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Preface

Plasmonics gives researchers in universities and industries and designers an overview of
phenomena enabled by artificially designed metamaterials and their application for plas-
monic devices.

Optical interaction with nanostructures is studied by the field of plasmonics. Recently, the
potential of subwavelength confinement and enhancement of optical fields close to appro-
priately designed nanoscale objects has opened a gateway to extensive investigations into
plasmonic optical phenomena. The purpose of this book is to provide a detailed introduc-
tion to the basic modeling approaches and an overview of enabled innovative phenomena.

Surface waves open a gateway to a wide spectrum of physical phenomena providing a fer-
tile ground for a number of applications. Discovery of metamaterials with tunable electric
and magnetic features has allowed for a rich phenomenon, i.e. expansion of the wide spec-
trum of structures capable of supporting surface waves. Surface plasmon polaritons (SPPs)
are electromagnetic excitations occurring at the interface between a conductor and a dielec-
tric. These are evanescently confined in the perpendicular direction. It is possible to imitate
the properties of confined SPPs by using geometrically induced SPPs, called spoof SPPs. The
proposed phenomenon may take place at lower frequencies. It might be concluded that the
surface structure could open a gateway to spoof surface plasmons. The former serves as a
perfect prototype for structured surfaces. The main research agenda of this book is aimed at
the study of the modeling techniques and novel functionalities such as plasmonic enhance-
ment of solar cell efficiency, plasmonics in sensing, etc.

The topics addressed in this book cover the major strands: theory, modeling and design, ap-
plications in practical devices, fabrication, characterization, and measurement. It is worth-
while mentioning that the strategic objectives of developing new artificial functional
materials require close cooperation of the research in each subarea.

Tatjana Gric
Vilnius Gediminas Technical University, Lithuania
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Introductory Chapter: Plasmonics

Tatjana Gric

Additional information is available at the end of the chapter
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1. Introduction

The optical interaction with nanostructures is studied by the field of plasmonics. Recently, the
potential of subwavelength confinement and the enhancement of optical fields close to the
appropriately designed nanoscale objects have opened a gateway to extensive investigations of
plasmonic optical phenomena.

Consequently, the outstanding field of plasmonics has spread over different disciplines, pro-
viding the wide avenues for the promising applications in material science, biology, and
engineering. Furthermore, the field of metamaterials has been enriched and enhanced by the
plasmonic optics, for example, metasurfaces. The former concept is based on the collective
electromagnetic behavior of many subwavelength inclusions and building blocks as “meta-
atoms.” Doing so, novel tunable composite materials, i.e., near-zero material parameters, and
extreme-value material parameters, characterized by unconventional bulk and surface proper-
ties, have been proposed and applied.

Surface waves open a gateway to a wide spectrum of physical phenomena providing a fertile
ground for a number of applications [1-3]. The discovery of metamaterials with tunable
electric and magnetic features [4] has allowed for a rich phenomenon, i.e., expansion of the
wide spectrum of structures capable of supporting surface waves. Surface plasmon polaritons
(SPPs) are electromagnetic excitations occurring at the interface between a conductor and
dielectric. These are evanescently confined in the perpendicular direction [5-8]. It is possible
to imitate the properties of confined SPPs by geometrical-induced SPPs, named as spoof SPPs.
The proposed phenomenon may take place at lower frequencies. It might be concluded that
surface structure may open a gateway to spoof surface plasmons. The former serves as a
perfect prototype for structured surfaces [9].

Thus, metasurfaces, a class of planar metamaterials possessing the outstanding functionality,
i.e., capabilities to mold light flow, have recently attracted intensive attention. The main goal of
the metasurfaces is to achieve the anticipated phase profile by designing subwavelength

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgINEN



4 Plasmonics

structures at the interface between two ordinary materials. Abilities to fully engineer the
properties of the propagating waves are gained thanks to the rationally designed phase. It
should be mentioned that anomalous reflection and refraction have been verified in the infra-
red range.

Metasurface-based optical devices, such as vortex plates, wave plates, and ultra-thin focusing
lenses have also been proposed for various types of incident light, i.e., linearly polarized light
or vertex beams. Now is the time that the fundamental research in the field is giving rise to the
first promising applications for industry.

For centuries, the control of optical properties has been limited to altering material compositions,
relying on light propagation through naturally occurring materials to impart phase shifts and
tailor the desired wavefronts. The introduction of metamaterials allows control over optical
wavefronts to deviate from the usual propagation methods and rely instead on its carefully
engineered internal structure. This was first theorized 20 years ago by Pendry et al. [10], and
since then, the development in the field of artificially designed materials has only accelerated.
Metamaterials offer an extensive range of novel electromagnetic phenomena, which do not occur
in natural materials, but whose existence is not restricted by physical laws. These artificially
created “materials” are made up of a series of composite unit elements, which although are a few
orders of magnitude larger than the molecular unit cells of regular materials. This allows the
metamaterials to provide descriptions of its interactions with electromagnetic waves in terms of
its effective “material” parameters. Metamaterials can, therefore, still be viewed as a homoge-
nous material at their desired operational wavelengths, typically within the optical regime. With
careful structuring of the elements within the metamaterial, unusual material properties such as
a negative refractive index can be achieved. The refractive index 1 of a material is governed by its
macroscopic electromagnetic permittivity e and permeability 1, where 1 = +Vep.

The development of such negative index material could lead to novel applications especially
within the optical regime, such as creating the perfect lens, which images beyond the diffrac-
tion limit, or an optical cloaking device. The initial realization of a negative refractive index
metamaterial uses a pattern of metallic wires and split-ring resonators to form its unit cells,
which have been experimentally demonstrated in the microwave regime and later at optical
wavelengths as the elemental array is reduced into the nanoscale. Bulk metamaterials, how-
ever, are usually susceptible to high losses and strong dispersive effects due to the resonant
responses of metallic structures used. Additionally, the complex structures required in a 3D
metamaterial is challenging to build using the existing micro- and nanofabrication methods.
Thus, recent studies have been focusing on the development of 2D metamaterials, or
metasurfaces. These planar materials allow for the combined advantages of the ability to
engineer electromagnetic responses with low losses associated with thin layer structures. The
introduction of surfaces with subwavelength thicknesses results in minimal propagation
phase; this shifts the focus from developing materials with negative permittivity and perme-
ability to engineering surface structures to adjust surface reflection and transmissions. This is
made possible by exploiting abrupt phase jumps and polarization changes from scattering
effects, which can be realized and subsequently fine-tuned through designing spatially vary-
ing phase responses over the metasurface, through using either metallic or dielectric surface
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structures. In solid state physics, materials can be classified according to their electronic band
structure. While metals have overlapping conduction and valence bands, which allows the free
movement of electrons through the material, dielectric insulators have a large band gap
between the two. Both types of materials are still able to interact with incident electromagnetic
fields, although through different physical methods and result in light scattering effects. Thus,
both materials have, therefore, been employed in the realization of the vast potential of
metasurfaces.

Author details

Tatjana Gric
Address all correspondence to: tatjana.gric@vgtu.lt

Department of Electronic Systems, Vilnius Gediminas Technical University, Vilnius, Lithuania
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Abstract

Plasmonic is an emerging branch of nanophotonics wherein the electromagnetic properties
of nanoparticles are studied for variety of applications. The optics of nanoparticles is stud-
ied in terms of surface plasmon resonances and optical cross section. Initially the first prin-
ciple approach has been used to study the plasmonic fundamentals known as electrostatic
approach. Under this approach, various parameters are taken into account to observe the
electromagnetic properties of plasmonic nanogeometries. This electrostatic model is only
used to analyze the optical signature of smaller size plasmonic geometries. Therefore, for
the estimation of optical properties of larger size nanoparticle numerical model (Discrete
Dipole Approximation) has been used. The observed surface plasmon resonances could be
useful in sensing field, SERS signal detection and thin film solar cell application.

Keywords: plasmonics, nanoparticle, surface plasmon resonance, optical cross section

1. Introduction

Plasmonics is the emerging branch of nanophotonics which deals the coupling of light to the
collective oscillation of electrons inside the metal nanoparticles. The coupling of light to the
metal nanoparticles produces resonances under specific condition known as surface plasmon
resonance (SPR) that has tremendous applications [1-5]. The resonant interaction between
them will localize the electromagnetic field near the meal surface and drastically enhances the
optical scattering phenomenon. When the light interacts with the metallic nanostructures two
fundamental excitations are observed. These two fundamental excitations are surface plas-
mon polaritons (SPP) and localized surface plasmon resonance (LSPR). The surface plasmon

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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polaritons is propagating, dispersive electromagnetic waves coupled to the electron plasma of
a metal at a dielectric interface. The other excitation is localized surface plasmons which are
non-propagating excitations of the conduction electrons of metallic nanostructures coupled to
the electromagnetic field. Such modes arise due to the scattering of a sub-wavelength conduc-
tive nanoparticle in an oscillating electromagnetic field. An effective restoring force on the
driven electrons is induced by the curved surface of the particle leading to resonance and
field amplification both inside and in the near-field zone outside the particle. This resonance
is called the localized surface plasmon or short localized plasmon resonance [6—11]. Plasmon
resonances can be excited by direct light illumination which do not require any phase-
matching. In addition to solid particles, other nanostructures that support localized plasmons
are dielectric inclusions in metal bodies or surfaces, and nanoshells [6, 12-15]. For gold and
silver nanoparticles, the resonance lies in the visible region of the electromagnetic spectrum
leading to bright colors exhibited by particles both in transmitted and reflected light. This
is direct consequence of resonantly enhanced absorption and scattering of light from these
particles. From the viewpoint of electromagnetic and optics, a major consequence of the reso-
nantly enhanced polarization is associated enhancement in the efficiency with which a metal
nanoparticle scatters and absorbs light [6, 8, 16-19].

An important properties exhibit by plasmonic elements like silver, gold, copper and alumi-
num is surface plasmons which concentrate the optical energy in nanoscale [20-24]. The exis-
tence plasmonic properties (like surface plasmon mode) in materials is entirely depends on
their dielectric constants. Surface plasmon mode is an important property by which one can
concentrate the optical energy in nanoscale domain [15, 25-28]. As the dielectric constants are
the complex quantities in which real part is the reflection and imaginary part represent the
absorption or loss. Therefore, on the basis of dielectric constant value one can define the defi-
nition good and bad plasmonic materials and also decides the weather the material having
plasmonic properties or not. Those materials are the plasmonic materials for which dielectric
constant ¢ has a negative real part, Re ¢ <0 and imaginary part of dielectric constant is much
less than the real part of dielectric constant (Im ¢ <<Re ¢ ). Under these two conditions surface
plasmon resonances are most effective due to minimum losses in metals. Silver and gold
shows plasmon properties in visible range because it satisfies above two properties in visible
range [11, 29-31]. The real and imaginary part of dielectric constant of gold metal shows their
variation with wavelength in Figure 1a and b.

The work furnishes the study of plasmonic properties of metal nanostructures within and
beyond the electrostatic approximation. In the electrostatic approximation we have analyze
the interaction of electromagnetic field to metal nanoparticle whose size is much smaller than
the wavelength of incident light. In such situation particle experienced only constant or static
field throughout the particle volume. Since this model is restricted to smaller size nanopar-
ticles in which only dipolar analysis is taken into account. The dipolar analysis means, we
have truncated the potential series upto two terms and apply Laplace equation to obtain the
field, polarizability expression and resonance condition. As the size of nanoparticle increases
it starts to experience the oscillation behavior of field and electrostatic approximation com-
pletely fails. Therefore we need to require techniques which describe the full wave analysis.
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Figure 1. Wavelength dependent (a) real and (b) part of dielectric constant of gold.

Discrete Dipole Approximation (DDA) technique is one of them which is based on the dipole
discretization concept and frequently used to simulate the plasmonic properties of arbitrary
size, shape nanostructure. We have used this simulation technique to study the plasmonic

properties of larger size metal nanostructure.
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2. Theoretical model: scattering by small size metal nanosphere

Theoretical model discuss the plasmonic properties of metal nanoparticle within electrostatic
approximation wherein particle size is smaller than the wavelength of light. Under such
assumption Laplace equation has been solved with suitable boundary condition to find out
the optical parameters [13, 32]. The Laplace equation is expressed as

V2V =0 1)
and its solution in spherical polar coordinate is

V) = XA, Y0, 9)+ X B, Y (0, ) (2)

Truncating the potential series only for dipolar term which correspond to [ = 1 one can find
the value of potential inside and outside the spherical surface as

3¢
V., = w33 E 7 cosb, (2a)
E—-&
V, = “Eyreos0+ 200 (o) @)

Once we have potential profile, the calculation of field and polarizability can be easily obtained
by E = —VV expression.

The applied field polarizes the metal nanostructure and its polarization is in the same direc-
tion of applied electric field. If the size of nanoparticle is small enough then polarization is
in the direction of applied field while for larger size nanoparticle the oscillation of electron
is no longer symmetric and the polarization mechanism is split into component form such
as transverse and longitudinal. Here the study reveals the optical properties of smaller size
nanoparticle therefore, polarization of particle is in the same direction of applied field. The
polarization is simply the dipole moment per unit volume which is expressed as

p = ¢, ak (20)

where E is the applied electric field and « is the polarizability of nanosphere expressed as

E—E
@ = 4mo’(pe) 3)

The symbol a is the radius of metal nanosphere, ¢, ¢ _are the dielectric constant of metal sphere
and surrounding environment. The expression of polarizability is an important parameter
in the discussion of resonance physics. The concept of resonance brought into the picture
from the denominator part of polarizability expression. The polarizability gets resonantly
enhanced when |.s +2 sm| = 0 which is known as Frohlich condition.
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As we know when the incident electromagnetic field interacts with metallic nanostructure,
some fraction of light gets absorbed and some of them gets scattered. The magnitude of the
these absorbed and scattered light can be expressed in terms of scattering and absorption
cross section as

8n £-¢,
<Cscat) = Tk4a6 €+2€m (4)
<Cscnt>
Qscat = Tta? (5)

where symbol k is the incident light wave vector, ¢, ¢ are the dielectric constant of metal and
surrounding medium.

A spherical shape metal nanoparticle is taken into account to observe the optical properties
like scattering cross section and surface plasmon resonances. Figure 2 represent the wave-
length dependent normalized cross section of three different radii of spherical shape silver
metal nanoparticle. We observed that as the size of nanoparticle increases corresponding
magnitude of scattering cross section increases. But the position of SPR peak position is same
for all radii which is at 364 nm.

0.9

08! e Bad 1 ug=5nm

Bnm
0.7
r— | {nM

06
0.5

04

Qscat

0.3
0.2
0.1

300 350 400 450 500
Wavelength(nm)

Figure 2. Wavelength dependent scattering cross section of silver metal nanoparticle of three different radii.
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Figure 3. Wavelength dependent scattering cross section of gold metal nanoparticle of three different radii.

In Figure 3, we have discussed the wavelength dependent scattering cross section of gold
metal nanoparticle for three different radii. Here we observed that, as the radii of gold
nanoparticle increases corresponding cross section magnitude increases with red shifted SPR
resonance. In case of silver the SPR peak position is fixed at one wavelength while for gold
the peak positions are red shifted with the radii. The SPR peak position for gold nanosphere
surrounded by air (N = 1) is at 554 nm for radius 5 nm. The additional advantages of gold
nanoparticle over the silver are analyzed in terms of SPR peak positions and corresponding
spectral width known as full width at half maxima (FWHM).

These two different types of metal nanoparticle are described within the electrostatic
approximation which is only valid for smaller size. Therefore, for the description of lager
size nanoparticle we have used the numerical method discrete dipole approximation (DDA)
which is valid within and beyond the electrostatic approximation.

3. Numerical approach: scattering by large size metal nanosphere

The numerical technique that we have used to simulate the optical properties of large size
nanoparticle is discrete dipole approximation method. In this method, target is discretized
into large number of polarizable dipoles [33]. Each dipole situated at the corner of a cubic
lattice and the relation between them i.e., separation or distance of one dipole to other are
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managed by the lattice parameter. The chosen target in this technique is expressed in terms
of volume as V = Nd® where N is the number of discretized dipole and d is the lattice spac-
ing and the size of target is also expressed in term of effective radius as a,, = (3V/4m)”. The
technique is applicable only when the following criteria is satisfied

Imlkd < 1,

where k is wave vector, lattice parameter and m is the complex refractive index of chosen
target material. The main input parameter in DDA technique is the dielectric constant of tar-
get and surrounding media in which target is embedded. The complex dielectric function of
composite system is provided by input file which can be expressed as

&

target (6)

&
medium

grelative -

Here, the target is assumed as a point dipole situated at the each corner of cube. Further,
placement position 7 and polarizability @ of the point dipoles need to be flexible for DDA
calculation. Each entity is represented by a dipole moment as

p.=aE 7)

1" i,loc

1
i
L

Ei,loc = i,app + Ei,ind (8)
where EW and Z‘m is the applied and induced field respectively acting on the i individual
because of the radiation of all the others (N — 1) dipoles that set up the NPs. The field EW and
EM is given by the following relation

7 - ik 7-ot)
E,, = Eel )
= N =
find 2z A‘.],.p], (10)
1
2 S eikr 22 (2 - (l_iky’]) 2 - (=2 =
ij P] rj. k ij (rl] * P)) * r§ [rii P] -3 ru(rf/ pl)] (11)
N = N o
pl = ax <Ei,app_ At]p]> (12)
1

where k = |k| represents the incident wave vector.

Dipole moment symbolizes the optical behavior of the target geometry. Therefore, the extinc-
tion and absorption cross section can be achieved after calculating the set of dipole moments
as given by

15
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Cext = 4nk2 %Im{éincﬁt} (13)
i
c =4k %{Im (e pi]-2K]p 2} (14)
abs |E“ ‘2 = pi'( i ) pi] 3 P
0
Csca = Cext_ Cabs
C. 15
Q-— (15)

where C signifies the optical cross section, i represents the running index includes extinction,
absorption and scattering, Q, represents the normalized optical cross section and a,, effective
radius of target.

The simulation effects could be visualized in terms of scattering cross section as shown in
Figure 4. A 50 nm radius gold metal sphere is discretized into 4224 number of dipole to see the
plasmonic properties like scattering cross section and surface plasmon resonance. The SRP
wavelength of 50 nm gold nanosphere was observed at wavelength 560 nm.

1.6 v

1.4
Radius= 50nm

12} NP=Au

U L Il L 1
03 0.4 0.5 0.6 0.7 0.8 0.9 1

Wavelength (1om)

Figure 4. Wavelength dependent scattering cross section of 50 nm gold nanosphere surrounded by air.
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4. Conclusion

The work described the optical properties of plasmonic nanogeometries in terms of optical
cross section and surface plasmon resonance. Two different types of metals like silver and
gold are taken into account to see the optical properties. The surface plasmon resonance cor-
responding to these metals lies in visible range of electromagnetic spectrum wherein most of
the applications exist. Therefore, the work guides to plamonic community to simulate various
types of metal nanostructure which exhibit SPR in different part of electromagnetic spectrum.
These tunable nature of surface plasmon resonances can be used in many purposes such as
sensing, photovoltaic and Raman spectroscopy.
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Abstract

Surface plasmons are coherent electron oscillations behaving as localized and propagated
modes in metal nanoparticles and nanowires, respectively. In this chapter, we first review
some of the applications made in plasmonics with gold nanorods/nanospheres and sil-
ver nanowires. For gold nanoparticles with a size of 1-100 nm, the surface plasmons are
confined around the particle surface as localized modes to enhance the near-field. For
diameter of around 200-300 nm silver nanowires with a length up to 10 pm, the surface
plasmons can propagate along the nanowires as waveguide modes to guide the plasmons.
We then describe some novel results with regarding to gold nanorod enhanced light
emission, silver nanowire supported plasmonic waveguide, gold nanosphere mediated
whispering-gallery-mode emission, and energy conversion in silver-polymer plasmonic
nanostructures. The work of this chapter highlights the applications of metal nanopar-
ticles and nanowires in plasmonic waveguides to achieve optical energy generation,
propagation, and conversion.

Keywords: surface plasmon waveguides, metal nanoparticles, nanowires,
nanostructures, absorption

1. Introduction

Plasmonics has the fascinating ability to localize and guide light wave at the deep sub-
wavelength scale, becomes an inter-discipline merging photonics with electronics [1-6].
Surface plasmons are free electron oscillations induced by optical methods at the metal
surfaces. Both localized and propagated surface plasmons excited in metal nanoparticles
and nanowires are of great interest. They not only break the diffraction limit but also allow

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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to guide light in various geometries such as 90° bending [1]. This promises the scaling of
optical devices down to the diffraction limit for miniaturized photonic circuits. The localized
surface plasmons have the functionality to scatter, absorb and squeeze light into nanometer
scale, providing large enhancements of local near-fields [7]. It holds the potential applica-
tions in data storage, light energy generation, sub-wavelength optics, nano-optical tweezers,
biophotonics and nanoscopy [8-11]. Gold nanoparticles with sphere/rod shapes and size
below 100 nm are highly investigated for many useful applications, such as non/radiative
enhancement of nano-crystals [12], inter-particle coupling effect [13], single particle plasmon
spectroscopy [14-16], plasmonic sensing [17-19], plasmonic photocatalysis [20-22], and so
on. Different from the localized surface plasmons of individual nanoparticles, the propagated
surface plasmons existing at flat/curved surfaces in metallic planes, films, and wires also
exhibit intriguing plasmonic phenomena [23]. The propagation length of surface plasmon
modes is inevitably limited by metallic absorption, could also be strongly confined in the lat-
eral section normal to propagation direction. This implies that plasmonic waveguides could
transport larger bandwidth of information than that of conventional photonic waveguides.
However, there is a trade-off between propagation loss and mode confinement in plasmonic
waveguides [24]. To balance this trade off, an alternative method by seamlessly integrating
photonic waveguides into plasmonic waveguides can be used [25]. Silver nanowires usually
act as plasmonic waveguides with lateral size of 200-300 nm and axial length up to 10 um,
exhibiting many interesting applications. For example, plasmonic interference [26], wave-
particle duality [27], remote excitation of Raman scattering [28-30], long-distance plasmonic
gain [31-33], broadside nano-antennas [34], etc. It is impossible to introduce every result on
plasmonics in this short chapter. In the following sections, we will specifically describe some
novel results with gold nanorods/nanospheres and silver nanowires for achieving optical
energy generation, propagation, and conversion.

2. Localized surface plasmon in gold nanorods

Metal-enhanced fluorescence can be realized via the resonant coupling with localized sur-
face plasmon in metallic nanoparticles, nanorods, and nanostructures [35-40]. Different form
two-dimensional films and/or three-dimensional solutions, metal-enhanced fluorescence in
one-dimensional waveguides could provide a lower power consumption and higher den-
sity integration for plasmonic circuits. Herein, we describe a novel result of gold nanorod
enhanced light emission, which is realized by embedding gold nanorods into polymer pho-
tonic waveguide doped with quantum dots at low concentration.

To study plasmonic properties, a single plasmonic waveguide was placed on MgF, substrate
with refractive index (1) of 1.39. A blue light at 473-nm wavelength was coupled into the
plasmonic waveguide via evanescent field. Figure 1a shows the dark-field optical microscope
image with red emission excited by the incident light at an optical power (P, ) of 0.1 uW,
where positions A to E manifesting gold nanorod enhanced light emission from embedded
quantum dots for representative measurements. To make a comparison, a single photonic
waveguide has a similar diameter as that of the plasmonic waveguide, was also excited by the
incident light at an optical power (P_) of 0.1 uW (Figure 1b).
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Figure 1. Plasmonic waveguides in polymer embedded with gold nanorods. Dark-field optical microscope images are
corresponding to (a) plasmonic waveguide with gold nanorods and (b) photonic waveguide without gold nanorods. (c)
TEM and EDS analysis of a plasmonic waveguide. (d) The relationship between emission efficiency and propagation
distance. (e) Dependence of normalized intensity on the propagation distance. Red curve is for plasmonic waveguide,
while blue curve is for photonic waveguide. GNRs mean gold nanorods, and QDs mean quantum dots. Reprinted with
permission [41].

To clearly examine the distributions of gold nanorods and quantum dots embedded in the
plasmonic waveguide, both a bright-field transmission electron microscope (TEM) and an
energy dispersive X-ray spectroscopy (EDS) were simultaneously performed. Figure 1c
shows EDS spectrum of a plasmonic waveguide while the inset shows the corresponding
TEM image. The EDS spectrum verifies the existence of Au (9.43 wt%), Cd (0.02 wt%), Se
(0.40 wt%), Zn (0.69 wt%), and S (1.00 wt%) elements. They came from gold nanorods and
CdSe-ZnS core-shell quantum dots. The embedded concentrations for gold nanorods and
quantum dots are estimated to be of 4 um= and 3.2 x 10° um™, respectively.

Figure 1d shows the light emission efficiency at positions A to E (with gold nanorods) and
positions A1 to E1 (without gold nanorods). At position B, the emission enhancement is maxi-
mized, where plasmonic wavelength overlapped with emission wavelength of quantum dots
[42]. The mechanism for emission enhancement can be interpreted as follows: (1) by coupling
a 473-nm blue light into plasmonic waveguide, the embedded quantum dots are photo-
excited and then emit 600-nm red light. (2) The emitted 600-nm red light excites the localized
surface plasmon of gold nanorods, which leads to an enhancement of local near-field. (3) The
enhanced local near-field increases the stimulated radiative decay rate of quantum dots, thus
leading to the increasing of quantum yields and the decreasing of fluorescence lifetime [43].
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In fact, emission quenching could happen because free electrons can transfer from quantum
dots to gold nanorods once they are closely contacted. For instance, emission quenching
of quantum dots by gold nanoparticles has been previously reported [44, 45]. As shown in
Figure 1a, the locally enhanced inhomogenously distributed emission spots can be explained
by the unevenly-increased in the local density of plasmonic sates around gold nanorods. This
inhomogeneous can be improved by linking quantum dots and gold nanorods via chemical/
biological coupling to ensure their efficient interactions. In any case, the total emission effi-
ciency depends on the quantum yield, self-absorption of quantum dots, resonance properties of
localized surface plasmon in gold nanorods, and propagation loss of the plasmonic waveguide.

For the measurements of emission intensity, the dark-field optical microscope images with
RGB modes were transformed into gray levels employing software (Adobe Photoshop), and
the gray values were summed up to acquire the normalized intensity, this method was previ-
ously reported [46]. The yellow rectangular in Figure 1a and b is taken as the sum-up region
with an area of 21 x 18 um?. Figure 1e shows the normalized intensity of red emission along
the plasmonic waveguide (red line) and photonic waveguide (green line) as a function of
propagation distance. It indicates that the existence of gold nanorods seriously affects the
propagation distance of plasmonic waveguide, which is due to the larger scattering loss. In
addition, some local regions with non-uniform particle density, refractive index, and crystal-
line would give rise to bulk scattering in the plasmonic waveguide.

3. Propagated surface plasmon in silver nanowires

Silver nanowires possess sub-wavelength mode confinement and low propagation loss, but
the couple of light into such small nanowires are extremely challengeable. For this challenge,
several methods to light coupling have been proposed, including: (1) total internal reflection
method utilizing an optical prism to compensate for momentum mismatch between photon
and surface plasmon [47]; (2) localized excitation method via focusing laser beam directly on a
scattering center of silver nanowires [48, 49]; and (3) near-field coupling method using optical
dipole with large momentum components to match that of surface plasmon, where quantum
emitters usually located in the near-field of silver nanowire [50, 51]. However, above three
coupling methods cannot easily interconnect silver nanowires with photonic waveguides for
nanophotonic circuits. Herein, we describe a novel result of silver nanowire supported plas-
monic waveguide by coupling photons from quantum-dot-doped nanowire.

A scanning electron microscope (SEM) micrograph of one silver nanowire with a diameter of
300 nm was interconnected with a quantum-dot-doped nanowire with a diameter of 800 nm
at an angle of 60° is presented in Figure 2a. To inspect this crossing angle in better detail, an
enlarged view is given in Figure 2b. For more practical device applications, the interconnec-
tion of more than one silver nanowire with a same quantum-dot-doped polymer nanowire is
extremely desirable. For example, Figure 2c¢ presents an SEM micrograph of silver nanowires
1 and 2 with the same diameters of 300 nm were interconnected with a quantum-dot-doped
nanowire (800-nm in diameter) at angles of 60 and 65°, respectively. The mutual distance
between silver nanowires 1 and 2 is about 6.4 um. To realize hybrid interconnection with high-
density of plasmonic and photonic nanowires, more than three silver plasmonic nanowires
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ab-doped NW

Figure 2. SEM characterization of silver nanowires. (a) One silver nanowire was interconnected with a quantum-dot-
doped nanowire at an angle of 60°. (b) Enlarged view of the crossing angle in (a). (c) Silver nanowires 1 and 2 were
interconnected with the same quantum-dot-doped nanowire at crossing angles of 60 and 65°, respectively. Note: NW
means nanowire, and QD means quantum dot. Reprinted with permission [54].

with distinct lengths and diameters would be interconnected with the same quantum-dot-
doped photonic nanowire at distinct angles and intervals, which could provide versatile
multi-functionalities in nanoscale circuits [52, 53].

