these devices work, and how plasmonics
can overcome the limitation and drawbacks of the conventional optical tweezer.
For reaching this goal, in addition to describing the theoretical aspects of optical
forces, we investigated the role of LSPRR in enhancing the gradient force required
in tweezing systems. The results of the simulation of a gold nano-bowtie LSPRR
tweezer demonstrated that by the confinement of the high-intensity optical-electrical
field, an optical force as strong as 150 pNW ™! can be exerted on a 40 nm virus-like
particle. Moreover, the wide range of applications of the optical tweezer from cell
biology to aerosol science was expressed.
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Zhihan Chen, Jingang Li, and Yuebing Zheng

Abstract Plasmon-enhanced optical heating can synergize optics and thermal
fields to offer a versatile platform for optothermal manipulation of colloidal particles
and living cells. By exploiting entropically favorable photon-phonon conversion
and universal heat-directed migration, various optothermal tweezing techniques
have been developed. Under the thermal gradient field enabled by plasmonic
heating, opto-thermophoretic tweezers harness the permittivity gradient at particle-
solvent interfaces to direct particles and cells toward the plasmonic hotspot via
thermophoresis. Opto-thermoelectric tweezers can manipulate charged colloidal
particles with various sizes, materials, and shapes in a localized electric field
that is generated by the plasmon-enhanced electrolyte Seebeck effect. In addition,
conventional plasmonic trapping can be significantly improved by three types of
plasmon-enhanced optothermal-hydrodynamics, i.e., thermo-plasmonic convection,
Marangoni convection, and electrothermoplasmonic flow. These plasmon-enhanced
optothermal convective flows can rapidly transport or concentrate free-dispersed
objects to the plasmonic nanostructures, which significantly enhance the trapping
efficiency of micro-and nano-objects. With their low operational power, simple
optics, and wide applicability, plasmon-enhanced optothermal manipulation tech-
niques can be applied to optothermal assembly of colloidal matter, non-invasive
manipulation of cells and biological objects, and in-situ characterization of optical
coupling in colloidal superstructures for a wide range of applications in photonics,
materials science, colloidal science, biology, and medical engineering.
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1 Introduction

Since Ashkin and co-workers first proposed to exploit light to manipulate micro-and
nano-objects in 1986 [1], optical tweezers have been developed rapidly in the last
35 years and were awarded the Nobel Prize in Physics in 2018. Conventional optical
tweezers can trap biological objects, plasmonic particles, and various dielectric
particles in both two-dimensional (2D) and three-dimensional (3D) spaces [2-8].
However, trapping subwavelength objects via optical tweezers is challenging due
to the diffraction limit of the incident light [9], which stimulated the development
of plasmonic tweezers to overcome this limitation [10—15]. In brief, plasmonic
tweezers rely on the interaction between incident light and plasmonic nanostructures
consisting of noble metals [16-19] (or titanium nitride [20], graphene [21, 22],
etc.) to trigger local near-field enhancement and strong gradient forces to trap nano-
objects beyond the diffraction limit. However, the inherent Joule heating of metallic
nanostructures upon laser irradiation in plasmonic tweezers sometimes leads to the
failure of stable trapping or even thermal damages to the target objects [23, 24]
because of the undesired thermophoresis, heat-induced convection, and/or the high
temperature at the surface.

Apart from preventing heat generation or dissipating the heat via materials or
structural designs [11, 25, 26], more strategies were proposed to reversely take
advantage of the plasmonic heating to improve the manipulation efficiency of
plasmonic tweezers [27, 28]. For instance, as the plasmonic heating occurs, a
temperature gradient field is established in the vicinity of the plasmonic nanos-
tructure, where the thermophoretic motions of suspended objects along or against
the temperature gradient can be exploited for particle trapping and manipulation
[29, 30]. In an ionic solution, differentiated thermophoretic motions of cations
and anions can further facilitate the formation of thermoelectric fields to enabling
opto-thermoelectric trapping of charged objects [31]. With an increasing irradiation
intensity or illumination area, two types of optothermal flows, namely thermo-
plasmonic and Marangoni convective flow, can take effect to deliver distant
suspended particles towards the irradiated nanostructures, improving the trapping
efficiency of plasmonic tweezers at low particle concentrations [32]. Moreover,
local plasmonic heating also triggers a gradient of permittivity and electrical
conductivity of the heated fluid. By applying an external a.c. electric field, the
electrothermoplasmonic (ETP) flow is established and can be exploited for effective
nano-object manipulation [33].

In this chapter, we first introduce the mechanism of plasmonic heating and
feature several representative plasmonic heating substrates. Subsequently, plasmon-
enhanced optothermal trapping and tweezing based on thermophoresis, thermo-
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electricity, and thermo-plasmonic/Marangoni/ETP convective flows are discussed,
respectively, including their working principles and applications. Finally, we give
the summary and outlook of the plasmon-enhanced photothermal trapping and
tweezing.

2 Plasmonic Photothermal Effect

Plasmonic photothermal effect is commonly initiated by the photoexcitation of
metallic nanostructures [34]. When electromagnetic waves irradiate the metallic
nanostructures with proper wavelength(s), the conduction electrons in the metal
can oscillate collectively, known as localized surface plasmon resonance (LSPR).
LSPR then leads to an intense electromagnetic field on the nanostructure surface,
which can decay radiatively and non-radiatively. Specifically, radiative decay
induces reemission of light, while non-radiative decay can be achieved via electron-
electron collisions or electron-lattice phonon coupling, resulting in light-to-heat
conversion (Fig. 1). Note that the heating of metallic nanostructures based on
light irradiation can be quantitatively described by a value called absorption cross-
section, Caps = Q/I, where Q is the heat generated by the plasmonic nanostructure
and [ represents the intensity of incident light. Since the plasmonic photothermal
effect relies on the coupling between light and electronic oscillations of metallic
nanostructures, Caps is a function of the shape and composition of plasmonic
nanostructures and can also vary with the wavelength of the incident light.

Once the heat is generated by metallic nanostructures upon laser irradiation, a
heat flux is created within the surrounding medium and the resultant temperature
field is given by [34, 35]

oT (r
oCp (r)

—V-[tVT (rN]=gq (D

at

Electron-electron
Local surface plasmon collisions/
resonance electron-lattice
phonon coupling

-

Photoexcitation

Fig. 1 Schematic of plasmonic photothermal effects. When laser irradiates metallic nanoparti-
cles with suitable wavelengths, localized surface plasmon resonance is activated and the collective
oscillation of electrons increases the frequency of collisions for the formation of local heating
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where p, Cp and t are the density, specific heat capacity at constant pressure and
thermal conductivities of the corresponding regions, respectively. g is the heat power
density of the plasmonic nanostructure. Since the metallic nanostructures possess
high thermal conductivity while the environmental medium, typically aqueous
solutions, has a low thermal conductivity, the temperature field within a single
nanostructure will be uniform while a temperature gradient field is attained in the
vicinity of the nanostructure. The continuous laser irradiation leads to a steady
temperature distribution, which is established at nanosecond timescales. At the
steady state, Eq. (1) can be written as V ¢ [t V T(r)] = — g. Besides, Q and ¢
can be associated according to Poynting’s theorem [36]:

o o

where g = % Re (J -E *), J = o E and E represent the electronic current density and
electric field inside the metallic nanostructure, respectively; o is the conductivity of
the structure. Accordingly, numerical simulations can be performed to explore the
Caps and the temperature distribution based on the material properties of certain
nanostructures [37].

As for trapping and tweezing of particles via plasmonic photothermal effects,
plasmonic substrates composed of nano-sized metallic components are usually
exploited for efficient heat generation and retention [38—40]. One popular type of
plasmonic substrates called gold nano-islands (AuNIs) is shown in Fig. 2a, which
consist of quasi-continuous Au nanoparticles fabricated by annealing Au thin films
[38, 41]. Compared with Au thin films, AuNIs can create stronger temperature
gradient fields upon laser irradiation due to the localized plasmonic resoances and
the low thermal conductivity among each isolated Au nanoparticles (Fig. 2b) [38,
42]. The surface plasmon resonance wavelength of certain AuNIs can be tuned
through adjusting the annealing temperature, rate of annealing, and thickness of
original Au films.

More precise heat management of plasmonic substrates can be achieved by
rationally designing the shape and spatial distribution of metallic nanoparticles.
For instance, Au nanorods (AuNRs) on glass substrates have been successfully
fabricated and exploited for heat-mediated particle manipulation (Fig. 2c) [39].
When the laser beam irradiates on certain AuNRs, a high-resolution temperature
gradient field is established around the AuNRs (Fig. 2d). Similar to AuNIs, the
surface plasmon resonance wavelength can be changed by the aspect ratio and size
of AuNRs. In addition, the temperature gradient field of AuNRs can be further tuned
by the polarization of incident light because the activated resonance modes, e.g.,
transversal and longitudinal resonances, is relevant to the relative angle between the
electric field vector of incident light and the long axis of rods (Fig. 2¢). Moreover,
local plasmonic heating can also be achieved by metallic nanohole arrays [27,
40, 43]. Due to the in-plane Bloch mode surface plasmon polaritons [44, 45] and
localized surface plasmon resonance of the individual nanoholes, the excitation of
electric fields and resultant temperature gradient fields are usually concentrated
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Fig. 2 Three representative metallic nanostructures for plasmon-enhanced optothermal
manipulation. (a) Scanning electron microscopy (SEM) image of gold nano-islands. Scale bar:
200 nm. Adapted with permission from Ref. [28]. Copyright 2018 Springer Nature. (b) Simulated
electric field distribution of AuNIs upon laser irradiation by finite-difference time-domain (FDTD)
simulations. The model for the substrate was imported from the SEM image of AuNIs. Adapted
with permission from Ref. [46]. Copyright 2017 American Chemical Society. (¢) SEM images and
(d) temperature field distribution of gold nanorods. (e) Simulated temperature field distribution
with the electric field of incident light perpendicular (top) and parallel (bottom) to the long axis
of the nanorod. The temperature fields were obtained from the FDTD-simulated electromagnetic
fields. Scale bar: (c¢) left 300 nm, (c) right 100 nm, (d) 1 wm and (e) 500 nm. Adapted
with permission from Ref. [39]. Copyright 2018 American Chemical Society. (f) Electric field
distribution of nanohole arrays. The simulated temperature fields were modelled by finite element
method (COMSOL Multiphysics). Scale bar: 200 nm. (Adapted with permission from Ref. [40].
Copyright 2018 American Chemical Society)

near the rims and interspace of nanoholes (Fig. 2f). In addition to nanorods and
nanoholes, many other metallic nanostructures (such as nanobowties) have been
designed and fabricated [34] for subtle control of local plasmonic heating.

3 Opto-Thermophoretic Manipulation

Opto-thermophoretic manipulation relies on the thermophoretic motion of targeted
objects under optically generated temperature gradient fields. Depending on the
thermophobicity and thermophilicity of targeted objects, different plasmonic nanos-
tructures have been designed to create highly localized temperature gradient fields
with either hot or cold center to trap molecules and colloidal particles.

3.1 Mechanism

Thermophoresis, also known as the Soret effect, describes the directed migration
of suspended colloidal particles or micelles along a temperature gradient (Fig. 3)
[47-49]. The drift velocity of colloidal particles is given by
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Fig. 3 Schematic of
thermophoresis. Suspended
particles or molecules with
different signs of the Soret
coefficient Sy show directed
migration toward cold/hot
regions

Cold

u=—-DrVT 3

where Dr is the thermophoretic mobility and VT is the temperature gradient. As for
dilute suspensions in a steady state, the concentration gradient Vc is expressed as
(48]

Dy
Ve = —CFVT = —CSTVT (4)

where c is the concentration of the suspended particles, D is the Brownian diffusion
coefficient, and St is the Soret coefficient. Since D of different components in
a solution varies significantly, the Soret coefficient Sy is commonly utilized for
the description of thermophoresis. Specifically, ST > 0 describes that suspended
objects are thermophobic and migrate toward the cold regions along the temperature
gradient while S7 < 0 implies that suspended objects are thermophilic, which move
to the hot region under VT.

3.2 Techniques and Applications

Most colloidal particles and molecules are thermophobic [50-52], moving from the
hot to the cold regions. In order to stably trap suspended objects with Sz > 0 via
thermophoretic migration, a localized “temperature well” should be created with
the center being cold [29, 53, 54], which can be established when a non-absorbing
region is surrounded by plasmonic nanostructures while a focused laser beam
illuminates on the rim of the nanostructure selectively. Accordingly, Braun et al.
have demonstrated opto-thermophoretic trapping of single DNA molecules within a
hole surrounded by gold thin films based on feedback-controlled laser illumination
(Fig. 4a) [29]. The effective potential energy Ueyr (7) of thermophoretic trapping
is given by [29]
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Ues (7)) = kg ToST AT (77) 5)
where kg is Boltzmann constant, T is ambient temperature, and AT (7) is the
local temperature increment. Since the effective potential is mainly determined by
the temperature profile, a feedback control rule about steering the focused laser
beam has been adopted to increase the temperature gradient within the metallic
hole structure (Fig. 4b), which improves the trapping stiffness by a factor of 12.
Specifically, compared with simply heating the whole rim of the Au nanostructure,
the optically heating spot is dynamically controlled based on an acousto-optic
deflector by analyzing the real-time position of the targeted object, whose width
of the Gaussian position distribution can decrease by a factor of 3.5, and unwanted
temperature rises at the trapping center can be alleviated. Moreover, different trap-
ping modes, i.e., off-center trapping, two-position trapping, circular line trapping,
and trapping at an expanded area, were also achieved based on different feedback
laser manipulation protocols (Fig. 4c). Recently, Cichos and co-workers exploited
similar methods to thermophoretically trap single amyloid fibril for the observation
of fibril growth, secondary nucleation and/or fibril breakup [54].

The above opto-thermophoretic trapping enables the manipulation of single and
multiple thermophobic macromolecules or colloids by elaborating the plasmon-
enhanced temperature gradient field. However, targeted objects can only be trapped
inside a plasmonic nanostructure, lacking dynamic manipulation over large areas.
Opto-thermophoretic tweezers can be achieved if suspended objects become ther-
mophilic, i.e., the objects can be attracted toward and stably trapped at the plasmonic
heating region. Recently, Lin et al. have demonstrated opto-thermophoretic tweezers
by exploiting the entropic responses and permittivity gradients at the particle-solvent
interface under a plasmon-enhanced thermal gradient field [55]. Since the Brownian
diffusion coefficient D is always positive, the key to opto-thermophoretic tweezers
is to make targeted particles have negative D7. The thermophoretic mobility is given
by [56]

Do — I3 2A1 - dlne ) ©)
=TT 28, + Ap oinT ) ¢

where ¢ is the solvent permittivity, » is the solvent viscosity, T is the temperature,
A1 and Ap is the thermal conductivities of the solvent and the particle, and ¢ is the
zeta potential of the particle, respectively. In bulk water, T = gllr’f; isequal to —1.4 at
room temperature, which indicates that the suspended particles are thermophobic.
However, for charged particles, polarized water molecules can be confined in the
electric double layer and enable abnormal permittivity, which is smaller than that of
bulk water and leads to a positive t value (Fig. 5a). Therefore, suspended charged
particles have a negative Dt, which will be attracted and trapped at the heating
spot. By exploiting Au nanodisk arrays as the heating substrate, plasmonic hotspots
can be created selectively over large areas, and charged polystyrene beads can be
dynamically transported (Fig. 5b). It is worth noting that plasmon-enhanced optical
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Fig. 4 Opto-thermophoretic trapping of objects withSt > 0. (a) Simulated temperature profile
with a focused laser beam illuminating at the rim of a gold structure. The white dash line indicates
the boundary between the gold thin film and the glass. (b) Calculated relative temperature rise
profile. The red dash line corresponds to the steady-state profile when the whole gold structure
is heated. The solid line depicts the scaled temperature rise profile when the focused laser beam
is controlled by a feedback program. The grey dash line extends the solid red line to indicate
the profile without position feedback, i.e., only one spot is heated. (¢) Different thermophoretic
trapping potentials generated by different feedback rules. The simulated temperature fields were
modelled by finite element method (COMSOL Multiphysics). (Adapted with permission from Ref.
[29]. Copyright 2015 American Chemical Society)

force is excluded here since the calculated optical force is only 4 fN for a 500 nm
PS particle with the same laser power, which is insufficient to trap the particle.
Opto-thermophoretic tweezers are also applicable to biological objects due to the
existence of phospholipid bilayers and the resultant negative surface charge (Fig.
5c) [46, 57]. Parallel manipulation of yeast cells has been achieved by exploiting a
digital micromirror device (DMD) (Fig. 5d). Recently, Peng et al. studied opto-
thermophoretic trapping of colloidal particles in different non-ionic liquids and
reveal that the driving forces of opto-thermophoretic tweezers stem from a layered
structure of solvent molecules at the particle-solvent interface. The trapping stability
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b

Fig. 5 Opto-thermophoretic trapping of objects withS7 < 0. (a) Schematic of the working
principle of entropy-driven opto-thermophoretic tweezers. The purple balls correspond to the
water molecules with their dipole orientations. The charged balls indicate anions and cations,
respectively. (b) Schematic and optical images show light-directed thermophoretic transport of
a single 500 nm polystyrene (PS) bead over Au nanodisk arrays. Scale bar: 10 pm. (Adapted with
permission from Ref. [55]. Copyright 2017 The Royal Society of Chemistry). (¢) Schematic shows
the change of the permittivity in the electric double layer on a cell membrane under a temperature
gradient field. (d) Parallel thermophoretic manipulation of yeast cells in “NANO” patterns (top)
and “Y” to “T” transformation (bottom). Scale bar: 10 pm. (Adapted with permission from Ref.
[46]. Copyright 2017 American Chemical Society)

of particles can be enhanced by designing the particle hydrophilicity, particle surface
charge, solvent type, and ionic strength on the layered interfacial structures [58].

4 Opto-Thermoelectric Manipulation

Plasmon-enhanced thermophoresis can not only be directly exploited for particle
manipulation but also enables the controlled migration of cations and anions,
leading to the formation of thermoelectric fields in solutions. By engineering the
plasmonic nanostructures and electrolyte composition, the opto-thermo-electro-
mechanical coupling can be utilized to achieve opto-thermoelectric trapping and
tweezing with low operational optical power, simple optical setup, and applicability
to a wide range of polymers, metals, semiconductors, and dielectric nanostructures
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with different sizes and shapes. Compared to the conventional one-dimensional
heating approach [20], exploiting plasmonic nanostructures can lead to radially
shaped opto-thermoelectric fields, enabling particle manipulation at single-particle
resolution.

4.1 Mechanism

When a localized temperature gradient field is formed in a solution, cations and
anions drift towards either the hot or the cold region with different velocities
based on their different S7 Eq. (4). As the ionic redistribution reaches a steady
state, an electric field is built along the temperature gradient, driving suspended
charged particles drifting directionally (Fig. 6). The underlying principle of the
particle migration in aqueous environments is termed liquid thermoelectricity or
the electrolyte Seebeck effect. Generally, the thermoelectric field can be given by
[59, 60]

kpTVT Zi Zin; Sti
Ete = >
¢ 2 Zini

where i indicates the ionic species, kg is the Boltzmann constant, 7 is the
environmental temperature, e is the elemental charge, and Z; (1 for positive and
negative monovalent ions), n;, as well as Sp; represent the charge number, the
concentration, and the Soret coefficient of i species, respectively. Moreover, the
thermophoretic mobility D7 of charged particles under the thermoelectric field is
obtained via [59, 61]

)
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where ¢ and n are the permittivity and viscosity of the solution respectively, ¢
is the surface potential of the particle, and S is the Seebeck coefficient that can
be expressed as S = E1g/ V T. It should be noted that the first term is always
positive, which is related to the thermo-osmotic flow [62, 63]; while the second
term can either be positive or negative, depending on the thermoelectric field and
the surface charge of suspended particles. Therefore, according to Eq. (3), charged
objects can move toward the hot/cold regions due to the liquid thermoelectricity,
which can be tuned as a function of the electrolyte composition [64], ionic strength
[49], temperature [65, 66], particle-solvent interface [50], colloidal size [67], and
particle concentration [68, 69].

4.2 Techniques and Applications

Opto-thermoelectric effect has been proposed to achieve directional transportation
of colloidal particles [64], micelles [70], DNA [60], and so forth [56, 71, 72].
Localized plasmonic heating is usually exploited to build inward/outward thermo-
electric fields in the vicinity of the illuminated plasmonic nanostructures. Since
the direction of the thermoelectric field is mainly determined by the electrolyte
solution, opto-thermoelectric trapping is limited to either positively or negatively
charged particles. Recently, Lin et al. overcame this challenge and developed opto-
thermoelectric tweezers by exploiting cetyltrimethylammonium chloride (CTAC)
solutions to manipulate various colloidal particles with different sizes, shapes
and materials regardless of their original surface charge properties [28]. When
colloidal particles are suspended in CTAC solutions, the CTA™ molecules can not
only self-assemble into positive micellar ions but also modify all particles with
positive surface charges (Fig. 7a). As the laser beam illuminates on the plasmonic
nanostructures (AuNIs), the difference in the Soret coefficients of positive micellar
ions and negative Cl~ ions (St (micelle) >> St (C17)) leads to the spatial charge
separation and a resultant thermoelectric field pointing toward the laser beam (Fig.
7b). Therefore, positively charged colloidal particles are attracted and stably trapped
at the laser-illuminated region [73, 74]. Since AuNIs is quasi-continuous, opto-
thermoelectric manipulation of colloidal particles is achieved by moving the heating
laser or the sample stage. Parallel manipulation of metallic nanoparticles was further
realized with a DMD that can generate multiple laser beams, i.e., simultaneously
creating several plasmonic heating spots (Fig. 7c). When the AuNIs are implanted
to the tapered optical fiber, the nanoparticles can be trapped at the fiber tip and
transported to targeted objects in a 3D manner (Fig. 7d) [75].

To overcome the optical diffraction limit for higher spatial resolution of opto-
thermoelectric manipulation, Liu et al. applied Au nanoantennas to trap nanopar-
ticles at subwavelength resolution [39]. Since the thermoplasmonic response of
nanoantennas depends on the polarization of incident laser beam relative to the
long axis of nanoantennas, the intensity of thermoelectric fields and resultant
trapping stiffness can be tuned by the polarization of the laser beam. Accordingly,
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Fig. 7 Opto-thermoelectric trapping and manipulation. (a) Schematic shows the surface
modification process of suspended particles by CTAC molecules and the formation of positively
charged CTAC micelles through self-assembly. (b) Schematic demonstrates the formation of
localized thermoelectric fields in the vicinity of a laser-induced plasmonic hotspot. (¢) Schematic
and dark-field optical images show an array made of anisotropic Au nanotriangles. Scale bar:
5 wm. (Adapted with permission from Ref. [28]. Copyright 2018 Springer Nature). (d) Schematics
and optical images demonstrate three-dimensional nanoparticle delivery through fiber-based opto-
thermoelectric trapping. (Adapted with permission from Ref. [75]. Copyright 2019 De Gruyter). (e)
Opto-thermoelectric manipulation of nanoparticles based on plasmonic nanoantennas. Particles are
circularly transported among different nanoantennas by changing the light polarization. (Adapted
with permission from Ref. [39]. Copyright 2018 American Chemical Society)

circular transportation among three Au nanoantennas was achieved by altering the
polarization angle of the laser beam (Fig. 7e).

Moreover, the CTAC molecules can serve as depletants to induce depletion forces
for opto-thermoelectric assembly [76—80]. Specifically, when multiple particles
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are trapped at the hotspot closely, CTAC micelles escape from interparticle gaps,
creating concentration gradients and exerting an osmotic pressure on the particles
to bond the particles. Different nanostructures, including chiral metamolecules [76]
and 3D colloidal structures [78], are precisely fabricated in a bottom-up fashion and
can be further immobilized by photocurable hydrogels [79]. More details can be
found in other relevant reviews [30, 81-84].

S Thermo-plasmonic Convection-Assisted Manipulation

Plasmonic tweezers have been developed for over a decade as an evolutionary
optical manipulation technique because of their sub-diffraction-limited resolution
[10-12]. However, since the near-field optical gradient force only takes effect
within a nanoscale working distance, it is challenging for plasmonic tweezers to
effectively trap suspended particles in solution with low particle concentrations
(e.g. 2 x 107 particles-ml~!). Recently, thermo-plasmonic convection generated by
plasmonic nanostructures has been exploited to achieve fast transport of particles
towards plasmonic hotspots, which significantly improves the trapping efficiency of
plasmonic trapping.

5.1 Mechanism

Thermo-plasmonic convection describes a type of natural convection induced by
local heated fluid. Specifically, when a thermal gradient is built around a plasmonic
nanostructure via laser irradiation, the fluid density surrounding the heated structure
decreases as the fluid temperature increases, leading to upward motion because of
buoyancy. Subsequently, owing to the fluidic continuity, the fluid neighboring the
local heated fluid flows towards the hotspot, being heated and moving upwardly
again. Thus, a convective flow is generated in the vicinity of the laser-illuminated
plasmonic nanostructure (Fig. 8a and 8b), which can be exploited for rapid particle
delivery.

Donner et al. conducted a comprehensive study to analyze the plasmon-enhanced
natural convection theoretically and numerically [85]. It has been validated that
for thermoplasmonics occurring at the macro- or nano-scale in water-like media
(i.e., the fluidic flow possessing small Reynolds number and Rayleigh number),
the temperature distribution of fluid in the vicinity of heated nanostructures can be
simplified as [85]

T (r,1) —aV>T (r,1) =0 )
where T'(r, f) represents the temperature distribution of the fluid, and « is the fluid

diffusivity. Meanwhile, the Navier-Stoke equation describing the fluid velocity [86]
is further reduced to [85]
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Fig. 8 Formation of thermo-plasmonic convection based on microscale plasmonic heating.
(a) Simulated temperature distribution around a single nanoaperture on a 100 nm Au film that
is irradiated over a circular area with diameter ~ 60 wm and (b) corresponding simulated
convective flow velocity distribution. The temperature field was obtained from the FDTD-
simulated electromagnetic field, and the fluid velocity map was achieved by computational fluid
dynamics (CFD) simulations. (Adapted with permission from Ref. [27]. Copyright 2019 American
Chemical Society). (c)—(e) Simulated velocity distribution with various chamber heights H. The
plasmonic nanostructure is a gold disk of radius r = 250 nm and T = 80 °C. The velocity field
was obtained by using finite element method (COMSOL Multiphysics). (Adapted with permission
from Ref. [85]. Copyright 2011 American Chemical Society)

v (r, 1) —vV2v(r, 1) = £ (T (r, 1)) (10)

where v(r, 7) is the fluid velocity, v is the fluid viscosity and fi(7'(r, f)) represents
the force per unit mass due to temperature gradient that is commonly given as
f(T) = Bg(T(r,t) — Too)u, with g being the gravitational acceleration, 8 being
the dilatation coefficient of water and u, demonstrating the unit vector along the
z-direction.

It’s worth noting that the fluid velocity generated by single plasmonic nanos-
tructures with a typical size below 200 nm is estimated to be less than 10 nm/s
even if the fluid temperature is close to the boiling point, which can hardly be
exploited for effective particle delivery owing to the existence of Brownian motions
or thermophoresis. Thus, thermo-plasmonic convection-assisted trapping usually
requires micro-sized plasmonic nanostructures to be illuminated. Moreover, the
shape and velocity of fluid can also be tuned by the height of the chamber (Fig.
8c-8e).
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5.2 Techniques and Applications

Since thermo-plasmonic convection induced by plasmon-enhanced thermal effect
often works under large-area illumination, it can be utilized for quick delivery and
local concentration of targeted objects in solution over large volumes, especially
for ultra-low concentration conditions. Recently, Kotnala et al. adopted thermo-
plasmonic convection to facilitate plasmonic trapping and sensing of particles
within an ultralow concentration (< 2 x 107 particles-ml~!) [27]. As shown in
Fig. 9a, a multimode optical fiber coupled with a 532 nm laser beam illuminates a
Au nanoaperture to generate the thermo-plasmonic convection with high velocity
(~10-20 pm-s~!). Dispersed particles were transported toward the plasmonic
nanoaperture via the convective flow and got trapped with a 1020 nm laser beam
(Fig. 9b). Compared with diffusion-limited plasmonic trapping, thermo-plasmonic
convection-assisted trapping can reduce the trapping time by five-fold and 15-fold
for particle concentrations of 2 x 108 and 2 x 107 particles-ml~!, respectively
(Fig. 9¢). The particle delivery time can further be decreased by increasing the
flow velocity. However, the convective velocity should be determined by the
trapping laser intensity so that the drag force does not dominate over the near-field
optical gradient force, which leads to the failure of single-particle trapping at the
nanoaperture (Fig. 9d).

As the convective flow can have a vertical velocity component perpendicular to
the substrate, it can also be utilized to assist 3D optical manipulation of colloidal
particles and biological objects [87-89]. Cong et al. exploited a gold-coated micro-
well array for efficient optical trapping and single-cell analysis [89]. In this work,
the laser heating not only triggers thermo-plasmonic convective flow to facilitate
the upward movement of a single living cancer cell, but also offers a constant
temperature environment for recombinase polymerase amplification reaction of
nucleic acid markers. In addition, thermo-plasmonic convective flow can also be
generated by mobile plasmonic nanoparticles dispersed in solution, which assists
the concentration and patterning of nanoparticles for photothermal convection
lithography on generic substrates [90].

6 Marangoni Convection-Assisted Manipulation

In addition to thermo-plasmonic convection, Marangoni convection is another
approach to facilitating long-range particle delivery for effective plasmonic trapping
of nano-objects. Different from thermo-plasmonic convection induced by density
gradient of a heated solution, Marangoni convection relies on the gradient of surface
tension at the interface between two fluids, which usually have higher flow velocity.
Moreover, the Marangoni convection induced by plasmonic heating can also be
directly used for particle trapping and manipulation.
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Fig. 9 Thermo-plasmonic convection-assisted trapping and tweezing. (a) Schematic shows
that a multimode fiber illuminates a large area of AuNIs with nanoapertures for the formation of
thermo-plasmonic convection. (b) Dark-field images demonstrates thermo-plasmonic convection-
assisted trapping and release of a single 200-nm fluorescent polystyrene nanoparticle within a
circular nanoaperture surrounding by AuNIs. 532-nm laser is used to generate the convective
flow while 1020-nm laser is for the plasmonic optical trapping. Scale bar is 25 um. (c)
Comparison of average trapping time of diffusion-limited and convection-assisted trapping at three
different particle concentrations. (d) Diagram represents the impact of convection-flow velocity
on the average particle-trapping time. (Adapted with permission from Ref. [27]. Copyright 2019
American Chemical Society)

6.1 Mechanism

Marangoni convection describes mass transfer along with an interface between
two fluids due to a gradient of the surface tension, which can be attributed to
the concentration gradient or temperature gradient, where the latter type is also
termed as thermocapillary convection [91]. In brief, when a laser beam irradiates
the plasmonic nanostructures with a relatively high power intensity, abundant
heat is generated at the hotspot, leading to water evaporation and resultant vapor
bubble nucleation at the liquid-substate interface [92, 93]. As the surface tension is
inversely related to the temperature, a gradient of surface tension exists at the liquid-
vapor interface due to the temperature gradient (Fig. 10a). Thus, a convective flow
is generated around the microbubble because of the fluid’s continuity (Fig. 10b).
The temperature distribution and flow velocity pattern are different if the relative
size between the diameter of the bubble and the chamber thickness changes (Fig.
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Fig. 10 Formation of Marangoni convection based on plasmonic heating. (a) Simulated
temperature distribution and (b) simulated flow velocity around a 10 wm bubble generated
upon laser irradiation on AuNIs. The temperature field was obtained from the FDTD-simulated
electromagnetic field, and the fluid velocity map was achieved by CFD simulations. (Adapted
with permission from Ref. [27]. Copyright 2019 American Chemical Society). (¢) Simulated
temperature distribution and (d) simulated flow velocity of a 60 pwm vapor bubble generated
in a chamber with height being 70 wm. The temperature distribution and fluid velocity map
were achieved by CFD simulations (ANSYS Fluent). (Adapted with permission from Ref. [95].
Copyright 2014 Royal Society of Chemistry)

10c, d). Besides, it’s worth noting that the plasmonic heating-induced Marangoni
convection can also occur at the planar air-liquid interface via floating plasmonic
nanoparticles [94].

6.2 Techniques and Applications

Similar to thermo-plasmonic convection, Marangoni convection has also been
exploited for rapid delivery of nanoparticles toward the plasmonic hotspot for
efficient plasmonic trapping (Fig. 11a). Kotnala et al. employed two laser beams
to actuate Marangoni convection and plasmonic trapping, respectively, which
significantly enhanced the trapping efficiency of conventional nanoaperture-based
plasmonic tweezers [27]. Specifically, a 532 nm laser is used for plasmonic heating
and bubble generation, while a 1020 nm laser works for plasmonic trapping. It’s
worth noting that the 532 nm laser beam should be turned off after the bubble
emerges for 1-2 s in case that the nanoparticles are directly printed on the substrate
by the strong Marangoni convective flow [96]. Due to the long-range delivery of
nanoparticles via Marangoni convection, the average particle-trapping time can
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Fig. 11 Marangoni convection-assisted trapping and tweezing. (a) Schematic shows sus-
pended nanoparticles being delivered to the nanoaperture via bubble-based Marangoni convection
and get trapped by plasmonic tweezers. (b) Time-evolved dark-field images demonstrates bubble-
assisted trapping and release of a single 200 nm fluorescent PS nanoparticle. 532 nm laser is
exploited for the bubble generation while 1020 nm laser is specifically for plasmonic trapping.
Scale bar: 10 wm. (Adapted with permission from Ref. [27]. Copyright 2019 American Chemical
Society). (¢) Schematic shows that particle get stabilized on the bubble surface via the balance
between the pressure force (Fp) and the surface tension force (F). (d) Time-lapse optical images
show the particle collection process via the movement of the bubble. (Adapted with permission
from Ref. [95]. Copyright 2014 The Royal Society of Chemistry)

be reduced by 40 ~ 80 folds compared with that of diffusion-limited trapping.
Moreover, since the position of the gas bubble can follow the movement of the
heating laser on continuous plasmonic nanostructures [97], suspended particles
can be patterned on the plasmonic substrate continuously for nanoparticle writing,
namely bubble printing [98—102].

In addition to particle concentration, Marangoni convective flow can also facili-
tate precise trapping and manipulation of colloidal particles and biological cells [95,
103-105]. Zhao et al. developed single-particle trapping and manipulation based on
the optothermal bubble [95]. When the bubble is generated upon laser irradiation on
a gold thin film, neighboring suspended particles are attracted towards the bubble
due to the Marangoni convection. Once the particle is attached to the bubble surface,
it will be trapped stably through the balance among the surface tension force,
pressure force and drag force (Fig. 11c). Particle collection and transportation were
further demonstrated via directly manipulating the bubbles as a shuttle (Fig. 11d).
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7 Electrothermoplasmonic Flow-Assisted Manipulation

When a laser beam irradiates a plasmonic nanostructure, in addition to thermophore-
sis and natural convection take effect, a gradient of permittivity and electrical
conductivity can also be obtained in the vicinity of the nanostructure due to the
local temperature gradient. Once an additional a.c. electric field is applied, electric
body force is triggered and the force can be givenby f = psE;— % |E; |2V8m for an
electrically linear incompressible fluid [106, 107], where py is the volume density of
induced free charges, E; represents the local electric field, while Vg, is the gradient
of the fluid’s permittivity. The electric body force can trigger a new type of fluidic
flow termed as ETP flow, which can also be exploited for trapping and tweezing of
objects at single-particle resolution.