Optical characterization of the silver nanowires was performed under an optical microscopy
using a micro-spectrophotometer (CRAIC, 20/20 PV, USA). Figure 3a shows a reflection-type
optical microscope image of silver nanowires 1 and 2 with the same diameters of 300 nm was
interconnected with an 800-nm diameter quantum-dot-doped nanowire at angles of 57 and
80°, respectively. The lengths of silver nanowires 1 and 2 are about 5 and 4 um, respectively,
and the mutual distance between them is of 10 um. Figure 3b gives a scattering-type micro-
graph under dark-field for the crossing structure in Figure 3a illuminated by a beam of 532-nm
laser at an optical power of 10 mW. The scattering position JO comes from individual defects
in the quantum-dot-doped nanowire. The larger scattering positions J1 and J2 come from the
photonic-plasmonic junctions formed with the silver and quantum-dot-doped nanowires
[55]. In the photonic-plasmonic junctions, when the surface plasmon of silver nanowires were
launched by photoluminescence from quantum-dot-doped nanowire. Among the launched
plasmonic modes, the dominant mode is longitudinal mode and the produced resonance could
have Fabry-Perot characteristics [56]. The smaller scattering positions S1 and S2 come from the
end tips of the silver nanowires, where the propagated surface plasmons were converted into
free space photons.
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The two silver nanowires with same diameters of 300 nm can strongly confine the 580-nm
photoluminescence into sub-wavelength scale dimensions, giving rise to their relatively
compact interconnection with the quantum-dot-doped nanowire. For briefness, the pho-
toluminescence spectra collected at positions JO, J1, J2, S1, and S2 were plotted in a single
graph as Figure 3c. The peak wavelengths for positions J0, J1, J2, S1, and S2 are 580, 585, 590,
595, and 605 nm, respectively. The inset image of Figure 3¢ shows surface plasmon propa-
gation in the silver nanowires and emitted photon propagation in the quantum-dot-doped
polymer nanowire. The quantum-dot-doped nanowire produced distinct colors of yellow,
yellow-orange, and orange from positions J0, J1, and J2, respectively. This phenomenon is
called “wavelength-converted waveguiding”, which also previously observed in dye-doped
polymer nanofiber [57]. The color difference between yellow-orange (J1) and red-orange (S1)
in silver nanowire 1 comes from the metallic loss induced energy dissipation, and the resulted
peak wavelength changed from 585 to 595 nm. Similarly, the colors are different between
orange (J2) and red (S2) in silver nanowire 2, and the peak wavelength changed from 590 to
605 nm. This is a frequency-dependent dispersion effect in these two silver nanowires [58].

Another novel result is optical routing in single silver nanowires [59]. Semiconductor micro-
ribbon and silver nanowires were assembled to realize routing structure, as shown in SEM
micrograph of Figure 4a. One silver nanowire was sitting on top of a semiconductor SnO,
ribbon, and a second silver nanowire just cling to it with a 12 um overlapping. The three color
arrows show the end tips of the silver nanowires, and the Inset shows the enlarged view of
the overlapping region. The surfactants on the silver nanowires have already been cleared
so that the two silver nanowires were contact directly. Figure 4b and ¢ show the intensity
mapping and real-color micrograph of the optical routing from semiconductor SnO, ribbon
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Figure 3. Optical characterization of silver nanowires. (a) Reflection-type optical microscope image of silver nanowires
1 and 2 were interconnected with the same quantum-dot-doped nanowire at crossing angles of 57 and 80°, respectively.
Note that the black box (area: 1 um?) near silver nanowire 1 is the sampling spot to spectrum measuring. (b) Scattering-
type optical microscope image of the crossing structure in (a) was illuminated by a 532-nm excitation laser with a spot
diameter of 15 pm at an optical power of 10 mW. The yellow arrow gives the propagation direction of excited 580-nm
photoluminescence. Inset was captured by focalizing to the two silver nanowires and measures the photoluminescence
spectra on positions J0, J1,J2, S1, and S2. The scale bar in (a) is applicable to (b). (c) Photoluminescence spectra measured
at positions J0, J1, J2, S1, and S2. Inset shows the propagation of photons and plasmons. NW means nanowire, and QD
means quantum dot. PL means photoluminescence. Reprinted with permission [54].
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Figure 4. Optical routing of silver nanowires. (a) SEM micrograph of two overlapped silver nanowires coupling to
a SnO, ribbon. The length of overlapped region is 12 pum. (inset) overlapped region of the two silver nanowires. (b)
Intensity mapping of the routing structure when the photoluminescence of the SnO, ribbon was launched and coupled
into silver nanowires with three different emission spots at distal ends. (c) the real-color micrograph of the same view as
in (b). (d—f) individual red (R), green (G), and blue (B) color channels from (c), giving a gradual decrease in propagation
loss from short (f) to long (d) wavelengths. The colors are obtained with the Bayer filter from the CoolSnap. Reprinted
with permission [59].

photoluminescence. Surface plasmons were launched into the first silver nanowire in the
silver-SnO, overlapped region, and evanescently coupled into the second silver nanowire with
low scattering loss in the silver-silver overlapped region. This efficient coupling in the silver-
silver region is benefited from the large surface plasmon mode overlaps due to the closely con-
tact between the nanowires. Interestingly, the relationship of the end tip emission color with
propagation distance on the case of single silver nanowire was also investigated. Figure 4d—4f
individually display the red, green, and blue color panel of the real-color micrograph in
Figure 4c. The closer the propagation distance, the emission composes more short-wavelength
components. The blue-wavelength components just exist at the first silver nanowire tip with
a propagation distance of 8 um, while the green-wavelength components survived 20 pm of
propagation and the red-wavelength components were the only visible one with propagation
distance up to 40 um.

4. Plasmonic nano-cavity in gold nanospheres

Different from dielectric micro-cavities, plasmonic nano-cavities could confine light into the
nanometer scale mode volume [60, 61]. Optical investigations based on circular nano-cavities
are extremely interesting due to the whispering-gallery-modes, which are attributed to the total
internal reflection of light at the plasmonic interface along the equator. Herein, we describe
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a novel result of whispering-gallery-mode emission in plasmonic nano-cavity, which com-
bines gold nanosphere and quantum dots by using electrostatic attraction. Figure 5a shows
polarization-dependent photoluminescence intensity of the emitted light. The dependence
can be described by a sinusoidal function. The minimum (-90°) and the maximum (10°) pho-
toluminescence intensities are corresponding to perpendicular and parallel to the extinction
direction of the gold nanosphere, respectively. The period of 180° is similar to that reported in
quantum dots on gold nanodiscs [62].

Figure 5b shows the emission spectrum containing five narrow bands, which indicates the
characteristic of the whispering-gallery-modes. The maximum peak of whispering-gallery-
mode is well coincidence with that of solution photoluminescence. Meanwhile, the optical
feedback is strong enough to resist the plasmonic loss. Figure 5¢ shows the photolumines-
cence spectra of 800 and 550 nm diameter quantum-dot-coated gold nanosphere producing
the several narrow bands, while the maximum peaks towards to short wavelength range as
diameter increasing. This phenomenon is governed by changing in whispering-gallery-mode
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Figure 5. Whispering-gallery-mode emission. (a) Photoluminescence intensity as a function of polarization angle. Insets
show optical micrographs of quantum-dot-coated gold nanosphere with polarization angles of 90 and 10°. (b) Whispering-
gallery-mode emission spectrum from a quantum-dot-coated gold nanosphere (solid blue line) and the quantum dots
solution emission spectrum (dashed red line). (c) Whispering-gallery-mode emission spectra of quantum-dot-coated gold
nanosphere with diameters of 490 nm (blue), 550 nm (green), and 800 nm (red). Insets: Corresponding TEM micrographs.
(d) Photoluminescence decay spectra of quantum-dot-coated gold nanosphere (blue line) and the quantum dots solution
(red line) with lifetime at 9 and 13 ns, respectively. Reprinted with permission [63].
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states density and the near-field coupling strengths. Figure 5d shows the photoluminescence
decay spectra of quantum-dot-coated gold nanosphere (blue) and the quantum dots solution
(red). They are multiple-exponential process, including intrinsic decay, plasmonic quenching,
and plasmonic enhancement. The lifetimes were calculated from 1/e values to be of 9 and
13 ns, respectively. The decrease in lifetime verifies the near-field coupling between the local-
ized surface plasmon of gold nanosphere and the radiative decay of quantum dots. As the
light waves were confined along the equator of gold nanosphere by localized surface plasmon,
the propagation medium of the light waves are the coated layers with quantum dots.

Molecular emitters located in a plasmonic nano-cavity experience an intriguing process to
be coupled into the surrounding optical field [64]. Cucurbit(7)uril is hydro-soluble and can
encapsulate only one molecule of methylene-blue inside it. Encapsulation of methylene-blue
inside cucurbit(7)uril is verified by absorption spectroscopy analysis (Figure 6a): methylene-
blue dimmers (with characteristic ‘shoulder” of small peak at 625 nm on the red solid curve)
disappear when mixing low concentrations of methylene-blue into cucurbit(7)uril (Figure 6a,
blue solid curve). Contrast experiments use the smaller molecule of cucurbit(5)uril also
have this shoulder peak (red dashed curve), eliminating the possibility of parasitic binding.
Encapsulating single molecules of methylene-blue into cucurbit(7)uril can be used to avoid
molecular aggregation. Carboxide portals at either end of the 0.9-nm in height cucurbit(n)uril
molecules with rims were binding flatly onto the gold surface (Figure 6b). The formed nano-
cavity volume can be down to less than 40 nm®. This decorating of molecules via light opens
up the venue to manipulate chemical bonds [65].
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Figure 6. Plasmonic nano-cavity with a single dye molecule. (a) Absorption spectra for methylene-blue in water, with
(blue solid line) and without (red solid line) encapsulation in cucurbit(n)urils. Blue and red icons show individual
molecules (centred at w,) and paired molecular dimmers, respectively. (b) Schematic illustration of a methylene-blue
molecule in cucurbit(n)uril, located within the gold nanosphere-on-mirror geometry configuration. Reprinted with
permission [64].
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Figure 7. Plasmonic nano-cavity design. (a) Schematic of the hybrid nanosphere, indicating silica shell doped with
dye molecules. (b) TEM micrograph of gold core. (c) SEM micrograph of gold-silica-dye core-shell nanospheres.
(d) Localized surface plasmon laser mode with A of 525 nm and Q factor of 14.8. The outer and inner circles stand
for the 44-nm shell and 14-nm core, respectively. Strength color bar is on the right. Reprinted with permission [66].

Another novel result shows that 44-nm in diameter nanospheres with a gold core and dye-
doped silica shell can be used to overcome the plasmonic loss with optical gain and realize
a stimulated emission of surface plasmons [66]. Figure 7a shows a nanosphere with a gold
core, supporting for localized surface plasmon modes, and coated by a silica shell doped with
organic dye OG-488 (Oregon Green 488), supporting for optical gain. TEM and SEM measure-
ments show the diameter of gold core and the thickness of silica shell are about 14 and 15 nm,
respectively (Figure 7b and c). The molecule number of dye per nanosphere was estimated to
be about 2.7 x 10%, and the nanosphere concentration in suspension was about 3 x 10" cm™. The
calculation of plasmonic laser mode (Figure 7d) obtains the stimulated emission wavelength
(A) to be of 525 nm and the quality (Q)-factor to be of 14.8. Although this Q-factor is governed
by optical absorption, the produced gain is large enough to overcome the plasmonic loss.

5. Plasmonic conversion in silver-polymer nanostructures

Organic polymers with extraordinary properties to incorporate with laser dyes for providing
optical gain over broadband visible spectrum, which makes them potential for tunable full-
color lasers [67, 68]. Meanwhile, the mechanical flexibility of polymers allows to integrate them
with metallic nanostructures, confining light into a small mode volume by surface plasmon
[69]. In addition, flexible polymers have an outstanding function to self-assemble into optical
micro-cavities with high-quality, where propagated light beam will be continuously confined
via total internal reflection. Consequently, the large evanescent field around the air-cavity
interface results in efficient conversion between photon and surface plasmon [70]. Herein,
we describe a plasmonic conversion to obtain sub-wavelength output of full-color lasers in
a silver-polymer heterostructure [71]. Figure 8a shows the assemble process of PS and dye
molecules via dropping a defined amount of water into the PS-dye blend solution. During the
nucleus formation of PS, the powerful m-rt interaction makes the dye molecules slowly dif-
fuse into the PS matrix. Once the solvent was evaporated, the silver-polymer microdisks with
dyes can be successfully fabricated. Four organic dyes, trans-DPDSB, C153, CNDPASDB, and
HMDMAUC, with emission colors across the full visible spectrum, were intentionally selected
for optical gain media. Under ultraviolet (330-380 nm) excitation, the silver-polymer micro-
disks emitted homogenous blue (b), cyan (c), green-yellow (d), and red (e) colors, respectively
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Figure 8. Sub-wavelength output of micro-lasers. (a) Diagram of the strategy to dope m-conjugated dye into microdisk
for silver-polymer nanostructures. (b-e) Dark-field photoluminescence micrographs of the silver-polymer microdisks
doped with organic dyes of (b) trans-DPDSB, (c) C153, (d) CNDPASDB, and (e) HMDMAC, respectively, under
ultraviolet excitation. Photoluminescence spots enlarged in the white circles come from surface plasmon scattering in
silver nanowire tips. Scale bar, 10 um. Reprinted with permission [71].

(Figure 8b-8e). Importantly, the full colors were outputted with the sub-wavelength silver
nanowire at end tips (white circles). This demonstrates the typical feature of surface plasmon
waveguide, and the plasmonic conversion at the silver-polymer connections.

Another novel result of energy conversion between photonic nanowire and plasmonic
nanowire will be described [72]. The photonic nanowire is CdSe-ZnS core-shell quantum
dots doped polymer nanowire, and the silver nanowire served as plasmonic nanowire. The
conversion efficiency is about 32%, which is realized by the Forster resonance energy transfer.
Figure 9a shows SEM micrograph of quantum-dot-doped photonic nanowire were intercon-
nected with silver plasmonic nanowire at a crossed angle of 45°. Once the plasmonic and pho-
tonic nanowires are directly contact, the surface plasmon field and evanescent field around
photonic nanowire would overlap, leading to efficient conversion from photon to plasmon at
the coupling area [73]. Figure 9b gives the dark-field optical micrograph of the silver-polymer
crossed structure with red emission. The silver nanowire is about 55 pm in total length, and
the lengths of the long (white arrow) and short (yellow arrow) regions on the two side of the
photonic nanowire (refer as ‘limbs’) are 40 and 10 pm, respectively. The plasmonic conversion
can be understood by the energy transition: photon-exciton-plasmon, and not need to match
momentum, because the dipolar near-field of quantum dots has momentum components
matching that of surface plasmon. Hence, the crossed angle cannot influence the plasmonic
conversion efficiency [74]. The exponential decay curves of Figure 9c and d indicate surface
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Figure 9. Energy conversion from photonic to plasmonic nanowires. (a) SEM micrograph of a 300-nm-diameter silver
nanowire and a 400-nm-diameter quantum-dot-doped nanowire interconnected at a crossed angle of 45°. (b) Dark-field
optical micrograph of the crossed silver-polymer structure excited by a 532-nm-wavelength laser at an optical power of
5mW. (¢, d) intensities of red emission along the long (c) and short (d) limbs of the silver plasmonic nanowire. Solid lines
are plotted with an exponential decay. Insets and green dashed arrows give a visual guide. (e) Emission spectra collected
at coupling area, two distal ends at long and short limbs. Reprinted with permission [72].

plasmon propagation lengths of 10 and 5 pum for long and short limbs, respectively. In addi-
tion, Figure 9e gives the emission spectra collected at coupling area, two distal ends of long
and short limbs with wavelength centered at 650, 660, and 654 nm, respectively.

6. Conclusion

In this chapter, we have briefly introduced some important applications with localized and
propagated surface plasmons in gold nanospheres/nanorods and silver nanowires. Specifically,
we have described some novel results on gold nanorods enhanced light emission, surface plas-
mon propagation in silver nanowires, gold nanosphere as a plasmonic nano-cavity, energy
conversion in silver-polymer nanostructures. Due to the limited space, many important prog-
ress in quantum plasmonics, nonlinear plasmonics, and photovoltaic plasmonics cannot be
described altogether. The work in this chapter presents the applications of gold/silver nanopar-
ticles/nanowires in nanophotonics to realize light generation, propagation, manipulation and
conversion. It is an ultimate dream for plasmonics to combine photonics and electronics on
practical devices and circuits. This huge challenge continued to motivate the research interests
all around the world.
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Abstract

In this chapter, we review our recent work on the investigation of surface plasmon modes
in metallicnanowires and nanowire dimers by means of electron energy loss spectroscopy
combined with scanning transmission electron microscopy (STEM-EELS). Due to the
very high spatial resolution, STEM-EELS is a powerful technique to visualize multipole
order surface plasmon modes in nanowires and study the dependency of their resonance
energies on different parameters such as nanowire dimensions or nanowire porosity. In
addition, we investigate surface plasmon hybridization in nanowires separated by gaps
of less than 10 nm or connected by small metallic bridges. In such structures new modes
arise, which depend strongly on gap or bridge sizes. Experimental results are supported
by finite element simulations. The investigated nanowires and dimers are fabricated by
electrodeposition in etched ion-track templates, combined with a selective dissolution
processes. The synthesis techniques and their advantages for the fabrication of plasmonic
nanostructures are also discussed.

Keywords: gold, nanowires, nanogaps, nanowire dimers, surface plasmons,
plasmon hybridization, electron energy loss spectroscopy, scanning transmission
electron microscopy, electrodeposition, ion-track technology, etched ion-track
membranes

1. Introduction

Over the past 20 years surface plasmons in metallic nanoparticles have attracted great attention
due to their potential for many applications in the fields of sensing [1], light guiding [2] and

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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energy conversion [3]. Surface plasmons are collective electronic oscillations that can be excited
by an external electric field. At the surface plasmon resonance wavelength of the nanoparticle,
the excitation of the electronic oscillation results in high electric near-fields. In the far-field the
resonance frequency is strongly scattered and absorbed, but less transmitted. The resonance fre-
quency of a given nanoparticle depends strongly on parameters such as, for example, the shape,
dimension, and composition [4, 5]. Therefore, besides the continuous progress on the study of
plasmonic properties, also the development of suitable methods to synthesize plasmonic nano-
structures with very well-controlled characteristics is of great importance both for basic research
as well as for technological applications.

1.1. Surface plasmons in nanowires

Surface plasmons in nanowires can be excited in two different directions [6]. Longitudinal
surface plasmons are oscillations that occur in the direction of the long nanowire axis, whereas
transversal modes oscillate in the direction of the nanowire diameter. This makes nanowires
especially interesting for both plasmonic basic research as well as applications. In particular,
longitudinal modes attract great attention since by varying the length of the nanowires, the
resonance frequency can be tuned accurately within a wide range; for Au and Ag wires from
the visible to infrared frequencies [7-10]. In this frequency range, the specific spectroscopic
finger print of many molecules is located. This can be used for molecular sensing by surface
enhanced infrared spectroscopy (SEIRA) [1]. When the molecules are located close to a Au or
Ag nanowire, the high electric fields generated by surface plasmons can strongly increase the
molecular absorption signals, thus enhancing the sensitivity of the method. For Au nanow-
ires, enhancement factors up to a factor of 10° were reported [1].

Surface plasmons in nanowires have been investigated for different kind of metals, as well
as for alloy and segmented wires [11]. Compared to other metals, Au nanowires offer the
advantages of being chemically stable and nontoxic. This is important because, since infrared
light is less energetic that other radiation types, also in vivo applications of surface plasmons
in these structures such as, for example, photothermal therapy are envisaged [12].

Another advantage of Au nanowires is the possibility of exciting multipolar modes in addi-
tion to the dipolar one (in analogy to standing waves in a resonator). Whereas in spherical
particles these modes usually overlap, the geometry of the nanowires results in a clear ener-
getic separation for several multipole orders [8, 13, 14].

Single Au nanowires are thus very interesting objects to obtain fundamental knowledge on
the basics of surface plasmons. However, not only single nanowires but also complex systems
consisting of more than one wire separated by small gaps of few nanometers or small metallic
connections are attracting great interest [15-18]. In these kinds of structures coupling of the
surface plasmons of the individual structures is possible, which results in many new modes
and further enhanced electromagnetic fields [15, 19].

1.2. Electron energy loss spectroscopy

Electron energy loss spectroscopy (EELS) is a powerful technique to visualize surface plasmon
modes in nanostructures. It benefits from the very high spatial resolution of the transmission
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electron microscope (TEM) that allows to analyze surface plasmons at specific positions of the
nanostructure, for example, by the tip or in a gap [14, 20-22], together with the very broad
energy range from ~0.3 eV to several eV. Different from other high spatial resolution tech-
niques such as cathodoluminescence in the TEM [23] or scanning near-field optical micros-
copy (SNOM) [8], EELS not only allows investigating bright modes that couple efficiently to
light, but also dark modes [20, 24].

Surface plasmon measurements with EELS are based on the interaction of the traveling elec-
trons in the TEM with the electric field corresponding to the surface plasmons (excited by
the electron itself) [25, 26]. The energy loss of the electrons is equivalent to the energy that is
necessary to excite a given surface plasmon mode. For measuring this energy loss a magnetic
prism in the TEM is used, deflecting electrons dependent on their energy loss [27]. Two dif-
ferent measurement modes exist:

For scanning transmission electron microscopy combined with electron energy loss spectros-
copy (STEM-EELS), the electron beam is scanned along a defined path. At each position, a
spectrum is created at the dispersive plane. The energy resolution of this technique is given
by the natural energy width of the primary electrons that is decreased by a monochromator in
the TEM to typically 0.1 eV. It is measured via the full width half maximum of the dominating
zero loss peak of the spectrum. The high spatial resolution of the technique allows visualizing
two dimensional EEL probability maps in the surrounding of the nanostructure.

For energy filtered transmission electron microscopy (EFTEM), a moveable slit is inserted at
the position of the dispersive plane. Only electrons with a specific energy loss can pass the slit
(typical slit width 0.2 eV) and deliver at the image plane a 2D image of the nanostructure. This
image is created only by electrons with energy loss in the given range. In contrast to STEM-
EELS, the energy resolution is worse but the measurement technique is faster.

For a more detailed introduction into the technique, the reader is referred to the following
review articles [26, 28-30].

In this chapter, we review our recent activities on the investigation of surface plasmon modes
in metallic nanowires and nanowire dimers by STEM-EELS. In Section 2, the synthesis of vari-
ous Au-based nanowires by electrodeposition in etched ion-track membranes is presented,
including Au and Au,  Ag wires, as well as the fabrication of porous Au wires by subsequent
dealloying of Au,Ag  nanowires [31]. Following, the visualization of multipole order surface
plasmon modes in these nanowires by STEM-EELS and the study of their resonance energies as
a function of, for example, nanowire dimensions and nanowire porosity, is discussed [14, 32].
Section 3 describes the synthesis of nanowire dimers by electrodeposition of segmented
Au-rich/Ag-rich/Au-rich nanowires and the subsequent dissolution of Ag [33]. It continues
presenting STEM-EELS measurements on these nanostructures, which allowed the investiga-
tion of surface plasmon hybridization in nanowires separated by gaps of less than 10 nm [14]
as well as connected by small metallic bridges [34]. In such structures, new modes arise that
depend strongly on gap or bridge sizes, respectively. Section 3 finishes with discussing mode
coupling of heterodimers consisting of two wires with different length [35]. All experimental
results are supported by representative finite element calculations. The chapter concludes
with a summary and final conclusions, both presented in Section 4.
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2. Single nanowires

Recently, EELS analysis of metallic nanowires and rods consisting of Au [14, 20, 32, 36-38],
Ag[13, 39, 40] and Al [41] demonstrated that it is an excellent technique to study their surface
plasmon modes. Au nanorods with length up to 400 nm have been investigated by several
authors using STEM-EELS and EFTEM visualizing their first- and second-order multipolar
modes [20, 36-38]. In this chapter, we focus on our recent EELS investigations of the multi-
pole order surface plasmon modes up to the seventh order in individual Au nanowires with
1-2 pm length and 60-100 nm diameter. The resonance energies were analyzed with respect
to specific tailored wire parameters, such as length and diameter [14], composition and poros-
ity [32] by STEM-EELS at Stuttgart Center for Electron Microscopy using a Zeiss SESAM
transmission electron microscope operated at 200 keV. In this section, we first describe the
fabrication of both smooth and porous Au nanowires by ion-track technology and electrode-
position and then summarize our results on the investigation of their plasmonic properties.

2.1. Synthesis of Au nanowires by ion-track technology and electrodeposition

The Au nanowires discussed in this chapter are fabricated by electrodeposition in etched ion-
track membranes. The synthesis method is schematically displayed in Figure 1 and involves
the following separate processing steps: (1) irradiation of the template material (typically poly-
mer foils with thickness 10-100 um) with energetic heavy ions and creation of latent iontracks
(Figure 1a); (2) selective ion-track dissolution and formation of channels by chemical etching
(Figure 1b); (3) preparation of a conductive back-electrode (Figure 1c); (4) electrodeposition of
Au in the nanochannels (Figure 1d) and (5) dissolution of the polymer membrane (Figure 1e).

Etched ion-track membranes are widely used as templates for nanowire growth since the late
1990s. Control over the irradiation and etching conditions enables the production of various
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Figure 1. Schematics of the steps involved in the synthesis of Au-based nanostructures by the template method: (a) swift
heavy ion irradiation of a polycarbonate foil and formation of ion-tracks (dotted lines), (b) selective chemical etching of
the ion-tracks, (c) sputtering and electrochemical reinforcement of an electrical contact layer, (d) Au electrodeposition in
the channels and (e) dissolution of the polymer foil.
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membranes with channels of predefined geometries (e.g., cylindrical, conical, bi-conical), with
lengths varying between 1 and 100 um, diameter ranging between ~15 nm up to several um
and aspect ratio (length L over diameter D) of up to 1000. Under suitable experimental condi-
tions, the synthesized nanowires adopt the exact shape and size of the host channel, enabling
thus the fabrication of wires with very well-controlled geometrical parameters. By varying
the electrodeposition parameters, composition, crystallinity and crystallographic orientation
of the deposited material can be adjusted. This unique combination of electrochemical deposi-
tion and etched ion-track membranes has demonstrated to be very powerful to synthesize
nanowires with controlled and independently adjusted characteristics. In addition, a large
number of wires up to 10 cm™ can be grown simultaneously.

Au nanowires with smooth contour were first electrodeposited using a two-electrode con-
figuration, with the sputtered Au film as initial cathode and an Au rod as anode. Optimized
growth conditions enabled the synthesis of both single- and polycrystalline cylindrical Au
wires with diameters between 20 and 1000 nm [42—44] in a controlled manner. It was found
that the employed electrolyte strongly influenced the crystalline structure of the deposited
material. Thus, Au nanowires deposited with ammonium gold(I) sulfite (gold content=15g/L,
Metakem GmbH, Usingen, Germany) or sodium disulfitoaurate (I) Imabrite 24 bath (gold
content = 12.3 g/L, Schloetter Galvanotechnik, Geislingen/Steige, Germany) electrolytes
exhibit a polycrystalline structure. In contrast, Au wires grown in a solution of potassium
dicyanoaurate(I) (Puramet 402 bath, gold content = 10 g/L, Doduco, Pforzheim, Germany)
yield single crystals at temperatures between 50 and 65°C under both direct-current and
reverse-pulse deposition conditions. The resulting single-crystalline wires have a preferred
[110] orientation independently of applied voltage and temperature.

Recently, this method has also been applied to prepare Au nanowires with smooth and
rough contour, by electrodepositing Au in polycarbonate and polyethylene theraphthalate
membranes, whose etched nanochannels exhibit smooth and rough contours, respectively.
Figure 2 shows the SEM images of two representative Au nanowire arrays deposited using a
two electrode configuration in Figure 2a polycarbonate and in Figure 2b polyethylene tere-
phthalate membranes using a sulfite-based electrolyte (Metakem, pH 7.5).

Figure 2. SEM image of Au nanowires deposited in (a) polycarbonate and (b) polyethylene terephthalate membranes.
Reproduced with permission from [32]. Copyright VBRI press.
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Figure 3. Current-versus-time curve recorded during the deposition of Au nanowires with a cyanide-based electrolyte.
The three characteristic zones of nanowire growth are highlighted by the different colors.

For large-scale synthesis and industrial applications, two-electrode set-ups are most usual.
However, it is known that the use of three electrodes improves the reproducibility and the
control over the experiments. Therefore, subsequent synthesis of Au nanowires was inves-
tigated in a three-electrode configuration. The process was potentiostatic, using a Pt rod as
counter electrode and a Ag/AgCl (Sat. KCI) reference electrode. In this case, a cyanide-based
electrolyte consisting of KAu(CN), (20 or 50 mM) and Na,CO, (0.25 M) is employed. The
voltage applied ranges between U =-0.5 and - 1.1 vs. Ag/AgCl, and the temperature is kept
constant at T=60°C. The process is monitored by recording the current as a function of depo-
sition time, that is, by chronoamperometry.

Figure 3 shows a representative current vs. time (I-t) curve recorded during the electrodeposi-
tion of Au nanowires from a cyanide solution. It reveals three different zones that are high-
lighted in the figure with different colors. In zone (I) at the moment of applying the potential,
the absolute current increases and subsequently decreases (purple). This is due to the reduction
of ions in the vicinity of the cathode and the formation of the diffusion layer, respectively. In
zone (II), the current density remains almost constant (yellow). Due to their cylindrical geom-
etry, the deposition area is constant during the growth of the material inside the channels. Once
the nanochannels are filled, caps start to grow on top of the wires on the template surface. This
enlarged surface area results in an increase of the absolute current value in zone (III) (red).

According to Faraday’s law, the weight of a product of electrochemical reaction at an elec-
trode is proportional to the electric charge Q, passing through the electrochemical cell. If the
growth is homogeneous and the efficiency of the deposition reaction is 100%, the experi-
mental charge, being the integral of the I-t curve, is thus equivalent to the theoretical value
calculated applying Faraday’s law:
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where A | is the atomic weight of the deposit, z the number of electrons involved in the depo-
sition, F Faraday’s constant, D and L the nanowire diameter and length, p the density, and
N, the number of pores in the membrane. For homogeneous nanowire growth, this enables
to control the nanowire length. The deposition process is therefore stopped after the amount
of charge necessary to obtain a specific wire length has been reached. In this way, Au nanow-
ires with the same D and the same crystallography but different L, for example, between ~0.8

and ~30 pm can be synthesized.