7.1 Mechanism

ETP flow describes a new type of opto-microfluidic flow for particle and molecule
manipulation, which mainly stems from the electric body force in the fluids with
assistance from plasmon-enhanced thermal effects [33, 40, 43]. Specifically, when
a laser beam irradiates on plasmonic nanostructures, the plasmonic heating creates
a local gradient of fluid’s permittivity and electrical conductivity. Through applying
an external a.c. electric field, an electrical body force per unit volume in the locally
heated fluid is significantly enhanced. The resultant motion of the fluid will then
exert a drag force on suspended particles, which can transport suspended particles
toward the plasmonic hotspot (Fig. 12a). Although the plasmonic optothermal effect
can intrinsically lead to buoyancy force for the generation of thermo-plasmonic
convection [108], the electric body force plays an essential role in the ETP flow,
which is given as [33]

1
(FETH) = <€

[ (@ —y)
2

T+ ) (VT -E)E — %a|E|2VT} (11)

where o = (1/€)(0€/0T), y = (1/0)(00/9T), T = €lo, € and o are the fluid’s
permittivity and electrical conductivity, respectively, and w is the frequency of the
a.c. electric field. Accordingly, the ETP flow can not only be tuned by the plasmonic
heating but also the frequency and amplitude of the a.c. electric field. Numerical
simulations further confirm that the ETP flow scales linearly with applied laser
power but scales quadratically with the a.c. electric field. The fluid radial velocity of
the ETP flow is validated to be two orders of magnitude larger than that of thermo-
plasmonic convection, implying that the ETP flow is dominant here for on-demand
long-range and rapid delivery of single nano-objects.
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Fig. 12 Demonstration of electrothermoplasmonic flow-assisted trapping and tweezers. (a)
Schematic shows the working mechanism of opto-thermo-electrohydrodynamic tweezers. (b)
Simulated radial velocity under different a.c. frequencies along the direction perpendicular to
the length of the nanohole array. The inset shows the zoom-in black dash box. The position of
the stagnation zone can be tuned by the a.c. frequency. (c¢) Optical images show the dynamic
manipulation of a single bovine serum albumin (BSA) protein molecule. (Adapted with permission
from Ref. [43]. Copyright 2020 Springer Nature)

7.2 Techniques and Applications

ETP flow can transport suspended nano-objects towards the plasmonic nanoantenna
at the fluid’s velocity ~ 10-15 wm s~! [33], which can then be trapped at the
nanostructure surface via the optical gradient force [11]. Once the targeted object
is trapped at the surface, there have three options for subsequent manipulation:
(1) laser on but electric field off: maintain the object being trapped via optical
gradient force with minimum energy consumption; (2) both laser and electric field
off: release the object; (3) laser on but switch a.c. field to d.c. field temporarily:
immobilize the object on the nanoantenna. The immobilization mechanism, in brief,
is that the d.c. electric field triggers the mobile ions in the electric double layer of
the trapped object moving and then pushing the particle closer to the surface until
the short-range attractive forces take effect to bind the object onto the nanoantenna
surface.

Moreover, when the plasmonic nanoantenna is replaced with the nanohole array,
the applied a.c. electric field is distorted by the nanoholes, resulting in both normal
and tangential a.c. field components. The tangential component drives the diffuse
charges in the electrical double layer at the interface between the nanohole array
and the fluid, triggering localized a.c. electro-osmotic flow that has an opposite
direction against the ETP flow (Fig. 12a) [109]. Recently, Ndukaife and co-workers
have synergized the ETP flow and a.c. electro-osmotic flow to develop opto-thermo-
electrohydrodynamic tweezers for the trapping and manipulation of sub-10 nm
objects [43]. Since the strength of the a.c. electro-osmotic flow is increased faster
than that the ETP flow at a lower a.c. frequency, the trapping distance of targeted
objects relative to the laser position, i.e., the stagnation zone, can be adjusted
by tuning the a.c. frequency (Fig. 12b). Thus, the object can be trapped several
micrometers away from the laser focus, alleviating potential optical and thermal
damage for safe biological sensing or single-molecule analysis. Furthermore, the
trapped object can also be dynamically manipulated by translating the laser beam,
like other optical-based tweezers (Fig. 12c).
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8 Conclusion

By taking advantage of plasmonic optothermal effects, researchers have developed
various heat-mediated optical tweezing techniques in recent years, enabling a versa-
tile platform for precise manipulation of micro-and nano-objects. Thermophoretic
tweezers trap the objects in the solution by exploiting the directed thermal migration
of suspended objects under a laser heating-generated temperature gradient. Opto-
thermoelectric tweezers present a more general approach to manipulate all kinds
of colloids through the coordination of liquid thermoelectricity and surfactant
modification of objects. To improve the trapping efficiency of plasmonic tweezers
in dilute solution, various convection flows have been exploited to rapidly deliver
particles toward the plasmonic hotspot. First, thermo-plasmonic convection can
transport suspended particles mildly but usually requires large-area illumination
for actuation, somehow sacrificing manipulation precision. Second, Marangoni
convection enables more rapid delivery, but the target object might be directly
printed on the substrate. In addition, the high temperature around the vapor bubble
could cause damages to biological target objects. Last, ETP flow is newly developed
in the last 5 years, which can transport suspended particles toward the trapping site
rapidly and safely. However, an external electric field is required for ETP, which
perplexes the experimental setup.

We expect the further developments of plasmon-enhanced optothermal manipu-
lation in multiple directions to enhance the functions for the broader applications.
Firstly, the capability of plasmon-enhanced optothermal manipulation in 3D will
be improved. Due to the difficulty of optothermally constructing stable trapping
potentials along the direction perpendicular to the plasmonic substrates, most
single-particle manipulations have been limited to the in-plane directions along
the substrates. Some methods have already been proposed to trap and manipulate
particles in 3D via plasmon-induced optothermal fields. For instance, the plasmonic
nanostructures were transferred onto optical fibers to realize 3D optothermal
manipulation by simply controlling the position of the fiber tips [75]. Secondly
it has been challenging to simultaneously achieve both high throughput and high
precision for the plasmon-enhanced optothermal manipulation. To address the
challenge, a spatial light modulator or digital micromirror device can be used to
generate multiple laser beams for parallel manipulation of multiple particles [28].
Alternatively, the plasmonic nanostructures can be further elaborated to achieve
multiple trapping potentials. Lastly, plasmon-enhanced optothermal manipulation
has been mainly applied for particle assembly [76, 78] and in vitro sensing [39]. We
envision that, with the further progress in the rational design of plasmonic nanos-
tructures and heating source, in combination with additional external fields, the
plasmon-enhanced optothermal trapping and tweezing will find more applications in
materials science, biology, colloidal sciences, nanorobotics, and nanomanufacturing
[110-112].
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Abstract Realization of functional integrated nanophotonic devices depends on the
development of scalable and efficient plasmonic nanocircuits comprising quantum
emitters. In this context, this work presents an optimized method for the realiza-
tion of a highly efficient and ultracompact plasmonic circuitry for manipulating
the readout of the magnetic resonance of the nitrogen-vacancy (NV) centers in
nanodiamonds. We demonstrate that the readout of the electron spins of NV centers
can be coupled to plasmonic modes, and propagated along lithographically fabri-
cated nanoplasmonic circuitry-based efficient nanowires. Our optimized method is
based on enhancing the plasmon propagation length and improving the coupling
efficiency. Our results show a 5 times enhancement in the plasmon propagation
length using (3-mercaptopropyl) trimethoxysilane as an adhesion layer and a 5.2
times improvement in the coupling efficiency by introducing grating couplers. The
integration of efficient plasmonic circuitry with the excellent spin properties of
the NV centers can potentially be leveraged for solid-state quantum technologies
and shows a significant step towards the realization of compact on-chip quantum
information processing systems.
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magnetometry - Electron beam lithography

Z. Al-Baiaty (D<)
School of Science, RMIT University, Melbourne, VIC, Australia

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022 261
P. Yu et al. (eds.), Plasmon-enhanced light-matter interactions,

Lecture Notes in Nanoscale Science and Technology 31,
https://doi.org/10.1007/978-3-030-87544-2_11


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-87544-2_11&domain=pdf
https://doi.org/10.1007/978-3-030-87544-2_11

262 Z. Al-Baiaty
1 Introduction

The rapidly growing interest in photonic technologies is driven by the eager-
ness to overcome the fundamental limits in the bandwidth, size, and speed of
semiconductor-integrated technologies. To fulfill the large functionality of the
future photonic integrated circuits, the optical components have to be miniaturized.
However, a natural limitation is the diffraction limit that is dominant when the size of
a photonic device is smaller than the wavelength of light in the material. Plasmonics
has the potential to control the propagation of light by the use of subwavelength
structures. It plays an important role in enhancing the processing speed of future
integrated circuits [1, 2]. Manipulating the flow of light at the nanoscale has not only
revealed new science but has also driven many important advanced technologies
that have had a key impact on society, economy, environment, and photonics
community. In other words, plasmonics has the potential to overcome the limitations
of photonics and electronics technologies.

The present surge in nanophotonics based on surface plasmon polaritons (SPPs)
research is happening at a time where important technological areas such as
optical data storage and optical lithography are approaching fundamental limits.
The SPPs are free electron density waves that result from an intimate interaction
between electromagnetic (EM) waves and metallic surface electrons. EM waves
can generally be classified into transverse magnetic (TM) and transverse electric
(TE) waves that are polarized in p-polarized and s-polarized electromagnetic modes,
respectively. For a propagating wave along with the interface, the electric field
must be normal to the interface. By considering SPPs as hybrid EM waves mode
incorporate the propagation of both of the transverse waves (in dielectric) and
longitudinal waves (plasma oscillations in metals). Since TE waves are purely
transverse waves, these waves cannot be coupled to the longitudinal electron
oscillations in metal, therefore SPPs mode only exists for a TM (p — polarized)
mode [3, 4].

The SPPs can take various forms, ranging from freely propagating electron
density waves along metal surfaces to localized electron oscillations on metal
nanoparticles. To elucidate the behaviors of the SPPs at a metal/dielectric interface,
let us consider a TM wave in a geometry shown in Fig. l1a. Figure 1a consists of a
dielectric material with a positive dielectric constant (¢4) and metal with complex
frequency-dependent permittivity can be described as €,,(w) = 6/(a)) + i 6”(0))
where the imaginary part explains the absorption and scattering losses encountered
when materials interact with EM waves. The wave vector (kg (w)) of the SPP can be

express as [5]:
o [ @) e
ksp (w) = eV e @ T e (D

where w and c are the frequency of the SPP and the light velocity in a vacuum,
respectively.
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Fig. 1 (a) Schematic diagram of the surface plasmon polaritons (SPPs) generated at the
metal/dielectric interface. (b) Dispersion curve of the SPPs on a metal-dielectric interface

Equation (1) can be further modified using the Drude model [6] for huge free
electrons, in which the relative permittivity of metal with negligible damping is
given by:

wz
em (@) =1— w—;’ )

where w), denotes the plasma frequency. Substituting Eq. (2) in Eq. (1), the SPPs
dispersion relation can be plotted as in Fig. 1b which shows the dispersion curve
of SPPs lies to the right to the dispersion curve of the light line. Equation (1)
and Fig. 1b both indicate that the SPPs have a higher wave vector than the light
wave of the same frequency. Therefore, SPPs mode cannot be excited directly by
the incident light due to its large propagation constant. To overcome the phase
mismatch between SPPs and incident light, a phase matching technique such as
a grating coupler employing the light diffraction, a prism coupler, and near field
excitation with a near field optical microscopy are required to ensure momentum
conservation [5, 7]. Further, SPPs have a shorter wavelength, lower in magnitude
than that of the ordinary propagating light. This property allows SPPs to be exploited
to overcome the optical diffraction limit in super-resolution imaging, hence it can
provide a resolution exceeding the limit of an ordinary optical microscope using
propagating photons [8].

More recently, plasmonic devices have gained much attention as a key com-
ponent in miniaturizing the optical components to be comparable with electronic
components, and in the integration of photonics circuits with electronics to build
integrated nanophotonic circuits that can offer substantial improvements in term
of the bandwidth, speed and small physical device size for the next generation of
information technologies. Waveguide-based SPPs have the remarkable capability
for the ultimate miniaturization of integrated photonic circuitries by offering
a unique setting for the manipulation of light “SPPs” via the confinement of
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electromagnetic energy beyond the diffraction limit. The development of nanoscale
plasmonic circuities holds great promise to revolutionize quantum information
processing protocols, secure communication, and nanoscale bio-sensing.

The dramatic advances in nanofabrication and full-field electromagnetic sim-
ulation techniques have enabled the realization of several different plasmonic
waveguiding structures including thin metal films [9], chains of metal nanoparticles
[10-13], dielectric-loaded surface plasmon polaritons [14, 15], nano-gaps between
metallic media [16, 17], metal wedges [18, 19], nano-grooves in metal substrates
[20], cylindrical waveguides [21-24], channel plasmon polaritons (CPPs), and
hybrid plasmonic polaritons (HPPs) waveguides [25-27]. Although all of these
waveguides achieved localization of EM energy in nanoscale regions, in this
work we will present only the plasmonic waveguides that can support the long
propagation length that is essential for the integration of the plasmonic circuit.

In this chapter, I will demonstrate a novel method for the realization of highly
efficient and ultracompact plasmonic nanocircuitry. Recently, for the first time, we
have reported that the spin state readouts of the nitrogen vacancy (NV) centers in
nanodiamonds (NDs) can be coupled to plasmonic modes of lithographic nanowires
(LNWs) and passed through plasmonic elements such as beam splitters [28], which
are essential elements needed to form quantum networks. The optimization methods
have been well investigated for longer plasmon propagation length (L,) and higher
coupling efficiency (n). The technique I presented adds new potential to both
plasmonic waveguides and NV centers in NDs towards the practical realization
of nanoscale magnetometry, more complex quantum plasmonic circuits as well as
photonic circuits.

2 Background: Towards Functional Plasmonic Nanocircuitry

Nanoscale waveguides-based SPPs are imperative for the ultimate miniaturization
of photonic circuitries beyond the diffraction limit. Such circuitries have a wide
range of potential applications, in areas such as quantum information and quantum
sensing. Consequently, several impressive demonstrations have already been made
for the SPPs propagation along various types of plasmonic waveguides. With
several promising plasmonic waveguides, CPPs and HPPs geometries have been
thoroughly investigated owing to their interesting propagation length and strong
mode confinement [20, 29-32]. CPPs based on a V-shaped groove carved in metal
have been investigated with plasmonic elements such as beam splitters and Mach-
Zehnder interferometers [33]. The energy in these waveguides can be confined in
different positions in the groove depending on the modes. Further, the modes and the
propagation length can be adjusted through the taper angle [34]. However, the metal
V-groove plasmonic waveguides supporting CPPs require advanced fabrication
techniques to avoid scattering loss and suppress the field well inside the channel.
Furthermore, HPPs can be fabricated using the standard lithography process but
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the mode confinement of HPPs is weak if the diameter of a high refractive index
nanowire is very small [31].

Many theoretical and experimental studies demonstrate that the low loss SPPs
mode can be carried along metallic wires with a subwavelength cross-section [23,
35]. Metallic nanowires (NWs), fabricated with subwavelength diameters and high
uniformity, allow the propagation of the electromagnetic field with appreciable
propagation length and tight field confinement. These properties make these nanos-
tructures the optimum choice for the miniaturization of optical signal processing
devices and for creating miniaturized photonic circuits for optical signal transfer
at visible frequencies [5]. The first observation of propagating SPPs in chemically
synthesized nanowires (CSNWs) has been reported in [36]. It has been shown that
the controlled routing of single plasmons in a plasmonic circuit comprising single-
photon sources and silver NWs is possible [35], which may lead to the construction
of a complete on-chip quantum plasmonic nanocircuit. Nonetheless, CSNWs are not
suitable to be integrated into on-chip circuits as growing such wires in a designed
pattern is tedious and time-consuming.

On-chip plasmonic circuitry requires a feasible method for developing plasmonic
structures with controllable and optimized geometry. Electron beam lithography
(EBL) followed by thermal evaporation of metal is an efficient method to build
sub-wavelength plasmonic components as it provides more control over waveguide
geometry, allowing the design and manipulation of waveguide modes and their
properties. Normally in the lithographic method, plasmonic structures are built by
depositing noble metals on a glass substrate. In this approach, a few nanometer
adhesion layers, such as chromium (Cr), titanium (Ti), or their oxides forms,
have mainly been employed to guarantee a good bonding between the plasmonic
structures and the glass surface [37, 38]. However, adding a thin intermediate
metallic adhesion layer causes red shifting, damping as well as broadening the
plasmon resonance. Further, increasing the thickness of these layers leads to a
decrease in the magnitude of the resonance [39-42]. The reason is attributed to
the effect of the refractive index of the adhesion material that causes the redshift
and decreases in the magnitude of the resonance [42]. Results have shown a 40%
increase of the plasmon dephasing time and a decrease in the field enhancement
when a single gold nanorod is placed on a 2nm-Ti compared with a single gold
nano-rod place on a glass substrate [39]. Besides, optical sensing techniques require
a transparent glass substrate but the nanostructures do not stick well on the glass
surface [38]. Owing to the limited propagation length in lithographic nanowires,
they have not fulfilled their original promise as replacements for CSNWs in
integrated nanocircuits.

The challenges of plasmonics come not only from Ohmic losses but also from a
lack of efficient coupling to nanoscale emitters that can enable truly sub-diffraction
limit optical circuitry. Efficient conversion of external macroscopic incident light to
the compressed surface plasmons is challenging yet pivotal. The surface plasmon
wave vector is larger than the free space light wave vector as indicated in Eq. (1),
therefore the incident photons light on the metal surface cannot excite the SPPs
directly unless special techniques for phase matching are employed [5]. Therefore,
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for the realization of SPPs based nanophotonic circuits, it is desirable to have an
efficient nano coupling capability.

Coupling plasmonic circuits to external bulky sources and detectors limits their
practical applications to nanoscale devices. Besides, coupling plasmonic waveg-
uides to nano-lasers remains a challenge that hinders the realization of functional
components [34]. Therefore, for a complete demonstration of a plasmonic circuitry,
towards employing in integrated nano-photonic circuits, it is essential to utilize
coupling to quantum emitters (QEs). Plasmonic nanocircuits integrated with QEs
open up new perspectives in the control of light by significantly enhancing QE
emission rates and miniaturizing quantum nanophotonic components. Hence, on-
chip, bright, and photostable single-photon sources are critical for the realization of
solid-state quantum information processing, quantum cryptography, and quantum
network [43-45].

Color centers in nanodiamonds have been identified as artificial atoms of
choice for their exceptional chemical, biological, structural, mechanical, and optical
properties [46]. The most prominent emitter in diamond is the nitrogen vacancy
center, in which the negatively charged state forms a spin triplet in the orbital ground
state, and allows for optical initialization and readout at room temperature by a
technique known as optically detected magnetic resonance (ODMR) [47, 48].

The NV center is a defect formed by one substitutional nitrogen atom and
adjacent lattice vacancy in a diamond crystal lattice, as shown in Fig. 2a. An NV
center can exist in two charged states, the neutral charge state (NVO) center, and
the negative charge state (NV ™) center. The NV center has five unpaired electrons:
four from the neighboring carbon atoms and one from the intrinsic nitrogen atom.
For the NV~ center, it is widely accepted to be comprised of six electrons, where
the other electron is captured from elsewhere in the crystal lattice. The main features
of the NV~ and NV can be identified by their optical zero phonon lines (ZPLs) at
1.945 eV (637 nm) and 2.156 eV (575 nm), respectively, as depicted in Fig. 2b. Even
though there are two charged states of the NV center, the focus of this work is the
NV~ center for its paramagnetic ground state whose spins can be optically prepared,
coherently manipulated hence allowing precision sensing of magnetic fields even
at room temperature [49, 50]. In the rest of this work, the NV~ will be denoted
simplicity by an NV center.