2.2. Synthesis of porous Au nanowires

Compared to cylindrical smooth Au nanowires, porous Au wires exhibit larger surface areas
and small nanovoids that can act as plasmonic hotspots, for example, for sensing [45, 46].
Porous Au wires can be also synthesized by the template method. Their fabrication was first
demonstrated by Searson et al. [47, 48]. By using a single-bath electrolyte Au, Ag (0<x<1)
alloy was deposited in the nanochannels. After dissolution of the template, the less noble
material, in this case Ag, was selectively dissolved. Since then, various groups studied the
influence of both initial AuAg wire composition and dealloying parameters on the resulting
porosity, in most cases for wire diameters larger than 200 nm [49-52].

Recently, we reported the potentiostatic electrodeposition and characterization of thinner
Au,_ Ag nanowires with controlled composition and size. The cylindrical Au,_ Ag nanow-
ires exhibited three different D, namely, 85, 45 and 30 nm, and L between 10 and 20 um
and were analyzed with respect to their composition and morphology before and after
dealloying.

Electrodeposition was performed at 60°C from aqueous electrolytes containing 0.25 M Na,CO,,
as well as KAu(CN), and KAg(CN), in different ratios, namely (1) 50 mM of KAu(CN), and
50 mM of KAg(CN), (Au:Ag ratio 1:1) and (2) 50 mM of KAu(CN), and 20 mM of KAg(CN),
(Au:Ag ratio 5:2). A constant potential of -1.1 V vs. Ag/AgCl reference electrode was applied
and a platinum wire served as the counter electrode in all cases. After dissolution of the
polymer foil, the wires were transferred onto silicon nitride TEM grids for posterior dealloy-
ing and analysis. For dealloying, the silicon nitride membranes with randomly distributed
nanowires were immersed in 65% nitric acid (HNO,, LS labor-Service GmbH) at room tem-
perature for 3 h. The dealloying process of individual cylindrical wires with various sizes and
compositions was characterized by means of TEM for the crystallinity and energy-dispersive
X-ray spectroscopy (EDX) for the elemental analysis. The average composition measured by
EDX-TEM for Au,  Ag mnanowires deposited using two different electrolyte compositions,
before and after dealloying are reported in Table 1.

The EDX analysis of the as-grown nanowires before dealloying reveals two types of wires: Ag-rich
nanowires (i.e., Au ,Ag ) and Au-rich nanowires (i.e.,, Au, Ag, ). The resulting wire composi-
tions do not vary significantly as a function of channel diameter. Figure 4 shows the correspond-
ing dark-field TEM images of the nanowires. Figure 4a, b (left images) display the Au ,Ag,
wires synthesized using an electrolyte with a ratio of KAu(CN) :KAg(CN), = 1:1 with diameters
of 85 nm (Figure 4a) and 45 nm (Figure 4b), respectively. Figure 4c, d (left images) display
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Au, Ag, , wires with 85 and 45 nm diameter electrodeposited using a KAu(CN),:KAg(CN), ratio
of 5:2. Before dealloying, all nanowires are cylindrical and exhibit very smooth surfaces for all
diameters and compositions. EDX with very high spatial resolution (below 1 nm) revealed the
presence of a Ag-rich layer in Au ,Ag, . wires and Au-rich layer in Au  Ag , wires [31]. The
thickness of these surface layers amounted 14 nm. After dealloying (right images), wires with
very different morphologies are obtained. After dealloying in nitric acid, Ag-rich wires exhibit
porous morphologies, whereas Au-rich wires remain solid cylinders displaying only a small
increase in surface roughness. In Figure 4e, the EDX line scan shows the composition of a liga-
ment of a dealloyed Au,,Ag  and evidences its almost pure Au composition across the ligament
except for a small region (2-3 nm) with 20 at% of remaining Ag content. In turn, after dealloying,

Before dealloying After dealloying
Atomic % of Ag Atomic % of Ag
Initial wire diameter (nm) 85 45 30 85 45
Electrolyte:
50 mM KAu(CN), 62+4 60 + 4 63+3 8+6 5+6
50 mM KAg(CN),
50 mM KAu(CN), 41+4 38+4 39+3 39+5 36+3
20 mM KAg(CN),

Reproduced with permission from Ref. [31]. Copyright 2015 American Chemical Society.

Table 1. Averaged Ag content (at%) in the nanowires measured by EDX spectroscopy before and after dealloying as a
function of the initial wire diameter.
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Figure 4. Dark-field TEM images of AuAg nanowires before (right) and after (left) dealloying in HNO,: (a) Au,,Ag,
nanowire, initial diameter 85 nm, (b) Au, ,Ag, nanowire, initial diameter 45 nm, (c) Au, Ag, , nanowire, initial diameter
85nm, (d) Au, Ag,, nanowire, initial diameter 45 nm. TEM image and EDX line scan across (e) a ligament of an Au ,Ag, .
dealloyed nanowire and (f) the surface of an Au, Ag , nanowire after dealloying. Adapted with permission from [31]
copyright 2015 American Chemical Society.
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the Au, Ag,, nanowires exhibit a diameter and composition similar to that of the initial nanow-
ires (Figure 4f). They also have a relatively homogeneous Au-rich shell. This detailed analysis of
the different Au-based nanowires, and in particular of their surface composition, is very impor-
tant in order to interpret the plasmonic measurements presented in the following subsections,
as well as for setting realistic inputs for simulations.

2.3. STEM-EELS of individual Au nanowires

Single cylindrical smooth Au nanowires with different aspect ratio were investigated by EELS
to analyze their multipolar surface plasmon modes. Figure 5 shows an example of a STEM-
EELS map of a single Au nanowire with L =895 nm + 5 nm and D = 95 + 5 nm. The map con-
sists of 100 spectra that were recorded by scanning the electron beam along the red line on the
right of the nanowire (distance to wire surface ~10 nm). Each horizontal line in the map cor-
responds to one single spectrum. The energy loss increases from left to right. The color in the
map indicates the energy loss probability. The energy loss of an incident electron depends on
the electromagnetic local density of states, projected in the direction of the traveling electron
[25]. Thus, the energy loss maxima in the EELS map can be interpreted as the position of field
maxima of standing surface plasmon waves. We can therefore identify different multipolar
surface plasmon modes by counting these maxima. A single spectrum extracted from the map
can be seen in Figure 5b, and the spectrum was recorded at the position of the red dot in the
TEM image on the right.

(b) . T—F——.
: AE =045 eV AE =030 eV
; AE = 0.35 aV AE =0.22 &V
L T Energy loss (eV) 3

Figure 5. (a) STEM-EELS map of a single Au nanowire (L =895 nm +5 nm; D =95 + 5 nm). The map consists of 100 spectra
measured along the red arrow in the TEM image on the left. The schemes on top show the corresponding surface charge
distributions; (b) single spectrum extracted from the map at the position of the red dot in the TEM image. Adapted with
permission from [32]. Copyright VBRI press.
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From the STEM-EELS map, it is possible to resolve surface plasmon modes of the wire in a
broad energy interval between 0.4 and 2.7 eV. At low energies, the map clearly shows five dif-
ferent longitudinal modes of the Au nanowire as shown in the schemes on top of the map. At
an energy of 2.3 eV, a transversal mode is excited all along the wire. To study the dependency
of resonance energy versus nanowire dimensions, Figure 6a shows the energy of several mul-
tipole order longitudinal modes for 3 Au nanowires with different aspect ratios. It is seen
that tuning the dimensions of the nanowire is a perfect tool to adjust the resonance energy of
all multipole modes. TEM images of the three nanowires are depicted in Figure 6b—d. With
increasing nanowire aspect ratio (L over D), the energies of all the longitudinal modes are
shifted to lower energies, which is in accordance with results obtained with other measure-
ment techniques and simulations (e.g., see [8-10]). The specific curve shape of the resonance
energy versus multipole order for all three wires points toward a simple relation between
these parameters. Using simulations, in 2007, Klebtsov et al. [6] have proposed the relation

=A+A.L/_D )

=
(=)
H
-

E is the energy of the respective mode and A, and A, are constants. Eq.(2) is motivated by the
direct proportionality between L and the resonance wavelength A of a perfect conductor, but
is modified since penetration of light into the gold wire is possible in this frequency regime.
Figure 6e shows a linear regression plot to the data of the three wires. Plotted is the inverse of
the energy versus L/D over [ according to Eq. 1. The relation follows well the data. As can be
seen for the two wires with similar D (marked in black and green in Figure 6e), for wires of
the same diameter and material of the same relation can be used to analytically calculate the
multipole resonance energies.

2.4. STEM-EELS of porous nanowires

Another advantage of STEM-EELS is that wire details such as surface roughness or porosity
can be resolved by the TEM together with the recording of the corresponding EELS map,
enabling the investigation of how such specific parameters influence the resonance energies.
Figure 7 shows an example of a STEM-EELS map of a porous nanowire with L =1000 + 10 nm
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Figure 6. (a) Resonance energies for three different nanowires are plotted versus multipole order for the corresponding
mode, (b) TEM images of the three different wires and (c) the inverse of the energy plotted versus aspect ratio over I for
all three wires together with linear regression curves according to Eq. (2). Adapted with permission from [14]. Copyright
2011 American Chemical Society.
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and D =90 + 10 nm, thus with similar dimensions to the wire analyzed in Figure 5. For the
longitudinal modes, the map resembles the one of the pure Au wire. However, at the higher
energies (around approx. 2.2 eV, where we expect from the single Au wire the transversal
mode), it is seen that the transversal mode of the porous wire is not excited at the same energy
all along the nanowire, but the transversal mode energy shifts in a broad range between 1.9
and 2.3 eV dependent on the position. We account this to the varying pore sizes along the wire
that can be seen in the TEM image in Figure 7b.

Since the porous wire is only slightly longer than the single Au wire in Figure 5, we can
compare the energies of the respective modes. For all modes including the transversal, the
energies measured for the porous wire are systematically lower than the corresponding mode
energies of the continuous Au wire. This result is in agreement with further studies that we
have conducted on the dipolar mode of Au nanowires by infrared spectroscopy [53] as well as
results reported by other authors on shorter rods [54]. We believe that it can be explained by a
change in the intrinsic parameters such as the lower bulk plasma frequency that follows from
introducing an effective medium consisting of gold and empty voids to describe the porous
material [53, 55].

2.5. Surface plasmon dispersion

EELS maps along individual nanowires allow deducing a surface plasmon dispersion relation.
For this, the distance between two maxima, which corresponds to the half-surface plasmon
wavelength of the respective mode, is measured [13, 40, 41]. Using this technique, different
authors have derived dispersion relations for Ag [13, 40] and Al [41] nanowires by EFTEM

(b)

AE =038 eV AE =025 eV
AE =030 eV AE =16 eV

Energy loss (V)

Figure 7. (a) STEM-EELS map consisting of 100 spectra measured along a porous Au nanowire (L = 1000 + 10 nm,
D =90 = 10 nm) together with the corresponding surface charge distributions; (b) single spectrum extracted from the
map at the position of the red dot in TEM image. Adapted with permission from [32]. Copyright VBRI press.
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Figure 8. (a) Extract of the EELS map in Figure 5 and Figure 7 showing the surface plasmon half-wavelength of the
third-order mode of smooth and porous nanowire and (b) dispersion relation for different Au-based nanowires together
with the dispersion of light.

and STEM-EELS. For both materials, it was demonstrated that the distance between the max-
ima at the nanowire edges is shorter than the one between two maxima in the middle. The
phenomenon is called antinode bunching [13] or /\sp - compression [40]. It has been explained
by a phase jump of the surface plasmon mode that is most probably due to the shape of the
edges of the nanowire [13]. As it can be clearly seen exemplarily for the third-order mode of
smooth and porous wires in Figure 8a, our data confirm this effect also for the Au wires. For
both Ag and Al it has been shown that the dispersion follows the shape of the calculated
dispersion relation of fundamental surface plasmon polaritons sustained by an infinite Ag
or respectively Al cylinder and that the low-order modes are close to the light line, which
makes them easily excitable with light. Figure 8b shows the dispersion relation for a single
Au nanowire, an Au,,Ag . alloy nanowire, and a porous Au wire. Values for the Au and AuAg
alloy wire follow almost the identical curve shape, which we attribute to the similar dielectric
function of Au and Ag at low energies and the small Ag content of only 30% in the wire. In
contrast for the porous wire, the curve lies by trend below the one of the pure Au wire which
we assign to a lower bulk plasma frequency as mentioned previously.

3. Coupled nanowire systems

Interaction between surface plasmons in several nanostructures that are separated by dis-
tances smaller than the decay length of the electric field is attracting a lot of attention in the
field of plasmonics (see e.g., [15, 17, 19, 56-58]). In such systems, the plasmonic modes couple
resulting in a splitting or hybridization (in analogy to molecular orbitals) in new plasmonic
modes, called bonding and antibonding modes [16, 19, 56]. Nanowires are very interesting
structures to study such hybridization phenomena, since their elongated shape results in a
large energetic splitting of the modes even for higher multipole orders, which makes the split-
ting clearly resolvable in the energy loss spectrum. We have used systems consisting of two
nanowires separated by small gaps [14, 35] or connected by small conductive bridges [34] to
study such coupling effects. Taking up the terminology of molecular orbitals, the structures
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are called ‘nanowire dimers’ [16]. After presenting our synthesis technique, we start the dis-
cussion with a dimer consisting of two wires with almost identical L and separated by a
small gap, and continue with more complex structures such as wires connected by bridges or
consisting of wires of different L.

3.1. Synthesis of nanowire dimers

The template method enables the synthesis of axially segmented nanowires composed by
two or more materials. Back in the 1990s, the synthesis of segmented Cu/Co and Ni/Cu mul-
tilayer nanowires was reported [59, 60]. Since then, many different segmented structures
combining, for example, polymers, semiconductors, and metals, have been fabricated by the
template method [61, 62]. Segmented nanowires can be grown either by sequential exchange
of the electrolyte [63, 64] or using a single-bath electrolyte and controlling the composition
of the segments by tuning reduction potential and electrolyte composition [65, 66]. The
combination of electrodeposition of segmented nanowires formed by two different materi-
als, and the selective dissolution of the less noble, is known as on-wire lithography [67].
The Au nanowire dimers analyzed in this chapter are synthesized also in a similar two-step
process. The first step consists of depositing segmented Au-rich/Ag-rich/Au-rich nanowires
by sequential potentiostatic deposition, using the same electrolyte mentioned in Section 2.2,
namely 0.25 M Na,CO,, and KAu(CN), and KAg(CN), in different concentrations [33]. The
length of the Ag and Au segments is controlled by the duration of the corresponding pulses.
Each segment contains a certain amount of the second metal. However, potential and electro-
lyte concentration can be chosen such that the relative concentration of the second material
remains low (<40%). After dissolution of the polycarbonate template using dichloromethane,
the nanowires are transferred on to silicon nitride membranes. By immersing the substrate
into concentrated nitric acid for 3 h, the middle silver segment is selectively etched. The gap
size is determined by the length of the Ag segment. Using this method, we reported the
fabrication of nanogaps with sizes between 7 and 30 nm [33].

Figure 9 shows SEM images of two wires with D ~65 nm consisting of 6 Au-rich and 6 Ag-rich
segments (a) before and (b) after the nitric acid treatment. It can be seen in Figure 9b that in
some cases a small metallic connection remains between the Au-rich segments. In this case,
adjacent nanowire segments are electrically connected by the small junction. The small con-
nections can be efficiently removed by thermal annealing at 300°C for 30 min, resulting in
adjacent Au segments of similar length separated by a well-defined gap, as shown exemplary
in Figure 9c.

This method has been applied to produce adjacent nanowires of controlled length separated
by a gap of predesigned properties. Thus, two adjacent nanowires with similar length sep-
arated by a narrow gap are referred to as “nanowire dimers.” If different pulse durations
are applied for the first and third pulses, dimers consisting of Au segments with different
length are produced. These are referred to as “nanowire heterodimers” or “symmetry bro-
ken dimers.” In addition, two nanowires joined by a small metallic remaining connection
(Figure 9b) are conductively coupled, while the two wires separated by a well-defined gap
(Figure 9c) are capacitively coupled. In the next sections, we discuss the plasmonic properties
of different nanowire dimers and heterodimers produced by this method.
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Figure 9. (a) SEM image of two segmented nanowires obtained applying a six pulse sequences consisting each of
U,=-11V (25s)and U,=-0.5V (15 s) vs. Ag/AgCl. (b) the same two nanowires after treatment with nitric acid. Small
metal junctions are seen between some of the nanowires. (c) Nanowires after nitric acid treatment and annealing at 300°C
for 30 min. Well-defined gaps are formed. Adapted from [33], an article distributed under public license https://www.
beilstein-journals.org/bjnano/copyright; copyright the authors of [33].

3.2. Finite element simulation of coupled systems

Experimental results can be predicted, verified, or complemented by theoretical calculations of
surface plasmons. For nanogaps larger than 1 nm quantum phenomena can usually be excluded
[58]. In this case, classical calculations based on solving Maxwell’'s equation are conducted.
Several different numerical methods are usually applied to study surface plasmon modes, such
as the discrete dipole approximation [68], the boundary-element method [10, 15], or, as in our
case, finite element simulations [69]. To conduct finite element simulations, commercial pro-
grams such as, for example, Comsol, Lumerical and CST Microwave Studio allow defining the
plasmonic nanostructures with high accuracy. In the finite element codes, the structures are
subdivided into a large amount of small volume elements. The electric field is numerically cal-
culated by solving Maxwell’s equations for these elements using suitable boundary conditions.

To analyze the surface plasmons in nanowires and coupled systems, we have performed finite
element simulations with CST Microwave Studio [34]. To simulate the excitation of surface
plasmons by a small point source, as it is the case during EELS measurements, we selected
as excitation source a small dipole of impedance 5 kQ located at 1 nm from the surface of the
simulated Au nanostructure. This point source excites both bright and dark modes, and can
be placed at different positions to analyze plasmon excitation as a function of the relative dis-
tance to the wire. Figure 10 shows the finite element simulations of the electric field strength
versus energy for four different structures: a nanowire dimer with gap of 19 nm (red line),
two dimers with connections (green line: bridge length 19 nm and bridge diameter 20 nm;
blue line: bridge length 19 nm and bridge diameter 40 nm) and a continuous wire. All nano-
structures have a total L = 1145 nm including gap or connection and D = 90 nm. The spectra
are normalized to the electric field of the dipole at the specific position for the situation that
no Au nanostructure is present. In this simulation, the dipole is located 1 nm from one end of
the nanostructures. All spectra are calculated 1 nm from the opposite end of the structures.
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Figure 10. Finite element simulation of the electric field strength 1 nm from the end of a nanowire with gap (red), a dimer
with small connection of diameter 20 nm (green), with larger connection of diameter 40 nm (blue) and a continuous wire
(black). Reprinted with permission from [34]. Copyright 2012 American Chemical Society.

The figure also shows the corresponding charge distributions of the various modes that were
obtained from the simulation. In the following sections, we refer to this figure when analyzing
the STEM-EELS maps of the corresponding structures.

3.3. STEM-EELS of nanowire dimers with gaps

Figure 11a shows a STEM-EELS map of nanowire dimer consisting of two wires separated by
a gap of about 8 nm. The two wires have length L, =784 + 5 nm, L, =808 + 5nm, and a diameter
of D =112 + 5 nm. The map of the dimer differs from the ones of single wires by the energy
separation between consecutive modes. For a single wire, the energy difference between two
consecutive modes decreases with energy (see Figure 5). In contrast, for this dimer we find
three pairs of modes that are closer in energy than the difference to the next pair. The black
arrows below the map depict the energy difference between two modes corresponding two
a pair. Each pair consists of a bonding and an antibonding mode that are generated from the
coupling of the modes of the two individual wires. The bonding mode is the one having two
surface charge maxima of different polarity at the two gap sides, whereas the antibonding
mode possesses two maxima of same polarity at this position. In Figure 11c, the hybridiza-
tion scheme of the dimer is schematically shown for the first three multipole orders. These
mode pairs of bonding and antibonding modes can also be clearly seen in the red spectrum of
Figure 10 showing the simulation of a nanowire dimer.

The missing energy loss maxima of the bonding modes at the position of the gap can be
understood from symmetry reasons. When placing the electron beam at the position of the
gap no asymmetric charge distribution can be excited. In addition to the longitudinal modes,
the map reveals also a transversal mode of the dimer that can be excited all along the two wires
but not at the position of the gap. In the case of dimers, both aspect ratio of the wires and gap
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Figure 11. (a) STEM-EELS map of nanowire dimer with a gap of about 8 nm. On top of the map the corresponding
surface charge distributions of the modes are shown, (b) three spectra measured at the position of the colored dots in
the TEM image, (c) hybridization scheme of the dimer for the first three multipole orders and (d) energy splitting for the
I =2 bonding and antibonding modes versus gap size times aspect ratio. Adapted with permission from [14] copyright
2011 American Chemical Society.

size influence the energy splitting of the bonding and antibonding modes. For the [ =2 modes,
the energy difference between bonding and antibonding mode is plotted in Figure 11d versus
aspect ratio times gap size.

3.4. STEM-EELS of coupled nanowires connected by small bridges

Calculations reported in several publications predict that conductively coupled metallic objects
can result in extremely conductance sensitive shifts of the resonance energies [18, 57, 70-74].
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Such structures are therefore promising platforms for sensing and optical switching appli-
cations [18, 74]. Due to difficulties in preparing such structures with controlled dimensions,
experimental studies are still rare [21]. As explained in Section 3.1, during the synthesis of
nanowire dimers by on-wire lithography from segmented AuAg nanowires, small conductive
junctions can remain between two adjacent wires (e.g., Figure 9b). This allowed us to perform
STEM-EELS analysis on such nanowire dimers with small connections attaining reliable data
on the plasmonic properties of these promising systems [34].

Figure 12 shows a STEM-EELS map of a nanowire dimer where the gap is not completely
dissolved, so that a conductive gold bridge remains between the two nanowires. For the
dimer, L = 1145 + 10 nm and D = 90 + 10 nm. Clearly, seven different multipolar modes can
be distinguished that reveal a complex arrangement in energy that differs from the one of a
capacitively coupled dimer and as well from the one of a single wire. The schematics on top
of the map reveal the charge distribution of these modes that have been identified by simula-
tions of such connected structures (Figure 10).

In Figure 10, one can see that modes with symmetrical charge distribution (the antibonding
modes of the nanowire dimer) do not shift in energy independent on connection size or if a
gap is present, whereas all modes of unsymmetrical charge distribution (the bonding modes
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Figure 12. (a) STEM-EELS map of a nanowire dimer with metallic connection. (b) Two spectra extracted at the positions
of the colored dots in the TEM image. Reprinted with permission from [34]. Copyright 2012 American Chemical Society.
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of the nanowire dimer) shift continuously to higher energies with increasing connection size.
The strength of the shift decreases with increasing multipole order and results thus in the
arrangement seen in Figure 12 where the bonding mode of first order (labeled with B, in the
figure) is located at higher energy than the corresponding antibonding mode (AB,). However,
bonding modes of second and third order (B, and B,) are observed at lower energies than the
corresponding antibonding modes (AB, and AB,).

The shift of the bonding modes is related to the electric field distribution of the wire in the
gap. Therefore, the field distribution of a connected dimer and a continuous wire for modes
with formally same number of surface charge maxima should be compared. Figure 13 shows
the electric field distributions of the second-order antibonding mode of the connected dimer
(Figure 13a) and the [ = 4-mode of the continuous wire (Figure 13b). Since for antibonding
modes the space in the gap is almost field-free, these two modes have identical field distribu-
tions and are excited at the same energy. For the field distributions of the second-order bond-
ing mode of the dimer (Figure 13c) and the [ = 5-mode or the continuous wire (Figure 13d)
the situation is different: Here a strong field is excited in the gap, shifting the charge maxima
in the direction of the gap. The shift to higher energies of the bonding modes is linked to this
electric field strength in the gap and decreases thus with increasing multipole order resulting
in a completely new mode arrangement compared to dimers with gap.

3.5. Mode coupling in heterodimers

Up to now, we have focused only on surface plasmon coupling in structures consisting of
two wires with very similar dimensions. In literature, several examples of mode coupling in
nanostructures of different material [74-78] or dimensions [35, 79-82] have been reported.
Figure 14 shows clear evidence that surface plasmon coupling is also possible in heterodimers
even between modes of different multipole order. The dimer has a diameter D =76 nm + 5 nm
and consists of two wires with length L, = 656 nm + 10 nm and L, = 1036 nm + 10 nm; the
gap size is ~12 nm. Figure 14a presents a STEM-EELS map of the dimer. In this map, nine
different modes can be identified that are labeled with Arabic numbers on top of the map.
In addition, Figure 14b shows an EFTEM series of the same dimer. A step size between the
images of 0.2 eV (which corresponds also to the slit width) was used. Each image of the series
is plotted next to the corresponding mode in the STEM-EELS map. It can be seen that for
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Figure 13. Calculated field distributions for the second-order (a) antibonding and (b) bonding mode of the connected
dimer and the (c) =4 and (d) I = 5 mode of the continuous wire. Reprinted with permission from [34]. Copyright 2012
American Chemical Society.
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Figure 14. (a) EFTEM series of a nanowire heterodimer with 12 nm gap, (b) STEM-EELS map of the same dimer; (c)
scheme of the bonding and antibonding mode pair. Adapted from [35] with permission from the Royal Society of
Chemistry.

most of the modes, the plasmon mode is more intense either in the long or in the short wire.
However, for the modes labeled with 4 and 5, the maxima are very intense along both wires:
in this energy interval, in the short wire, the second-order mode (I, = 2) is active, whereas in
the longer wire the third-order mode (I, = 3) is excited. Both modes couple and form a pair of
bonding and antibonding modes as shown schematically in Figure 14c. An evidence of such
a pair is visible in particular in the STEM map since no maxima can be seen at the gap for
mode number 4 which is a typical feature of the bonding mode. The required condition for
mode splitting in such unsymmetrical dimers is that in both of the individual wires a mode is
excited at almost the same energy as another mode in the second wire, that is, spectral over-
lap between the two modes of the individual wires has to occur. As follows from Eq. (2), for
nanowires, this can, for example, be achieved by designing dimers with length ratio L /L., =1,/
L, where [, and [, are the multipole orders of the two corresponding modes of the individual
wires. In the shown dimer, L /L., =1.58 £ 0.03, is deviating only slightly from the ratio between
the corresponding multipole orders [,/ [, = 3/2. Simulations also confirm the spectral overlap
of these two modes (see [35]).

4. Conclusions

We have shown that STEM-EELS is an extremely powerful technique to analyze surface plas-
mon modes in nanostructures, and in particular, in nanowires and nanowire dimers. Thanks
to its very high spatial resolution, it has been possible to investigate resonance energies of
multipole order surface plasmon modes, measure surface plasmon dispersion relations, as
well as to analyze surface plasmon excitation on specific positions along the nanostructures.

Cylindrical nanowires are synthesized by electrodeposition in etched ion-track membranes,
combined with dealloying. This combination enables the fabrication of nanowires with excel-
lent control on dimension (length, diameter), porosity and composition. These wires are,
therefore, excellent model systems to analyze the influence of each parameter on the surface
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plasmons. Thus, EELS data evidence lower resonance energies for porous wires compared to
smooth ones of similar dimensions for both longitudinal and transversal modes. Also, the dis-
persion relation for the porous nanowires is slightly different from the one of Auand Au,Ag, .
nanowires, most probably due a lower bulk plasma frequency of the porous material.

Symmetric and asymmetric dimers separated by small gaps, that is, capacitively coupled,
are fabricated by the selective dissolution of short Ag segments in electrodeposited Au/Ag/
Au segmented nanowires. In these structures, energy splitting in bonding and antibonding
modes was experimentally visualized clearly up to the third multipolar order. If a small
metallic junction remains between two adjacent wires, the wires are conductively coupled,
and a completely new mode arrangement arises due to an energy shift of the bonding modes.
The modes are strongly dependent on the connection size. Finally, mode coupling was also
demonstrated for heterodimers consisting of two wires with different length. In these struc-
tures, mode coupling is possible if two modes of the individual wires do spectrally overlap.
All experimental results are in excellent agreement with finite element calculations.
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Abstract

Surface plasmon resonance has attracted more and more attention thanks to its wide range
of applications in numerous fields (physics, chemistry, biology, etc.). In this chapter, we
present different aspects, from theoretical calculation and experimental fabrication to
applications demonstration, related to arbitrary shape plasmonic nanostructures. First,
numerical calculations based on finite-difference time-domain method were realized to
investigate the plasmonic properties of gold nanostructures having various size and shapes.
Then the direct laser writing method was demonstrated as an excellent tool for fabrication
on demand of arbitrary nanostructures. Plasmonic structures were obtained indirectly by
a standard lift-off method from a polymeric template and directly by tightly focusing a
continuous-wave laser beam onto a metallic thin film. Finally, demonstration of various
applications of fabricated plasmonic structures, namely plasmonic-based data storage,
color nanoprinter, tunable filters, and plasmonic-magneto-optics sensors will be shown.

Keywords: plasmonics, direct laser writing, one-photon absorption, tunable filter,
data storage, color printer, sensor

1. Introduction

Since the first scientific observation by Wood in 1902 [1], surface plasmon resonance (SPR)
has attracted considerable interest in different domains: physics, chemistry, biology, and so
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on [2—4]. The physical phenomenon of SPR is arisen by light-matter interaction at the interface
of metallic and dielectric materials, especially in noble metals, for example, silver and gold
[2-4]. The physical mechanism of the SPR can be briefly explained as following. Under irra-
diation of an electromagnetic (EM) wave, the free electrons in metallic materials are driven
to oscillate at the frequency of the external EM field. This electron oscillation at the metallic
surface causes a charge separation with respect to the ionic lattice, forming a dipole oscillation
along the direction of the electric field of the light. The amplitude of the oscillation reaches
maximum at a specific frequency, called SPR frequency, when the incident EM frequency
matches the eigenfrequency that relates to the restoring force stemming from the lattice of
positive nuclei. For a metallic object with finite dimension, only the electrons on its surface are
the most significant since the EM wave can only penetrate a limited depth in metal. Therefore,
the collective oscillations of such electrons are called SPR [2].

The SPR band intensity and spectra depend on several factors affecting the electron charge
density on the metallic surface, such as the metal type, the dielectric constant of the surround-
ing medium, particle size, shape, structure, and composition [5]. The plasmonic structures
are therefore distinguished into three categories: (i) surface plasmon polariton; (ii) localized
surface plasmon resonance; and (iii) plasmonic nano-structures.

Surface plasmon polaritons (SPPs) are EM excitations propagating along the interface
between a dielectric and a metal. These EM surface waves arise via the coupling of the EM
field to oscillations of the conductor’s electron plasma. As a SPP loses energy to the metal due
to absorption and scattering, it can only propagate for a finite distance along the interface.
Likewise, perpendicularly to the interface, electric field falls off evanescently and can only
penetrate into the metal a certain tiny “skin depth” [2], while such an evanescent electric field
extends more in the dielectric. Therefore, SPPs are very sensitive to any perturbation within
the skin depth and are often used as a very sensitive chemical, biological, or gas sensor [6].

In contrast to SPP, localized surface plasmon resonance (LSPR) occurs when collective oscil-
lations of free electrons are confined to a finite volume, such as metal nanoparticles (NPs), as
EM standing waves. The LSPR is excited when the frequency of the incident photons matches
the resonance frequency of the NPs. Generally, the LSPR in visible range is obtained with
noble NPs with dimensions below 100 nm. The plasmonic properties of metallic NPs vary
with their shape and size and are also affected by the refractive index of the surrounding
medium. This results in various applications of metallic NPs in different domains, from fun-
damental science to practical applications [7].

Clearly, the LSPR can strongly and locally amplify the EM field near the metallic surface. It is
recently demonstrated that this effect becomes much stronger when two or multiple metallic
nano-objects are arranged very close to form the so-called plasmonic nanostructure (PNS)
[8]. Two NPs, for example, under an EM illumination can be described as two point dipoles.
When (i) NPs are closely spaced (separation « light wavelength) and (ii) light polarization
is appropriated (longitudinally), these two point dipoles can interact via their near-fields:
the restoring force acting on the oscillation electrons of each NP is increased by the charge
distribution of their neighboring NP. Therefore, EM field in between this “dimer” can be
locally and intensely enhanced, resulting in a hotspot [9]. Following this idea, the plasmonic
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effect can be also amplified and coupled in an aligned array of metallic NPs (NPA) [10]. A
prominent example for coupled SPP nanostructures (NSs) is a nano-hole array (NHA), which
is considered as an inverse structure of an NPA [11]. In such a system, the SPP can propagate
throughout the NHA surface thanks to the coupling of multiple nano-holes perforated appro-
priately in a metallic thin film. The properties of plasmon resonance of NHAs and NPAs can
be tuned by characteristic length scales and types of arrays such as periodic, quasiperiodic,
and aperiodic structures. Such PNSs have great promise for many interesting applications,
such as tunable filter and nano-scaled color printing [12].

This chapter deals with different aspects, from theoretical calculation and experimental fab-
rication to applications demonstration, of two last kinds of SPR, namely, LSPR of metallic
NPs and SPP coupling of metallic NHAs. In the first section, numerical calculations based on
finite-difference time-domain method will be used to investigate the plasmonic properties of
different metallic NSs. We first demonstrate LSPR in individual NPs and show strong rela-
tions of plasmon-optical properties on the sizes and shapes of NPs and surrounding media.
We also demonstrate a quasi-complete work of gold NHAs for optical bandpass filter and
sensing applications. Then, the use of direct laser writing (DLW) technique will be presented
in detail, as an excellent method for realization of PNSs on demand. Two practical ways will
be demonstrated indirectly via the use of a polymeric template and directly by using an opti-
cally induced thermal effect. The advantages of this DLW fabrication method will also be
discussed and compared with other fabrication techniques. Finally, plasmonic applications
of fabricated PNSs, namely plasmonics-based data storage, color nanoprinter, tunable filters,
and plasmonic-magneto-optics sensors will be demonstrated and discussed.

In the last section, some conclusions of the newly developed plasmonic structures and fabri-
cation technique, advantages this technology brings to the plasmonic/nanophotonic field, as
well as some prospects, will be shown.

2. Numerical investigation of plasmonic nanostructures

Since the discovery of the plasmonic effect, many text books have been produced [2, 13-16]
and the theory of this interesting effect can be found easily. We present here only a numerical
method to model the analytical theories, especially for some particular plasmonic structures.
Actually, there exist different simulation methods which allow to create models of an arbi-
trary plasmonic structure and to obtain its plasmo-optical properties. Each method presents
its own advantages and disadvantages, such as required time processing, computer memory,
and simulation precision. We have adopted a very well-known simulation method, which
allowed us to achieve rapidly and precisely the plasmo-optical properties of any metallic NSs.

2.1. Simulation methodology

Finite-difference time-domain (FDTD) is a numerical analysis method allowing to obtain
approximate solutions of electrodynamics problems. FDTD workground was first set in 1928
[17]. However, it only became popular since the1980s thanks to the revolution of information
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technology [18]. Recently, with the assistance of modern computers, FDTD has become a
powerful technique for researchers to predict the EM response of any structure, in particular
PNSs. As other finite-difference modeling methods, FDTD is grid-based. It means that com-
putational domains will be meshed into minor units, mostly in a cube shape, with associated
vector components of the electric (E) field and magnetic (H) field, which are determined by
Maxwell’s equations. In simulation, the E and H fields are calculated at every point in space,
forward in time. Additionally, FDTD is a time-domain method, so it can cover a wide range
of frequencies with a single simulation run [19]. Thanks to these advantages, FDTD provides
us a natural way to treat any electrodynamics problem, especially periodic structures and
broadband sources in PNSs complications.

For calculation of plasmonic properties of all gold (Au) nanostructures (NSs) presented in this
chapter, we have performed simulations by using the FDTD method (Lumerical software).
Figure 1 shows the FDTD simulation model. The simulation area was bounded in x- and
y-directions by parallel planes in which periodical boundary conditions are defined, while
perfectly matched layer metal boundary conditions were applied in top and bottom boundar-
ies to prevent any reflections. The absorbance spectra were calculated from Fourier transform
time-dependent transmission monitor. These metallic NSs could be computationally created or
imported from real structures, which are reconstructed by using the scanning electron micro-
scope (SEM) and atomic force microscope (AFM) data. Indeed, by using Lumerical software, it
is possible to construct models for single or multiple NPs, with changeable particle parameters
(size, shape, materials, compositions, etc.). It is also able to simulate NPs organized in order,
such as dimer and arrays, with uniform distribution or random distribution. This software also
allows to import real SEM and AFM images to simulate with true fabricated structures. Other
FDTD model parameters are set as close to characterization conditions: the optical properties
of materials were taken from [20] for SiO, substrate and from [21] for Au thin films.

Simulation regicn . ¥,
squ'“\ / {rectanguiar box) b A
Au = |

structures ", .
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] = L [}

Subsirate L A
\ e
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Figure 1. FDTD model used to simulate the plasmonic properties of Au NSs, including Au NPs of different shapes and
Au NHAs. These NSs could be computationally created or imported from real structures, which are reconstructed by
using SEM and AFM data.
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2.2. Localized surface plasmon resonance

Au NPs possessing particular shapes, such as nano-sphere, nano-rod, and nano-prism, are often
fabricated by standard chemical methods, for example, the Turkevich [22], Brust [23] seeded
growth [24] or other miscellaneous methods [25]. Those NPs are usually randomly distributed
and initially suspended in a solvent such as water. Therefore, they are totally independent, that
is, the plasmonic resonance is purely localized and uncoupled. To study the plasmon effect
of Au NPs, a simple model consisting of a single NP is demonstrated. The simulation region
isa1lx1x1 um?box with perfectly matched layer boundary conditions (PML BCs) for all x-,
y-, and z-axis. The mesh size of 1 x 1 x 1 nm?® is set in the region encompassing the Au NP and
Au-medium interface.

The plasmon resonance frequency is highly sensitive to the refractive index (n) of the surround-
ing environment. Hence, a change of n results in a shift in the resonant frequency. We have con-
sidered a spherical Au NP immersed in various media, such as air, water, or glass. As n near the
NP surface increases, the absorption coefficients increase and the absorption spectrum shifts
to longer wavelengths as shown in Figure 2(a). Theoretically, this means that the LSPR peak
location will be red-shifted if the surrounding medium changes from air to water and to oil.

Optical properties of Au NPs can also be tuned by varying their sizes and shapes. Figure 2(b)
shows the calculated absorption spectra of Au nano-rods with different aspect ratios (the
diameter a was fixed at 15 nm, and the ratio R =1, 2, 2.5, and 3). We can see that the longitu-
dinal mode, which is commonly referred to the plasmonic band induced by exciting along
the long axis of nano-rods, is significantly red-shifted, while the transverse mode, which is
commonly referred to the plasmonic band when exciting along the short axis, exhibits a slight
blue shift as the aspect ratio R increases.

Consider now another kind of NP, namely Au nano-prism. The size and shape dependence of
plasmonic band can also be seen clearly in this case. The LSPR position is highly sensitive to
the edge length and the aspect ratio (defined as the ratio d/t between the edge length, d, and
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Figure 2. (a) Numerical calculation of absorption spectra of Au NPs (diameter d = 50 nm) in different media (air, water,
and glass, indicated by its refractive index, n =1, 1.33, and 1.5, respectively). Inset: Illustration of a single Au NP in a
medium with refractive index n. (b) Calculated absorption spectra of Au nano-rods in water with different aspect ratios,
R. The diameter of the Au nano-rod is fixed at a = 15 nm. Inset: design of Au nano-rod. (c) Size-dependent absorption
spectra of Au prism in water, calculated with different edge-lengths, d. The thickness of the Au prism is fixed at t =25 nm.
Inset: design of Au nano-prism.
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thickness, t, of nano-prisms). The larger edge lengths and higher aspect ratio generally result in
red shifted resonances. The red shift of the position of the peak maxima (from 642 to 684 nm)
corresponds to the edge length of Au nano-prism increases (from 56 to 112 nm) as illustrated
in Figure 2(c). This result is quite interesting as compared to that obtained by a spherical NP
having a similar size. That allows to easily create different colors by using metallic NPs with
different shapes.

From three examples of nano-sphere, nano-rod, and nano-prism, there exists thus a strong
dependence of the LSPR peaks (number of modes, location, and intensity) on metallic NPs
shape, size, and surrounding medium. Generally, a red shift of absorption spectrum is noticed
when NPs size increases. In addition, increment of surrounding refractive index can increase
absorption coefficient and enlarge red-shift absorption spectrum. This general observation
gives us an insight to construct a numerical model for multiple-sizes/shape nano-islands (NIs)
as well as to qualitatively explain their use as plasmonic sensors and/or data storage and color
nanoprinter.

2.3. Surface plasmon resonance of randomly distributed Au nanoparticles

Another method, called thermal annealing dewetting technique [19, 26, 27], has recently been
demonstrated as an excellent way to produce monolayers of randomly distributed Au NPs
on a substrate. In this technique, discontinuous thin metallic films are first deposited on a
substrate, such as a glass, and then annealed at a temperature of about 500°C. The discontinu-
ous metallic films are thermally melted resulting in isolated metallic NIs. In this case, it is not
correct if one calculates the plasmonic properties of only a single NP but it should be done for
an ensemble of NPs of various sizes. There exist a few of works in literature, which attempted
to model the optical properties of a monolayer of Au Nls [28, 29]. However, most of the works
were based on statistical methods to estimate the median parameters of Nls, which required
a lot of raw data and statistical analysis efforts. Moreover, in order to simplify the models,
an assumption of semispherical NIs was generally used, which might greatly alter the final
calculation results since LSPR is highly sensitive to size and shape of NIs.

The calculation method shown in Figure 1 allowed thus solving completely the problem. This
process required only a SEM image and an AFM image. SEM image is utilized to extract the
top-view sizes/shapes and (x,y) position coordinates of NIs. This two-dimensional (2D) map
is then extruded to three-dimensional (3D) structures with the estimated height from AFM
data. Figure 3 shows the plasmonic resonant spectra of monolayer films of Au NIs with differ-
ent average NIs sizes. The plasmonic peak located around 550 nm is clearly evidenced. When
the particles size increases, the corresponding resonant peaks of the absorption spectra are
red-shifted. Theoretically, the resonance peak shifts by a quantity of about 48.5 nm when the
average size of NIs changes from 20 to 100 nm. This shift suggests that the structuration of Au
NPs by the dewetting method can be a good idea for applications such as tunable absorbers
and color nanoprinter.

2.4. Surface plasmon resonance in periodic Au nano-holes array

Recently, several strategies have been employed to realize a metallic optical filter, includ-
ing plasmonic resonators [30], plasmonic metasurfaces for perfect light absorption [31],
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Figure 3. Simulation result of absorbance spectra of Au NPs randomly distributed on glass substrates. Different curves
correspond to samples having different average NPs sizes. Insets show SEM images of a thin film Au sample obtained
before annealing, corresponding to the absorption spectrum of gray color, and of an Au NPs sample obtained after
thermal annealing, corresponding to one of the plasmonic resonance absorption spectra.

plasmonic-photonic crystal cavity [32], grating coupler with waveguide resonant grating
[33], and so on. In this section, Au NHAs are demonstrated theoretically as an excellent
optical bandpass filter via the well-known extraordinary optical transmission (EOT) phe-
nomenon [34]. For complete simulations of NHAs, the parameters were selected and cat-
egorized into two groups as described below:

Fixed parameters: NHA structures with round holes were chosen because it is the most simi-
lar to the structure fabricated by direct laser writing lithography, which will be shown in the
fabrication section. The optical constants of silica, Au, and Cr were taken from [20, 21], respec-
tively. Note that Cr is usually used for enhancing the adhesion of Au material with substrates,
and it should be thin to avoid the influence of plasmonic properties of Au structures. The
periodicity of NHAs was fixed at 1000 nm. The net transmission light was calculated using
the arithmetic average of the simulation results of individual and orthogonal polarizations.

Swept parameters: the thickness of Au layer and Cr layer were swept from t, =10 to 90 nm
and t. =0 to 20 nm, respectively. Diameter of the hole was also varied from d, , = 300 to
900 nm. In addition, monitors were set within computation domain to analyze transmission
spectra along with EM field distributions. Results were normalized to the transmission spec-
tra obtained from a glass substrate (no NHA) and evaluated right after each simulation to
confine the parameters, with a purpose of the fastest convergence.

Figure 4 shows calculated transmission spectra of Au NHA as a function t, , t., and d, . As
can be seen in Figure 4(a), the EOT peak position and width depend strongly on the thickness
of Au NHA. In detail, this peak was blue-shifted and became shaper when the Au thickness
increased. In contrast, an increase of Cr layer thickness suppresses the transmission peaks
dramatically (Figure 4(c)). Another parameter, which influences greatly the transmission

spectrum, is hole diameter, dhole. Bigger holes allow higher transmission coefficients; however,
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Figure 4. Calculated transmission spectra of Au NHAs as a function of Au layer thickness, t,  (a); of nano-hole diameter,
d,,. (b); and of Cr layer thickness, t_ (c), respectively.

band selection is poor. Conversely, smaller holes allow fewer transmission resonance modes,
which make transmission peak sharper but also decrease the transmission coefficients. Based
on this insight along with advantages and disadvantages of the direct laser writing method,
an optimum NHA should have the following parameters: t, =50nm, t, =3 nm, A =1000 nm,
and d, , =400 nm, respectively.

3. Realization of desired plasmonic nanostructures

Different fabrication methods of PNSs have been demonstrated, each possessing its own
advantages and drawbacks. For each application, particular metallic NPs or PNSs are
required and then a specific fabrication method could be adopted. To form Au NPs and NSs
in a small area but with a desired configuration, electron-beam lithography [35, 36] and direct
laser writing (DLW) method [37] are two best choices and both are commercially available.
Generally, these two methods allow creating PNSs by an indirect way, namely, PNSs are
obtained by evaporation of metals on polymeric templates and lift-off. Recently, a direct fab-
rication method was also demonstrated by using optically induced thermal effect via DLW
technique [38]. In this section, the use of DLW will be presented in detail for realization of
desired PNSs indirectly and directly.

3.1. Direct laser writing method

Figure 5(a) illustrates the experimental setup of the DLW system. For realization of 2D PNSs,
this DLW involves with a one-photon absorption (OPA) mechanism by using a continuous-
wave (cw) laser beam. The sample is a commercial positive photoresist, 51805, for fabrication
of PNS by the indirect way. This setup is also used to realize PNSs by the direct way using a
sputtered Au film sample. The laser beam, whose wavelength (532 nm) locates the absorption



Arbitrary Form Plasmonic Structures: Optical Realization, Numerical Analysis and Demonstration...
http://dx.doi.org/10.5772/intechopen.79236

3)

-~ 0sa increas
{3} ?E\JI:I[L'I d LL hg
- SEBEEBEEE
EERREREES
I IIIIIIT)
SEEEBBRRD
I IIIIIL
L L L LR XL

FERFERRER

532 nm,
cw laser

kbbb Ey
LA AL LI A LR
[ [} L

positive r
photoresist - '._
substrale = y

PZT 0

Figure 5. (a) Illustration of the DLW technique used to realize arbitrary 2D structures on photoresist and Au film. PZT:
piezoelectric translator; DM: dichroic mirror; OL: objective lens. (b) Control of filling factor of structures fabricated on
a positive photoresist by adjusting the exposure dose. A 2D square structure is obtained by scanning continuously the
focal spot in x- and y-directions. Top: theoretical light pattern; bottom: experimental demonstration. The separation
between lines, that is, the period of structure, is A = 0.8 um, and the structures change from negative (air-holes) to
positive (polymeric cylinders) forms.

spectrum of both 51805 and Au materials, is tightly focused into samples by a high numeri-
cal aperture (NA) objective lens (OL). Since the DLW operates with an OPA mechanism, the
required laser power is very modest, in the range of few microwatts for S1805 photoresist and
a few dozens of milliwatts for Au films. Thanks to the use of a high NA OL, the light intensity
at the focusing region is, however, very high, which is enough for depolymerizing the S1805
photoresist and thermally dewetting the Au films. 3D piezoelectric translator (PZT) con-
nected to a computer control allows the focusing spot to move through the sample following
a desired trajectory. By controlling the laser power and the exposure time, the exposure doses
are adjusted resulting in structures with desired sizes and forms, as illustrated in Figure 5(b).
A detection system consisting of a lenses ensemble, a pinhole, and an avalanche photodiode
is used to determine the focusing position, which should be practically located on substrate
surface. It should be noted that this DLW is time consuming, like e-beam lithography. Also,
in order to keep high resolution, the total area of fabricated structures is limited, generally
of about 100x100 um? This surface should be enough for various applications, and in case
necessary, it could be enlarged by using a PZT with a larger scanning range, together with an
increase of fabrication time.

3.2. Realization of plasmonic structure by an indirect method

The indirect fabrication of PNSs consists of two steps: (i) fabrication of photoresist templates
by DLW method and (ii) transferring templates to metallic structures by evaporation of
method and template lift-off. Figure 6(a) illustrates the fabrication process of Au NSs by this
indirect method. This process is very similar to the fabrication of PNSs by e-beam lithography
[35-37]. To fabricate desired structures, the positive photoresist was first coated on cleaned
glass substrates and exposed by the DLW system. The samples were then developed, remov-
ing all exposed parts and leaving unexposed parts as desired structures. It is demonstrated
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that the final structures depend strongly on the exposure dose, that is, the laser intensity and
the exposure time. Therefore, the filling factor is controlled precisely and both air-holes and
dielectric-cylinder structures can be easily and reliably realized (Figure 5(b)).

The thin Au film (typical thickness is about 50 nm) is then deposited on the top surface of
the polymeric structures by a thermal evaporation technique. As indicated previously, a thin
layer of Cr (3 nm) was sputtered in between polymeric templates and the Au film in order to
enhance the adhesion of the Au film. The samples were then immersed in acetone to remove
the polymeric template, leaving the Au PNSs.

Figure 6(b)-(d) shows some examples of 2D PNSs. Depending on the polymeric templates, it
is possible to obtain both Au films containing air-holes, that is, NHAs and Au microdisks. The
minimum size of the Au microdisks or air-holes is about 300 nm, which is larger than the size
limit (about 100 nm) of the polymeric structure fabricated by the DLW. That is because when
the polymeric holes or cylinders are small (100 nm), their walls are not vertical and the evapo-
rated Au film is connected between the top and bottom parts of the polymeric structures,
influencing the lift-off process. Besides, due to the diffraction limit of the DLW system and
also the quality of the positive photoresist during development process, the size of fabricated
metallic structures is still large, as compared to those realized by the e-beam lithography
technique. A strong effort is currently being made to realize polymeric structures with smaller
size and vertical wall, by using, for example, an OL having higher NA, a super-resolution
technique to reduce the focusing spot, or a laser with shorter wavelength. Finally, as the most
major advantage of the DLW, arbitrary Au NSs can be also realized as shown in Figure 6(d).

{a)’

o = |

o E e EL
51805 r;? 'r? ] & 10 nien
e [ = |

ot
1

al

Figure 6. (a) Fabrication of plasmonic structures by using polymeric templates. The S1805 structures with controllable
period and filling factor are fabricated by the DLW technique. Plasmonic structures are then obtained by a combination
of Au evaporation and lift-off techniques. (b—d) SEM images of experimental plasmonic structures: (b) 2D periodic air-
holes Au array; (c) periodic array of Au submicrometer disks; (d) arbitrary Au structure.
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3.3. Direct laser writing of gold nanostructures

In Section 2.3, it is shown that the thermal annealing dewetting technique is a simple and
cheap way to realize Au NSs [19, 26, 27]. Conventionally, the dewetting effect is performed
on a hot plate or in an oven with an annealing temperature of about 500°C, which results in
a large Au NIs areas. In the above section, it is demonstrated that that DLW is a very efficient
method that allows the realization of any NS on demand. Recently, this technique is also
demonstrated as an excellent method to realize PNSs consisting of Au NPs [38]. For that,
the DLW technique employed a cw laser to generate a strong and local heating effect in Au
material. This is called optically induced thermal effect by the DLW. This opens up numerous
applications of PNSs, which could be experimentally achievable at low cost.

A theoretical model is proposed to investigate the optically induced thermal effect at the focus-
ing spot of the optical system. Physically, due to the strong absorption of the Au material at
the excitation wavelength and thanks to the optical intensity distribution, a temperature dis-
tribution is produced at the focusing region. Figure 7 illustrates a tightly focused light beam
inside an absorbing medium and the light intensity distribution as well as the heat profile
at the focusing region. The light intensity distribution (Figure 7(b)) is rigorously calculated
by using the vector Debye method [39]. By using finite element method with MATLAB PDE
solver, the thermal effect model is numerically solved providing the heat profile as shown
in Figure 7(c). By using a DLW method with a cw laser, it is theoretically demonstrated that
the induced temperature at the focusing spot rises up quickly as a function of exposure time
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Figure 7. (a) Illustration of a tightly focused light beam inside an absorbing medium. (b) Theoretical calculation of light
intensity distribution in xz-plane at the focal region of a high NA OL. (c) Corresponding temperature distribution at the
focal region. (d) Temperature pattern (NANO letter) obtained by scanning the focusing spot in xy-plane. (e) Illustration
of the formation of arbitrary Au NSs by optically induced thermal effect.
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and reaches a stable temperature, approximately 500°C, with an excitation laser power of
40 mW. By moving the focusing spot following a desired trajectory, it is possible to create an
arbitrary pattern, such as the “NANO” letter as shown in Figure 7(d). This high temperature
can significantly change the morphologies and optical responses of the Au thin film [38]. This
thus allows one to realize in a direct way the desired PNSs.

The DLW setup used to directly realize PNSs is same as that illustrated in Figure 5(a), except
that the photoresist sample is replaced by a sputtered Au thin sample. These samples were
prepared on pretreated glass substrates by a magnetron sputtering technique, with an Au
thickness of about 12 nm. The laser focusing spot is moved in 2D space (xy-plane) following
a desired trajectory. The typical laser power is a range of 40 mW, which results in a local light
intensity of about 10" W/m? This high intensity induces a local temperature of about 500°C,
which could then locally form Au NlIs via the dewetting effect. Using an appropriate laser
power, the reasonable exposure times are about 1-100 ms for a single spot or the scanning
speeds are about 1-50 um/s for patterns.

First of all, the optically induced thermal effect is demonstrated by the creation of Au NIs
as a function of the scanning speed and of the laser power. In order to obtain a well-defined
area of Au NPs, the raster scan is used by the DLW technique. Figure 8(a) shows the optical
microscope image of the fabricated samples. As the laser exposure dose changes, the color
of Au NIs samples changes, suggesting a variation of the NIs sizes. Figure 8(b) shows the
SEM image confirming the creation of Au NPs, whose size was estimated by a histogram to
be about 60 nm. Figure 8(c) shows the measured absorption spectra of the corresponding
samples, obtained before and after light exposure. The plasmonic resonance peak is clearly
observed at a wavelength of about 550 nm.
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Figure 8. (a) Optical microscope image of Au NPs samples realized by using different exposure doses (laser powers
and scanning speeds) of the DLW. (b) SEM image of Au NPs sample. (c) Experimental measurement of the plasmon
resonance spectrum of the Au NSs obtained before and after laser exposure.
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Figure 9. Dependence of the exposure dose on the formation of Au NPs. (a) SEM image of an Au discontinuous film,
sputtered on a glass substrate. (b), (c) SEM images of Au NPs obtained by scanning a focused laser beam with a power
of 40 mW and with scanning velocities of 20 um/s (b) and 0.5 um/s (c), respectively. Bottom line: Illustrations of Au film
morphological transformation and mechanism as a function of the exposure dose.

It is worth to mention that there is some limit for the laser intensities, otherwise the induced
temperature becomes too high, in particular after the formation of NPs, resulting in an explo-
sion effect. Figure 9 shows the effect of exposure dose, that is, laser intensity, on the formation
of Au NPs. First, when the exposure dose is increased, the induced temperature increased
resulting in the formation of well-separated Au NPs (Figure 9(b)). However, if the exposure
dose increased strongly, the Au NPs exploded resulting in very small Au NPs (Figure 9(c)).
When the laser intensity became too high, the Au material totally evaporated. Thus, by con-
trolling the fabrication parameters, the morphology of Au NIs could be varied, which is quite
important for further development of this method in various applications such as data stor-
age, plasmonic band-pass filter, and color printing.

Indeed, thanks to the flexibility and versatility of the laser induced local thermal dewetting
method, it is possible to write PNSs at high levels of complexities. Figure 10 shows two

Figure 10. Optical microscope images of plasmonic patterns consist of Au NPs, realized by the optically induced thermal
effect via DLW technique: “NANO” letter and “Mario” image. In the left: a SEM image of the Au NPs.
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examples of the PNSs consisting of Au NIs: a “NANO” letter consisted of Au NPs as demon-
strated by the SEM image and a “Mario” image consisted of Au NPs having different sizes, as
seen by different colors.

4. Potential applications of fabricated plasmonic nanostructures

Nowadays, plasmonics appear in many different domains with numerous interesting appli-
cations and continue to attract more and more attention. Of course, these applications depend
strongly on the fabrication technologies that may or may not allow to produce PNSs as
desired. In this section, a few interesting applications related to PNSs fabricated by the DLW
method will be presented, particularly for plasmonics-based sensor, optical filter, data stor-
age, and color nanoprinter.

4.1. Applications of plasmonic nano-hole arrays

Figure 11(a) shows an experimental setup used to measure the transmission of NHAs fabri-
cated previously by the indirect method. A supercontinuum laser (A = 1200-1700 nm) is used
as the illumination source. The beam was expanded and focused through NHA structure by
an OL (NA = 0.4). The surrounding media of NHA can be easily changed from air to water

(b) g7 — Gwenmem g
Hmulption

3 06
(a) -
Laser = o5
sourceé oL oLz Speciro. 2 il !
: | ] : g S SPRin glass
B 5 — Au interface
JF = 029
Gold NHA 014 . . .
1400 1600 1800 2000
Wavelength (nm)
(c) (d)
Simulation Expariment ,
3 " i 5 06 — il
m M — Waler / o —— Water
5 W ' A g
2 2
& E
L (%]
= =
g 8
= oo- =

1300 1400 1500 1600 1700 1300 1400 1500 1600 1700
Wavelength [nm) Wavelength (nm)

T ™ T T T

Figure 11. (a) Experimental setup of Au NHA transmission measurement. (b) Experimental and theoretical results of
transmission spectra in air of fabricated Au NHA structures. (c) Experimental and (d) calculating transmission spectra
of Au NHA structures in different media. For all simulations: A =1000 nm, d, , =400 nm, t, =50 nm, and t. =15 nm.
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and to oil by simply casting a drop of desired medium. The transmission spectra was collected
by another OL and transmitted to a spectrometer. The experimental results were summarized
and compared to predicted simulation results.

A remarkable similarity between experimental results and theoretical calculations is empha-
sized in Figure 11(b) for a sample immersed in air. We can observe a transmission dip around
1535 nm and a transmission peak located at about 1750 nm. The experimental transmission
spectrum follows the evolution trend of calculation. However, due to the limitation of the
detection range of the spectrometer, it is not possible to fully characterize this transmission
band of the fabricated NHA, in particular, for the transmission peak. Therefore, the transmis-
sion dip corresponding to SPR band on the interface of gold-glass substrate is exploited fur-
ther. From simulation (Figure 11(c)), a transmission dip is predicted approximately close to
the wavelength of A x n with n as the refractive index of surrounding media, that is, transmis-
sion dips around 1330 and 1500 nm for water and oil, respectively. Those dips are effectively
observed experimentally and shown in Figure 11(d). The transmission dip at A, = 1535 nm
(corresponding to SPR at glass-Au interface, called glass-mode) was unchanged in all three
cases of water, oil, and air. Another dip appears at A, = 1335 nm when the NHA was embed-
ded in water, called water-mode. This dip red-shifted to A, = 1510 nm when the NHA was
immersed in oil, called oil-mode. This suggests a great application as plasmonics-based sen-
sor if the surrounding medium of the NHA changes.