The energy level diagram of the NV center can be seen in Fig. 2c. It contains three
electronic levels, the ground state 3A2, the excited state 3E, and the metastable state
'A. The ground state of the NV center is a spin-triplet with the lowest energy spin
sublevel m; = 0 along with m; = = 1 spin sublevels. The mg = = 1 spin sublevels
are degenerate and the crystal field splitting from the m; = 0 is D = 2.87 GHz [47].
Further, the NV has a spin-triplet excited state with msg = 0, mgg = =+ 1, with
zero-field splitting D,; = 1.42 GHz, and one singlet metastable state. The optical
transition between 3A2 and 3E is radiative, while the transition through 14 is not
radiative and is strongly spin selective. An NV center can be pumped from the
ground state my; = 0 spin sublevel to the excited state mgg = 0 spin sublevels with
a 532 nm laser, then decay radiatively towards the ground state m; = 0 with spin-
conserving. However, pumping from the ground state mg = =+ 1 spin sublevels to
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Fig. 2 (a) Schematic of the nitrogen-vacancy center in the diamond lattice. (b) Typical fluores-
cence emission spectra identifying the ZPLs of the NV? and NV~ centers. (¢) Electronic levels of
the NV center in ND. Solid lines indicate optical and microwave transitions; dashed lines indicate
non-radiative transitions

the excited state msg = = 1 spin sublevels, there will be a high probability to decay
through intersystem transitions to the metastable state, and from there to the m; = 0
with no radiation. The latter is an important feature for practical magnetometry
applications.

The spins associated with the NV center defects in diamond have been identified
as promising spin qubits for the practical realization of solid-state spin based
quantum information processing [48, 51] and nanoscale magnetometry schemes
[52-54] at room temperature. In these configurations, the quantum information can
be stored in the electron spin states of the NV center while quantum logic can be
achieved by modulating the photoluminescence intensity via the ODMR technique
[55, 56]. Despite these promising developments, one of the limiting factors of the
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ODMR technique is the low collection efficiency of photons emitted by the NV
centers in NDs [57-59].

Fortunately, an efficient approach for enhancing the emission from broadband
NV center into a narrow band, and improving the overall collection efficiency,
can be achieved when NDs are brought close to photonic and plasmoinc cavities.
The latter is important for the development of solid-state quantum devices with
tunable performance [60-62]. While photonic cavities are diffraction-limited, chip-
scale broadband plasmonic cavities can be used for channeling and manipulating
the emission from the NV centers along plasmonic waveguides.

In particular, coupling the readout of the electron spins of NV centers in NDs
to plasmonic modes can be employed for realizing on-chip quantum information
processing where the plasmonic waveguides can be used as networks to guide,
process, and transfer the spin quantum information along chip-scale devices.
Heretofore, experimental investigations on the readout of the ODMR signal in
propagating SPPs have only focused on the study of highly crystalline silver NWs
[63] which are difficult to form into a circuit, hence their applications are limited.
Conversely, LNWs allow controllable circuitry design but show significantly higher
losses than CSNWs [64] due to damping by metallic adhesion layer. Even with the
recently investigated plasmonic nanocircuits with NDs [29, 65, 66], compact devices
with a high coupling efficiency and low propagation loss have so far been elusive.

Certainly, channeling and guiding the emission from the NV centers to highly
confined plasmonic modes supported by low loss, scalable, and complex plasmonic
nanowaveguides are crucial for the ultimate miniaturization of photonic devices
beyond the diffraction limit. Therefore, we have investigated and presented opto-
magnetic plasmonic nanocircuitry for guiding, routing, and processing the readout
of electron spins of NV centers. Figure 3 depicts a schematic for the proposed
construction of an on-chip quantum plasmonic splitter coupled to an ND that can
be excited with a green continuous-wave (CW) laser. The emitted photons from
the NDs are coupled into the plasmonic modes and propagate along the integrated
nanostructures. The presented device geometry has been optimized and investigated
both theoretically and experimentally, using the experimental setup shown in
Fig. 4, toward efficient on-chip ODMR detection of the NV centers spin states.
The approach we present enables substantial enhancement in the performance of
plasmonic LNWs that can be scaled to more complicated multifunctional circuitries
and leveraged for quantum information technology.

3 Optimization of the Lithographic Plasmonic Nanowires

Here, we demonstrate reduced loss and enhanced coupling in lithographic plas-
monic silver (Ag) nano waveguides (represented by rectangular-shaped silver
nanowires) towards developing efficient plasmonic nanowaveguides viable for
scalable on-chip quantum information processing system.



Quantum Optomagnetic Plasmonic Nanocircuits 269

T " ™
e w A / Z
A‘(] Ay

Fig. 3 Schematic illustration of the considered lithographic plasmonic circuitry that can control
and process the readout of the electron spins of NV centers in NDs when excited with a 532 nm
green laser. The inset (left) shows a close-up of the proposed grating coupler with chirped gratings
for high coupling efficiency and directionality of the NV centers broad emission into the plasmonic
circuitry, and the inset (right) shows the (3-mercaptopropyl) trimethoxysilane MPTMS adhesion
layer
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Fig. 4 The optical set-up used for characterization of the ND-plasmonic nanocircuit coupled sys-
tem. A 532 nm laser is used to excite an ND by an objective lens. The emitted photoluminescence
is collected through the same objective and filtered, and directed towards an electron-multiplying
charge-coupled device or a spectrometer. M mirror, HWP half waveplate is used to control the
polarization of the laser, F fluorescence filters for photon wavelength lies between 647 and
785 nm, L focusing lens, and DM dichroic mirror. Inset, a close-up illustration of a glass substrate
containing a microwave antenna for the ODMR measurements

We enhance the L, by employing a low-loss efficient fabrication method. Further,
we improve the 1 by optimizing the design of three-dimensional (3D) nanograting
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Fig. 5 (a) Schematic diagram of the plasmonic structure under consideration. (b) Plasmon
propagation length and (c) Mode effective index plotted as a function of the width of the plasmonic
waveguide for different thicknesses

couplers at an air-Ag-SiO; interface, which also is suitable for integration with on-
chip circuits. Hence, the net coefficient in the nanowire (nyw) can be defined as,
nnw = exp (—(1/Ly) z) x n, where z is the local position along the nanowire.

To arrive at a full understanding of these NWs and to find the optimum
design parameters, the effective index and propagating length of these plasmonic
nanowaveguides were thoroughly studied using the frequency domain finite element
(FEM) method implemented in COMSOL. In this simulation, the propagation of the
SPPs is along z-direction with an electric field that can be defined as [67]:

E = (E}) exp i (ot — Bz2) 3

where E) refers to the electric amplitude of traveling plasmon modes at angular

frequency w, and f is the complex propagation constant defined as 8 = g —ip’
which is related to mode effective index as n/, o= B’/ ko (kg is the free space wave

vector), and propagation length as L, = 1/2,3”, (Lp is defined as the propagation
distance at which the SPP intensity decays by a factor 1/e [68]).

We calculated the propagation length and the effective index for the plasmonic
waveguide geometry, shown in Fig. 5a, which composes of a rectangular silver
nanowaveguide with optical constants being adopted from experimental data by
John and Christy [69], and a cross-section of width (w) and thickness (¢), placed on
a glass substrate with refractive index ngjqss = 1.46, and surrounded by air. Silver
is used as the plasmonic material as it shows the lowest loss in the visible spectrum
[68, 70].

Figure 5b shows the dependence of the propagation length of the SPPs on the
wire dimensions. It is clear that L, becomes longer when the width of the waveguide
increases and its value increases when increasing the waveguide thickness to reach
19.136 wm at + = 100 nm. The width of the waveguide, however, also affects the
mode indices. Decreasing the width leads to strong mode confinement, as shown in
Fig. 5c. This also implies that higher effective index results in higher losses that can
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limit the propagation length of SPPs. The latter indicates the trade-off between the
field confinement and the losses in the plasmonic NW.

3.1 Enhancing the Plasmon Propagation Length

To enhance the L, the plasmonic structures were fabricated using the EBL method
with the (3-mercaptopropyl) trimethoxysilane (MPTMS), which contains functional
groups at both terminals of the molecule, as an adhesion layer [38, 71, 72] (see Fig.
3). We numerically investigate silver LNWs of width w = 100 nm and thickness
t =70 nm in the xy plane that are featuring both reasonably good propagation length
and mode confinement (see Fig. 5b, ¢). The propagation characteristics of the LNWs
based on MPTMS adhesion layers are compared with traditional lithographically
fabricated NWs which are attached to the glass substrate with Ti adhesion layers.
The 3D finite-difference time-domain (FDTD) numerical simulations implemented
using Lumerical, with artificial absorbing boundaries surrounding the computational
domain, are used to investigate two identical NWs supported with a 2nm-Ti
adhesion layer or a 2nm-MPTMS adhesion layer. Simulations for various NW
lengths, 2—14 pm, are carried out (see Fig. 6a). The intensity (/y,) of the propagating
SPPs signal along the NWs when excited with a 700 nm for both types of samples
are measured by placing a set of power monitors (detectors) in the transverse xy
plane at the far edge of the NWs from the excitation area.

The measured I, can be explained as the total power of the coupled and
propagated SPPs divided by the total power emitted by the excitation source, i.e
Lspp/lexcitation- We placed a set of monitors along the plasmonic wire, in steps of
2 pm. The first monitor was set at z = 2 pm from the edge of the waveguide in
order to monitor only the waveguided SPPs signal and to eliminate the residual
effect of the excitation source. Using a 700 nm excitation source, we excite SPPs
at the Ag-SiO; interface, to be guided along NWs with varying lengths. The index
data of Ti is adapted from [69], and that of the MPTMS is obtained from [71] for
incident light at a wavelength of 700 nm. By fitting the results to an exponential
decay function as:

I1(z) = Ip x e ¢/Lr 4)

where I is the initial intensity, an enhancement in the propagation length for
NWs supported with MPTMS adhesion layer is observed compared with Ti-based
systems.

Our simulation results are shown in Fig. 6a predict a L, of 8.3 pm for the NW on
MPTMS adhesion layer which is a factor of 5 times longer than that of a traditional
Ti-based system. Accordingly, we calculate 1;, where 1; = Zﬂ”, results show n; of
0.12 um~! and 0.59 wm™"' for MPTMS and Ti adhesion layers, respectively. These
results demonstrate that adding a thin metallic adhesion layer of Ti limits the L, of
the SPPs, which is attributed to the large value of the imaginary component of the
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Fig. 6 (a) Simulation of NWs showing the measured /g, as a function of the NW length for LNWs
deposited on either a 2nm-Ti adhesion layer or an MPTMS adhesion layer. (b) Schematic illustra-
tion of LNW fabricated on the MPTMS pre-treated glass substrate. Experimentally measured SPPs
along the presented system in (b) with the respective photon emission map and the intensity profile
shown in (¢) and (d), respectively

Ti [37]. The losses are worse when Cr is used as an adhesion layer as it is more
absorptive than Ti, which increases the rate of plasmon dephasing through charge
transfer across the metal-metal interface [39].

In the experiment, LNWs were fabricated using EBL onto either a 2nm-Ti
adhesion layer or an MPTMS functionalized glass substrate. The MPTMS forms
a thin monolayer [72-74] and has a refractive index comparable with the refractive
index of glass substrate [71, 72], thus the precise thickness of the MPTMS does
not significantly influence the properties of the plasmonic modes. In the fabrication
method, the substrate was cleaned in a Piranha solution to remove metals and
organic contaminations. The glass was immersed in a freshly prepared Piranha
solution composed of sulphuric acid and hydrogen peroxide (H20>) (3:1) for 30 min
at 70 °C. To functionalize the glass with the MPTMS, we optimized the method
proposed by Goss et al. [75] to improve the performance of the adhesion layer but
for silver nanostructures instead of gold.
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In the hydroxylation process, the glass was placed on a hot plate at 100 °C for
10 min to leave —OH groups on the surface of the glass. Meanwhile, a silanization
solution was prepared by adding 5 g of MPTMS to a solution of 5 g of H,0» and
200 g of 2-propanol (IPA). After the solution was heated to boiling, the dried glass
was immersed for 10 min then rinsed with IPA and dried with nitrogen. The glass
was then cured by placing it on a hot plate at 110 °C for 10 min. The procedure
of immersing in MPTMS solution, rinsing, and curing was repeated an extra two
times to ensure a high probability of covalent Si-O-Si bonds on the glass surface.
The functionalized glass was spin-coated with bi-layer poly (methyl methacrylate)
(PMMA) for a high-resolution lift-off.

During the EBL process, a beam of electrons with high energy is applied to
pattern high-resolution structures. When the resist is exposed with an electron beam,
the charges accumulated on the surface especially if the substrate is a glass or a
nonconductive material. This causes difficulty in performing the essential alignment
procedures of EBL. Moreover, the charging effect can lead to distortion of the
designed patterns. To avoid charging effects, it necessary to add a thin layer of
conductive material. For this reason, the pre-treated sample was covered with 10 nm
of Cr by e-beam evaporation (which will be removed later).

Arrays of LNW patterns were then defined using EBL system (Raith 150) at an
acceleration voltage of 10 kV, beam aperture size of 10 wm, working distance of
10 mm and beam current of 0.017 nA. The dose factor in EBL addresses the size
and quality of the fabricated patterns. Consequently, the dose was calculated for the
area, line, dot, and curved elements according to the exposed resist and considering
the values of the beam current, dwell time, and step size for each element. The
resolution of the patterns was tested with a range of dose factors from 1 to 4.6 in
steps of 0.4. The results show that using dose 1 to dose 1.8 results in well-defined
patterns while higher doses cause a collapse of the patterns.

Electron beam evaporation is used to obtain a thin Ag film of a final thickness of
70 nm. The deposition was run at a low-pressure ~ 2 — 4 x 107 Torr with 1 A/sec.
deposition rate. The depositing processes were separated by 15 min rest time to
allow the sample to cool down and avoid damaging the molecular linker. The lift-
off process was carried out by soaking the sample in acetone for 3 h, followed by a
sonication bath in acetone for 3—5 min. Finally, the sample was rinsed with IPA and
dried with nitrogen.

We experimentally investigated the effect of an MPTMS adhesion layer on
propagating SPPs supported by LNWs shown schematically in Fig. 6b. For optical
characterization, a confocal and widefield fluorescence microscope system, shown
in Fig. 4, was employed. Light from a CW tunable Ti:Sapphire laser with a
wavelength of 700 nm is linearly polarized, and adjusted with a half waveplate.
This laser is used to excite SPPs along the LNWs, which in turn propagate along
the LNWs before being scattered and partially converted into free space photons
at the far end of the LNWs. The scattered SPPs signal was collected by the same
objective and was optically imaged onto an electron-multiplying charge-coupled
device (EMCCD) camera without saturation. To find the optimal coupling location,
we adjust the sample in the x, y, and z-directions via a nanopositioning stage in aid of
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digital piezo controller and a home built Labview software (National Instruments).
The scattered SPPs intensity is identified by the maximum value in the emission
site (away from the excitation spot) from the optical image. Consequently, a photon
emission map for the LNW is obtained.

We measure the propagation characteristic of the LNWs based on different
adhesion layers by using Eq. 4 and by comparing the ratio of the output photons
emerging from NW ends to the input excitation intensity along LNWs that are
supported either on an MPTMS functionalized glass substrate (Fig. 6b—d) or on
a 2nm-Ti adhesion layer (Fig. 11d-f).

Normalized by the total energy input into the SPPs, our results show that
using MPTMS as an adhesion layer can lead to an 86% enhancement in the /g,
compared with the Ti adhesion layer. Experimental results show 7; of 0.25 pm™!
and 0.64 um~! for MPTMS and Ti adhesion layers, respectively. These results
emphasize that implementing MPMTS as an adhesion layer below Ag LNWs shows
a lower propagation loss compared with Ti adhesion layer. These results are in
good agreement with the simulation results, indicating that using an MPTMS as
an adhesion layer can efficiently link silver waveguides to a glass substrate with no
noticeable plasmon damping effect compared with other adhesion layers, verifying
the validity of the employed approach used in this work for fabricating of plasmonic
silver devices with improved performance.

3.2 Efficient Excitation of the Surface Plasmon Polaritons

Coupling light from and to plasmonic waveguides with large efficiencies is still a
relevant challenge. The most common technique for coupling light into plasmonic
structures is to use grating couplers. As grating couplers have the advantages of a
compact footprint and can enable matching the wave vectors between the free space
and the surface plasmons, they are important key components for the realization
of high coupling efficiency. Thus, we introduced a chirp into the grating period
and groove length. By varying the grating parameters, the strength of the scattered
intensity from the grating can be controlled. Figure 7a presents the model under
consideration which consists of LNW integrated with grating couplers system
supported with a 2nm-Ti adhesion layer placed over a SiO; substrate. A Gaussian
excitation source with a wavelength of 700 nm is used to excite SPPs at the Ag-SiO;
interface when the phase-matching condition is achieved.

To study the enhancement in the coupling efficiency of the optimized grating
couplers (OGCs), the parameters for the design of the OGCs need to be carefully
analyzed. We investigate and optimize the design of a 14 element grating with
varying dimensions and parameters. The period of the gratings (A) and the groove
length (I) for each element are designed in such a way to support propagating
SPPs at Ag-SiO;. The position and the injection angle of the excitation source are
determined such that it excites SPPs propagating vertically up the metal-dielectric
interface, i.e. along the z-direction. The coupling efficiency (n) is defined as the ratio
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Fig. 7 FDTD simulation of the studied optimized grating couplers (a) Schematic of our
optimized gratings design. (i) Illustration of the optimized grating couplers. Inset, close-up of a
single groove showing the side view dimensions. (ii) Part of the optimized gratings consists of
multiple blocks of varied periodicities and lengths. (b, ¢) Illustrate the importance of the used
grating couplers in enhancing the strength of the coupled SPPs compared with a bare NW

of the total power of the coupled and propagated SPPs divided by the total power
of the input excitation beam. The n may reflect the quality of the waveguide and a
high 7 is desired. Figure 7b, ¢ shows FDTD simulation of lithographic nanowires-
optimized grating couplers (LNW-OGCs) and NW systems, respectively. It is shown
that the guided mode is highly confined to the Ag-SiO, interface but extends slightly
into the adjacent air region.