4.2. Plamonic-based data storage and color nanoprinters

The newly developed optically induced thermal effect by DLW technique allows imaging
many applications at nanoscale. For a demonstration, different PNS were realized and several
examples are shown in Figure 12. By this way, stereoscopic images can be encoded in the NSs
and can be potentially used as elements for data storage and color nanoprinter applications.
The stored data can be coded (binary code, alphabet letter, etc.) and programmed into the
trajectory of laser scanning to directly write data on metallic materials.

Figure 12(a) shows an example of the “NANO LETTERS” words made by Au NIs. The height
of the word can be as small as 1 um. Generally, any nano text can be written by this DLW

{a)

Figure 12. (a) Optical microscope image of the plasmonic text (“NANO LETTERS” with different sizes) realized by the
DLW technique. (b) Optical image of a quick response (QR) code, which links to the website of the author’s laboratory
(LPQM).

79



80 Plasmonics

method and read by plasmonic effect. Figure 12(b) illustrates a quick response (QR) code,
which links to the website of the author’s laboratory (LPQM). Bar code (1D) or QR code (2D)
is a fast, easy, and accurate data storage method enabling products to be tracked efficiently
and accurately. In particular, QR code attracts more attention in e-commerce because it also
improves mobile user experience by convenient and easy operation.

Furthermore, as mentioned previously, the DLW technique allows production of any struc-
tures at nanoscale. Figure 13 shows the result of a real image: a real “experiment book” of
French laboratories. The real photo was imported to a MATLAB image, and each pixel was
transferred to an exact dose of the light exposure, resulting in a plasmonic image of this
“experiment book” at microscale. The image color is quite faithful to the original one, but
theoretically and experimentally limited in the green and yellow color domain. That could be
explained by the result shown in the simulation section, which predicted that the plasmonic
resonance shifts only about 48 nm when the particles size changes from 20 to 100 nm. It is
theoretically expected that a variety of colors could be obtained by organizing these Au NIs
in order, like 1D and 2D PNSs [10, 11]. The combination of LSPR and PNS will offer a large
possibility to tune the color.

4.3. About resonantly enhanced plasmonic magneto-optics

The magneto-optical (MO) sensors are a powerful sensing platform based on the Faraday or
Kerr effects, that is, the rotation of linearly polarized light when it passes through or reflects
from a magnetic thin film under influence of an external magnetic field [40]. However, con-
ventional MO sensor cannot be used as a refractometer since it is not sensitive to minute
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Figure 13. The color printed image fabricated by the DLW method on Au film. Left: a real “experiment book”. Right: a
plasmonic image of corresponding book at microscale.
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changes of refractive index; therefore, such a sensor is not suitable for gas, chemical, and bio-
logical sensing applications. Recently, it has been discovered that when the MO active media
is coupled with PNSs, the strong local EM fields produced through LSPR or SPP interact
strongly with ambient magnetic materials. Consequently, the MO property of the magnetic
media could be significantly enhanced at these LSPR/SPP resonance wavelengths [41, 42].
Since magnetic materials possess weak plasmonic property, most current PMO materials for
sensors are layered films made by noble metal (Au, Al, and Ag) films and magnetic (Ni, Co,
Fe, or magnetic insulators) films [43]. The DLW method is an excellent tool for fabrication on
demand of arbitrary NHAs, whose plasmonic property and hence PMO performance may
be significantly enhanced. It is expected that the PMO sensors have advantages over the cor-
responding plasmonic sensors and will be fully explored.

5. Conclusion

In summary, this chapter reports systematically most aspects related to arbitrary plasmonic
nanostructures, in particular those realized by the direct laser writing technique. In the first sec-
tion, the optical properties of very basic nanostructures are completely investigated by using
a well-known FDTD simulation method. Real fabricated metallic structures are also imported
to a simulation model and calculated accurately. These investigations offer a short but under-
standable image of plasmonic properties of various nanostructures and guide for applications
of plasmonic nanostructures in different domains. In the second section, the direct laser writ-
ing technique is demonstrated as an excellent method for realization of desired plasmonic
nanostructures on demand. The fabrication of plasmonic nanostructures is demonstrated in
two ways: indirectly via the use a polymeric template and directly by exploiting the optically
induced local thermal effect. Any plasmonic microstructures with desired size, shape, and
color were obtained by controlling the writing pattern and the exposure doses (laser power
and writing speed). Finally, several important applications of plasmonic nanostructures, in
particular those realized by direct laser writing method, have been demonstrated. Namely,
the nano-holes arrays are demonstrated as excellent optical bandpass filters and also sen-
sitive plasmonics-based sensor. The plasmonic nano-islands realized by optically induced
thermal effect offered an excellent way for data storage and color nanoprinter. It is clear that
those fabricated structures could be useful for a wide range of applications in numerous fields
(physics, chemistry, biology, etc.).
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Abstract

Due to their promising properties, surface magneto plasmons have attracted great inter-
ests in the field of plasmonics. Apart from flexible modulation of the plasmonic properties
by an external magnetic field, surface magneto plasmons also promise nonreciprocal effect
and multi-bands of propagation, which can be applied into the design of integrated
plasmonic devices for biosensing and telecommunication applications. In the visible fre-
quencies, hybrid nanodevices consisting of metals and magnetic materials based on surface
magneto plasmon are proposed. In the infrared frequencies, highly-doped semiconductors
can replace metals, owning to the lower incident wave frequencies and lower plasma
frequencies. Furthermore, a promising 2D material-graphene shows great potential in infra-
red magnetic plasmonics. In this book chapter, we will review the magneto plasmonics
with a focus on device designs and applications. We will give the basic theory of surface
magneto plasmons propagating in different structures, including plane surface structures
and slot waveguides. Based on the fundamental investigation and theoretical studies, we
will illustrate various magneto plasmonic micro/nanodevices, such as tunable waveguides,
filters, and beam-splitters. Novel plasmonic devices such as one-way waveguides and
broad-band waveguides will also be introduced.

Keywords: surface magneto plasmons, plasmonics, magnetic field tuning

1. Introduction

Surface plasmons (SPs) are electromagnetic waves that are confined on and propagate along
and the surface of a conductor, usually a metal or a semiconductor [1]. SPs are caused by the
resonant oscillation of the free electrons in the conductor with the incident electromagnetic
waves. The resonant oscillation can be denoted by a characteristic frequency —the plasma
frequency w,,, which decides the scale of the free electrons response to time-varying perturba-
tions [2]. Since SPs depend on the free electron motions, it can be imagined that an external
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magnetic field may have modulations on the SPs, due to the Lorentz force which can change
the response of carriers. In this situation, another characteristic frequency called cyclotron
frequency w, is often used, which is a function of the effective mass of the charge carriers and
the strength of the applied magnetic field [3]. One of the important consequences of magnetiz-
ing the plasmons is that the polarizability becomes highly anisotropic (the permittivity of the
conductor becomes a tensor) —even though the medium is isotropic when the magnetic field is
not applied. Therefore, SPs may have different properties when they are propagating under an
external magnetic field. In this situation, they are usually called surface magneto plasmons
(SMPs) [4].

SMPs can be divided in three principal configurations, according to three directions—the
orientation of applied magnetic field B, the propagation of the surface wave k, and the surface.
The first one is called perpendicular geometry, in which B is perpendicular to both the surface
and k. The second one is called Faraday geometry, in which B is parallel to the surface and k.
The third one is called Voigt geometry, in which B is parallel to the surface and perpendicular
to k. Compared with traditional SPs, SMPs have several unique properties. For instance, SMPs
in perpendicular geometry and Faraday geometry can support pseudo-surface waves, which
means they attenuate on only one side of the surface [5, 6]. SMPs in this Voigt configuration
support nonreciprocal effect, which means the SMP dispersions are different when they prop-
agate along two opposite directions. In addition, unlike SPs only has one propagating fre-
quency band which is below the plasma frequency [2], SMPs support two propagating bands.

The basic theory of SMPs in the perpendicular configuration was first given by Brion et al. [5]
in 1974. Then, in the same year, Wallis et al. reported the theoretical study of SMPs in the
Faraday configuration [6]. In 1987, Kushwaha [7] gave the theoretical derivation of SMP on a
thin film in the Faraday configurations. For the Voigt configuration, the pioneer work was
implemented by Chiu et al. [8] and Brion et al. [4] as early as 1972, separately. Then De Wames
and coworkers studied the dispersion relation of Voigt-configured SMPs on a thin film [9].
Then SMP properties considering holes [10], optical phonons [11-13], diffuse electron density
profiles [14], and metal screen [15] were theoretically proposed. They were also studied both
theoretically and experimentally in various structures [16-27]. In 2001, a review work of SMP
was given [28].

In recent years, due to the extraordinary optical transmission through periodic holds in nano-
meter scale, which is found in 1998 [29], numerous plasmonic devices, made of metals, have
been theoretically proposed and experimentally realized in the visible frequencies [1, 30].
Compared with studies about SPs before 2000 [31-40], these structures have been mostly
focused on the subwavelength confinement of electromagnetic waves [41]. For example, in
the slot waveguides [42] or metal-insulator-metal structures [43], electromagnetic waves can be
confined in a space as small as ~0.1A. Inspired by these structures, some SMP devices com-
posed of metals were proposed [44-49]. However, all of these SMP structures are difficult to
realize because they require unreachable magnetic fields. The reason is that in order to observe
the effect of an external magnetic field, it requires w,, . and the incident angular frequency w
be comparable. However, for a metal in the visible frequencies, wp and w are usually in the
order of ~10'® and ~10" Hz, respectively. Therefore, it needs a magnetic field as strong
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as ~10° Tesla, which is difficult to realize in laboratories. So far, there are two ways to solve
this problem. One is using ferromagnetic materials, such as Ni and Co in nanostructures [50-
57]. By this method, the intensity of the applied magnetic field can be decreased to a scale of
~mT. But it introduces large loss. The other solution is using semiconductors instead of metals
in THz regime to decrease both w, and w. w, of a doped semiconductor can be decreased in an
order of ~10"® Hz. Therefore, the required external magnetic field can be less than 2 Tesla.
Some researches of SMP devices consisting of semiconductors have also been proposed
recently [58-62].

In this chapter, we will introduce the basic theory of SMPs in the Voigt configuration and their
applications in SMP devices design. In Section 2, we will give the dispersions of SMPs on a
surface, in a metal-insulator-semiconductor structure, and in a semiconductor-insulator-
semiconductor structure of the Voigt configuration. The nonreciprocal effect and the two
propagating bands will be discussed. In Section 3, some intriguing plasmonic devices based
on the SMPs will be presented, including one-way waveguides, broadly tunable THz slow
light waveguides, and focal-length-tunable plasmonic lenses.

2. Theory of SMPs on a surface and in a slot waveguide

The first theory of SMPs on a conductor plane surface in the Voigt configuration was presented
by Chiu et al. [8]. However, they only found the nonreciprocal effect. In the same year, Brion
et al. gave a more comprehensive study on SMPs, including the nonreciprocal effect and the
two propagating bands [4]. They also gave an explanation of why the higher band appears. We
will give a review of his research in this section. Although the energy of SMPs is confine on the
plane surface, the confinement is not subwavelength scale (in the order of ~2-3A). In order to
solve this problem, in this section, we derive the dispersion of SMPs in a slot waveguide, which
can confine light in 1/10 A in the lateral direction [63-66]. Some results are very similar with
that in Ref. [4], while some are quite different. For example, the nonreciprocal effect is elimi-
nated in a symmetric structure [63].

2.1. Dispersion of SMPs on a plane surface

The schematic structure is shown in Figure 1. The material of x < 0 is a metal or a semiconduc-
tor, and its surface is oriented to +x-axis. The SMPs is propagating along the z-axis. In the Voigt
configuration, the applied magnetic field B is applied along the y-axis. Then the permittivity of
the metal/semiconductor becomes a tensor:

—& 0 ey

The parameters in Eq. (1) have the expressions of
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Figure 1. Schematic structure of SMPs propagating on a metal/semiconductor surface in the Voigt configuration. The
external static magnetic field B is applied along the y-axis.
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in which w), is the plasma frequency of the conductor, w is the angular frequency of the incident
wave, &, is the high-frequency permittivity, and w, = eB/m* is the cyclotron frequency. e and m*
are the charge and the effective mass of electrons, respectively. B is the applied external magnetic
field. v = ¢/(um*) is the collision frequency of free electrons, y is the carrier mobility.

From the Maxwell equations, the wave equation can be derived as
V x (VxE)—keE=0 (5)

where kj is the wave vector in vacuum. ¢ is the permittivity of the material (for a conductor, it
is the dielectric constant tensor of Eq. (1)). c is the light velocity in vacuum. If we assume that
the material of the region x > 0 is a dielectric with permittivity of ¢, and considering SMPs are
TM polarized (with the magnetic field component parallel to the y-axis), the electromagnetic
fields in the metal/semiconductor and the dielectric have the form:
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E = (Eqy, 0, Ep)e® (P x>0 ©)
E = (Ey,0,E.)ee (P21 x < 0 @)

where  is the wave vector of SMPs. From Egs. (6), (7) and (1), we have a nontrivial solution of
Eq. (5) only if

@

o =p =g ®)
2
@

o = ——ey ©)

where €y = €,y + €3,7/€4y 18 the Voigt dielectric constant. With the consideration of the charac-
teristics of the surface mode and the continuity of H, and E. at the surface, the dispersion
relation of the waveguide is given by

W2 w? €
&4 ‘82 -z ey + ey .32 - C—Zé'd +ifey Sﬁ =0. (10)
XX

It can be clearly seen from Eq. (10) that this dispersion is non-reciprocal with respect to the
direction of propagation, i.e., the positive and negative values of the wave vector § are not
equivalent. The dispersion equation can be solved numerically by Eq. (10). In Figure 2, the
dispersion of SMPs on a plane surface is plotted, assuming that the conductor material is InSb
in the lossless case (v = 0) with w, = 0.5w,, and the dielectric material is air (¢; = 1). The other
corresponding parameters of InSb are chosen as m* = 0.014 my (1, is the free electron mass in
vacuum), w, = 12.6THz, and ¢.. = 15.68 [4].

As shown in the dispersion equation, the nonreciprocal effect is immediately observed. We
first discuss the case of § > 0. An interesting feature is that the dispersion curve consists of two
propagation bands with a gap between them. The lower curve starts from the origin, rises just
to the right of the light line (the line marked as ay = 0), bends over, and terminates when it
reaches the dispersion curve of the bulk magneto plasmons (the line marked as a = 0). The
higher branch starts from the line of ¢,, = 0, and approaches the asymptotic frequency for the
non-retarded magneto plasmons defined by ¢, + £x,-i€,, = 0. The reduced wave vector at which
the upper band starts is specified by the equation of

2 (B _ 1+ Q2
Cs - (wp) 71 _ (Ed/€w>2(1+Q§)/Q§, (11)

where Q. = w/w,. In order to let , to be positive and finite, it must be satisfied that e../e;> wp/
w,, where wy; = sqrt(w,” + w.) is the hybrid cyclotron-plasmon frequency. For InSb and air, this
is given by Q. > 0.064. Therefore, the magnetic field should be at least 0.0643 Tesla to observe
the higher band.
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Figure 2. Dispersion curves of SMPs at the interface of InSb and air in the Voigt configuration (solid lines). w. = 0.5w,,.
& = w/w, and C = fc/w), are normalized frequency and wave vector.

For B < 0, the lower band starting from the origin to the asymptotic value defined by
€4+ Exy + i€y, = 0. The higher band starts at the light line ¢, = 1, rises to the right of the light
line, and cutoff when it meets the higher bulk magneto plasmon curve a = 0.

The two propagating band can be explained by Figure 3, where the Voigt dielectric constant is
plotted as a function of the normalized angular frequency & = w/w). It can be seen that when
w, = 0.5w,, there are two regions, where ¢y, < 0. Because SMPs can only propagate on the surface
of a material with negative permittivity, SMPs have two propagating bands on a plane surface.

2.2. Dispersion of SMPs in a symmetric slot waveguide

In order to expand the theory of SMPs in a subwavelength scale, we study the dispersion of
SMPs in a slot waveguide with a lateral width in subwavelength scale. In this part, we study a
symmetric structure, which is shown in Figure 4. An insulator layer (the permittivity is denoted
by ¢,) with a width of w is sandwiched by two conductor layers. A TM-polarized electromag-
netic wave (the magnetic field component is parallel to the y-axis) is propagating along the z-
direction where E.(r, w), E(r, w), H/(t, ) « exp[i(fz-wt)]. An external static magnetic field B is
applied uniformly along the y-axis, in a Voigt configuration. Therefore, according to the Maxwell
equations, the electromagnetic field components in region I, II, and III can be written as
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Figure 3. Voigt dielectric constant ¢y as a function of frequency.

Figure 4. Schematic of SMPs propagating in a symmetric conductor-insulator-conductor structure in the Voigt configu-
ration. The external static magnetic field B is applied along the y-axis.
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Hy(IH) — DeK3(x+w/2) (16)
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where A, B, C, and D are undetermined coefficients. x3, k, and «; are expressed by
r” = B2 — kge (18)
K" =13 = B — kyey (19)
Employing the boundary conditions at the two interfaces (x = —w/2 and x = w/2) yields

|:(:B‘€xz — iExxkz) lK_l:| e K1w/2 |:(188xz — iExxkz) _ lK_l:| er1w/2
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( —0 (0
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The nontrivial solution of these linear equations requires the vanishing of the coefficients
determinant, and then we can derive the following relation:

2 2 2 2 2 2 _
N AW AL (€d> <€> p e VP —evk
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(21)

Eq. (21) is the dispersion relation of TM-polarized SMPs in the Voigt configurations for the
symmetric slot structure. It should be noted that, when B = 0, Eq. (21) becomes the dispersion
relations of SPs in a MIM structure [43]; when w — o, it becomes Eq. (10).

An intriguing feature of Eq. (21) is that due to the symmetric structure, the nonreciprocal effect
of Eq. (10) is eliminated because only 8> can be found in the equation. The dispersion curve is
shown in Figure 5. Without loss of generality, here we also assume the conductor material is n-
doped InSb. The width of the dielectric is w = 0.1 x 27c/w,,. It is found that >0 and <0 SMP
waves have same dispersion curve when the magnetic field is applied (blue lines). In addition,
the two propagating bands are remained. The higher band can also be explained by the effect
of the applied magnetic field on the Voigt dielectric constant ¢y in Figure 3.

Although the dispersion curve is reciprocal, the mode distribution is still nonreciprocal in this
structure, which is shown in Figure 6. The normalized electric field intensities of the SMPs
modes indicate that with the magnetic field, the mode distribution becomes asymmetric. For
the SMPs mode in the lower band, most of the energy is confined on the lower surface of the
dielectric layer, while the energy is mostly confined on the upper surface in the higher fre-
quency band.



Surface Magneto Plasmons and Their Applications
http://dx.doi.org/10.5772/intechopen.79788

3 y
o 2.51 THz
E 225 THz..
h-; T ——————— - —— “‘
o 1.95 THz
[ ]
T 1.51 THz
s T ¥ mmeees Vacuum -
L'_'E — — w:=ﬂwp d
~0.50,
3 4 5

g

&

Figure 5. Dispersion curves of SMPs in a slot waveguide of InSb-air-InSb in the Voigt configuration (solid lines).
w=0.1 x 2rc/w,. C = fc/w, is the normalized wave vector.

2.3. Dispersion of SMPs in an asymmetric slot waveguide

In this part, we study the dispersion of SMPs in an asymmetric slot waveguide with a lateral
width in subwavelength scale, which is shown in Figure 7. The structure is similar with Figure 4,
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Figure 6. Normalized E, intensities of SMPs mode along the x-axis under an external magnetic field of w. = 0.5 w,. (a)
Lower band; (b) higher band.
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Figure 7. Schematic of SMPs propagating in an asymmetric conductor-insulator-conductor structure in the Voigt config-
uration. The external static magnetic field B is only applied on the conductor below the insulator.

an insulator layer is sandwiched by two conductor layers. However, the external magnetic field
is only applied on one of the two conductor layers. In this geometry, the conductor of region III is
anisotropic, and its permittivity is a tensor, as we discussed earlier, but the conductor of region II
is isotropic. Therefore, according to the Maxwell equations, the electromagnetic field compo-
nents in region I, II, and III can be written as

H," = Ae " + Be* (22)
ED = - L (pgx _ o) (23)
WENEY
Hy(H) _ Cesz(xfw/Z) (24)
EW = _ %2 b (25)
WEYEm

Hy(HI) _ Dek3(x+w/2) (26)

1
E iy - - D K3(x+w/2) D K3 (x+w/2) 27
: iwfo(exe + Exzz) (I;B‘sz ‘ Foda ) @)

where A, B, C, and D are undetermined coefficients. ¢,, is the isotropic permittivity of region II.
K1, K2 and k3 are expressed by

a2 =~ Kea (28)
o (29)
K = B2 — kgey (30)

Employing the boundary conditions at the two interfaces (x = —w/2 and x = w/2), it can be
derived
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Figure 8. Dispersion curves of SMPs in an asymmetric slot waveguide in the Voigt configuration (solid lines).
w=0.1 x 211¢/w,. & = w/w, and C = fc/w, are normalized frequency and wave vector, respectively.
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Then we can derive the dispersion equation of SMPs in an asymmetric slot waveguide by the
nontrivial solution of these linear equations:
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One can know by a glance from Eq. (32) that in an asymmetric slot waveguide, SMPs have
nonreciprocal dispersion as those on a plane surface. In Figure 8, the dispersion curves of both
B >0 and B <0 are plotted, when w = 0.1 x 2nc/w,, w. = 0.1w,. It can be seen that due to
nonreciprocal effect, forward propagating and backward propagating SMPs have different
cutoff frequencies.

(32)

3. Applications of slot SMPs

In recent years, several kinds of SMP devices that can manipulate electromagnetic fields in
subwavelength scale have been proposed [46-49, 52-56]. However, most of them are focused
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on the magnetic-field tunable property. The nonreciprocal effect and the two propagating
bands are rarely utilized. In this section, we give three applications using the nonreciprocal
effect, two propagating bands and magnetic field tuning properties, respectively. The SMPs
applications are realized by semiconductors in the terahertz regime. However, the design
principle can be used in any SMP devices.

3.1. Broadly tunable one-way terahertz plasmonic waveguides based on nonreciprocal
effect of slot SMPs

With the rapid development in Terahertz (THz) technology in recent years, THz plasmonic
components, e.g. waveguides, have been proposed due to the sub-wavelength confinement for
miniaturized devices. However, most plasmonic waveguides are two-way waveguides, i.e.
light waves propagate in both the forward and the backward directions. One-way-propagating
waveguides are highly desired in splitters, switches and isolators. One method to realize one-
way plasmonic devices are based on interference of SPs [66]. This effect is strongly sensitive to
geometric structure variations. Another approach is by the nonreciprocal effect of SMPs under
an external magnetic field. The dispersions of the forward and backward propagating SMPs
terminate at different cut-off frequencies, making it possible to realize an absolute one-way
plasmonic waveguide.

In this section, we propose a simple THz one-way sub-wavelength plasmonic waveguide that
needs only 1 Tesla. By tuning the applied MF, the central frequency of the one-way-propagating
frequency band is shifted from 1.5 to 0.36 THz when the MF is increased from 0.5 to 5 Tesla.

The schematic structure of the proposed waveguide is depicted in Figure 9(a). It is composed of a
metal-dielectric-semiconductor. The metal and the semiconductor layers are half-infinite and the
thickness of the dielectric layer is w. The external static magnetic field is applied uniformly on the
whole structure along the y-axis (as indicated by B), forming a Voigt configuration. Without loss of
generality, we assume the metal, dielectric and semiconductor are Au, air and InSb, respectively.
Although Au is a conductor, it resembles perfect conductors in the THz regime [67]. Therefore, it
can be considered as an isotropic material even though the magnetic field is applied. In this
approximation, the conclusion of Section 2.3 can be applied. Figure 9(b) shows the dispersion

(a) (B)

1 T v v

b = = Vaumm f
- .

oal™, ™ ) Fi
N —— BT /

ety

Figure 9. (a) Schematic structure of the one-way THz plasmonic waveguide. It is composed of metal (upper), dielectric
(middle), and semiconductor (lower) layers. (b) Dispersion relations of the THz SMPs without and with an external
magnetic field.
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curves of the lower band of SMPs waves with (B = 1 Tesla) and without the external magnetic
fields. It can be found that the dispersion curves are symmetric without the magnetic field. While,
when magnetic field is applied, the dispersion curves of the two propagating waves become
different. The cutoff frequency of the forward-propagating mode is w/w, = 0.59, while that of the
backward propagating mode is w/w, = 0.61. This means that the THz waves in the frequency
region of w/w, =[0.59, 0.61] (corresponding to f=[1.18, 1.23] THz) can only propagate backwards.

Then simulations are then conducted by the finite element method (FEM) using COMSOL
Multiphysics to verify the one-way effect. The results are plotted in Figure 2 (a)-(d). When the
magnetic field is not applied, the field distributions of the forward and backward propagating
waves are the same (see (a) and (b), respectively). However, when there is 1 Tesla magnetic
field, the forward-propagating THz wave is blocked (see Figure 2(c)), while the backward-
propagating wave can still propagate through the slit (see Figure 2(d)) (there is no bright-dark
field distribution in the slit as that in Figure 2(a) and (c) also confirms that no reflected SMP
wave can be realized in the slit to interfere with the incident wave). The compared transmitted
intensities of the forward and the backward propagating waves of Figure (c) and (d) are
depicted in Figure 2(e). It can be seen the one way region located at w =[0.592, 0.612]w,, which
agrees very well with the theoretical results.

The tuning ability of the one-way frequency band is also studied. By applying the non-
retardation limit [22], i.e. substitute § > >k, into Eq. (32), we have k1 = k, = k3 = , and pw >> 1.
Thus the cutoff frequencies of the forward and the backward propagating modes wyyand wy
can be calculated as

wyf == {\/wcz +dwle./(eq+ ) = wc} (33)
Wy = % {1 Jod + 4, wc} (34)

Therefore both wyr and wy, are functions of w., which indicate the one-way region can be
tuned by the external magnetic field. The one-way bandwidth is obtained analytically as
Aw = wys — wyp, which increases with ¢;. According to Eq. (32), we calculate wyy and wy,
versus B, and the permittivity of the dielectric layer, shown in Figure 11(a) and (b), respec-
tively. It is found that the magnetic field affects both the cutoff frequencies of the forward and
backward propagating modes. However, the bandwidth of the one-way band Aw depends
little on B, but determined by the permittivity of the dielectric layer ¢,. This effect is owing to
the asymmetry of the mode distribution caused by the magnetic field.

Based on this one-way waveguide structure, we also proposed a THz plasmonic switch. It
should be noted that if we change the propagation direction of the applied magnetic field, the
dielectric tensor matrix in Eq. (1) is transposed. As a result, the one-way-propagating band will
not block the forward wave, but the backward wave. According to this principle, a T-shape
waveguide is designed, as shown in Figure 12. The width of the waveguide, the magnetic field
intensity, and the incident frequency are the same as those in Figure 10(c) and (d). It is clearly
seen that when the direction of the external MF is changed, a tunable THz plasmonic switch
can be realized.
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Figure 10. (a)-(d) FEM-simulated |H,|? distribution of the forward and backward propagating waves in a sub-wave-
length slit. The width and length of the slit are 0.1 x 27tc/w, and 300 um, respectively. The incident frequency is w = 0.6w),
which is in the one-way frequency band. (e) Transmitted intensities of the forward (corresponding to (c)) and backward
propagating (corresponding to (d)) waves when 1 Tesla magnetic field is applied.
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Figure 11. Effects of the applied magnetic field B (a) and the permittivity of the dielectric layer (b) on the one-way
frequency band. wy represents the cutoff frequency. Aw is the bandwidth of the one-way band.

Figure 12. Field distributions of a designed THz plasmonic switch tuned by an external magnetic field. (a) the magnetic
field is along +y-axis. (b) the magnetic field is along -y-axis.
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3.2. A terahertz slow-light system with tunable group velocities
in a broad frequency range by SMPs

In this part, we will apply the two bands of SMPs to a THz slow light system. Slow-light
technology has great application potentials in telecommunications, data processing, and light-
matter interactions. Compared with traditional electronic approaches [68], plasmonic
approaches are easy to achieve because its subwavelength confinement of electromagnetic
(EM) fields [69]. However, most slow light systems are not tunable so far, especially in the
THz frequency region. In this section, we propose a tunable THz slow-light system based on
SMPs with a semiconductor-insulator-semiconductor (SIS) structure. In this structure, both the
frequency and the group velocity of the slowed-down THz wave can be tuned. More impor-
tantly, due to the existence of two SMPs bands, especially the higher band which has a wider
tunable bandwidth, the proposed system has a very broad tunable bandwidth.

Because a plasmonic slow-light system is expected to have the same slow-light effect in both
forward- and backward-propagating directions, we use a symmetric structure as shown in
Figure 13(a) in which the nonreciprocal effect is eliminated. By the dispersion equation of
Eq. (21), the dispersion curves of the SMPs in the structure when the external magnetic field is
applied with intensities of 0, 0.5, 1 and 2 Tesla are plotted in Figure 13(b). The width of the
waveguide is w = 0.1 x 27c/w, =15 um (~1/20A of 1 THz wave). It can be seen from the figure
that with the increase of the magnitude of the external magnetic field, the two bands move
toward opposite directions (as indicated by the blue arrow). In addition, the shift of the higher
band dispersion curve is more obvious than the lower band dispersion curve. When the
magnetic field increases from 0 to 2 T, the cutoff frequency of the lower band changes from
1.9 to 0.8 THz, while that of the higher band changes from 1.9 to 4.8 THz.

We then study the slowed-down characteristics of the structure. Since the analytical expression
of the group velocity defined as v, = dw/df cannot be obtained from Eq. (21), we calculate v,
numerically by fitting the dispersion curves in Figure 13. In Figure 14(a), the normalized
group velocity v, with respect to ¢ as a function of the incident frequency is plotted when the
external magnetic fields are 0, 0.5, 1, and 2 Tesla. It shows that v, can achieve ~107% in the
structure for both the lower and higher modes in the lossless case. When the magnetic field is
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Figure 13. (a) Schematic structure of the THz plasmonic slow-light system. (b) Dispersion relations of the SMPs without
and with an external magnetic field.
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Figure 14. Slow-light effect of the structure tuned by an external magnetic field. The lower and the higher bands under
the magnetic field are indicated by the blue and the pink shadows, respectively. (a) Normalized group velocity of the
structure with 0 to 2 Tesla external magnetic fields (lines: Numerical results by fitting dispersion curves in Figure 13(b);
triangular points: FDTD simulation results). (b) Incident frequencies versus their corresponding needed magnetic fields.
(c) and (d) FDTD simulations of THz pulses propagating in the slow-light waveguide compared with that propagating in
vacuum after 15 ps for f= 1.5 THz and f = 2.5 THz, respectively, when a 0.5 Tesla magnetic field is applied. The pulse is
launched at x = 0. Both the lower and higher band can slow down the THz waves.

increased from 0 to 2 Tesla, the corresponding frequency for v, < 10~% moves from 1.9 to
0.8 THz for the lower band, while that of the higher band moves from 1.9 to 4.8 THz. To verify
these results, finite-difference time-domain (FDTD) simulations are conducted for B = 0 and
1 Tesla, respectively (shown as the triangular points). The group velocities of the simulation
results agree well with the analytical results from Eq. (21). This verifies the slow-light effects of
the system. More obvious FDTD simulated results of a slowed THz pulse in the structure are
shown in Figure 14(c) and (d). The incident frequencies are chosen as f=1.5 THz and f=2.5
THz, which are the frequencies corresponding to v,/c = 10~ of the lower band and the higher
band when a 0.5 Tesla magnetic field is applied, respectively. In the simulations, the THz
pulses propagating in the slow-light system and in vacuum along the x-axis are compared. It
shows that, for f=1.5 THz, the THz pulse moves 3.3 mm in vacuum while only 0.4 mm in the
structure after 15 ps. For f= 2.5 THz, the THz pulse moves 3.8 mm in vacuum while 1 mm in
the structure after 15 ps. The reason on the larger simulated group velocity compared with the
calculated one is that we added losses to InSb material in order to keep the simulation more
stable, which may dramatically limit the achievable slow down factors and introduce losses
[70]. Furthermore, the pulse is broadened because of the high dispersion of the system in the
frequency region where the signal group velocity is low (the dispersion is proportional to dv,/
dw), which could be solved by using solitons in Kerr dielectrics [71].

Although direct relation of the magnetic field intensity B and the incident angular frequency w
is difficult to obtain, it is found that the slow light region is always close to the cut-off
frequency of the SMPs modes, which can be derived analytically. From the non-retarded limit
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of Eq. (21), the cutoff frequencies of the lower and the higher modes can be obtained by
1+ &4y tiey,=0and 1+ ey, — i€y, =0, respectively. Then we have

m*
B=+—
e

 wpee w] 5)
w(eg + €x)

where 4+’ represents w < wg,, ‘' denotes @ > wsp. s, = sqrt{w, /(1 + €,)] is the surface plasma
frequency. From Eq. (35), one can calculate the magnetic field needed to slow down the THz
waves. In Figure 14(b), the calculated magnetic fields versus the frequencies of the incident
THz waves are depicted. It is found that when the magnetic field increases to 6 Tesla, the group
velocities of waves in the region of [0.3, 10] THz can all be decreased. Therefore, a plasmonic
slow-light system with broad band tuning range is achieved.

From the results in Figure 14(a), it is inferred that the group velocity can also be tuned by
changing the intensity of the magnetic field. We choose 1 and 3 THz in the lower and higher
bands, respectively. We then calculate their corresponding group velocities dependent on B,
which are shown in Figure 15(a) and (b), respectively. When the magnetic field is increased,
the frequency-v, curves corresponding to the lower band and higher bands moves to the
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Figure 15. Group velocity of a monochromatic wave tuning by the magnetic field. (a) and (b) f=1 THz (in the lower band)
and f=3THz (in the higher band), respectively. Blue lines: Results from the analytical model. Red dots: FDTD simulation
results. (c) FDTD simulations of THz pulses propagating in the slow-light waveguide. The frequency of the incident wave
is 1THz. When the magnetic fields are 0, 1.1, 1.3, and 1.4 Tesla, the peak of the pulse moves 0.01/, 0.121, 0.24],, and 0.441.
after the THz pulse is launched 15 ps, respectively, where . is defined as [, =15 ps x c.
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opposite directions. Therefore, v, in the lower band decreases with the magnetic field, while v,
in the higher band increases. When the magnetic field increases from 0 to 1.36 Tesla, the group
velocity of 1 THz frequency deceases from 0.65¢ to 10 >c. For frequency at 3 THz, the required
magnetic field is from 1.04 to 0.88 Tesla in order to slow down the wave from 0.23¢ to 0.048¢c. In
Figure 15(c), the FDTD simulated magnetic-field-tunable group velocity of a THz pulse is
depicted. The incident frequency is 1 THz. It can be found that when B is increased, the
distance Terahertz pulse moves become shorter and shorter. When B = 1.39 Tesla, it can be
found that the THz pulse moves only 0.01l. after it is launched 15 ps, where I. is the
corresponding moving distance of light in vacuum. It is worth noting that the loss also
increases with the magnetic field. Therefore, in addition to the broad tuning range, the group
velocity can also be flexibly tuned in the proposed slow-light system.

We then discuss the effects of the material loss on the tuning properties of the slow-light
system. It is reported that the slowdown factor may be limited by the material losses [70]. This
phenomenon is also observed with this structure. In a semiconductor, the loss is mainly caused
by the collision of charge carriers, characterized by the collision frequency v in Egs. (2)-(4). For
a small loss, we have v = 0.01w,, the group velocity v, is in the order of 10 >~10""c. It is
increased with the loss, which can be found in Figure 16. In addition, owing to the loss, the
group velocity no longer decreases monotonously with the frequency, but increases dramati-
cally at a resonant frequency after reaching the minimum value. Therefore, the tuning mecha-
nism of the proposed structure is still valid in a lossy system. The tunable range restricted by
the material loss could be effectively compensated by using active materials [71], designing
doping levels, etc.

3.3. Terahertz plasmonic slit lenses with tunable focal length

Among various plasmonic devices, planar plasmonic slit lenses (PSLs) are often used to realize
integrated optical collimators [72-74]. Plasmonic slit lenses consist of a metallic slab with
several nanoslits with various widths, thicknesses and material compositions. When light
wave propagates through these slits, it has different phase retardations. By adjusting the
materials and geometric parameters of the slits, phase control is able to be realized. Compared
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Figure 16. Effects of loss on the tuning properties of the slow-light system. The loss is characterized by the collision
frequency v of free carriers.



Surface Magneto Plasmons and Their Applications
http://dx.doi.org/10.5772/intechopen.79788

to other lenses, PSLs have relatively simple structures. In this part, using the magnetic field
tuning ability of SMPs, we present an active THz PSL. The focal length of the PSL can be
actively tuned by an external magnetic field.

The PSL structure is shown in Figure 17. It is composed a symmetric 2D InSb slab surrounded
by air, and perforated with 2 N-1 slits. The thickness of the slab is &; the lens width is d; and the
width of the i-th slit is denoted by w;. The incident plane wave is TM-polarized with frequency
f. Therefore, each slit can be considered as an SIS waveguide structure with finite length in z-
direction, or a single-mode Fabry-Perot (F-P) cavity, with the refractive index of n; above the
slit, n3 below the slit, and N = Blko the effective refractive index of the slit. § is the propagating
constant of SMPs that can be calculated by Eq. (21). In consequence, according to Fresnel
equations, the phase retardation A@ of the magnetic field component H, through a slit is
expressed as

H o i
A = arg {sz} = arg [ﬂ } (36)

1 — rygripe®

where H,; and H,, are the incident magnetic field at the entrance and transmitted magnetic
field at the exit, respectively. a = ko x h x neff, rio = (11 — neff)/(n1 + neff), ria = (na — neff)/
(2 + neff), tn =1 — r10, t12 = 1 + r12. Therefore, according to Eq. (21), different slit widths and
magnetic fields provide different propagation constants, and also the phases. In the following
design procedures, without loss of generality, we set the thickness of the slab as i = 300 um,
and the incident frequency is f=1 THz, thus ey, = —45.6 + 16.4i for B=0 Tesla and ¢,,= —14.3 + 6.6i
for B =1 Tesla.

Since phase retardation is the key factor in the design, we study the impact of the external
magnetic field on Ag first. The dispersion of SMPs in an InSb-air-InSb structure considering
the loss of InSb is depicted in Figure 18(a), according to Eq. (21). It is found from the figure
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Figure 17. Schematic structure of the tunable THz PSL. The structure consists of an InSb slab tunable by an external
magnetic field B, and perforated with 2 N-1 sub-wavelength slits. THz waves are indicated by the red arrows. They have
different phase retardations after the slits, thus focusing can be realized by modulating those phases. The thickness of the
slab is denoted by h. the width of the i-th slit from the middle to the two sides is w;. f; denotes the focal length of the lens.
The external magnetic field B is applied along the y-axis in order to change the focal length.
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Figure 18. (a) Dispersion relation of SMPs in an InSb-air-InSb structure. The electronic dissipation is considered. Electro-
magnetic wave in vacuum and magnetoplasmons (MPs) under the magnetic field of w. =0, w, = 0.5w), and w. = 1w, are
denoted by the green, black, blue and red lines, respectively. The inset shows the enlarged view of the low-frequency
region. The insulator width is set as w = 0.1 x 27c/w,. (b) Phase retardation of a single slit under external magnetic field of
different intensity. The incident frequency is 1THz, and the thickness of the slab is 300 um. The inset shows the
corresponding increase of A against the slit width for a magnetic field from 0 Tesla to 1 Tesla.

that, when the magnetic field is increased, the dispersion curve moves toward lower-
frequencies. In other words, for a certain frequency, the propagation constant increases with
the increase of the magnetic field, which can be seen clearly in the inset of Figure 18(a). As a
result, it can be inferred from Eq. (36) that the phase retardation of the propagation mode in a
slit is increased with the increase of the magnetic field. The curves of A¢ versus slit width
under several magnetic field intensities are plotted in Figure 18(b), calculated by Eq. (36). It
shows that for a single slit, the phase retardation becomes larger when an external magnetic
field is applied. The reason is that with the increase of the external magnetic field, the negative
real part of bulk dielectric constant ¢y increases, which results in an increase of the effective
refractive index of the slit. Therefore, the phase retardation is increased. It can also be found
from Figure 18(b) that the change of the phase retardation of narrower slits is more obvious
than that of wider slits under the same magnetic field.

Then following Egs. (21) and (36), we design a lens with focal length of f;=7A for B =0, the slit
positions and widths are shown in Figure 19(a). The total width of the lens and slit number are
d =2 mm and 2 N-1 = 41, respectively. Therefore, when an external magnetic field is applied,
the phase curve at the slab output surface will be more convex (see Figure 19(b)) with the
magnetic field. In analogous to a conventional lens, the focal length of the proposed lens will
be reduced by the magnetic field.

To verify the tunability of the PSL, we calculate the distributions of magnetic field intensity of
the electromagnetic field by FDTD simulations. The results are shown in Figure 20. The
magnetic field intensity distributions of the lens for B = 0 Tesla and B = 1 Tesla are shown in
Figure 20(a) and (b), respectively. An obvious of focal length change is observed. From the
dependence of the focal length on the intensity of applied magnetic field shown in Figure 20
(), it is found that it is changed by 3A (from 5.92A to 2.87A). There is also a deviation of the
calculated focal length (5.92A) from the designed one (7A), and some strong side lobes appear.
This focal shift effect is caused by both the small Fresnel number (about 1.6 for our structure)
and SMPs interactions between the slits [74]. We then change the designed parameters such as
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Figure 19. Design of a tunable THz plasmonic lens with focal length of 7A and d =2 mm, N = 21. (a) the slit position and
corresponding slit width of the designed structure. (b) the relative phase retardation of the slits under magnetic fields of 0,
0.5, 0.8 and 1 Tesla.
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Figure 20. Magnetic field modulation on the THz PSL. (a), (b) IHyI2 distributions of the structure when the external
magnetic field is 0 Tesla and 1 Tesla, respectively. (c) FDTD-calculated focal length when the external magnetic field is
increased from 0 Tesla to 1 Tesla.

the lens width, the slit number, and designed focal length. The results are shown in Figure 21.
It is found that, compared with slit number and designed focal length, the slit width d has a
greater impact on the focal length change. The reason is that for a larger lens width, the
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Figure 21. Focal length change caused by an external magnetic field increase from 0 to 1 Tesla as a function of various lens
parameters. (a) Lens width changes as d = 1 mm, 1.5 mm, 2 mm, and 2.5 mm, when the designed focal length and slit
number are fixed at f; = 104, 2 N-1 = 21, respectively; (b) N changes as 11, 16, 21, and 26, when the designed focal length
and lens width are fixed at f;= 104, d = 2.5 mm; (c) designed focal lengths changes as 7A, 84, 94, 104, and the length width

and slit number are fixed as d =2 mm, 2 N-1 =41.

difference of the side slit width and middle slit width is greater. Therefore, the change of the

phase curve on the exit plane of the slab is larger when an external magnetic field is applied.

We then investigate a lens with two monotonically increased sets of slits. The lens width and
slit number are set as d =3 mm and N = 31, as shown in Figure 22(a). The designed focal length
remains 7A. The structure has two monotone intervals: [0 mm, 0.9 mm], and [0.9 mm, 1.5 mm)]
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Figure 22. Bi-focus pattern by an external magnetic field. The parameters are same as the lens in Figure 20, except
d=1mm, N = 31. (a) the slit position and corresponding slit width of the lens. (b) Phase retardation of the slits under
different external magnetic fields. (c) and (d) | H,|? distributions under a magnetic field of B =0 and 0.7 Tesla, respectively.
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Figure 23. Magnetic-field tunable lens for a dipole source imaging. The designed object and image distances are both 3A.
The source is an electric dipole with the electric field vibration direction perpendicular to the z-axis, which is represented
by a white circle on the top portion of the two figures. (a) |H,|* distribution under a magnetic field of B = 0 Tesla. The
obtained image distance is 2.25A. (b) |H,|” distribution under a magnetic field of B = 0.8 Tesla. The obtained image
distance is 0.99A.

from the middle to the two sides. The corresponding slit phase retardations are shown in
Figure 22(b). When the magnetic field increases, phase retardations of the two intervals grow
asynchronously. Therefore, a discontinuous jump appears between the two intervals (see B=0
and 0.7 Tesla for comparison). The field distribution of the transmitted wave at B = 0 Tesla and
B = 0.7 Tesla (where the largest jump appears) are depicted in Figure 22(c) and (d). It shows
that when the magnetic field is 0.7 Tesla, we can achieve two focal spots along the z-axis.

Last but not least, a magnetic-field tunable lens for a dipole source imaging is proposed. The
source is an electric dipole with the electric field vibration direction perpendicular to the z-axis.
The designed object distance and image distance are both 3A. The distributions of magnetic
field intensity for the external magnetic field of B = 0 Tesla and B = 0.8 Tesla are depicted in
Figure 23(a) and (b), respectively. It shows that the obtained image distance is 2.251 and 0.994
for B =0 and 0.8 Tesla, respectively.

4. Summary

In this chapter, we give a brief review on surface magneto plasmons. The theory of SMPs on a
plane metal/conductor surface is reviewed. Our recent research on the theories of SMPs in
symmetric and asymmetric slot waveguide is also presented. We also give the applications of
SMPs based on their unique and intriguing properties, such as the nonreciprocal effect, two
propagating bands, and tunability by an external magnetic field. A one-way THz waveguide, a
THz broadly tunable slow-light system, and a focal length tunable plasmonic slit lens are
presented, which show SMPs have big possibilities in applications of tunable plasmonic
devices. Although the applications of SMPs have some drawbacks so far, including large loss
and strong magnetic fields, with the rapid development of plasmonics, SMPs may open a new
avenue of manipulating lights in subwavelength range.
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Abstract

Recent experimental data shown a promising direction in employing nano-plasmonics for
increasing efficiencies of the solar cells. The effect is due to metallic nanoparticles’
plasmons mediating energy transfer from the incoming e-m wave to the semiconductor
in a regime violating limits in energy transitions imposed by the momentum conservation,
due to translational invariance departure in surface nano-modified system. The chapter
presents analysis of material dependence of near-field coupling to band electrons of
surface plazmons in metallic nanoparticles deposited on the top of semiconductor sub-
strate in nano-modified solar cells. Various materials for metal and substrate are compar-
atively studied upon the quantum Fermi Golden Rule approach in theoretical quantitative
modeling of the plasmon-electron coupling that enhances ordinary PV effect. The material
dependence of the plasmon-mediated efficiency growth in two types of solar cells, multi-
crystalline Si and CIGS (copper-indium-gallium-diselenide), modified by various surface-
deposited metallic nanoparticles is additionally illustrated by the experimental data.

Keywords: plasmons, metallic nanoparticles, photo effect, solar cells

1. Introduction

The plasmon-mediated sunlight energy harvesting in metal-nano-modified solar cells is
caused by three effects: the strong concentration of electric field of plasmon oscillations close
to metallic components with local large curvature, the large amplitude of plasmon oscillations
in metallic nanoparticles and the enhancement of the probability of interband excitations in
semiconductor substrate caused by breaking of the translational symmetry for a nanoparticle

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN



118 Plasmonics

and the dipole near-field coupling of surface plasmons with semiconductor band electrons [1-7].
The transition probability for transfer of electrons from the valence band to the conduction band
in a semiconductor, essential for efficiency of the photovoltaic effect, grows due to the electric
field amplitude enhancement and due to admission of all oblique transitions not here prohibited
by the momentum conservation [4]. In the ordinary photo effect Kiriejew [8], the interband
transitions are confined to only vertical ones between states with almost the same momentum
due to the momentum conservation and the fact that the sunlight photons have very small
momentum (owing to large light velocity, ¢) which almost does not change electron momentum
at scattering: for excitation energy /iw beyond the forbidden gap, Eq, in the substrate semicon-

ductor, hiw = cq gives g < p, where p ~ T is the semiconductor band quasi-momentum scale in

the Brillouin zone (I denotes here the elementary cell linear size). Thus the change of the band
electron momentum p,; = p, + q is negligible on the scale of the Brillouin zone and p, ~p,
(because ¢ = 10® m/s) and only the vertical, conserving momentum, interband transitions con-
tribute to the ordinary photo effect, i.e,, when the transition is caused by free photons with
momentum q and energy iiw = cq.

However, for interaction of band electrons with surface plasmon from the metallic nanoparti-
cle deposited on the semiconductor surface, the situation changes significantly. In the near-
field regime [9], the potential of the plasmon dipole on the nanosphere is proportional to % (R
is a distance from the sphere center), which has the infinite decomposition in Fourier picture
and thus overlaps with all quasi-momenta in the substrate semiconductor Brillouin zone. This
is in contrary to the potential of the free photon which contributes via only single e/(a*—w/%
plane-wave Fourier component.

The resulted effect of oblique interband transitions can be accounted for via the Fermi Golden
Rule (FGR). According the FGR scheme [10], the probability of interband transitions is propor-
tional to matrix element of the perturbation potential between initial and final states and
summed up over all initial states in the valence band and over all final states in the conduction
band assuming only the energy conservation, E,(p,) + hw = E,(p,), where E,,(p) is the

valence-p (conduction-n) band dispersion and hw is the excitation energy related to damped

and forced by sunlight surface plasmon oscillations with the bare self-energy value hw; = h%

(i.e., the Mie energy [11, 12], hw, = hy /,Zig; is the bulk-plasmon energy in metal [13], 7, is the

density of collective electrons in metal, m* is the effective mass of electron in metal, e is the
electron charge and ¢ is the dielectric constant) with not-defined momentum, however. The
initial momentum, p,, and the final one, p,, can be arbitrary because the momentum conser-
vation is rule out by the matrix element of the local dipole interaction.

The chapter is organized as follows. In Section 2, we present the quantum calculation of the
efficiency of photo effect mediated by plasmons in metallic nanoparticles deposited on the top
of a semiconductor photodiode. This efficiency has been accounted by application of the Fermi
golden rule to the near-field coupling of dipole-plasmons with band electrons in the semicon-
ductor substrate. The resulted transition probability is next utilized to the derivation of the
plasmon damping rate due to coupling with band electrons which we present in Section 3.
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Section 4 addressed to analysis of the by-plasmon enhanced photo effect efficiency in various
materials, including various metals for nanoparticles with plasmons and various semiconduc-
tor substrates. Section 5 contains also comparison with experiment both for laboratory Si
photodiode covered with metallic nanoparticles as well as for standard solar cells, Si-multi-
crystal and CIGS.

2. Plasmon-mediated photo effect: Fermi Golden Rule calculus of
probability of electron interband excitation due to plasmons

The perturbation of electron band system in the substrate semiconductor due to the presence
of dipole surface plasmon oscillations in metallic nanosphere (with a radius a) deposited on the
semiconductor surface, has the form of the potential of the e-m field of an oscillating dipole.
The Fourier components of the electric E,, and magnetic B,, fields produced in the distance R
from the center of considered nanosphere with the dipole of surface plasmon with the fre-
quency w, have the form [9],

1 ok 1 N K 3k 3\) iz
B PR ) 20 Do) f W
and
ik (i 1Y 4
Bm = \/_Z[DO X n] <§ — P)E R, (2)

(¢ is the dielectric permittivity). In the case of the spherical symmetry, the dipole of plasmon is
considered as pinned to the center of the nanosphere (the origin of the reference frame system),
D = Dge . In Eqs. (1) and (2), we used the notation for the retarded argument, iw(t —X) =
iwt —ikR, 1 =& @ = ck, momentum p = fik. The terms with denominators R°, R* and R are
referred to near-, medium- and far-field zones of the dipole radiation, correspondingly.
Because we consider the interaction with a closely adjacent layer of the substrate semiconduc-
tor, all terms with denominators R* and R we neglect as small in comparison to the term with

R® denominator —this is the near-field zone approximation (the magnetic field disappears and
the electric field is of the form of a static dipole field [9]). Therefore the related perturbation
potential added to the system Hamiltonian attains the form,

w=ep(R,t) = éﬁ Dy sin (wt + @) = w e +w e . 3)

(AN . . . . .
The term w' = (w™)* = —2 571 - Dy describes emission, i.e., the case of our interest.

According to the FGR [10], the interband transition probability is proportional to

2
w(ky, ko) = ?“ < alw* [l >[6(E, (la) — Ey(ko) + ), )
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where the Bloch states in the conduction and valence bands are assumed as planar waves (for
simplicity), Wy = )3/2 GRRE Wi/ B (k) = B _p o, (K) = 2K (indices 1, p refer to elec-

2111p 2n

trons from the conductlon and valence bands, respectively, E, is the forbidden gap).

The matrix element,

< k1|w+|k2 >=

e 1
Jd3 ae DoRze ila—ka)-R (5)

1
(2n)®
can be found analytically by a direct integration, which gives the formula (q = k; — k),

1dsingR 1 e“Dy- qsmqa
qdR gR (2n)2 e g qa

N eeia
< ki|lw'lky, >= 3?Do cos @(271) dR

-1
20 (6)

Next, we must sum up overall initial and final states in both bands. Thus, for the total interband
transition probability we have,

ow = Jd3kl Jd3k2 Ul (1 *fz)w(khl@) *fz(l *fl)w(k%kl)]' @)

where f,, f, assign the temperature dependent distribution functions (Fermi-Dirac distribution
functions) for initial and final states, respectively. For room temperatures, f, ~0 and f; ~1,
which leads to,

w = Jd3k1 Jd3k2 -w(ky, k). (8)

After some also analytical integration in the above formula, we arrive at the expression,

2 * * 212
we(my +m |2(hw — Eg)e”Dy (1 2
<3w:é ( p) ( o OJ dx (xaé)vl_xz
0

3 /m;m;Znh5£2 (xa&)?
©)
2 22 1 2
UL N
3 \/mymy; 2mh’ €2 (xaé)

nop

according to assumed band dispersions, nz; and m,, denote the effective masses of electrons

/2(ho—Eg ) (m+m
and holes, i1 = is the reduced mass, the parameter & = (W (miom) . In limiting cases

e +m*
for a nanoparticle radius 4, we finally obtain,
/e (hw — E,)e2D?
é# n p( g) 0, for aé <1,
3 noe2
ow = (10)
A_Ly3/2\/§, /hw — Eqe*Dj

3 ahte?

, for aé>1.
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In the latter case in Eq. (10), the following approximation was applied,

' sin?(xal) 5 1( sin?(xal)  m
Jo devl — x? = (for ac§>>1)EL d(xaé)W_ﬁ,

whereas in the former one, Jg dxv1—x2 =mn/4.

V/2(ho—Ey) (m+m;
With regard to two limiting cases, aé <1 or aé>1, & :w, we see that

hw — E
> 2 % 10~%[m] for % <0.02
8

~E,
>0.02

Eq

masses and E,. Thus for nanoparticles with radii a > 2 nm, the first regime holds only close to

ax1/E~ ho , and this range weakly depends on effective

<2 x107°[m] for

E, (less than the 2% distance to limiting E,), whereas the second regime holds in the rest of the
, ha)E—g E,
hw — Eg
Eq
widens considerably (to ca. 50% relative distance to Eg), but holds only for ultrasmall size of

<05
, the first region
> 0.5

> 0.5 x 10%[m] fo
@ domain. For comparison, a~1/&~
<0.5x107°[m] for

nanoparticles (2 < 0.5 nm). For larger nanospheres, e.g., with a > 10 nm, the second regime is
thus dominating.

One can notice that the above formula, Eq. (9) and its explicit form in limiting situations given
by Eq. (10), is the generalization of to the ordinary photo effect, for which the transition
probability is different [8],

(3‘600

B W2 ol <5ESV) (o — Eg)3/2. (1)

3 m;2w5h3 8mthw

The number of photons of the w e-m wave with electric field component amplitude E in the

eE2V

volume V equals to, (m

), hence the probability of single photon absorption by the semicon-

ductor per time unit, attains the form in the ordinary photo effect [8],

B2V 442 e 32
=) =3 mstaer 05 2

(factor (4) corresponds here to spin degeneration of band electrons).

In the case of mediation by plasmons, all oblique interband transitions contribute, not only
vertical ones (as it was for the interaction with the planar wave in the ordinary photo effect).
This results in an enhancement of the transition probability for the near-field coupling in com-
parison to the photon (planar wave) absorption rate in a semiconductor in the ordinary photo
effect. The enhancement of the probability of transition due to hopping not conserving momen-
tum, is, however, gradually quenched with the radius a growth, as expressed by Eq. (10).
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The probability of energy absorption in the semiconductor via mediation of surface plasmons
per single photon incident on the metallic nanospheres, g,,, equals to the product of 6w (given
by Eq. (10)) and the number, N,,, of metallic nanoparticles divided by photon density with
additional phenomenological factor  responsible for all effects not directly accounted for (as
deposition separation and surface properties reducing the coupling strength, as well as energy
losses due to electron scattering and irradiation to far-field zone (Lorentz friction [9]) into
upper hemisphere, if the metallic nanoparticle is not completely embedded in the substrate
semiconductor medium),

B2V
qmﬁNméw(thw> . (13)

3. Damping rate for plasmons in a metallic nanoparticle deposited
on a top of a semicoductor

Assuming that the energy acquired by the semiconductor band system, A, is equal to the
output of plasmon oscillation energy (resulting in plasmon damping), one can estimate the
corresponding damping rate of plasmon oscillations. Namely, at the damped (lowering in
time) plasmon amplitude Dy (t) = Doe /", one finds for a total transmitted energy,

2Bty /g (hw — Eg)e*D§

, for né«1,

[ 3 hte2
A=8 J dwhawdt = phwdwt’ /2 = (14)
1,,3/2 P /h _E 2D2
0 gﬁw”c H \/_h3 20) g€ O, for a&>1,
ah’e

where 7' is the damping time-rate and $ accounts for losses (not included in the model).
Comparing the value of A given by the formula (14) with the energy loss of damping plasmon
estimated in Ref. [4] (the initial energy of the plasmon oscillations which has been transferred

2
step-by-step to the semiconductor, A = %), one can find

Ao, /s (hw — Eg)e*a’

, for aé<1,

1 3hte
o= e ., (15)
4 2./hw — E
pou T @ g€ 1 , for aé>1.
I3

By 7/, we denote here a large damping of plasmons due to energy transfer to the semiconductor
substrate highly exceeding the internal damping, characterized by 7, due to scattering of
electrons inside the metallic nanoparticle [4] ( <« £). We neglect also the irradiation to far-
field upper hemisphere zone of plasmon energy due to the Lorentz friction, which is also
smaller than near-field zone energy transfer to the substrate [4].
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For example, for nanospheres of Au deposited on the Si layer, we obtain for Mie self-frequency
w = w1,

a[nm])sﬁ V m:m;
1[nm m

44.092ﬁ< } L for as<1,
— (16)

T

13.648ﬁ<"["m])2(ﬂ)3/2, for a&>1,

1[nm)] m

for light(heavy) carriers in Si, my = 0.19(0.98) m, m; = 0.16(0.52) m, m is the bare electron

ok
mmy

mass, | = i and E, = 1.14 eV, hw; = 2.72 eV. For these parameters and nanospheres with

the radius a in the range of 5 — 50 nm, the lower case of Eq. (16) applies (at @ = w1). The
parameter f fitted from the experimental data [4, 14] equals to ca 0.001.