We fix the dimensions of the grating in the xy plane, we investigate the effect
of varying A and / and the corresponding relative Iy, of the propagating SPPs. For
comparison, we also investigate measuring the I, of the propagating SPPs along
NW only. Figure 7b, c is a video recording (frame capturing) obtained from the
FDTD simulation by monitoring the systems in the yz plane, demonstrating the
effect of introducing OGCs for the efficient generation of the SPPs compared to
bare NW.
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We probed the dependence of the efficiency on the geometry variations. The
coupling efficiency is investigated under the implementation of a thin Ag film
between the grating elements. Figure 8a shows a significant enhancement can be
achieved when we fill the area between the grooves with a 23 nm thick film of
Ag. The latter can be attributed to the reduction in back reflections and to the
improvement in the directionality of the grating couplers which is a function of
the film thickness i.e. the etch depth of the grating.

To investigate the sensitivity of the OGCs relative to the percentage changes
in their geometries, Iy, is measured along 14 um LNW length integrated with the
OGCs and by reading the measurements from the power monitors. Figure 8b shows
the significance of the optimized grating in generating the efficient propagating
SPPs signal even when all the geometries are reduced by 10% from the optimal
design (blue curve in Fig. 8b at 90% geometry variations from the optimum design
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parameters). These results indicate the capability of the proposed OGCs to produce
a high coupling efficiency even when small alterations in the geometries may occur
during the nanolithographic fabrication process.

Further, we investigate the dependence of the coupling efficiency on the source
position and the incident angle. For maximum coupling efficiency, we place the
source in the middle of the LNW-OGCs system, at x = O (see Fig. 7a). We
investigate the detailed coupling mechanisms when the source location is moved
along the grating coupling area, i.e. along z-direction. We study five coupling
regions, as indicated in the inset of Fig. 9a. Figure 9a shows the sensitivity of the
grating to the variations in the source position. We find moving the location of the
excitation source by 0.5 pm from the optimal location resulted in a reduction in the
efficiency by a factor of 1.5. In addition, we test the sensitivity of our optimized
grating as a function of the angle of incidence. The results in Fig. 9b show that
the angle of the incident beam can be varied by £5 degree without significantly
reducing the efficiency of our optimized grating couplers. These results confirm the
flexibility of the proposed design for the grating couplers.

We compared the performances of LNW-OGCs system and bare NWs. A direct
comparison is given in Fig. 10a. The coupling efficiency in the LNW-OGCs system
is measured and found to be considerably larger than that of SPPs excited via end
coupling ( no gratings). The simulation results in Fig. 10a indicate enhancement in 7
by a factor of 5.2 with respect to that of end coupling measured at 2 um propagation
distance away from the excitation source. The big improvement may warrant the
validity and the high directivity of our optimized grating.

To experimentally determine the coupling efficiency, we measured the SPP
excitation on the integrated LNW-OGC systems shown in Fig. 10b and extracted
the n from the widefield fluorescence images obtained using the EMCCD camera.
We measured the intensity of the decoupled SPPs at the output end of a 5 wm length
LNW integrated with OGCs (Fig. 10c, d) and bare LNW (Fig. 11d-f) systems that
are supported on the surface of glass substrates with 2nm-Ti adhesion layers.

Our experimental results (represented by dots in Fig. 10a) show up to a 4.0 + 0.5
times enhancement in 7 when the OGCs are employed in the system compared with
end coupling. These results indicating that the LNW-OGC system is a significantly
more efficient coupling scheme that allows for more advanced device architectures.
It should be pointed out that, to compare coupling efficiencies with and without the
grating, we use the same adhesion layer (Ti) in both of the two cases such that any
propagation loss cancels out.

4 Highly Efficient Lithographic Plasmonic Nanowires

To illustrate the performance improvement of combined couplers and the MPTMS
adhesion layer, we performed experimental characterizations of the LNW-OGC sys-
tems when fabricated on MPTMS pre-treated glass substrate (shown schematically
in Fig. 11a). The results were compared to lithographic NWs fabricated on a thin Ti
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adhesion layer and excited by end coupling (shown schematically in Fig. 11d). We
study the output of the coupling signal and the excitation signal along the nanowire
obtained from the optical image. Clearly, an enhancement in the propagating SPP
signal has been achieved when both a low loss adhesion layer and an efficient
coupling scheme are used together (Fig. 11b, c) compared with a bare NW on a
Ti adhesion layer (Fig. 11e, f).

A comparison of the two systems in Fig. 11 indicates a 6 times enhancement in
nnw can be obtained experimentally (8 times obtained from numerical simulations)
[28]. The latter verifying the validity of the employed approach used in this work
for fabricating plasmonic silver devices with improved performance by employing
both efficient coupling and low loss fabrication methods.
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Fig. 10 (a) The coupling efficiency as a function of the LNW length for two different coupling
schemes. The dots in (a) present the experimentally obtained results. (b) Schematic illustration of
LNW-OGCs system fabricated on a 2nm-Ti adhesion layer. The respective photon emission map
and the intensity profile are shown (c) and (d), respectively

5 Effect of Coupling to Nanoemitters

Scalable nanoplasmonic waveguides require efficient on-chip photon sources cou-
pled to integrated plasmonic devices. Combining scalable nanoplasmonic waveg-
uides with on chip photon sources could significantly increase the complexity of
the plasmonic nanocircuits. Here, we assess the suitability of the optimized LNW-
OGC systems for integrated solid-state quantum systems. To gain an understanding
of the physical situation of coupling emitters to LNW and LNW-OGCs, we employ
Lumerical solutions FDTD to analyze these systems. For calculation, we represent
the NV center by a dipole emitter with an excitation wavelength of A = 700 nm and
when the dipole is in vacuum [76] and the tabled values of the Ref. [69] was used
for the wavelength-dependent dielectric function of silver. The LNW was modeled
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Fig. 11 Optical characterizations of the optimized lithographic nanowires for efficient on-chip
plasmonic circuity. (a) Schematic illustrations for the LNW-OGCs fabricated on the MPTMS pre-
treated glass substrate and for the bare NW fabricated on a 2nm-Ti adhesion layer are shown in (a)
and (d), respectively. Photon emission maps of the LNW-OGCs in (b) and the bare NW in (e) show
the excitation at the left results SPPs at the far end of the NW. The respective intensity profiles are
shown in (c) and (f), respectively

as 100 nm x 70 nm x 10 wm of width, depth, and length, respectively. We defined
the emitter position at 0.5 pm away from the edge of the LNW along z-direction
and at the middle of the width (x = 0) in such a way to excite SPP modes at the
Ag-Si0; interface (see Fig. 12), and we measured the resulting /.

To validate our optimized grating, we studied the coupling efficiency between
dipole emitters and plasmonic waveguides when the OGCs are introduced. Both
the LNW (Fig. 12a) and the LNW-OGCs (Fig. 12b) configurations were placed
on an MPTMS adhesion layer that functionalized the glass substrates. We defined
the enhancement factor when the SPPs are excited with dipole emitter, and when
the system comprises grating/no grating couplers as 1jpernqi- The results show the
validity of our optimized grating in enhancing the strength of the propagating SPP
signal through elevating the coupling mechanism, see Fig. 12a, b. The simulation
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Fig. 12 The time-domain snapshot observed in the two-directional viewer from the FDTD
simulations of bound SPP modes propagating at the silver-glass interface showing the effect of
coupling the emission of a dipole emitter to propagating SPPs in (a) LNW with end coupling, and
(b) LNW-OGCs system. SPPs propagation from left to right along the NW

results show introducing a grating coupler leads to 12.4 times enhancement in
Ninternal compared with the case when ND emission coupled to a bare NW only.

To further understand the detailed coupling mechanism of a dipole emitter to
the LNW-OGCs system, the effect of spatial variation of the dipole with respect to
the plasmonic system is investigated. We probe the coupling efficiency when the
position of the emitter is moved with respect to the y & z-axes of each groove in
the gratings. We studied the coupling characterizations when the dipole was placed
in the first, in the second, or the third grating closer to the edge of the nanowire,
as shown in Fig. 13a, and when the dipole was moved vertically upward from the
silver.

Figure 13b—d shows the simulation results when the dipole was located at the
first grating, second grating, or third grating, respectively. Our results show that
by placing the dipole emitter in the first grating and by optimizing the distance
from the dipole to the grating, that is along the y-axis, the coupling efficiency from
the emitter to the integrated LNW-OGCs system can reach 90% (see Fig. 13b).
However, this coupling was reduced drastically when the emitter was placed at the
second grating or the third grating away from the LNW edge, as shown in Fig.
13c, d. Furthermore, the influence of the vertical displacement of the emitter on the
coupling shows that the highest coupling can be achieved when the emitter is located
closer to the metallic surface (red lines in Fig. 13b—d) due to the induced Purcell
enhancement in the emission of the nanoemitters [61, 77, 78]. This efficiency was
reduced by 50% when we displace the position of the emitter from the optimum
position along the y-axis. Accordingly, we designed the first two grating elements
such that it can host only one ND of 70 nm in size to be investigated later in the
experimental work. Our numerical analyses show that exploiting optimized grating
couplers can enable efficient collection of the emitted photons and direct them to
the nanocircuits.

To experimentally demonstrate the coupling efficiency of an ND coupled to the
optimized LNW-OGCs system shown in Fig. 14a, an aqueous solution of NDs with
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Fig. 13 Characterisation of the coupling between a dipole emitter and the LNW-OGCs system.
(a) Schematic of the LNW-OGC system coupled to a dipole source showing a map of the variable
displacement of the dipole source. (b—d) Characterization of the coupling between a dipole emitter
and the LNW-OGC when the dipole is placed in the first grating, second grating, and third grating,
respectively. Distance dependence of the coupling in (b—d), for vertical displacement of 20—65 nm
of an emitter away from the metallic surface, shows the coupling of a dipole emitter into the LNW-
OGC system can reach 90% when the dipole source is placed at the first grating and 20 nm upwards
from the silver surface. The red dot in (b) indicates the experimentally obtained results of coupling
the emission of NV center in ND to the LNW-OGC system

an average size of 70 nm was sonicated before being spin-coated, to get large
area self-assembled monolayers of NDs, on a glass substrate containing arrays
of lithographically fabricated LNW-OGCs. Widefield fluorescence and white light
imaging are used to locate an ND located at the first or the second grating close to
the edge of the LNW. We used a 532 nm CW green laser to excite a nanodiamond.
An EMCCD camera image shows the coupling between an ND and LNW-OGC
and subsequent evidence of SPPs emission at the far end of a 5 wm length silver
nanowire, see Fig. 14b, c.

By comparing the ratio of the output SPPs intensity to the input excitation
intensity (including all the intensities measured at the ND position), based on
experimental results, represented by a dot in Fig. 13b, we determine 68.3 £ 2.50%
of the total power being coupled to propagating SPPs supported by the first grating
element in the integrated LNW-OGCs system. Furthermore, we performed this
experiment on the LNW system (without OGCs). By coupling the emission from an
excited ND, located at the end of NW, a scattered SPPs signal at the farend of a5 pm
length LNW was observed. To investigate the effect of the optimized grating on the
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Fig. 14 (a) Schematic of NV center coupled to propagating SPPs along lithographically fabricated
LNW-OGCs system based on an MPTMS adhesion layer. The photon emission map and intensity
profile for the studied system are shown in (b) and (c), respectively. Measurement of the NV spin-
state readout in an ND coupled LNW-OGC system showing a reduction in the photoluminescence
intensity in ND emission (d) and a reduction in the SPP scattering strength (e)

coupling efficiency when an internal source (NV center in ND) is implemented for
SPPs excitation, we compare njusemql for both studied systems (i.e. LNW-OGCs and
LNW only). Results show enhancement in 7;pzernq; up to a factor of 12.19 4 0.37 can
be obtained. This result is consistent with our simulation result that shows up to 12.4
times enhancement when ND coupled to LNW-OGCs compared to a bare LNW. The
LNW-OGCs system we proposed in this work, which utilizes efficient coupling and
low loss SPPs, is efficient and significantly smaller than recent demonstrations of
plasmonic nanocircuitry with NDs studied in [29, 65]. It also shows the robustness
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of our designed grating especially when a quantum emitter is used for excitation
instead of a bulky source.

6 Surface Plasmon Detected Magnetic Resonance

The possibility of initialization, manipulation, and readout of the defects’ electron
spin of the NV center allows its use as a spin qubit or nanoscale magnetometer. The
optical readout of the spin states of the NV centers relies on fluorescence intensity
measurements. We now assess the integrated LNW-OGCs system when coupled to
NV centers, and we investigate the NV center spin states readout after propagating
through the plasmonic nanocircuit.

We measure the spin states of the NV centers when coupled and propagated
via SPPs along a 5 pm length LNW-OGCs attached MPTMS pre-treated glass
substrates shown schematically in Fig. 14a. We probe the potential of these
nanowires to manipulate the NV center magnetic resonance in an integrated device
structure by performing the ODMR measurements.

The experiments are performed by combining optical and microwave excitation
integrated with optical detection and by using a confocal and a widefield fluo-
rescence microscope system shown in Fig. 4. To excite NV electron spins from
the my; = 0 to the my = = 1 states, we used a glass substrate containing a gold
microwave antenna in the shape of two triangles that are connected in the middle
by a ~20 wm gold (Au) microwave antenna (see inset of Fig. 4). This antenna was
fabricated at the center of the glass by pattering an Au layer of 75 nm over a Cr
layer of 25 nm to allow microwave signals to pass through. The glass substrate
is placed onto a programmed circuit board (PCB) sample holder containing two
large triangles of copper, with 34.7 wm thickness, to connect the external radio
frequency (RF) signal to the gold microwave antenna through silver conductive glue.
By connecting two RF coaxial SMA socket panel connectors on both the end side
of the PCB, microwave signals from a microwave generator can be passed through
the gold antenna from one end to the oscilloscope on the other end. The NDs are
continuously excited via a 532 nm CW green laser whilst a microwave frequency
around the zero-field resonant transition between the mg = 0 and mg = =+ 1 spin
states of the NV center were swept.

We set the microwave signal generator in triggered mode while the microwave
signal was amplified by a microwave power amplifier. We synchronized the pulses
generated from the microwave generator with the number of the kinetic frames from
the EMCCD, as well as the dwell time of each pulse with the exposure time of the
EMCCD camera. The acquisition sequence was triggered externally by the signal
generator. At each frequency within the sweep, the strength of both the ND emission
and the emission from the nanowire ends are monitored. The measurements were
repeated 10 times to determine the mean and error of the ODMR contrast, linewidth,
and resonant frequency. The ODMR spectra from the ND emission (Fig. 14d) and
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the SPPs scattering (Fig. 14e) are fit with the Lorentzian function to determine the
quality of the resonance before and after propagating along the LNW-OGCs.

By investigating the measured and best-fit data in Fig. 14d, e, a comparison
between the ODMR spectra of the ND emission and that of the scattered SPPs
signal in LNW-OGC:s system can be obtained. In both cases, we observe a reduction
in the SPP scattering intensity at a frequency of ~ 2.875 GHz similar to the
reduction observed in the ND emission. Further, the linewidth of the resonance
dip in the SPP spectra matches that in the ODMR spectra with an average value
of 10 MHz. Furthermore, the percentage change in the contrast between the
SPPs scattering signal and ND emission (R.) of 62.5% is observed when the
ND emission is coupled and propagated along the LNW-OGCs system, where
R. % = ((Respp — RenD)/ReND), Respp and Royp represent the ODMR contrast
in SPP and ND signals, respectively. These results reveal that the NV center spin
readout can be preserved and propagated along lithographically defined SPPs in a
similar trend to what we observed before in CSNWs [63]. Also, we have observed
improvement in the spin contrast due to an improvement in the signal to noise ratio
in the ODMR signal at the far end of the LNW away from the excitation point (where
the luminescence of NV centers and autofluorescence of the glass substrate are
overlapped). The contrast in LNW-OGC is higher even when compared to coupling
ND emission to LNW with no grating, see Fig. 15, which shows R, of 39% only. The
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ND-LNW coupled system.
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enhancement in contrast in SPP signal when ND coupled to LNW-OGCs system can
be attributed to both noise filtering and directional effect of the optimized gratings.

7 Optomagnetic Plasmonic Circuitry

Plasmonic circuitries play essential roles in the realization of integrated optical
circuits. Nonetheless, exploiting plasmonic circuitry for the quantum optical net-
work is depends on resolving some critical issues, such as the implementation of
functional components within the limitations imposed by the SPPs propagation
loss, and the efficient coupling between nanoscale waveguides. In addition, to
achieve functionalized plasmonic circuitry, it is essential to use a simple and
efficient lithographic fabrication method. Even with the recent developments in
coupling NDs to plasmonic circuitries [29, 65], yet spin manipulation of the NV
centers, which is important in applications from quantum computing to imaging
and magnetic field sensing, has not been investigated.

Upon having achieved efficient grating coupling and low loss adhesion layer for
Ag plasmonic LNWs, a natural step is to employ them to accomplish a significant
increase in the complexity of the plasmonic nanocircuit. We have presented that
by employing a low-loss fabrication method and an efficient coupling method, we
can extend the propagation length of the lithographic silver NWs up to 5 times
higher than that using the standard lithography method. Our demonstrated approach
could significantly extend the functionalities of the plasmonic circuitries and enable
complex plasmonic devices.

Here, we demonstrate that optomagnetic plasmonic circuitry can be used to
guide, split and process the ODMR signal from the NV center into different arms.
In particular, we demonstrate propagation through a plasmonic splitter as it is
an important component for routing, extracting information, and for the on-chip
realization of quantum optical networks. The circuit shown in Fig. 3 is numerically
simulated to determine the resulting net coefficient (1,;) by reading the strength of
the power flow of propagating SPPs intensity along the circuitry. We derive a simple
expression for ngy as, nay = exp (—(1/Lp) z) X 1 X Nsplitter, Where Ngpiinrer is the
splitter efficiency defined as the relative SPPs intensities at the end of the splitter
ports (I, & Ip), as indicated in Fig. 16a, expressed as a fraction of the relative SPPs
intensity at the beginning of the splitter (I..), i.€. nspiirrer = (o + Ip)/1e.