In another scenario when the output of the plasmon energy is recovered by continuous
income from the sunlight, one can consider the energy-balanced state. In an idealized case,
whole incoming energy of the monochromatic w e-m wave is transferred to the semiconduc-
tor via plasmons, and we deal with the stationary behavior of a driven and damped oscilla-
tor for plasmons. Even though the free undamped plasmon has the Mie self-resonance
frequency, w; = %, the frequency of plasma oscillation equals to the driven electric field

frequency, w, of the incident e-m wave of photons. Because of an instant leakage of the
plasmon energy in near-field to semiconductor substrate, this large damping of plasmon
causes a red-shift and widening of the resonance, as for every damped and driven oscillator.
The widened resonance enables the energy transfer from plasmons to electrons to embrace
also frequencies lower or larger than Mie frequency but limited from below by the semicon-
ductor gap Eg/h.

The incident sunlight dispersion covers the visible spectrum and also some UV and infra-red
tails. The total efficiency of the plasmon channel corresponds to a sum (integration) overall
Fourier components @ > Eg/h of light interfered with intensity distribution of sunlight spec-
trum. To model this behavior, it is necessary to consider separately each single monochromatic
e-m mode, i.e., a Fourier component w. Its electric field excites plasmon with this frequency
and this plasmon is damping with the rate 3 (15). This damping causes a red shift of a
resonance and reduces the resonance amplitude, which in turn allows for the accommodation
to the balance of energy transfer to the semiconductor with incident sunlight e-m wave energy
intensity (defined by it electric field amplitude Ey) at the frequency w. Within this damped and
driven oscillator model, the amplitude of plasmon oscillations Dy(w) is constant in time and
shaped by f(w) = ——L———. The extremum of red-shifted resonance is attained at

A/ (m%—a)z)zﬂlwz/?’z
wn = w11/1 —2(w; ') with corresponding amplitude ~ 7'/ <24 [w?} — T’z). The red shift is

proportional to 1/ (an T 2). In the case of the described energy transfer balance, one obtains

according to Eq. (10),
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N o2
128 » 37”(;@_ Eg)e newfz(a)), for aé <1,

Co—mt“a
q, = P m? h'ed 17)
128 ~ , ,u’? nlw ,
,BCOT\/EH a W hw — Eg h32~3 f (CL)), for ﬂ(S > 1,
where f(w) = ———L——— corresponds to amplitude factor for driven damped oscillator

(w% —w? )2+4a)2/7/2

and Dy = W f(w) (in Eq. (10)); the amplitude of the electric field, Ey, in the incident e-m

wave is next ruled out from Eq. (17) due to normalization per single photon as in Eq. (13);

3
Co = W, V is the volume of the semiconductor, N,, is the number of metallic nanospheres.

The ratio, Z—'g, revealing the advantage of the plasmon-mediated photo effect over the ordinary

photo effect can be expressed as follows

2
4212 aBCy /e (m;) e*n2w?f (w)

, for ué«1,
3u32m2, /hw — E he?
I _ prrmmeheo = g (18)

2
o 8r%a?BCo (m*) e*n2aw?f (w)

P

S (ha) — Eg)ez , for aé>1.

This ratio turns out to be of order of 10* Hﬁiom] for the surface density of nanoparticles (as in

experiment in Ref. [14]), 1, ~ 10° /cm?; note that Cy = ndna®/(3H), H is a thickness of the
semiconductor layer, which including the phenomenological factor 5, and the thickness H (we
have confirmed experimentally that the range of the near-field zone exceeds the Mie wave-
length), is sufficient to explain the scale of the experimentally observed strong enhancement of
absorption rate in semiconductors due to plasmons. The strong enhancement of this transition
probability is linked with the allowance of momentum-non-conserved transitions, which is,
however, reduced with the radius a growth. The strengthening of the near-field induced
interband transitions, in the case of large nanospheres, is, however, still significant as the

quenching of oblique interband transitions is partly compensated by ~ a*> growth of the ampli-
tude of dipole plasmon oscillations. The trade-off between these two competing size-dependent
factors is responsible for the observed experimental enhancement of light absorption and emis-
sion in diode systems mediated by surface plasmons in nanoparticle surface coverings [7, 14-18].

4. Efficiency of the light absorption channel via plasmon
for various materials

Nanoparticles of gold and silver (sometimes also of copper) are mostly used in plasmon photo-
voltaics because their surface plasmon resonances are located within the visible light spectrum.
These nanoparticles can be deposited on various semiconductor substrates with different mate-
rial parameters. We list here the appropriate parameters usable for comparison with experiment
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for various configurations of the plasmon solar cell systems. In order to compare with the
experiment, we can estimate the photocurrent in the case of a semiconductor photodiode with
the metallically modified photoactive surface. This photocurrent is given by I' = |e|N (g, + 4,,) A
where N is the number of incident photons and g, and g,, are the probabilities of single photon
absorption in the ordinary photo effect [8] and of single photon absorption mediated by the

LA
. . oo . R
presence of metallic nanospheres, respectively, as derived in the previous paragraph; A = - + p

is the amplification factor (T}W ) is the annihilation time of both sign carriers, t,,) is the drive time

for carriers [the time of traversing the distance between electrodes]). From the above formulae, it
follows that (here I =I'(g,, = 0), i.e,, the photocurrent without metallic modifications),

I q
=14 (19)
I 90

where the ratio g,, /4, is given by Eq. (18).

In Tables 1-3, we list parameters for several semiconductor substrates and for a metallic
nanoparticle few materials, which allow for comparison of the ratio g,,/4, for various material
configurations by formula (18).

Formula (18) is exemplified in Figure 1 for Au nanoparticles deposited on Si semiconductor
(continuous line)-this reproduces well the experimental behavior (red dashed/dotted) [14].
Both channels of photon absorption resulting in photocurrent in the semiconductor sample
are included, the direct ordinary photo effect absorption with probability of transitions given
by g, and the plasmon-mediated absorption with probability g,, respectively. Note also that

metal Bulk pl. (eV) Surface pl. (eV)
Li 6.6 3.4
Na 5.4 33
K 3.8 2.4
Mg 107 6.7
Al 15.1 8.8
Fe 10.3 5.0
Cu 6 3.5
Ag 3.8 35
Au 4.67 2.7

Table 1. Plasmon energies measured in metals.

metal Au Ag Cu

Mie frequency 411 x 10 1/s 52 %10 1/s 5.7 % 10° 1/s

Table 2. Mie frequency w; to formula (18).
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Semiconductor m, n, E,

Si 0.9 m L[101], 0.19 m T[110] 0.16 m1h, 0.49 m hh 1.12eV
GaAs 0.067 m 0.08 m 1h, 0.45 m hh 1.35eV
CIGS 0.09-0.13 m 0.72 m 1-17eV

Table 3. Substrate material parameters to formula (18) (m = 9.1 x 10731 kg, the mass of bare electron; lh-light holes,
hh-heavy holes, L-longitudinal, T-transverse).

some additional effects like reflection of the incident photons or destructive interference on
metallic net would contribute and it was phenomenologically accounted in the plasmon-
mediated channel by an experiment-fitted factor . The collective interference type corrections
are rather not strong for the considered low densities of metallic coverings of order of 10° /cm?,
and nanosphere sizes well lower than the resonant wavelength, though for larger concentra-
tions and larger nanosphere sizes, would play a stronger reducing role (reflecting photons)
[6, 19]. The resonance threshold was accounted for the damped resonance envelope function in

Eq. (19) including also semiconductor band-gap limit. The relatively high value of 770 ~10* If[ign]

enables a significant growth of the efficiency of the photoenergy transfer to the semiconductor,
mediated by surface plasmons in nanoparticles deposited on the active layer, by increasing f
or reducing H (at constant n;). However, because of the fact that an enhancement of p easily

induces the overdamped regime of plasmon oscillations, the more prospective would be
lowering of H especially convenient in thin film solar cells. The overall behavior of
I'/I(w) =1+gq,,/q, calculated according to the relation (19), and depicted in Figure 1, agrees
quite well with the experimental observations [14], in the position, height and shape of the
photocurrent curves for distinct samples (the strongest enhancement is achieved for 2 = 40 nm,
for Au and Si substrate).

In Figure 2, we present the spectral dependence of the plasmonic efficiency enhancement with
respect to substrate change (Si, CIGS and GaAs) for the same Au nanoparticles with radius
2 =50 nm and the same nanoparticle concentration n; = 10°/cm?. One can note that for the
CIGS substrate (copper-indium-gallium-diselenide) the spectral characteristics is narrower and

1.8, 2.0 .
a=40 nm
=
&
= 1.5{
3
E 1.5
3
2 1.2
Q
e -
o . maedel fitting
0.9/ = 4.0 . 1.0 = experimental data
" 400 600 800 400 600 800 400 600 800

3 (nm)

Figure 1. Spectral dependence of the normalized photocurrent % (A) according to formulae (19) and (18)—Comparison with
the experimental data (red) from Ref. [14]: a = 25 nm, 1 = 6.6 x 10® 1/cm?, (center): a = 40 nm, n; = 1.6 x 10° 1/cm?,
(right): a = 50nm, 12, = 0.8 x 10° 1/cm? (H = 3 um).
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a=50 nm, Au,n, =10" fcm2

GaAs .
Si

CIGS

a'e, (m0,=4.11x10" 1/5)

Figure 2. Comparison of the effectiveness of the plasmon channel for Si, GaAs and CIGS substrates with the same Au
nanoparticles with radius 50 nm and surface density 10° /cm?.

blue shifted in comparison to Si and GaAs. Figure 2 reveals an increase in efficiency of the
plasmon effect with growth of the value of forbidden gap E, conserving other parameters not
changed. Especially significantly influential material parameter occurs, however, a mass of

2
holes, cf. Figure 3, which is also noticeable from Eq. (18). The mass of holes, (m;) , enters the

denominator in the formula (12) for the ordinary photo effect and next the numerator in
Eq. (18). The higher mass m;, the lower efficiency ¢, of the ordinary photo effect is and higher

the ratio ‘;—'g In Figure 4, the material comparison of metal material of nanoparticles (Au, Ag

and Cu) is presented for two their sizes (2 = 50, 25 nm). The blue shift of spectral characteris-
tics for Ag and Cu in comparison to Au is noticeable (cf. also Figure 5) and even more visible
for lower radii of nanoparticles due to narrowing of spectral curves (cf. Figure 6). From the
comparison in Figures 5 and 6, for Si and CIGS substrates with Au, Ag and Cu nanoparticles
of size a = 50, 25nm (at the nanoparticle concentration 75 = 10°/cm?), one can notice that Au
nanoparticles utilize the visible spectrum in the better manner than Ag or Cu ones. The
advantage of Au nanoparticles is greater in the case of Si substrate and is reduced for CIGS

a=50 nm, Au,n,=10"/cm2

m* =096 m
m".=0.25m

A./9s

E=15eV

E=135e¢"

E=1.14¢7

":III"Ih_ {[1}1:4_11?;-11]1.' 1."5:[

Figure 3. Comparison of the effectiveness of the plasmon channel for varying E, but the same effective masses of

substrates covered with the same Au nanoparticles with radius 50 nm and surface density 108 /cm?2
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a=50 nm, Au, n, =10° /cm2

q./9, Eg=1.14eV
. m;:=D.? m m*n=0.25 m
m,=0.35m
mﬂzﬁ_ﬂim o

oo, (©,=4.11x10" 1/s)

Figure 4. Comparison of the effectiveness of the plasmon channel for varying hole mass ; but the same electron mass

and E; of substrates covered with the same Au nanoparticles with radius 50 nm and surface density 10°/cm?2

Si photodiode Cu g g, Siphotodiode

9. 'llq‘- a=50 nm, n=10"cm

a=25 nm, n=100em” ",

wim, (m,=4.11x10151/s) wlo, (0,=4.11x10"%1/s)

Figure 5. Comparison of the effectiveness of the plasmon channel for the same substrate Si with Au (red), Ag (blue) and
Cu (brown) nanoparticles of the same radius 50 nm and surface density 108 /em?

substrate because the blue shift of E, in CIGS with respect to Si. In the case of CIGS (especially
for large nanoparticles, 2 = 50 nm), the advantage of Au beyond Ag in overall utilization of
sunlight spectrum disappears, whereas is pronounced in the case of Si substrate. Later, we
describe an experimental confirmation of this behavior of Si and CIGS substrates, at laboratory
sunlight-type illumination by Yamashita DensoYSS-50Aunder AM1.5 [19].

For nanoparticles of gold (Au) and silver (Ag) of size, # = 50 nm, optimized due to formula
(18), deposited on the multi-crystalline silicon (mc-Si) and on the copper-indium-gallium-
diselenide (CIGS) solar cells, the measured [19] overall increase of cell efficiency attains the
level of even 5%. The application of suitable concentration of Au and Ag nanoparticles onto
mc-Si solar cells increases their efficiency by 5.6 and 4.8%, respectively [19]. Application of Au
and Ag nanoparticles onto surface of CIGS solar cells improves their efficiency by 1.2 and
1.4%, respectively [19]. This is visualized in Figures 7 and 8, where it is compared an increase
in solar cell overall efficiency (the ratio of the field beneath the I-V curve for the metallically
improved solar cell and the clean solar cell; the same size (50 nm for radius) and the same
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Figure 6. Comparison of the effectiveness of the plasmon channel for the same substrate Si (upper) and CIGS (lower) with
Au (red), Ag (blue) and Cu (green) nanoparticles of the same radius 50 nm and surface density 10®/cm? versus the
sunlight spectrum on the earth surface.

concentration (from the 5% colloidal solution sputtering over the surface) has been applied to
different samples)—for more detail cf. Ref. [19].

Worth noting is an agreement of experimentally observed difference in the increase of the
efficiency due to the plasmon effect in both cases, of mc-Si and CIGS cells, if one compares the
results of application of Au and Ag particles (at the same size of metallic nanoparticles and the
same their surface concentration). This behavior agrees with the theoretical study of the material
dependence of the plasmon effect, as shown above. From Figures 2-5, we see that for Si substrate
Au nanoparticles with radii 50 nm better utilize the solar light spectrum than Ag or Cu particles
(cf. Figure 5), and indeed in the experiment (cf. Figure 8) for Au nanoparticles the efficiency
growth is ca. 10% larger than for Ag nanoparticles of the same size and concentration on the
substrate m-Si solar cell. Interestingly, for the substrate CIGS cell, the effect is weaker and
inverted, cf. Figure 9. This also is noticeable from the theoretical modeling—due to different E,
and effective masses of carriers for CIGS with respect to mc-Si. The maxima for efficiency
enhancement for Au and Ag mutually shift in such a way that for CIGS Ag nanoparticles a bit
better suit to solar light spectrum than Au nanoparticles. However, to analyze these effects in
more detail, a measurement of spectral characteristics of all considered structures at varying but
monochromatic illumination uniformly calibrated should be performed.
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Figure 7. Comparison of the effectiveness of the plasmon channel for the same substrate Si (upper) and CIGS (lower) with

Au (red), Ag (blue) and Cu (green) nanoparticles of the same radius 25 nm and surface density 10%/cm? versus the
sunlight spectrum on the earth surface.

35-
351 —
— 1 30-
Ng 304 E
< 25
< 25 E
E —— Bafore(n=12.7 Jsc=33.2, = 20 =——Before(n=11.T Jsc=334,
= 09 Vioe=0,89,FF=0.65) H Vee=0.50,FF=0.583)
= 1 — Afern=14.0.Jsc=34.1, g 154 — Afterin=12.8.Jsc=33 5,
g 184 Vigem0 60, FF0 625} a8 Viges(.60.FF=0.635)
1 = 104
= 104 c . .
E me-Si solar cells with o 5] me-Si so!arcells_wm-u
5 51 5% Au nanoparticles a 5% Ag nanoparticles
(& i o
o —rrrere e e e SN BN S S S S e |
00 01 02 02 03 o5 o0& o7 00 01 02 03 04 05 08 07
Voltage (V) Voltage (V)

Figure 8. Comparison of solar cell efficiency due to plasmon modification for the multi-crystal Si solar cell, (left) modified
by Au nanoparticles, (right) by Ag nanoparticles [19].
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Figure 9. Comparison of solar cell efficiency due to plasmon modification for the CIGS cell, (left) modified by Au
nanoparticles, (right) by Ag nanoparticles [19].

5. Conclusion

We have demonstrated by application of the Fermi Golden Rule scheme, that the efficiency
of the energy transfer channel between the surface plasmon oscillations in a metallic
nanoparticles and a substrate semiconductor depends on parameters of both deposited
metallic particles (its radius and material) as well as on semiconductor parameters (energy
gap, and effective masses of electron and holes). Found by us formula which generalizes the
ordinary photo effect onto the plasmon-mediated one, agrees well with the experimental
measurements in laboratory photodiode configuration. The measured ratio of photocurrent
in the setup with and without metallic nano-components is compared with the theoretically
predicted scenario. The quantitative consistence is obtained both in the shape of the spectral
characteristics and in the particle size dependence (as illustrated for Si diode with deposited
Au nanoparticles with radii 25, 40 and 50 nm). The qualitative agreement has been achieved
also for complete solar cells where the plasmon effect is obscured by other elements of the
long series of effects resulting in overall solar cell efficiency beyond only efficiency of the
absorption of photons. We have compared the experimental data for multi-crystalline Si
solar cell and CIGS (copper-indium-gallium-diselenide) solar cell covered or not with gold
and silver nanoparticles with radii of order of 50 nm. The increase of the overall photovoltaic
efficiency for metallically modified cells varies between 1.5 (CIGS) and 6% (Si), depending
on nanoparticle concentration (for too dense concentration the efficiency drops down). A bit
better increase (ca. 10% difference) causes Au nanoparticles for Si cell in comparison to Ag
nanoparticles, whereas for CIGS cell, the difference between effect of Ag nanoparticles and
Au ones is inverted and strongly reduced. This also agrees qualitatively with theory pre-
dictions taken into account differences in Mie frequency in Au and Ag and also different
semiconductor parameters for Si and CIGS.
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Abstract

This chapter describes the significance of plasmonics to the field of intracellular delivery.
We begin by discussing the significance of intracellular delivery, its applications in biology
and medicine, and the currently available intracellular delivery techniques. Next, we
discuss the field of plasmonic intracellular delivery, beginning with the discovery of
optoporation. In optoporation, a laser beam is tightly focused onto a cell membrane to
generate a transient pore, through which membrane-impermeable cargo can enter the cell.
To improve the throughput of this technique, plasmonic materials were used for their
ability to efficiently absorb laser light and generate spatially confined electric fields. Here,
we describe the process by which plasmonic materials absorb laser light energy and
generate plasmons. These plasmons transfer their energy to their surroundings, resulting
in a rise in temperature and the subsequent creation of a bubble or shockwave. Finally, we
describe how the properties of plasmons and plasmon-mediated effects facilitate cell
poration for intracellular delivery.

Keywords: plasmonic, thermoplasmonic, intracellular delivery, cell poration, cell
membrane perforation, cell transfection

1. Introduction

Plasmonic materials have found utility in biological applications ranging from photothermal
therapy (killing cancer cells) to bio-sensing to intracellular delivery [1-3]. The ability to deliver
membrane-impermeable cargoes into cells is a critical step in the development of many thera-
peutics and an important problem in the field of biology [4-7]. Light-activated thermo-
plasmonic nanostructures are a potential solution to this problem and can be used to deliver a
range of cargoes into a range of cell types at high efficiency and high throughput, with spatial
selectivity, while maintaining cell viability [8-10].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgINEN
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2. Currently available intracellular delivery techniques

The delivery of membrane-impermeable cargoes such as nanoparticles, genetic materials, or
functional proteins directly into cells is a critical step for applications in biology and medicine
[4]. For instance, the delivery of gene-editing tools could be used to manipulate cells and
tissues for regenerative medicine or engineer cells for personalized cell therapies [4-7]. Intra-
cellular delivery methods include biological vectors such as viruses, chemical modifications of
delivery cargoes such as lipofection, and physical techniques such as microinjection, electro-
poration, and optoporation [11-24]. While research efforts have led to a continuous increase in
efficiency and sophistication, each of the currently available approaches has its own advan-
tages and disadvantages. To this point, no platform technology exists that combines high-
efficiency delivery, high-throughput processing, low-toxicity, versatility with respect to type
of cell and cargo, and simple, cheap and affordable production. The research presented in this
thesis is an attempt toward developing a solution to this problem.

Viral-based delivery is a popular biological technique that offers high-efficiency delivery at
high throughput. However, it is limited in terms of cargo-carrying capacity, the ability to only
deliver genetic material, the requirement to customize the virus for each cargo and cell type,
and the potential for immunologic and oncogenic risks [11-15].

Lipofection, a chemical method, offers high throughput but varies in efficiency depending on
cell type, can require complex chemical customization depending on the cargo, and risks
endosomal trapping of the cargo [7, 25, 26].

Electroporation, the most widely used physical delivery method, offers high-efficiency deliv-
ery and high throughput for a range of cargo types, but can lead to high cell death, particularly
for sensitive cell types [27, 28]. Nucleofection, a variation of electroporation, offers improved
viability but can require expensive customized reagents and can still be low viability for the
most sensitive cell types. Ultrasound-mediated methods offer a low-cost high-throughput
technique for delivering membrane-impermeable cargo into cells [12]. However, the cavitation
dynamics are not spatially localized, which can lead to nonuniform results and high cell death.
Other physical methods such as microinjection, nanowire-mediated delivery, and microfluidic
squeezing are promising, but offer limited throughput and/or reproducibility [14, 29-32].

3. Laser-mediated cell poration for intracellular delivery

Optoporation, a physical delivery technique, utilizes a tightly focused laser beam to create a
transient pore in the cell membrane [18, 19, 33, 34]. This technique offers high delivery efficiency,
high cell viability and is versatile with respect to cargo and cell type. However, each cell has to be
porated individually by focusing the laser beam directly onto the membrane, causing optoporation
to have an extremely low throughput. Modifications, including the use of active flow in microfluidic
channels and a nondiffracting beam, slightly increase the throughput but not to the scale necessary
for applications such as cell therapy, which can require on the order of 10° cells [35, 36].
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Figure 1. Schematic of gold nanoparticle-mediated intracellular delivery. (a) Gold nanoparticles adhere to the cell mem-
brane. (b) The gold nanoparticles are illuminated by a pulsed laser system. (c) Laser illumination of the gold nanoparticles
leads to the formation of a bubble around the gold nanoparticle. (d) The bubble creates a temporary pore in the cell
membrane, through which membrane-impermeable cargo can enter. Reprinted with permission from [1]. Copyright 2013,
Elsevier.
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Laser-activated thermoplasmonic nanostructures improve the throughput of optoporation by
efficiently absorbing the laser energy at multiple localized hotspots, generating a rise in tem-
perature, and transferring the energy to the surrounding medium [2, 8-10, 31, 37-39]. This
transfer of energy to the surrounding solution results in the creation of a bubble or pressure
wave that can generate sufficient mechanical stress to create a transient pore in the cell
membrane, through which membrane-impermeable cargo can diffuse into the cell [1, 3, 8-10,
40]. This process is shown briefly in Figure 1, and the physics of this process will be explained
in greater detail in the following section of this thesis. Gold nanoparticles are the most com-
monly used plasmonic nanostructures for intracellular delivery and have been successfully
used to porate cell membranes for a range of cell types [37, 38, 41-46]. Gold nanoparticles
potentially outperform other physical techniques by offering high efficiency, viability, and
throughput [1, 45]. However, the gold nanoparticles remain in the cell after delivery as metallic
residue and can form aggregates, and the long-term toxicity of these gold nanoparticles is still
not fully understood [47, 48].

Laser-activated nanostructured substrates bypass this potential toxicity problem, as cells can
be cultured on the substrates, porated, and removed from the substrates (which remain intact)
after intracellular delivery without leaving metallic particles within the cells [31, 39, 49-52]. In
this thesis we explore the fabrication of various thermoplasmonic nanostructured substrates
for intracellular delivery and use the fabricated substrates to deliver a wide range of
membrane-impermeable cargoes (dyes, dextrans, proteins, etc.) to a wide range of cell types
(HeLa CCL2 cells, induced pluripotent stem cells (iPSCs), etc.).

4. Physics of plasmonic intracellular delivery

4.1. Properties of localized surface plasmons

Plasmonic structures have proven valuable in intracellular delivery as well as numerous other
applications requiring the ability to generate electric fields in a highly localized manner [1].
These structures are capable of supporting plasmons, or quanta of plasma oscillations.
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Figure 2. (a) Principle of localized surface plasmons. At any point in time, the gold nanoparticle experiences a uniform
electric field. The electrons accelerate in the direction of the electric field and are displaced from the positive lattice ions.
The electrons are then attracted back to the positive lattice ions by Coulomb forces. This electromagnetic oscillator is
called a plasmon. (b) The gold nanoparticles are illuminated by a pulsed laser system. (c) For a gold nanoparticle with a
50-nm diameter, resonance occurs at a wavelength of approximately 550 nm [1]. Copyright 2013, Elsevier.

Plasmons can be described classically as the collective oscillations of free electrons with respect

to the positively-charged ion lattice in a metallic nanoparticle in the presence of an oscillating
electromagnetic field [53, 54].

It is simplest to picture a spherical metallic nanoparticle immersed in an aqueous environment
in the presence of an electromagnetic wave, such as laser light. If the diameter of the nanopar-
ticle is less than half the wavelength of the light, then at any point in time the entire nanopar-
ticle will experience a uniform electric field pointing in one direction, as shown in Figure 2a.
The free electrons in the metallic nanoparticle will accelerate in the direction of the uniform
electric field. As a result, the electrons are displaced from the positively-charged lattice ions of
the metallic nanoparticle. The electrons experience an attractive Coulomb force that drives
them back toward the positively-charged lattice ions, and this movement results in a collective
oscillation of the free electrons with respect to the fixed positively-charged lattice ions. The
oscillator is termed a localized surface plasmon, and the electromagnetic wave, for instance
laser light, is the driving force.

For this phenomenon to occur, the real part of the permittivity, ¢,, of the plasmonic material
must be negative (a condition satisfied by metals), and the real part of the permittivity of the
surrounding material must be positive (a condition satisfied by dielectrics) [1]. This allows the
following boundary condition in electrodynamics to be satisfied:

(Dl—Dz)'/ﬁZDLl—Dz,l:O’f (1)
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given that

D =¢E )

where D is the electric displacement field, E is the electric field, ¢ is the permittivity of the material,
oy is the free charge density and 7 points in the direction from medium 2 to medium 1 [55].

When the eigen frequency of the collective electron oscillation, or the plasma frequency,
matches the frequency of the electromagnetic wave, the system is said to be in resonance.
Resonance results in enhanced absorption of the laser light energy by the metallic nanoparticle,
and a greater near field enhancement, as shown in Figure 2b and c [1]. The resonance wave-
length is affected by the shape, size and material of the nanoparticle as well as the dielectric
constant and refractive index of the environment [1, 56]. Although resonance results in more
efficient absorption and a higher near-field enhancement, resonance is not a necessary condi-
tion for the thermoplasmonic cell poration described in this thesis [57].

4.2. Interactions of laser pulses and plasmonic structures in an aqueous environment

4.2.1. Energy transfer from light source to plasmonic nanostructure to aqueous environment

When a plasmonic nanostructure in an aqueous environment is illuminated with laser light,
the resulting absorption of laser energy and near-field enhancement initiates a series of energy
transfers. Depending on the conditions of the laser pulse, these energy transfers can result in
the creation of a shockwave or vapor bubble [1, 57-59]. In our theoretical discussions, we will
use water as the aqueous environment, as cell media is water-based and biological tissue has a
refractive index (1.36-1.39) comparable to that of water (1.33) [60].

First, the photons in the laser light are absorbed by the electrons in the plasmonic nanostruc-
ture, causing them to collectively oscillate, generating plasmons. The plasmons generate an
enhanced near field. For ultrashort pulses in the fs regime, the peak intensities of the laser
pulses and therefore of the enhanced near-field can be high enough to photo-ionize the water
and generate a plasma [1]. Because the research presented in this thesis makes use of a ns-
pulsed laser system rather than a fs-pulsed laser system, we will not focus on the effects of the
enhanced near-field. We will instead focus on other effects of laser energy absorption by the
plasmonic structure. As the plasmon oscillations decay, the energy is transferred into a distri-
bution of nonthermal electrons (Figure 3) [1]. Over approximately 500 fs, the nonthermal
electrons decay into a population of thermalized electrons via electron—electron scattering. It
takes 1-3 ps for the thermalized electrons to couple with the phonon lattice of the plasmonic
nanostructure and reach thermal equilibrium. According to Boulais et al., over a timescale of
approximately 100 s of ps, thermal energy is transferred from the phonon lattice to the
surrounding medium. However, it is worth noting that the characteristic timescale over which
energy is transferred from a gold plasmonic nanostructure to water can vary depending on the
laser system used and the laser power.

The research presented in this thesis makes use of a ns-pulsed laser system with 11-ns
pulses. These pulse widths are relatively long compared to the electron-phonon coupling
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Figure 3. Energy transfers following laser illumination of a plasmonic nanostructure. The photons in the laser light
couple with the electrons in the plasmonic nanostructure, generating plasmon oscillations. The plasmons decay into a
nonthermal electron distribution, which thermalizes within 100s of fs. The thermalized electrons transfer energy to
the phonon lattice of several ps. The phonons transfer thermal energy to the surrounding medium within a timescale on
the order of 100 ps. This can result in effects such as temperature increase, the formation of a pressure wave, and/or the
formation of a vapor bubble. Reprinted with permission from [1]. Copyright 2013, Elsevier.

time and the time over which the thermalized phonon lattice couples to the surrounding
medium. These subsystems therefore reach thermal equilibrium during the lifetime of the
laser pulse, and the laser pulse can be considered as heating the electrons, phonon lattice,
and surrounding medium at the same time.

4.2.2. Heat-mediated bubble and/or shockwave formation

Absorption of laser energy by a plasmonic nanostructure can result in a temperature increase
that generates a shockwave or a bubble, among other possible effects [1, 3, 8-10, 40]. The exact
event that results from the laser energy absorption is dependent on the conditions of the laser
pulse—most importantly, the fluence and the width of the laser pulse. Figure 4 shows the
various effects on a plasmonic gold nanoparticle immersed in water after absorption of an
incoming laser pulse, ranging from a relatively low fluence on the left to increasingly higher
fluences on the right [3].