The design characterization of the plasmonic circuitry as a function of the splitter
length and offset distance is shown in Fig. 16b, c. A plasmonic splitter consists of
an Ag 1x2 port plasmonic element in which coupling occurs at the terminal edge
(along the z-direction) in the middle of the width (x = 0) of the input port while two
output ports are separated with an offset distance /. Each output port is designed
with an S-bend connecting two straight waveguides having a length of L. To couple
light into the splitter, we connect the input port to an Ag waveguide of 2 wm
length. To investigate the characteristics of the device, we numerically simulate the
plasmonic splitter following the work presented in [79]. The slit medium between
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Fig. 16 (a) Schematic of the plasmonic splitter device composed of two mirrored S-bends of
100 nm x 70 nm of width and thickness, respectively, modeled with FDTD simulations at 700 nm
operating wavelength. Monitors are used to reading the power flow along the studied system. (b)
Splitter efficiency dependence on the splitter length for a fixed offset distance. (¢) Dependence of
the Splitter efficiency on the offset distance

the splitter is assumed to be air. Ports with dimensions of 100 nm width and depth
of 70 nm are used in our simulations to match the experimental structures. All the
results have been calculated for an operating wavelength of 700 nm.

Figure 16b reveals that the 7/ may raise up to 94% at splitter length of 1 um
however a small L; cannot assure optical isolation from output ports. Further, it
shows that the values of the ngpjier attenuate rapidly when we increase the splitter
length due to the absorption of the metal. The 7pjiner has been investigated by
characterizing the beam splitter with a variable offset separation distance between
the two output ports. Fig. 16¢ shows npiner of the plasmonic beam splitter as a
function of the offset distance &g, while L is fixed to the optimal value, Ly = 2 pm.
We observe for a small value of hg, the splitter shows the best performance.
However, gradually increasing hg; beyond lum leads to a significant decrease
in Ngpjirrer- This is attributed to a significant bend loss that occurs at high values
of hg, which are in good agreement with Ref. [80, 81]. Nonetheless, in our design,
we avoid a very small A to ensure the optical isolation between the output ports.
We perform FDTD simulation to investigate the propagation of the SPPs along
the plasmonic splitter when the NV center in ND is used as an internal excitation
source. We fixed the orientation of the dipole vertically so it matches the polarization
of plasmonic modes supported by the splitter. In order to further investigate the
influence of efficient coupling in such a system, we studied the coupled plasmon
power when the OGCs are introduced.

Based on our previous results on the optimized design of the grating couplers
and fabrication methods, we propose our current system. The propagation of the
SPPs before and after being splitted on the plasmonic splitter-optimized grating
couplers (PS-OGCs) system is shown in Fig. 17a, b, respectively. Results present
enhancement in 79gpjirer by a factor of ~ 5 when the OGCs integrated with the
plasmonic splitter compared to the plasmonic splitter with no gratings. Further,
numerical analysis reveals that the n,; for the demonstrated plasmonic circuitry
in Fig. 3 reaches up to 29.5% obtained by integrating the overall efficiency of each
component.
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Fig. 17 Plasmonically detected magnetic resonance along an on-chip nanocircuit. (a, b) Single
frame of the SPP-propagation’s video observed in the two-dimensional view from the FDTD
simulation of bound SPP modes propagating along the PS-OGCs system showing the SPP power
flow before and after being splitted, respectively. (¢) EMCCD camera image of the plasmonic
beam splitter when an ND is excited and the resulting emission at the far end of the splitter
ports, confirming the coupling from the NV center to the plasmonic mode. (d, e) The intensity
profile for the upper and lower ports in the plasmonic splitter-ND coupling system, respectively.
The black dashed line in (e) indicates the sum of the SPP signal intensity at both ends of the
splitter. Measurement of the NV spin-state readout at zero magnetic field (B = 0), when coupled
to the plasmonic splitter, proves the conservation of the ODMR signal after propagating along the
splitter output ports. (f) ODMR signal in ND emission, and (g, h) Plasmonically detected magnetic
resonance signal in the upper and lower output ports of the plasmonic nanosplitter, respectively

The coefficient of the PS-OGC system is experimentally measured. The unsat-
urated photon emission map (shown in Fig. 17¢) and the intensity profile along
the splitter ports (Iypp — up and Iy, — 1o shown in Fig. 17d, e, respectively) are
used to estimate the experimental 7, by plotting a line cut of intensity extracted
from the widefield fluorescence images starting from the excitation spot. Since in
the experiment we can only read the excitation and the out-coupling intensities,
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we depend on them for estimating 7n,y. Our experimental results show 7, of
27.742.3% can be obtained in the studied PS-OGCs system which is 4 times higher
compared to the case when ND coupled to the plasmonic splitter with no gratings.

As a major aim of this work is to develop prototype sensitive yet compact
integrated magnetometry systems based on the SPPs, we investigated the ability of
the demonstrated plasmonic circuitry to guide and process the NV center spin state
readouts when coupled and propagated through the nanocircuit. In the experimental
investigation, a 532 nm laser was employed to excited an ND coupled with the
integrated PS-OGCs. We performed ODMR measurements and monitored the
emission from the ND at the excitation area and the scattered SPPs at the far ends
of the splitter. We observed the characteristics of the ODMR spectra in the ND
emission (as shown in Fig. 17f) and the SPPs scattering strength (as shown in Fig.
17g and h) with a reduction in the SPPs intensity at an applied microwave frequency
of 2.88 GHz, matching that in the photoluminescence spectra of the NV center.

In addition, the line width of the magnetic resonance remains consistent at ~
14 MHz for the ND and SPPs at both splitter’s ends. We defined the change in the
contrast between the SPPs scattering signal at both ends of the splitter and the ND
emission as; ((Respp — up — Renp)/Renp) and ((Respp — iow — Renp)/Renp), where
Respp — up and Respp — joy tepresent the ODMR contrast in the SPPs in the upper
and the lower ports of the splitter, respectively. Our results show the change in the
contrast between the SPP signals and ND emission are improved by a factor of 38%
and 40% in the upper and lower splitter ports, respectively. These attributes mark a
critical point in utilizing the N'V centers for various emergent quantum technologies.

8 Conclusions

Plasmonic nanocircuits play a crucial role in constructing highly integrated
nanophotonic circuits beyond the diffraction limit for future quantum information,
secure communication, and sensing applications. Nonetheless, developing
multifunction plasmonic nano circuitries for such applications is depends on
resolving some critical issues, such as the implementation of functional components
within the limitations imposed by the SPPs propagation loss, and the efficient
coupling between nanoscale elements. One area that depends on a solution to these
challenges is the coupling of quantum emitters to plasmonic devices. Such systems
can be utilized to extend the applications of quantum emitters such as NDs and yield
a great platform for the realization of an on-chip quantum information network.
This chapter reviewed both the theoretical and experimental investigations of the
lithographic nanoplasmonic waveguides under differents fabrication and excitation
conditions. Following the theoretical investigation, we propose the idea of exploiting
MPTMS as an adhesion layer in fabricating multifunction plasmonic circuitry
instead of a metallic adhesion layer to increase the propagation length of propagat-
ing SPPs by reducing damping losses. We also demonstrate an optimized design
for nanograting couplers that has the potential for integration and combination
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with other plasmonic components to further improve coupling efficiency. Our
experimental results show that using the MPTMS as an adhesion layer can increase
the plasmon propagation length by a factor of up to 5 times when the MPTMS
adhesion layer is used compared to the Ti-based system. These results demonstrate
that adding a thin metallic embedding layer of a Ti limits the propagation length
of the SPPs, and showing that MPTMS is the better adhesion layer for lithographic
fabrication of plasmonic silver nanowaveguides.

Besides, results demonstrate a 5.2 times improvement in the coupling efficiency
by introducing OGCs to the LNW. By solving the challenges of the low loss
fabrication method and the efficient coupling scheme, our results show the resulting
coefficient in our system can be enhanced up to 8 times compared with the case
when SPPs are excited along NW that is fabricated using the traditional lithographic
method and excited by end coupling. Further, the lithographic systems have been
explored when coupled to NV centers in NDs. Experimental results show that 68.3%
of the total power being coupled to propagating SPPs when the emission from an
excited ND is coupled to LNW-OGCs system. Furthermore, our results show that
we can enhance the coupling efficiency by up to 12.4 times compared to the case
when ND is coupled to NW only.

This may lead to the construction of efficient nanoscale devices, allowing the
long-distance transfer of energy for an on-chip integrated quantum information
processing system.

We demonstrate on-chip optomagnetic plasmonic circuitry based on efficient
NWs for directing and processing the spin state readouts of NV centers. The
implementation of the plasmonic splitter, comprising an ND as the single-photon
source, for reading and routing the spin states signal from the NV center serves
as a basis for a more complex system and has been motivated for broadening
the application of NDs in versatile sensing applications. Our experimental results
show the conservation of the NV center spin state readouts after propagation
and splitting through the circuitry. We investigate the ODMR signals along the
nanoplasmonic splitter to prove the concept. Nonetheless, our innovative technique
is robust, scalable and easy, and moreover, can be applied to various plasmonic
waveguides. Our promising simulation results show bound SPP modes propagating
along a highly compact Mach- Zehnder interferometer (shown schematically in Fig.
18a with the corresponding scanning electron microscope image in Fig. 18b) when
NV center in ND is used as an internal excitation source. FDTD results in Fig.
18c and d show that this method can be utilized to extend the functionality of such
plasmonic devices for advanced signal analysis and processing, leading the way to
exploring the benefit of NDs in a versatile range of sensing applications and for the
practical realization of on-chip quantum networks.
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Fig. 18 (a) Schematic illustration of a chip-scale plasmonic Mach Zehnder interferometer inte-
grated with our OGCs and coupled to an ND containing single photon emitter. Insets show ODMR
signals at B # 0. (b) A scanning electron microscope image of fabricated plasmonic nanocircuit on
an MPTMS functionalized glass surface. (¢, d) FDTD simulation of bound SPP modes propagating
along 11 pwm length multifunction plasmonic circuitry showing the SPPs power flow along each

part of the circuit. SPPs propagation from left to right along the nanocircuit
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Abstract The Surface Plasmon Resonance (SPR) associated with metallic
nanoparticles, noble metals in particular, have revolutionised the field of sensing
technology. Plasmonic sensing has made its presence felt in a big way in the areas
related to biosensors, chemical sensors, etc. The plasmonic response of a material
is strongly dependent on its size, structure, and even the surrounding medium,
so that any material with different morphologies can possess varying plasmonic
wavelengths ranging from the ultraviolet to the far infra-red. Very recently, there has
been an upsurge in the number of applications of plasmonic materials in the domain
of various sensing technologies. These developments have brought about rapid
advances in applications like plasmon-enhanced fluorescence, surface enhanced
Raman spectroscopy, tip-enhanced Raman spectroscopy, photocatalysis, photo-
acoustics, solar cells and nonlinear optics, etc. In the present review, we highlight
some of the most recent developments in the field of plasmon-based sensors and its
applications. The impact of such sensors in the detection of biomolecules as well as
in environmental monitoring is also assessed in this review. The chapter ends with
a discussion on the possible challenges and based on it an outlook is presented.
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1 Preamble on Plasmonic Sensor

The metallic nanostructures, in particular, noble metals like gold and silveraredraw-
ing significant research interest in the field of chemistry, physics, biology, material
sciences, etc. [1-4]. As per the data (i.e., number of published documents) available
at Scopus (dated June 6, 2021) with the keyword “plasmonic”, a testimony in sup-
port to the aforementioned immense applicability of the nanostructured plasmonic
materials is represented as the documents published per year (Fig. 1a) as well as the
documents reported from different countries (Fig. 1b).

The bright prospects of these materials have paved the way for its indispensable
role in various sensing applications like metal-enhanced fluorescence (MEF),
surface enhanced Raman scattering (SERS), surface plasmon resonance (SPR)
based sensors, etc. [5-8]. These materials exhibit excellent electronic, optical and
catalytic properties which can be easily tuned by varying the size, shape and the
surrounding dielectric medium [9-11].

Apart from the various interesting properties of these noble metal nanostructures,
the most notable and important is the surface plasmon resonance (SPR). SPR is
a collective oscillation of the surface electrons when an external electromagnetic
field (for example, light) is incident on the surface. Materials that possess a
negative real and a small positive imaginary dielectric constant can, in principle,
support SPR [12—14]. In short, the plasmonic nanomaterials are a special class
of nanostructured materials whose electron density in the interface between the
particles and dielectric medium can interact with the incident light (electromagnetic
radiation) having a wavelength larger than the particle size. The term “plasmon”
is the oscillation of free electrons that arises as a consequence of the dipoles
formed due to the light-matter interaction. These special features of the plasmonic
nanomaterial have been exploited in various applications like sensing, electronics,
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Fig. 1 Number of documents published with the keyword “Plasmonic” (a) Year wise, (b) Country
wise. (Source: Scopus)
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medicine, etc. The advances in fabrication methodologies in recent times have
facilitated the development of new plasmonic materials as well as the manipulation
(structural and morphological) of other metallic nanostructures including nanopar-
ticles, nanoprisms, nanocubes, etc. [15—17]. Over the years, with the improvements
in the tools and theories to study the electromagnetic coupling in materials, there
has also been a drastic improvement in the understanding of the optical properties
of plasmonic materials towards fast forwarding their binding and detection efficacy
for various targets needed to advance the area of biological and chemical sensing
[18, 19].

The plasmons in SPR can be either propagating or localized. In the former case
which is commonly termed as surface plasmon polaritons, the propagation of the
plasmons occur in the x- and y-directions along the interface of a metal and a
dielectric [12, 20]. The plasmons propagate for longer distances upto hundreds
of microns and decay in the z-direction. In the latter case, which is known as
the localized surface plasmons, the incident electromagnetic fields interacts with
nanoparticles having size less than that of the incident wavelength [12, 21, 22]. In
this case, there are collective oscillations of the plasmons around the nanoparticle
with a frequency which is known as the localized surface plasmon resonance
(LSPR). The difference between the propagating SPR and LSPR is schematically
represented in Fig. 2a, b [12].

Sensors that are based on propagating SPR usually have higher refractive index
sensitivitybut have issues like reflection associated with it that may reduce its
sensitivity in devices. Similarly, although the refractive index sensitivity of LSPR
based sensors is less than that of its propagating counterpart the LSPR based sensors
are more sensitive towards molecular binding. Hence, depending on the interest of
application, either of propagating or localized SPR is chosen.

The processing of the nanomaterialsin desired shape, size and morphology,
biocompatibility, cost-effectiveness, and reproducibility have made plasmonic sen-
sors suitableto be applied for the detection of various analytes [23-26]. The
metallic nanostructures via its plasmonic resonances can greatly increase the
light-matter interactions due to the spatial confinement of optical field in the nano-
domain. Following the significant improvements in the area of plasmonic sensors,
currently the conventional instruments are being upgraded towards more portable
devices using nanomaterials, smartphones, etc. [27, 28] In fact, the development
ofsmartphone-based plasmonic sensor has been a significant landmark in the
biosensing technology and lab-on-chip platform [29-31]. This has enabled the
plasmonic sensors effective for onsite monitoring of environmental pollutants,
pathogenic biomolecules, food quality, etc. For the optimum utilization of plas-
monic sensors, there has to be proper integration of the plasmonic materials with
the optical components, surface chemistry, detection systems, etc. [32—-34].

Viewing the aforementioned applications as well as opportunities of plasmonic
sensors it seems important to review the recent advances in this domain. There are
numerous reports on various plasmonic sensors in literature. However, one may find
these reports scattered and thus may not be concise and comprehensive to beginners
in this field. As one lecture note article, the present article starts the description of
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various conventional as well as hybrid plasmonic materials. Thereafter, the synthesis
methodologies of different plasmonic materials followed by the recent advances in
the field of plasmonic sensors are described citing relevant research activities.

2 Introduction on Plasmonic Materials

It has already been discussed that nanomaterials which show surface plasmon
resonance (SPR) under the exposure of light are collectively known as plasmonic
nanomaterials [35]. Noble metals based plasmonic materials are attractive to the
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Fig. 3 Different Types of Plasmon NP’s with examples

researchers since their plasmon resonance frequency lies within UV-VIS region.
The resonant frequency can also be modulated by changing their shape, size or
morphology.

Plasmon nanomaterials are broadly divided in two categories, conventional
(mainly single metal nanostructures) and hybrid materials (as exemplified in Fig.
3). As envisaged from the figure, single metal nanoparticles can be categorized as
conventional whereas blending/composites of more than one metal (for example,
bimetallic nanoparticles) are classified as hybrid. Noble metal NPs e.g. Au, Ag etc.
are studied extensively by different research groups for their plasmonic properties
[36-38]. Au, Ag plasmonic particles are usually effective under the exposure of
visible light and the resonant frequency of these metal NPs in infrared region is
not frequent [39]. Exploring the plasmonic properties of different metallic as well
as composite/blended particles remains interesting to the researchers for different
applications and thus enormous numbers of plasmonic materials are known today.
In the forthcoming sections we will introduce briefly the relevant properties of a few
conventional as well as hybrid plasmonic materials.
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Fig. 4 Visible light absorbance spectra of (a) Au NPs with different sizes (b) of 22 nm Au NP’s
at 18 °C and 72 °C. These images have been reproduced from Ref. [52]. (a) Shows the visible
light absorbance spectra of Au NPs with different sizes. Typically, the SPR wavelengths for Au
NPs appear around 520 nm. However, as represented in the figure, the SPR wavelength varies
depending on the size of the nanoparticles. The visible light spectrum captured at 18 and 72 °C for
Au NPs having same size and shape are shown in (b) Significant deviation in SPR is not observed
when the temperature is varied for the same sample

2.1 Conventional Plasmonic Materials

(a) Gold

Gold (Au) NPs as plasmonic materials are much sought-after for a variety
of applications which include biomedical use in sensing [13, 40, 41], imaging
[13, 42, 43], drug delivery [44], cancer therapy [45, 46] as well as catalysis
[47, 48], electronics [49], and optics. There are several underlying reasons which
make Au NPs useful for such diverse applications. Au NPs are physically and
chemically very stable and they are biocompatible, making it suitable for curative
purposes in biomedicine [46, 50, 51]. Au NPs possess large number of polarizable
conduction electrons which interact preferentially with electromagnetic fields of
incident light and induces coherent collective oscillation of conduction band
electrons with respect to the positively charged metallic core [44]. Such bipolar
oscillation resonates with the specific frequency of incoming light and depends
appreciably on the shape and size of the particles. The influence of temperature is
also found negligible on the plasmonic properties of Au since the plasmonic motion
of electrons in Au NPs originate due to electron- electron repulsionand not electron-
phonon interaction [52].

(b) Silver

Silver (Ag)NPsare known as other low cost but efficient noble metal NPs to
show strong plasmonic response [7, 31]. It is well known to us for its antimicrobial
properties [53, 54]. It has also found applications in plasmon based sensors [55],
photovoltaic devices [53], Surface-Enhance Raman Spectroscopy (SERS) [7] and
are even found to contribute in single molecule detection systems [56].
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Gonzalez et al., have demonstrated computational techniques, to determine the
morphology of Ag NPs. They have shown that different morphologies such as
icosahedron, decahedron and octahedron have different SPR peak frequency. Figure
5 shows the absorbance spectra or extinction efficiency of Ag NPs of different size
such as 4 nm, 6 nm, 10 nm, 13 nm, and 17 nm [57]. Ag NPsshowSurface Plasmon
Resonance (SPR) peak in near-UV region. Hence, for UV based applications Ag
NPs are more suitable than Au NPs.

(c) Copper

Copper (Cu) does not have plasmonic properties at par with gold or silver due
to its instability, but it is the best contender or replacement of gold and silver due
to its low cost, which is important for commercial viability [11]. Cu NPs can have
resonance in the near infrared region making them useful for thermal applications
[58]. Yeshchenko et al., have studied the variations of absorbance with temperature
for copper nanoparticles. They have reported redshift in the SPR wavelength which
is attributed to electron- phonon interaction and thermal expansion of Cu NPs [59].

It is important here to mention that the conventional plasmonic nanomaterialsare
not restricted to NPs only, but the plasmonic thin films of conventional noble metals
are also known. The SPR here depends on thickness of films as well as the nature of
the substrate on which film is developed [60]. Plasmonicthin films have applications
as SERS substrate [61], biosensors [62], imaging [63], etc.

2.2 Hpybrid Plasmonic Nanomaterials

Hybrid plasmonic nanomaterials are developed using two or more materials that are
capable of enhancing local electric field by SPR. These materials can be metals,
metal oxides, rare earth elements, nanocomposites and also a combination of these.
Hybrid plasmonic nanomaterials especially bimetallic nanoparticles (BMNPs),
trimetallic nanoparticles (TMNPs) & rare-earth metal nanoparticles (REMNPs)
have also drawn significant attention due to their tunability in plasmonic properties
[64, 65]. The properties of these materials are determined by the constituting materi-
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als and their size. These hybrid materials have the tendency to improve functionality
as compared to theirconstituent metals. The properties of hybrid NPs may differ
from that of the constituent elemental particles and exhibits unique size dependent
optical, electronic and catalytic effects. Due to the enormous potential, researchers
are preparing new hybrid nanomaterials in different forms, such as alloys, multiple
shells, aggregates, thin films with metal nano-island, nanocomposites, etc. [66]. In
the following section, a brief discussion on the properties and applications of some
hybrid plasmonic materials is presented.

(a) Bimetallic Nanoparticles (BMNPs)

Bimetallic Nanoparticles (BMNPs) constitute two metals which may be in the
form of nano-alloys, core shell structure or random segregation. The properties
of such NPs can change depending on their size, morphology and composition
of constituent metals [67]. Many BMNPs such as Au-Ag, Ag-Cu, Au-Cu, Au-Pt,
etc. are synthesized and studied in terms of their plasmonic properties. Here, the
plasmonic properties of AgCu NPs which is in the class of BMNPsare discussed.
To study the formation of solid solution under non-equilibrium conditions, Ag-Cu
system is often referred as a model system [68]. The nanoalloys of Ag and Cu have
also been studied for different applications such as antibacterial, conducting ink,
catalyst, sensors, solar cell, thermal transport, etc. because of their high electron
conductivity and better adhesion properties [69-77]. In Ag-Cu system, synergies of
both metals allow them to retain its unique properties which are not observed in
individual Ag NPs or Cu NPs. For instance, oxidation of Cu within Ag-Cu BMNPs
can be reduced remarkably. By tuning the size of BMINPs and changing the ratio of
Ag and Cu, the SPR wavelength can be tuned very effectively. Figure 6 shows the
absorbance spectra of Ag-Cu NPs and the individual Ag NPs and Cu NPs [78]. It is
envisaged from the figure that SPR peak at 590 nm appears for Ag-Cu NPs whereas
for individual Ag NPs and Cu NPs the peaks are observed at approximately 454 and
650 nm, respectively.

(b) Trimetallic Nanoparticles (TMNPs)

Trimetallic nanoparticles (TMNPs) are typically a blend of three metals. How-
ever, polymeric/ceramic counterparts are also mixed with the metals. TMNPs with
various structures such as nano-alloys, multiple core-shells or nano-onions, nano-
crystals are already known. In these materials, the SPR wavelength will depend on
the structure, shape, composition of constituent metals and the ambient temperature.

Kunnwar et al., have reported the synthesis of AgAuPt TMNPs using high
temperature annealing [79]. Figure 7 shows the absorbance spectra of AgAuPtTM-
NPs.AgAuPt TMNPs show better SPR with stronger absorbance peaks than AuPt
BMNPs in UV, visible and NIR region. It is also observed that there is a blueshift of
the SPR peaks with the increase in temperature. Due to strong SPR peak, TMNPs
have wide range of applications in catalysis, bio-imaging, various cancer treatments,
antimicrobial activity, bio-sensing etc. [80-83]
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2.3 Nanocomposite Plasmonic Materials

Another class of hybrid materials is nanocomposite based materials which are
sometimes functionalized for plasmonic applications. In this class of materials,
structures such as monometallic, bimetallic or trimetallicnano-islands, nanosheet-
sare already known. Addition of plasmonic materials to carbon and its derivatives
such as carbon nanotubes (CNTs), graphene, etc. have proved to be a boon. These
materials show promising plasmonic response alongwith their stable mechanical
and chemical properties.

Graphene based nanocomposites have been reported for anti-microbial activity,
theranostic treatment of cancer, antibiotic film, chemical sensors, etc. [84—88]. For
plasmonic application such as SERS, graphene is used as an effective substrate
because of it’s good thermal transport ability, surface functionalization ability, flu-
orescence quenching and high elasticity [89, 90]. These graphene-based plasmonic
nanocomposites have the ability of regulating the oxidation of metals attached to
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Fig. 8 Absorbance spectra of
GO-IONP-Au by adding
different gold growth
solution. (This image has
been reproduced from Ref.
[86])
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them, hence increasing their stability. The SPR peaks for such nanocomposites
depend on the thickness of nanosheet/thin film, composition of the constituent
nanoparticles (monometal, bimetal or trimetal) attached with nanosheet, and ambi-
ent temperature. Figure 8 shows the absorbance spectrum of graphene oxide-iron
oxide-AuNPs-nanocomposites (GO-IONP-Au). As the amount of gold increases,
the SPR peak redshifts from visible towards NIR region. The SPR peak becomes
stronger as volume of gold increases and the strongest SPR peak is observed at
maximum volume of Au solution (100 ml gold solution in Fig. 8) [86].

3 Synthesis of Plasmonic Materials

Increasing interest in plasmonic materials has led to the development of various
synthesis methods. Among these, some methods have certain disadvantages as
scaling up of the products is a challenge. As discussed in the preceding sections,
plasmonicnanomaterials exhibit SPR, whose resonance peaks depend on itsshape,
size, surrounding media, etc. So, synthesis methods with size tunability, which gives
rise to wide variations of shapes and sizes of nanomaterials are preferred. Synthesis
of nanomaterials is, in general, divided into two categories based on their method
of synthesis, namely the top-down approach and the bottom-up approach [91]. Top
down approach refers to those methods of synthesis in which nanomaterials are
synthesized by the decomposition of its bulk counterpart. Bottom up approach, on
the other hand, utilizes atoms, molecules and ions to generate nanoparticles [92].
These methods can be further divided into three categories, namely the physical,
chemical and biological or green synthesis. The aforementioned conventional and
hybrid plasmonic nanoparticles are mostly prepared via the chemical and physical
methods but very recently there has been an upsurge in the number of documents
reporting the synthesis of plasmonic nanoparticles via biological methods. Figure
9 shows the classification of methods through which plasmonic nanoparticles can
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Fig. 9 synthesis methods of nanoparticles. (Reproduced with permission from Ref. [91])

be prepared [91]. In Table 1, a summary of the methodologies for the synthesis of
conventional as well as hybrid nanoparticles is depicted.

4 Sensing Performances of Plasmonic Sensors

In this section, the sensing performances of some of the different plasmonic
sensors reported in the literature are reviewed. These sensors include gas sensors,
biosensors, nanoparticle array based sensors, and some other very recent state-of-
the-art works in the domain of plasmonic sensing.

Starting with gas sensors, its role is crucial for environmental monitoring,
agricultural and medical applications. Harmful and toxic gases such as H,S, NH3,
CO, and volatile organic chemicals (VOCs) released from various industries need
to be monitored to avoid health issues. Plasmonic sensors play a vital role in
the detection of these gases. Ankun et al., presented a nanofabrication approach
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Fig. 10 SEM images of (a) Au-Pt heterodimers, (b) Au-Pd-Pt hetero-trimers and (c¢) Au-
Pd-Pt hetero-tetramers synthesized using reconstructable mask lithography. (Reproduced with
permission from Ref. [134])

comprising of reconstructable mask lithography to create large area arrays. They
made a tetramer assembly of Au NP oligomers from a monomer unit. The group
also studied the coupling between Pd and Au nanoantennas (dimers and trimers)
for hydrogen sensing. They reported that the Au-Pd dimer showed small red shifts
whereas large blue shifts are observed in Au-Pdtrimers. This shift is dependent on
the size of the side gap of the arrays. As compared to template assisted methods,
reconstructable mask lithography is better suited because they help in controlling
the composition of NP. In their work, Cr slit mask with a width of 100 nm was used
to obtain Au and Pt NPs (ca. 80 nm). Au-Pd-Pt hetero-trimersare prepared using
the Cr slit mask by rotating the substrate to 180°. For preparing Au-Pd-Pt hetero-
tetramer with two Au nanoantennas, two Cr slits are constructed. Au antennas and
Pt and Pd are used commonly for sensing and catalysis. The arrangement of NPs
can be observed in the SEM images for Au-Pt heterodimers (Fig. 10a), Au-Pd-Pt
hetero-trimers (Fig. 10b) and Au-Pd-Pt hetero-tetramers (Fig. 10c) [134].

In another recent work, Yashar et al., proposed a plasmonic gas sensor which can
be operated in the infrared (IR) region. A meta-material absorber has been used as
thin silicon dioxide layer between gold film and an array of graphene-coated gold
nano-disks. It is observed that the gold nano-disks have improved the sensitivity
of the sensor. The metamaterialhas shown three distinct resonances in visible and
infrared regions. As claimed, the metamaterial configuration is relatively easy to
fabricate and can be used to monitor low concentrations of various gases in different
applications ranging from environmental monitoring to home safety monitoring
systems.

Monfared et al., have reported a sensitive D-shaped photonic crystal fiber-
based surface plasmon resonance (PCF-SPR) sensor. The group has examined three
combinations of materials (silver only, graphite on silver, and graphene on silver)
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Fig. 11 Schematic illustration (a) of the energy diagram and charge transfer process in the Ag-
WO3 HNSs; (b) for the surface plasmon resonance (SPR) effect of Ag nanoparticle; and (c)
Sensing of alcohol vaporby Agx-WO3 sensor in the presence of visible light. (Reproduced with
permission from Ref. [136])

as plasmonic nanofilm for the PCF-SPR. Amongst them graphene-assisted PCF
has shown maximum sensitivity and overall merit of the sensor has improved
considerably. The group has also proposed two distinct ways of analyte sensing.
Either the liquid analytes can be filled internally into the top two air holes of the
PCF, or externally into a rectangle channel at the top of the fiber. Authors have
claimed that the sensor can act as a promising candidate for biosensing applications
[135].

Yao et al., have developed another plasmonic gas sensor by coating Ag nanocrys-
tals on the inner shell surface of WO3 hollow nanospheres (HNSs). The synthesized
nanostructures have achieved high sensitivity towards alcohol vapor. The group has
also reported that when the sensor is illuminated with light at 405 and 900 nm,
the absorption of Ag NPs and surface oxygen vacancies resonate with the light
wavelength. The sensor works on the principle of localized surface plasmon
resonance (LSPR) effect as observed in Fig. 11. High surface to volume ratio of
Ag-WO3 HNSs is favoured for gas diffusion and adsorption. The vacancies formed
in WO3 lead to the transfer of electrons from their conduction band as observed in
Fig. 11a. They behave as an n-type semiconducting metal oxide and a Schottky
junction is formed when electrons transfer from WOs3 to Ag at the interface of
Ag-WO3. A dissociative adsorption phenomenon takes place on the surface of Ag
when a reducing gas is injected. The molecule then reacts with the chemisorbed
ionic oxygen to produce CO, and H>O as seen in the Fig. 11c. Due to surface
plasmonic effect, there is formation of charge-density oscillation when the Ag NPs
are simulated with optical energy as seen in Fig. 11b. Thus, it leads to a better
sensing response [136].

Prado et al., have developed a hydrogen sulphide (HS) gas detector using silica
optical fibre and AuNPs. The localized surface plasmon resonance occurs in Au
NPs and the strong bonding between Au and sulphur is utilized to develop the
colorimetric detector for H,S gas. Polyvinyl alcohol is used for adhesion between
the NPs and the fibre surface [137].
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Fig. 12 Schematic representation for the fabrication process of the CdSe@ZnS quantum dots
(QDs), fumed silica (FS), and gold nanoparticles (GNs) sensing film. SEM images of silica sphere
array and sensing film with GN, FS, and QD nanoparticles. (Reproduced with permission from
Ref. [138])

Xue et al., have proposed a reproducible surface plasmon-enhanced optical
sensor for the detection of gaseous formaldehyde. In this work, a sensing layer has
been prepared layer by layeron a quartz glass substrate as observed in the Fig. 12.
On the surface of the glass substrate, uniform silica microsphere solution has been
added dropwiseto form an array of silica sphere. A sensing layer on the array is
prepared using the mixture of CdSe@ZnS quantum dots (QDs), fumed silica (FS),
and Au NP solution in the volume ratio 1:1:1. The solution is then spin coated on
the silica sphere array to form a uniform layer which is confirmed from SEM image
shown in Fig. 12. The proposed method has been claimed to behighly convenient
for formaldehyde detection. Enhanced fluorescence quenching is observed on
exposing the sensor to formaldehyde molecules. It has also been found that ultralow
concentration of gaseous formaldehyde could be detected through this sensor. This
work provides a simple and low-cost approach for fabrication of optical sensor for
the detection of formaldehyde [138].

Biosensing

In another work, Miranda et al., have proposed a nanocomposite hybrid material
where AuNPs are embedded in a hydrogel network. The reason for choosing a
hydrogel network in place of a colloidal aqueous solution is the more stability that
the hydrogel network provide as an embedding medium. The optical properties and
sensitivity of this material could be tuned by varying the mean diameterofparticle.
Based on these, a 3D plasmonic sensing platform comprised of cysteamine modified
AuNPs in PEGDA hydrogel is developed to capture biotin [139].

Alba et al., have developed a plasmonic sensor consists of low-power light-
emitting diode, a multimode optical fiber coupler, a miniature spectrometer and
multimode optical fibres. The facets of the fibres are coated with Au NPs which
made them selective towards the detection of biomolecules, metal ions, etc. This
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sensor is capable to monitor the change in the nanospectroscopic absorption of the
Au NPs. As claimed by the authors, these sensors can be used for the real time
monitoring of environmental studies [140].

Meisam et al., have designed a biosensor based on the plasmonic resonance of
graphene. The sensor comprised of nanofluidic delivery channel is fabricated using
photolithography techniques. The nanofluidic channel acts here as the sensing layer.
The grouphasdeveloped a method in which the sensitivity of the sensor has increased
by placing two graphene sheets over the substrate rather than placing a metallic layer
over the substrate. It is observed that on increasing the number of graphene sheets,
the absorption through the biosensor is enhanced [141].

In the work reported by Henderson et al., Finite-Difference-Time-Domain
(FDTD) simulation method has been implementedinthe studies ofGaN based
structures for sensing applications. These structures are coated with NPs and the
optical properties of these structures have shown sharp peaks when the refractive
index of layers are changed. The LSPR effect observed in these sensors confirmed
that these structures can easily be used in biosensing applications [142].

Shukla et al., have developed a plasmonic device for the detection of bioanalytes.
The device can capture changes in the refractive index of the analyte in the
optical communication band through modified Attenuated Total Reflection (ATR)
configuration. It is found that the sensitivity of the device is increased by addition
of silicon-graphene stacked layers. The high dielectric index of the Si layer has
led to the better adsorption of bioanalytes. In this work, Rodent urine has been
usedasanalytetodemonstrate the functionality ofproposed sensor. The sensor can
detect varying concentration of Leptospira bacterium [143].

In another work, a simple hexagonal photonic crystal fiber (PCF) based surface
plasmon resonance (SPR) refractive index (RI) sensor has been proposed by
Rahman et al., The sensor is comprised of circular air-holes of same radii. On the
outer surface of the sensor, indium tin oxide (ITO) layer is applied and the data
obtained areanalyzed through finite element method (FEM). The sensor is used
for the analysis of RI range 1.33—1.40 in the NIR wavelength region. The simple
structure and external sensing approach of this sensor make it suitable for detecting
various chemical and biological analytes [144].

Samavati et al., have designed an optical sensor for the detection of glycoprotein.
In this sensor, Ag nanostructures are deposited through cladding treatment and
electrodelessdeposition. The optimization of this sensor is carried out by putting
the sensing fibre into starch-eliminated ipomoea batatas (sweet potato) solution.
The hydrophobicity nature of the sensing layer here increases the sensitivity of the
sensor [145].

Plasmonic sensors are also employed to diagnose the disease of human being.
Ankitha et al., have reported the development of a biosensor for the detection of
chikungunya, an infectious mosquito-borne disease with chronic musculoskeletal
pain and acute febrile illness. They have detected the CHIKV antigen using
optical transduction method. For developing the sensor, a U bent plasmonic
optical fibre based biosensor has been designed. The core and cladding of the
sensor is made of polymethyl methacrylate (PMMA) and a fluorinated polymer. A
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Fig. 13 Design of U bent Plasmonic optical fibre based biosensor for detection of CHIKV-nsP3.
(Reproduced with permission from Ref. [146])

sandwich immunoassay is performed where monoclonal anti-polyhistidine antibody
is immobilized on the probe surface. As a detection analyte CHIKVnsP3Ab is
used as secondary metabolite. Then, the real time absorbance change is monitored
when probe surface is exposed to the antibodies. The biofunctionalized surface is
then exposed to AuNP@CHIKVnsP3Ab. Varying concentrations of CHIKV-nsP3
analytehas been used to optimize the sensor systems as observed in Fig. 13 [146].

Recently, Arash et al., have designed a sensor that detects SARS-CoV-2 virus
protein at femtomolar (fM) level. The group has developed a toroidal plasmonic
immuno-sensor based on the fact thattoroidal dipole resonant metasurfaces show
low radiative losses. The sensor is comprised of a multipixel planar molecule.
Functionalized colloidal AuNPsare used here to capture the spike proteins from the
samples. As claimed, the sensitivity of the sensor is high and the obtained limit
of detection is ~4.2 fM. These meta-sensor has the potential to become future
technology for the rapid and precise screening of SARS-CoV-2 and other virus
carrier infections [147].

Carcinoembryonic antigen (CEA) is detected by Yang et al., using ultrasensitive
and selective photo-electrochemical (PEC) biosensor. The sensor is comprised
of plasmonic TiO, @Au nanoparticles/CdS quantum dots (TiO,@Au NPs//CdS
QDs). The TiO,@Au NPs are fabricated using in situ deposition of Au NPs
(prepared through ascorbic acid-reduction method) on TiO2 surfacewhich is used
as photoactive material. The prepared TiO,@Au NPs have shown a cathodic
background signal and the anodic photocurrent generated is dependent on the LSPR
effect of Au between TiO; and CdS. The limit of detection of the sensor is found
~18.9 fg/mL which suggest that it can have potential applications in bioanalysis and
diseases diagnosis [148].
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Plasmon-enhanced electrochemiluminescence (ECL) nanosensor based on
magnetic-plasmonic Fe3O4 yolk/Au shell (M@Au) is designed by Zhang et al.,
for the detection of Kirsten rat sarcoma K-RAS gene. In this mouse sarcoma virus
oncogene mutation occurs in the initial phase of malignant tumor transformation.
Thus, the detection of K-RAS is meaningful for the diagnosis of early cancer. The
research group found that graphite phase carbon nitride quantum dots (g-C3N4 QDs)
are not suitable for sensing applications due to its low electro-chemiluminescence
(ECL) intensity. They then constructed a sandwich-typed sensor with a combination
of M@ Au and g-C3N4 QDs. The inner Fe3O4 NPs showed good magnetic property
and outer Au shell showed better surfaceplasmon coupling (SPC) effect [149].

Gao et al., have reported an effective approach to tune the plasmonic properties
of morphology-invariant NPs by changing their internal structure. To prepare
the Ag@(Ag—Au) shell@shell nanocages, the growth of Ag in the inner surface
of Ag—Au alloyed nanocagesis selectively done. The amount of Ag deposited
could conveniently and effectively tune the plasmonic properties of Ag@(Ag—Au)
nanocages. The prepared nanocagesare then employed in colorimetric sensing of
human carcinoembryonic antigen (CEA). The concept worked well for low level
detection using crafted plasmonic NPs [150].

Surface-enhanced Raman scattering (SERS) is identified by Chen et al., when
natural chitin film from the pupa of walnut pest C. japonica is coated with thermally
evaporated nanoscopic Ag film. Theventral and dorsal side of the developed films
contain nanostructured patterns as shown in SEM images (Fig. 14). Micro-capillary
surface structure of chitin observed on the dorsal side of the film. The SERS activity
is carried out using confocal Raman spectrometer (at 532 nm laser) [151].

In another work, Xiong et al., have constructed a nanoantenna with the con-
figuration of a nanoparticle-on-mirror (NPOM). In this configuration, AuNPsare
immobilized onto a gold mirror. It is found that the NPOM configuration is capable
to produce strong light scattering as compared to that of isolated Au NPs [152].

Two-dimensional Au plasmonic nanostructure arrays with a periodic one-
dimensional plasmonnanocavityare fabricated by Wang et al. These are fabricated
by self-assembly and reactive ion etching technology. Trace detection of multiple
harmful chemicals is reported by the developed SERS sensor [153].

Yasli et al. have studied the performances of photonic crystal fiber (PCF) based
SPR sensor composed of hexagonally arranged air holes in the cladding region. The
PCF structure is prepared using Au or Ag-graphene layer. The prepared sensor is
found promising for analysing the blood components (water, cytop, blood plasma,
white blood cell (WBC)). It is reported that the change in the structural properties
like air hole quantity, placement or shape, etc. of the crystal fibres can lead to
distinguishable change in its sensitivity [154].

In another interesting work, mid-infrared active plasmonic sensing isstudied
by Leonetta et al. They fabricated antennas employing heavily doped Ge films
grown epitaxially on Si wafers. The Ge antennas are found to be compatible with
silicon CMOS technology. It is found that as compared to bare Si substrate, the
Ge antennas grown on Si shows 2 ordersofsignal enhancement for the detection of
target molecules [155].
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Fig. 14 SEM images of dark and light parts of the dorsal and ventral sides of the chitin film
obtained from pupa shells of C. Japonica. (Reproduced with permission from Ref. [151])

Li et al. have studied the influence of graphenenanoribbonplasmon excitation
on the vibrational spectra of surface absorbed polymers. They have developed
graphene nano-ribbon array on Si/SiO2 substrate using electron beam lithography
and chemical vapor deposition (Fig. 15a). Polymethylmethacrylate (PMMA) and
polyvinylpyrrolidone (PVP) layers arethenspin coated on the nanoribbon-covered
substrates. The SEM image of graphene layer and the chemical structures of PMMA
and PVP are shown in Fig. 15b, c respectively. The nanoribbon like structure of
graphene is identified in Fig. 15b. The presence of carbonyl (-C=0) groups in
PMMA and PVP are found in their chemical structure. From the sensing studies, it is
observed that the sensitivity for the detection of (-C=0) vibration for the developed
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graphenenanoribbons. (c¢)
PMMA and PVP both contain
the carbonyl double-bond
(C=0). (Reproduced with
permission from Ref. [156])
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graphene based systemis increased by a factor of about 5 which is identified in the
IRattenuation spectra. The group has reported that the modulation of the grapheme
plasmon attenuationspectrum by the PMMA-PVA polymers is because of near-
fieldelectromagnetic coupling [156].

Tang et al. have developed plasmonic Au NP arrays on shape memory
polyurethane (SMPU) substrates. AuNP arrays are prepared using di-block
copolymer through ultrasonic treatment. The arrays arethentransferred from rigid
silicon wafers onto flexible SMPU substrates. It is observed that LSPR arising
from AuNP arrays is increased by negative bending on SMPU substrates, whereas
the LSPR is decreased by positive bending. This approach of incorporating AuNP
arrays on SMPU substrates for tuning plasmonic properties have great potential
applications in SERS, fluorescence enhancement, and new optoelectronicmaterials
[157].

The plasmonic materials are not only used to develop sensors for detection of
toxic gases or biomolecules, but these are also employed as solar light absorbers.
Luca et al. and Alberto et al. have developed plasmonic-based solar light absorber
which in sub-pm thickness, exhibit complete light absorption. This is obviously an
efficient alternative absorber to mm-thick carbon-based materials usually employed
for solar-driven steam generation. The ultrathin plasmonic titanium nitride (TiN)
nanocavity arrays are the key component of solar absorber. Figure 16a depicts
the TiN-based solar absorber (TSA) which is enclosed in polytetrafluoroethylene
(PTFE) cell. The PTFE cell acts as thermal insulator and on the top of this unit, a
basin works for the collection of water.

Steam generation takes place when the surface of water is simulated with solar
light. The TSA consists of three different layers (Fig. 16b). The first layer is a
TiNnanocavity array and the second layer is a Ti2N layer of ~1 um thickness.
The Ti2N layer is formed due to the diffusion of NH3 through the base layer
i.e. Ti plate. The SEM image of the TiNnanocavities is shown in Fig. 16c. The
approach to ultrathin plasmonic absorbers can boost the performance of devices
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Fig. 16 (a) Schematic representation of TiN-based solar absorber (TSA) enclosed in polytetraflu-
oroethylene (PTFE) cell. (b) Structure of the TSA: TiNnanocavities (250 nm thickness), Ti2N
thermal layer (~ 1 um), and rest of the Ti substrate. (¢) Top-view SEM image of TiNnanocavities.
(Reproduced with permission from Ref. [158])

for evaporation/desalination and holds promise for a broader range of phase
separationprocesses [158].

S Future Scopes of Plasmonic

Nowadays, the detection of biological and chemical molecules becomes essential
for a wide range of applications ranging from medical diagnostic to environmental
monitoring. Many conventional sensors are found to be incapable particularly for
some specific analytes such as cancer biomarkers in the blood. During the last few
decades, with the advancement of nanotechnology, SPR sensors have been used
in identifying various molecular interactions and monitoring for various essential
or harmful analytes. In this regard, noble metal nanoparticles, for instance, AuNp,
because of their easy processing, tunable morphology, biocompatibility, long-term
stability, tailorable functionality (e.g., gold-thiol), are well known and commercially
available nanomaterials to be used in wide varieties of SPR sensing applications.
However, noble metals are cost intensive. The nanostructures of these materials
are reactive and prone to be oxidized by the abundant oxygen or sulfur in the
surroundings. Thus, as mentioned earlier, the noble metal nanostructures are needed
to be stabilized via surface coating. The way of nanostructure synthesis (mainly via
reduction of precursor salts using some reducing agent like NaOH), purification (to
remove the inorganic impurities via various techniques like dialysis), their stabiliza-
tion using different polymers or surfactants is also can be considered as tedious or
time-consuming, which can also be accounted as an additional disadvantage. In this
regard, solvent-mediated reduction or stabilization can be considered advantageous
[159-161]. Although various composite nanostructures as mentioned earlier are
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being proposed to enhance the SPR sensitivity, environmental stability, and cost
reduction, many more scopes are emerging to deal with. Aluminum (Al), being an
abundant and low-cost material, attempts are being taken to exploit its plasmonic
properties in SPR sensing [162-166]. But it is readily oxidizable. A suitable
technique is thus crucial to broaden the area of Al in SPR sensing. It has been
observed that mostly all the nanostructure materials reported for plasmonic sensing
applications, are either visible light or UV-light responsive. In the broadband solar
spectrum, nearly 55% goes to near infrared (NIR), which is nondestructive. Very few
reports are available dealing with the NIR-based plasmonic nanostructures [167—
171]. Thus, the availability of nanostructures exhibiting plasmonic effect under the
NIR light can advance the plasmonic sensing beyond theUV and Visible region in a
non-destructive way.

6 Summary

In the present article, we have made attempt to represent a comprehensive survey on
the use of plasmonic sensors for the detection of different analytes which include,
but not limited to toxic chemicals, biomolecules and important biomarkers. The
article starts with the significance and advantages of plasmonic sensors in the
multifaceted modern applications followed by the brief introduction on surface
plasmon resonance and its utility for plasmonic sensing. It has been reported that the
shape, size of the plasmonic materials and the nature of dielectric materials in their
vicinity influence significantly the sensing characteristics. In order to provide the
beginners in the field an awareness about plasmonic materials, a section has been
devoted on the description of various traditional and hybrid plasmonic materials.
Some of the popular traditional plasmonic materials are gold, silver, copper etc.
whereas hybrid plasmonic materials include either bimetallic/polymetallic alloys
or the composites of single metal or multimetals with polymers or carbonaceous
materials. The synthesis of both traditional and hybrid plasmonic materials are
carried out using topdown and bottom up approaches, few of which are discussed
from the available literature in the chapter. In the subsequent section, the sensing
performances of various state-of-the-art plasmonic sensors prepared for the detec-
tion of gases (e.g. alcohol vapors, formaldehyde, H2S etc.), biomolecules (e.g.
glycoprotein, carcinoembryonic antigen, kirsten rat sarcoma K-RAS gene) are dis-
cussed. Plasmonic sensors play an important role in biomedical applications since
they can detect low concentrations biomarkers of different diseases effectively at
room temperature. For instance, it has been found that the antigen for chikungunya,
an infectious mosquito-borne disease has been identified using plasmonic sensor.
Researchers have even detected newly invented SARS-CoV-2 virus protein at
femtomolar (fM) level with the help of toroidal plasmonic immunosensor. The
different strategies adopted by the researchers for the improvement of plasmonic
sensing are discussed concurrently. Apart from the traditional modulation in the
shape and size of plasmonic materials, evidence of improving the plasmonic sensing
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is also found when plasmonic materials are blended with graphene, polymers
or coated on shape memory materials. The modulation of vibrational spectra
of functional groups (-C=O0O) for polymers has also been identified employing
plasmonic sensors. While discussing the various examples, without limiting to the
sensors that are active in the visible light, NIR active plasmonic sensors are also
taken into account. The present article thus could provide a useful insight to the
researchers working in the field of plasmonic materials.
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optical properties and sensitivity, 313
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RI 314
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SMPU substrates, 318
SPC effect, 316
steam generation, 318
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first-principle method, 120
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communication, 122
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THz spectrum, 120
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CD enhancement factor, 20
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CEA, see Carcino embryonic antigen (CEA)
Cell biology
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Cellular adhesion forces, 219-221
Cellular dynamics, 219
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CERS, see Cavity-enhanced Raman scattering
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Chiral conic nanoshell metallic nanostructure
(CCNM), 18
Chiral “hot spot,” 3
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AT, 4
CB and CD, 3
common natural phenomenon, 2
definition, 2
far-field effect, 3
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near-field (see Optical chirality)
objects, 2
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polarized states, 4
role in animal world, 2
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Chiral molecular sensing, 21
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Chiral plasmonic structure, 3
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chiral metamaterial structure, 17
colloidal monolayer technology, 16
differential absorption/transmission, 14
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GLAD method, 17
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sample—matrix interface, 17
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3D nanostructures, 17
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transmittance spectra, 15
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Clausius-Mossotti relation, 182
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PT symmetric photonic systems, 61
ZIM, 61
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(CMOS) technology, 93
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Cylindrical waveguides, 264

D
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Density functional theory (DFT), 96
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Dipole approximation regime, 181-183
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Dirac cone-like dispersion, 35
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EBL, 97
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microribbon arrays, 98
permittivities, 98
plasmonic and phonon modes, 98
RIE, 97
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Directional quantum dot emission, 37
DNH, see Double nanohole (DNH)
DNH optical tweezers, 190, 193
Double-exposure holographic interferometry,
104
Double field enhancement, 83
Double nanohole (DNH), 190
Double-peaked extinction spectra, 162
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EAR spectroscopy, see Extraordinary acoustic
Raman (EAR) spectroscopy
EBL, see Electron beam lithography (EBL)
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Electromagnetic (EM) waves, 262
Electron beam evaporation, 273
Electron beam lithography (EBL), 3, 265,
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Electron collision frequency, 94
Electron-electron interactions, 161
Electron-electron relaxation, 160
Electron-electron scattering, 160, 163, 164
Electron-multiplying charge-coupled device
(EMCCD), 273, 277, 282, 284, 288
Electron-phonon scattering, 44
Electron-photon rate, 161
Electron transfer
direct, 163-165, 167-169, 171
indirect, 163-166, 171
Electrothermoplasmonic (ETP) flow, 197
mechanism, 251-252
techniques and applications, 252
EMCCD, see Electron-multiplying charge-
coupled device (EMCCD)
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plasmon-induced electric field, 108
Si/PEDOT:PSS solar cell, 108
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topological insulator-based plasmonics,
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wavelength, 108
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nanoplates, 107
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ENZ linear optical phenomena
ENZ mode, 38-40
optical absorption, 36
PA, 40-41
radiation characteristics, 37-38
ultra-thin ENZ materials, 36
ENZ media
field enhancement, 31-33
temporal and spatial properties, 30
unconventional optical properties, 30
wavelength expansion, 30-31
zero group velocity, 31
ENZ mode
field distribution, 38
field enhancement, 39
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optical coupling, 38
quantum-well intersubband transition, 40
quasi-static behavior, 38
resonance frequency, 38
triple resonance splitting, 39
zero-crossing wavelength, 39
ENZ-nanorod system, 37
ENZ nonlinear optical phenomena
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applications, 42
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field enhancement, 42
hot electrons, 42-44
interband transitions, 44
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optical wave mixing, 47-49
plasmonic materials, 42
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effects, 28
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spectral singularities, 68
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time-domain (FDTD) simulation
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Field intensity enhancement (FIE)
ENZ material, 31
fabrication, 32
isotropic-ENZ cases, 32
longitudinal-ENZ media, 32
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3d, 271
Finite element method (FEM), 270, 314
First-generation plasmonic tweezers, 216-217
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Gas sensors, 307, 311
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numerical simulation, 147
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total electric current density, 146
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Geometric optimization, 138
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Glancing angle deposition (GLAD), 16
Glycoprotein, 314
Gold bowtie plasmonic tweezer, 214
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Gold nano-islands (AuNIs), 236
Gold (Au) NPs, 302, 311, 313
Gold optical nanoantennas, 189
Gradient force, 182, 184, 209, 210
Graphene, 217, 305-306
Graphene-assisted PCF, 312
Graphene nano-ribbon (GNR) array, 317
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Graphene plasmonics (GPs)
nanoscale light control, 90
3D topological insulators, 91
Graphene plasmonic tweezers, 217
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Group velocity, 82
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High-resolution transmission electron
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direct electron transfer, 167—-169
indirect electron transfer, 166
mechanisms, 165
plasmon-mediated hot electrons, 166
Hot-electron-induced nonlinearity, 157,
169-171
Hot electrons, 4244
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indirect/direct electron transfer, 157
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phonon modes, metal nanoparticles, 157
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FDTD simulations, 103
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Drude model, 33
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optical metamaterials, 35-36
permittivity, 33
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transition metal nitrides, 34
zero-crossing, 34
Maxwell’s equations, 120, 179
Maxwell’s stress tensor, 180, 214
MEEF, see Metal-enhanced fluorescence (MEF)
Melting and slow-cooling (MSC) method, 92
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269, 271-274, 2717, 280, 283, 284,
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Metal-based plasmonics, 90
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Metal-dielectric structures, 35
Metal-enhanced fluorescence (MEF), 298
Metal films, 264
Metal-insulator-metal waveguide, 35
Metallic nanocavity, 185
Metallic nanoparticles, 29
Metallic nanostructures, 178, 197
Metallic nanowires (NWs), 265
Metallic surface electrons, 262
Metal nanoparticles (NPs), 157, 264
Metal nanostructures, 5
Metasurfaces, 29, 90
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Microchemistry
liquid droplets, 226
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systems
vesicle and membrane manipulation, 226
vesicle fusion, 227
Microscopic solid/liquid particles, 227
Microwave signals, 284
Mid-infrared (MIF), 90, 316
Mie resonances, 35
Molecular beam epitaxy (MBE), 93
Molecular chirality, 199
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Monolithic integration, 225
Morphology-invariant NPs, 316
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Nano-antennas, 138, 216
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