The laser fluences used in the research presented in this thesis are sufficient to cause protein
denaturation and to generate acoustic waves and water vapor bubbles, and we will therefore
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Figure 4. Various effects of laser illumination of plasmonic gold nanoparticle in liquid environment. Laser fluence
increases from left to right. Reprinted with permission from [3]. Copyright 2008, Astro Ltd.

focus the discussion in this section on these events. Because the research presented in this
thesis is based on the use of an 11-ns pulsed laser system, we will restrict the discussion to
mechanism processes that can be initiated by laser pulses of this width.

Proteins can denature at temperatures above 50-160°C [3]. The distance from the plasmonic
material at which proteins are denatured is also dependent on the width of the laser pulse. For
instance, proteins 18 nm away from a gold nanoparticle illuminated with a microsecond laser
pulse of sufficient energy are denatured, whereas only proteins up to 4 nm away from a gold
nanoparticle illuminated with a femtosecond pulse are denatured [3]. In the case of nanosec-
ond pulses, as are used in the research presented here, proteins 6 nm away from a gold
nanoparticle are denatured [3]. This is because heat is able to diffuse further for longer pulse
widths; in other words, shorter pulse widths result in greater thermal confinement.

When the plasmonic material absorbs light from a pulsed laser source, the material undergoes
thermal expansion. If the rate of thermal expansion is greater than or approximately equal to
the speed of sound in the surrounding media, compression waves can form, known as the
photoacoustic effect [3]. These acoustic waves can form at lower temperatures, and thus at
lower fluences, than those required for bubble formation [3].

If the laser fluence is high enough for the surrounding media to reach 90% of the critical
temperature, (T. = 373.9 C) bubbles can be generated via phase explosion, which is a combi-
nation of spinodal decomposition and homogenous nucleation [1, 61-63]. Thermal energy
is deposited rapidly into the system, and the water temperature rises rapidly as a consequence.
The heating occurs too rapidly for the water to build up pressure at a sufficient rate, and
the pressure drops below the saturation pressure. The system crosses the binodal line into the
metastable region, and crosses the kinetic spinodal line into the unstable region. In the
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Figure 5. Density-temperature phase diagram for water. The green line labeled “I” shows the trajectory for phase
explosion. The system crosses the binodal line into the metastable region before crossing the kinetic spinodal line into
the unstable region, where there is no energy barrier between the two phases. The red line labeled “II” shows the
trajectory for trivial fragmentation. CP is the critical point. Reprinted with permission from [1]. Copyright 2013, Elsevier.

unstable region, there is no energy barrier between the liquid and vapor phases. The water
relaxes into an equilibrium state of both liquid and vapor. This process is accompanied by an
increase in pressure, termed phase explosion. The green line in Figure 5 represents the path-
way of this process [1].

For nanosecond pulses and longer, the damage caused to the cells is most likely due to bubble
formation and collapse, and not due to the formation of acoustic shockwaves. This is because
the timescale for the shockwaves generated by a nanosecond pulse (on the order of 10° s) is

longer than the characteristic relaxation time for thermomechanical stress in biological tissues
(10''-10" ) [3].

4.2.3. Bubble dynamics

For a nanosecond laser pulse, bubbles can grow and collapse on the timescale of 100 ns to 5 ps
[3]. The bubble grows due to its high relative temperature and pressure, but loses energy as it
grows due to friction with the surrounding liquid. The pressure of the surrounding liquid and
surface tension eventually cause the bubble to collapse, which occurs over approximately the
same timescale as the bubble’s growth [1]. When the bubble collapses, it can generate a
shockwave [3]. It is also possible for the bubble to contract and expand repeatedly, resulting
in bubble oscillations [3].

The formation of a bubble or pressure wave can be measured using pump-probe spectroscopy
[1]. Pump-probe spectroscopy measures scattered light, or a drop in transmitted light. The
lifetime of the drop in transmitted light is equivalent to the lifetime of a bubble, which can
be used to calculate the diameter of the bubble [1]. Operating under the assumptions that the
surrounding liquid is incompressible and there is no heat or mass transfer from the bubble
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Figure 6. Plot showing fit of Rayleigh-Plesset equation to experimental data measuring the maximum diameters and
lifetimes of bubbles generated by light-irradiated melanosomes. Photographic image on left shows melanosome before
irradiation; image on right shows melanosome and bubble after irradiation. Ambient pressure of 101 kPa, saturated vapor
pressure of 2.33 kPa, and water density of 998 kg/m®>. Reprinted with permission from [1]. Copyright 2013, Elsevier.

(water vapor has relatively low heat conduction), and given that the temperature T of the
surrounding water is 293 K, the mass density p; = 998 kg/m® and the saturation pressure
Psar = 2.3 kPa for water, one can simplify the Rayleigh-Plesset equation to obtain the following
relation between the lifetime of a bubble and its diameter [1]:

S M
Tpustre = 0.0915 (%) mar 3)

This estimation is well supported by experimental results, as shown in Figure 6 [1].

The growth and collapse of thermoplasmonic bubbles can generate sufficient thermome-
chanical stress to porate cells [1, 3, 8, 9, 40]. In addition to this effect, the formation of a vapor
bubble affects the interaction between the incoming laser light and the plasmonic nanostruc-
ture by modifying the refractive index of the system and by scattering the incoming light and
reducing the absorption of light by the plasmonic structure [1, 3]. The presence of the bubble
also prevents significant heat conduction to the surrounding liquid, because the vapor of the
bubble consists of relatively low thermal conductivity [1].

5. Conclusion

The challenge of delivering membrane-impermeable cargoes into living cells is an important
problem in the fields of biology and medicine [4-7]. Over the past few decades, solutions such
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as viral vectors, lipofection, electroporation, nucleofection, microfluidic squeezing, and micro-
injection have offered potential solutions to this complex and critical problem [11, 14-17, 19, 20,
22-24, 28, 29, 35, 64-66]. However, there is still a need for a high-efficiency, high-throughput,
low-toxicity, cost-effective intracellular delivery technique that is applicable to a range of cells
types for a range of cargoes. Plasmonic nanostructured surfaces may be a promising alternative
to the currently available intracellular delivery techniques and utilize the unique ability of
plasmonic structures to absorb laser light energy and transfer the energy to a confined volume
within the nearby surrounding medium [31, 39, 49-52]. Upon illumination with a short laser
pulse, the laser light energy is strongly absorbed by the plasmonic nanostructures, resulting in
a rise in temperature [1, 57-59]. Thermal energy is transferred to the surrounding medium; if
the rise in temperature is sufficient, a bubble is formed in the surrounding medium [1, 57-59].
The subsequent growth and collapse of the bubble can generate sufficient thermomechanical
stress to create a transient pore in nearby cell membranes [1, 3].

Author details

Marinna Madrid"***

*Address all correspondence to: marinnamadrid@gmail.com
1 Cellino Biotech, Inc., USA

2 Applied Physics, Harvard University, USA

3 Biophysics, UCLA, USA

References

[1] Boulais E, Lachaine R, Hatef A, Meunier M. Plasmonics for pulsed-laser cell nanosurgery:
Fundamentals and applications. Journal of Photochemistry and Photobiology C-Photo-
chemistry Reviews. 2013;17:26-49

[2] Schomaker M, Heinemann D, Kalies S, Willenbrock S, Wagner S, Nolte I, Ripken T,
Escobar H, Meyer H, Heisterkamp A. Characterization of nanoparticle mediated laser
transfection by femtosecond laser pulses for applications in molecular medicine. Journal
of Nanobiotechnology. 2015;13(1):10

[3] Pustovalov VK, Smetannikov AS, Zharov VP. Photothermal and accompanied phenom-
ena of selective nanophotothermolysis with gold nanoparticles and laser pulses. Laser
Physics Letters. 2008;5(11):775-792

[4] Rusk N. Seamless delivery. Nature Methods. 2010;8(1):44

[5] Lorden ER, Levinson HM, Leong KW. Integration of drug, protein, and gene delivery systems
with regenerative medicine. Drug Delivery and Translational Research. 2015;5(2):168-186



(6]

[7]

8]

(%]

[10]

(11]

(12]

(13]

[14]

[15]

[16]

(17]

(18]

(19]

[20]

[21]

Plasmonic Intracellular Delivery
http://dx.doi.org/10.5772/intechopen.79384

Srivastava S, Riddell SR. Engineering CAR-T cells: Design concepts. Trends in Immunology.
2015;36(8):494-502

D’ Astolfo DS, Pagliero R], Pras A, Karthaus WR, Clevers H, Prasad V, Lebbink R], Rehmann
H, Geijsen N. Efficient intracellular delivery of native proteins. Cell. 2015;161(3):674-690

Baffou G, Quidant R. Thermo-plasmonics: Using metallic nanostructures as nano-sources
of heat. Laser and Photonics Reviews. 2013;7(2):171-187

Baffou G, Berto P, Urefia EB, Quidant R, Monneret S, Polleux J, Rigneault H. Photoin-
duced heating of nanoparticle arrays. ACS Nano. 2013;7(8):6478-6488

Baffou G, Polleux J, Rigneault H, Monneret S. Super-heating and micro-bubble generation
around plasmonic nanoparticles under cw illumination. Journal of Physical Chemistry C.
2014;118(9):4890-4898

Thomas CE, Ehrhardt A, Kay MA. Progress and problems with the use of viral vectors for
gene therapy. Nature Reviews. Genetics. 2003;4(5):346-358

Cavalli R, Bisazza A, Lembo D. Micro- and nanobubbles: A versatile non-viral platform
for gene delivery. International Journal of Pharmaceutics. 2013;456(2):437-445

Bessis N, GarciaCozar FJ, Boissier MC. Immune responses to gene therapy vectors: Influ-
ence on vector function and effector mechanisms. Gene Therapy. 2004;11:510-517

Mark Meacham J, Kiranmai Durvasula FLD, Fedorov AG. Physical methods for intracel-
lular delivery: Practical aspects from laboratory use to industrial-scale processing. Journal
of Laboratory Automation. 2014;19(1):1-18

Manchefio-Corvo P, Martn-Duque P. Viral gene therapy. Clinical & Translational Oncol-
ogy. 2006;8(12):858-867

Capecchi MR. High efficiency transformation by direct microinjection of DNA into cul-
tured mammalian cells. Cell. 1980;22(November):479-488

Davis AA, Farrar MJ, Nishimura N, Jin MM, Schaffer CB. Optoporation and genetic mani-
pulation of cells using femtosecond laser pulses. Biophysical Journal. 2013;105(4):862-871

Breunig HG, Uchugonova A, Batista A, Kénig K. Software-aided automatic laser optopor-
ation and transfection of cells. Scientific Reports. 2015;5:1-11

Waleed M, Hwang SU, Kim JD, Shabbir I, Shin SM, Lee YG. Single-cell optoporation and
transfection using femtosecond laser and optical tweezers. Biomedical Optics Express.
2013;4(9):1533-1547

Stracke F, Rieman I, Konig K. Optical nanoinjection of macromolecules into vital cells.
Journal of Photochemistry and Photobiology. B. 2005;81(3):136-142

Antkowiak M, Torres-Mapa ML, McGinty J, Chahine M, Bugeon L, Rose A, Finn A,
Moleirinho S, Okuse K, Dallman M, French P, Harding SE, Reynolds P, Gunn-Moore F,

145



146  Plasmonics

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

Dholakia K. Towards gene therapy based on femtosecond optical transfection. Biopho-
tonics: Photonic Solutions for Better Health Care Iii. 2012;8427

Stevenson D, Agate B, Tsampoula X, Fischer P, Brown CTA, Sibbett W, Riches A, Gunn-
Moore F, Dholakia K. Femtosecond optical transfection of cells: Viability and efficiency.
Optics Express. 2006;14(16):7125-7133

Stevenson D, Agate B, Paterson L, Lake T, Comrie M, Brown T, Riches A, Bryant P, Sibbett
W, Gunn-Moore F, Dholakia K. Optical transfection of mammalian cells—Art. no. 61910D.
Biophotonics and New Therapy Frontiers. 2006;6191:D1910-D1910

Stevenson DJ, Gunn-Moore F], Campbell P, Dholakia K. Single cell optical transfection.
Journal of the Royal Society Interface. 2010;7(47):863-871

Ewert KK, Ahmad A, Evans HM, Safinya CR. Cationic lipid-DNA complexes for non-viral
gene therapy: Relating supramolecular structures to cellular pathways. Expert Opinion on
Biological Therapy. 2005;5(1):33-53

Godbey WT, Mikos AG. Recent progress in gene delivery using non-viral transfer com-
plexes. Journal of Controlled Release. 2001;72(1-3):115-125

Lee Y, Deng P. Review of micro/nano technologies and theories for electroporation of
biological cells. Science China Physics, Mechanics & Astronomy. 2012;55(6):996-1003

Yarmush ML, Golberg A, Sersa G, Kotnik T, Miklavcic D. Electroporation-based technol-
ogies for medicine: Principles, applications, and challenges. Annual Review of Biomedical
Engineering. 2014;16:295-320

Lee J, Sharei A, Sim WY, Adamo A, Langer R, Jensen KF, Bawendi MG. Non-endocytic
delivery of functional engineered nanoparticles into the cytoplasm of live cells using a
novel, high through-put microfluidic device (supplementary information). Nano Letters.
2012;12(2):6322-6327

Sharei A, Zoldan ], Adamo A, Sim WY, Cho N, Jackson E, Mao S, Schneider S, Han M-],
Lytton-Jean A, Basto PA, Jhunjhunwala S, Lee ], Heller DA, Kang JW, Hartoularos GC,
Kim K-S, Anderson DG, Langer R, Jensen KF. A vector-free microfluidic platform forintra-
cellular delivery. Proceedings of the National Academy of Sciences. 2012;110(6):2082-2087

Messina GC, Dipalo M, La Rocca R, Zilio P, Caprettini V, Zaccaria RP, Toma A, Tantussi F,
Berdondini L, De Angelis F. Spatially, temporally, and quantitatively controlled delivery
of broad range of molecules into selected cells through plasmonic nanotubes. Advanced
Materials. 2015;27(44):7145-7149

Matsumoto D, Sathuluri RR, Kato Y, Silberberg YR, Kawamura R, Iwata F, Kobayashi T,
Nakamura C. Oscillating high-aspect-ratio monolithic silicon nanoneedle array enables
efficient delivery of functional bio-macromolecules into living cells. Scientific Reports.
2015;5:15325

Soman P, Zhang WD, Umeda A, Zhang ZJ, Chen SC. Femtosecond laser-assisted opto-
poration for drug and gene delivery into single mammalian cells. Journal of Biomedical
Nanotechnology. 2011;7(3):334-341



[34]
[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

Plasmonic Intracellular Delivery
http://dx.doi.org/10.5772/intechopen.79384

Kénig K, Tirlapur UK. Targeted transfection byfemtosecond laser. Nature. 2002;418:290-291

Breunig HG, Uchugonova A, Batista A, Konig K. High-throughput continuous flow femto-
second laser-assisted cell optoporation and transfection. Microscopy Research and Tech-
nique. 2014;77(12):974-979

Rendall HA, Marchington RF, Praveen BB, Bergmann G, Arita Y, Heisterkamp A, Gunn-
Moore F], Dholakia K. High-throughput optical injection of mammalian cells using a
bessel light beam. Lab on a Chip. 2012;12(22):4816-4820

Heinemann D, Schomaker M, Kalies S, Schieck M, Carlson R, Murua Escobar H, Ripken T,
Meyer H, Heisterkamp A. Gold nanoparticle mediated laser transfection for efficient
siRNA mediated gene knock down. PLoS One. 2013;8(3):e58604

Lukianova-Hleb EY, Belyanin A, Kashinath S, Wu X, Lapotko DO. Plasmonic nanobubble-
enhanced endosomal escape processes for selective and guided intracellular delivery of
chemotherapy to drug-resistant cancer cells. Biomaterials. 2012;33(6):1821-1826

Wu YC, Wu TH, Clemens DL, Lee BY, Wen X, Horwitz MA, Teitell MA, Chiou PY. Massively
parallel delivery of large cargo into mammalian cells with light pulses. Nature Methods.
2015;12(5):439-444

Chen X, Chen Y, Yan M, Qiu M. Nanosecond photothermal effects in plasmonic nanostru-
ctures. ACS Nano. 2012;6(3):2550-2557

Yao C, Rudnitzki F, Hiittmann G, Zhang Z, Rahmanzadeh R. Important factors for cell-
membrane permeabilization by gold nanoparticles activated by nanosecond-laser irradia-
tion. International Journal of Nanomedicine. 2017;12:5659-5672

Plech A, Kotaidis V, Lorenc M, Boneberg J. Femtosecond laser near-field ablation from
gold nanoparticles. Nature Physics. 2006;2(1):44-47

Murphy CJ, Gole AM, Stone JW, Sisco PN, Alkilany AM, Goldsmith EC, Baxter SC. Gold
nanoparticles in biology: Beyond toxicity to cellular imaging. Accounts of Chemical
Research. 2008;41(12):1721-1730

Lukianova-Hleb EY, Hanna EY, Hafner JH, Lapotko DO. Tunable plasmonic nanobubbles
for cell theranostics. Nanotechnology. 2010;21(8)

Kalies S, Birr T, Heinemann D, Schomaker M, Ripken T, Heisterkamp A, Meyer H.
Enhancement of extracellular molecule uptake in plasmonic laser perforation. Journal of
Biophotonics. 2014;7(7):474-482

Pitsillides CM, Joe EK, Wei XB, Anderson RR, Lin CP. Selective cell targeting with light-
absorbing microparticles and nanoparticles. Biophysical Journal. 2003;84(6):4023-4032

Alkilany AM, Murphy CJ. Toxicity and cellular uptake of gold nanoparticles: What we
have learned so far? Journal of Nanoparticle Research. 2010;12(7):2313-2333

Schaeublin NM, Braydich-Stolle LK, Schrand AM, Miller JM, Hutchison ], Schlager J],
Hussain SM. Surface charge of gold nanoparticles mediates mechanism of toxicity. Nano-
scale. 2011;3(2):410-420

147



148  Plasmonics

[49]

[50]

[51]

[52]

[53]

[54]

[55]
[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

Courvoisier S, Saklayen N, Huber M, Chen J, Diebold ED, Bonacina L, Wolf JP, Mazur E.
Plasmonic tipless pyramid arrays for cell poration. Nano Letters. 2015;15(7):4461-4466

Saklayen N, Huber M, Madrid M, Nuzzo V, Vulis DI, Shen W, Nelson ], McClelland AA,
Heisterkamp A, Mazur E. Intracellular delivery using nanosecond-laser excitation of
large-area plasmonic substrates. ACS Nano. 2017;11(4):3671-3680

Saklayen N, Kalies S, Madrid M, Nuzzo V, Huber M, Shen W, Sinanan-Singh J, Heinemann
D, Heisterkamp A, Mazur E. Analysis of poration-induced changes in cells from laser-
activated plasmonic substrates. Biomedical Optics Express. 2017;8(10):4756-4771

Kalim S, Wu T-H, Callahan C, Teitell MA, Chiou P-Y. Image patterned molecular delivery
into live cells using gold particle coated substrates. Optics Express. 2010;18(2):938-946

Myroshnychenko V, Rodrguez-Fernandez ], Pastoriza-Santos I, Funston AM, Novo C,
Mulvaney P, Liz-Marzan LM, Javier Garca de Abajo F. Modelling the optical response of
gold nanoparticles. Chemical Society Reviews. 2008;37(9):1792-1805

Jain PK, Huang X, El-Sayed IH, El-Sayed MA. Review of some interesting surface plasmon
resonance-enhanced properties of noble metal nanoparticles and their applications to
biosystems. Plasmonics. 2007;2(3):107-118

Griffiths DJ. Introduction to Electrodynamics. Upper Saddle River, NJ: Prentice-Hall; 1999

Mock JJ, Barbic M, Smith DR, Schultz DA, Schultz S. Shape effects in plasmon resonance of
individual colloidal silver nanoparticles. The Journal of Chemical Physics. 2002;116(15):
6755-6759

Baumgart J, Humbert L, Boulais E, Lachaine R, Lebrun JJ, Meunier M. Off-resonance
plasmonic enhanced femtosecond laser optoporation and transfection of cancer cells.
Biomaterials. 2012;33(7):2345-2350

Lachaine R, Boulais E, Meunier M. From thermo- to plasma-mediated ultrafast laser-
induced plasmonic nanobubbles. ACS Photonics. 2014;1(4):331-336

Boulais E, Lachaine R, Meunier M. Plasma mediated off-resonance plasmonic enhanced
ultrafast laser-induced nanocavitation. Nano Letters. 2012;12(9):4763-4769

Liu PY, Chin LK, Ser W, Chen HF, Hsieh C-M, Lee C-H, Sung K-B, Ayi TC, Yap PH,
Liedberg B, Wang K, Bourouina T, Leprince-Wang Y. Cell refractive index for cell biology
and disease diagnosis: Past, present and future. Lab on a Chip. 2016;16(4):634-644

Vogel A, Venugopalan V. Mechanisms of pulsed laser ablation of biological tissues. Chem-
ical Reviews. February 2003;103(2):577-644

Qin Z, Bischof JC. Thermophysical and biological responses of gold nanoparticle laser
heating. Chemical Society Reviews. 2012;41(3):1191-1217

Vogel A, Noack J, Huttman G, Paltauf G. Mechanisms of femtosecond laser nanosurgery
of cells and tissues. Applied Physics B-Lasers and Optics. 2005;81(8):1015-1047



Plasmonic Intracellular Delivery 149
http://dx.doi.org/10.5772/intechopen.79384

[64] Zhang Y, Yu LC. Microinjection as a tool of mechanical delivery. Current Opinion in Biotec-
hnology. 2008;19(5):506-510

[65] Dhakal K, Black B, Mohanty S. Introduction of impermeable actin-staining molecules to
mammalian cells by optoporation. Scientific Reports. 2014;4

[66] Antkowiak M, Torres-Mapa ML, Stevenson D], Dholakia K, Gunn-Moore FJ. Femtosecond
optical transfection of individual mammalian cells. Nature Protocols. 2013;8(6):1216-1233






Chapter 9

Plasmonics in Sensing: From Colorimetry to SERS
Analytics

Christian Kuttner

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.79055

Abstract

This chapter gives a brief overview of plasmonic nanoparticle (NP)-based sensing concepts
ranging from classical spectral-shift colorimetry to the highly active field of surface-enhanced
Raman scattering (SERS) spectroscopy. In the last two decades, colloidal approaches have
developed significantly. This is seen with, for example, refractive-index sensing, detection
of ad-/desorption and ligand-exchange processes, as well as ultrasensitive chemical sens-
ing utilizing well-defined nanocrystals or discrete self-assembled superstructures in 2D and
3D. Apart from individual NPs, the rational design of self-assembled nanostructures grants
spectroscopic access to unprecedented physicochemical information. This involves selected
research examples on molecular trapping, ligand corona analysis, SERS-encoding, and bio-
sensing. The origin of the SERS effect, also in regard to hot spot formation by off-resonant
excitation, is reviewed and discussed in the context of the current challenge to formulate a
generalized metric for high SERS efficiency. Special emphasis lies in addressing the funda-
mental design criteria and the specific challenges of these particle-based sensing techniques.

Keywords: colorimetry, SERS, LSPR, colloidal sensors, optically functional materials,
self-assembled nanostructures

1. Introduction

The field of plasmonics has advanced immensely over the years and is spreading more and
more into the area of sensor technology [1-4]. This is due to the unique interaction of light
with noble metals [5]. The excitation of conduction electrons to perform collective vibrations,
both in volume as well as at the surface, shows in brilliant colors, which have fascinated

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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people since the medieval times. Countless prominent examples of art objects still exist today,
such as the Lycurgus Cup (4th century AD) and stained-glass windows of cathedrals.

As early as 1857, Michael Faraday published his groundbreaking findings (The Bakerian
Lecture of the Royal Society of London [6]) on the experimental interactions of gold and other
metals with light [7]. “Light has a relation to the matter which it meets with in its course, and is
affected by it, being reflected, deflected, transmitted, refracted, absorbed, etc. by particles very minute
in their dimensions [6].” He studied the emergence of different colors for fluids containing gold
reduced to diffused particles and described the metallic character of the divided gold: “Hitherto it may
seem that I have assumed the various preparations of gold, whether ruby, green, violet, or blue in color,
to consist of that substance in a metallic divided state [6].”

Between 1900 and 1920, the famous contributions of James Clerk Maxwell Garnett [8], Gustav
Mie [9], Richard Gans [10, 11], and Richard Adolf Zsigmondy [12], just to name a few, proved
that plasmonic colors were based on optical resonances that occur for particles smaller than
the wavelength of light and that can be theoretically described and precisely predicted
[13-15]. This birthed the field of colloidal plasmonic nanoscience [16]. During the last few
decades, a variety of different nanostructures, both in the form of individual NPs and particle
assemblies [17], have been developed with a special focus on their use as colorimetric or SERS
spectroscopy sensors [18, 19].

Today’s pronounced diversity of available nanostructures demonstrates the high level of inter-
est in these optically functional materials. Within the scope of this book chapter, this diversity
can, of course, only be covered to a limited extent. For this reason, the focus here is on NPs as
defined building blocks for discrete nanostructures by guided self-assembly [20-22]. Figure 1
provides a rough overview of functional structures which have been found to be particularly
suitable for sensor applications. The first area is represented by individual nanocrystals, for
example, in spherical, rod-shaped, triangular, or star-shaped morphologies with strong intrinsic
electromagnetic hot spots. This can be extended by coupling these particles to a metal surface
or thin-film, the formation of branched structures by overgrowth, or hollow, core/shell, and
nested structures with nanoscale interior gaps. Nanoparticles at short distances form extrinsic
hot spots by strong electromagnetic interactions [23], referred to as plasmonic coupling [24].
Even in the disordered state, particle aggregates produce strong field enhancements. However,
it is the ordered assembly of particles that allows plasmonic hybridization to emerge [25].
Hybridization can result in highly sensitive modes for spectral shift sensing and intense near-
field enhancement for chemical sensing [14]. Again, the diversity ranges from discrete single
nanoclusters with uniform coordination numbers to complex superstructures, supercrystals,
and patterned structures both in 2D and 3D, which can be fabricated by colloidal engineering.

In this chapter, we will first address the field of plasmonic colorimetric sensing. Here, the
fundamental concepts for sensing of surface plasmon resonances of metallic thin films are
reviewed and then extended to localized surface plasmon resonances [26] of NPs and ordered
NP assemblies by guided self-assembly [20-22]. Second, we will review SERS analytics divided
into several steps: the first principles of SERS [27] and off-resonance excitation, SERS analyt-
ics of dispersed particles with a focus of the tasks of functional shells, SERS analytics using
disordered aggregates under controlled conditions, and finally ordered assemblies designed
for high SERS activity [28, 29].
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Figure 1. Schematic overview of the diversity in plasmonic nanoparticles and -structures: (top, left) nanocrystals, film-
coupled particles, and hollow/nested morphologies on single particle level; (top, right) disordered assemblies of aggregated
NPs; (bottom) ordered assemblies of discrete NP oligomers, clusters, and defined superstructures in 2D and 3D.

2. Plasmonic colorimetric sensing

To begin, we will first briefly review SPR spectroscopy of thin metallic films as a foundation
for LSPR spectroscopy. Colorimetric sensing describes the optical determination of chemical
or physicochemical properties of a sample. Subsequently, we will discuss concepts in which
the plasmonic response is used to obtain information at interfaces or at the near-field environ-
ment of metal structures, which would otherwise be inaccessible.

2.1. SPR spectroscopy of thin metal films

Surface plasmons (SPs) are electromagnetic waves, emerging from surface plasmon reso-
nances (SPRs), that propagate along the surface or interface of a conductor, usually a metal/
dielectric interface [30]. Essentially, surface plasmons are light waves trapped at interfaces
because of their strong interaction with the free electrons of the conductor. Surface structur-
ing can guide this interaction [31]. The response of the free electrons takes place collectively
in the form of oscillations in resonance with the light wave. The consequent charge density
oscillation at the surface leads to a concentration of light and thus an enhancement of the local
electric nearfield. The high sensitivity of this light-matter interaction renders it attractive for
sensing applications. SP-based sensing builds on a simple resonance condition:
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The resonance condition requires the SP mode (with frequency-dependent wave-vector k)
to be greater than that of a free-space photon of the same frequency (free-space wave-vector
k,). In addition, for SPRs, the frequency-dependent permittivity of metal (¢_) and dielectric
(¢,) need to be of opposite signs. As a consequence, the SP resonance phenomenon has been
employed for biochemical sensing [32] and clinical diagnosis [33]. Under appropriate condi-
tions, the reflectivity of a thin metal film is extremely sensitive to changes in the local refrac-
tive index environment. Figure 2A (left) shows an exemplary SPR sensor in a fluidic channel
in Kretschmann configuration using a prism for coupling p-polarized light into the metallic
film interface [34]. The resulting evanescently decaying field reaches beyond the metallic
interface into the sensing medium. When the SPR condition is satisfied, the reflection spec-
trum for monochromic light shows a characteristic resonance dip (Figure 2A, right). Here, the
resonance condition is
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Figure 2. Fundamental concepts of colorimetric plasmonic sensing. (A) SPR sensor in a fluidic channel. Copyright 2011
MDP], adapted with permission [34]. (B) Pregnancy test using AuNPs as inert dye. (C) Refractive index sensitivity
of an AgNP-based optical sensor. Copyright 2003 ACS, adapted with permission [44]. (D) LSPR sensor concept for
enzyme-guided inverse sensitivity [45]. (E) Dual-responsive hydrogel/AuNP hybrid particles. Copyright 2016 NPG,
adapted with permission [47]. (F) Protease-triggered dispersion of AuNP assemblies. Copyright 2007 ACS, adapted with
permission [48].
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where n denotes the refractive indices of the dielectric prism (p) and the sensing medium (s), A is
the wavelength in free space, and 0 is the incident angle of light [34]. Thus, changes of the refrac-
tive index (An) of the sensing medium will shift the resonance dip by altering the resonance angle
(AD) and/or the resonance wavelength (AA). The sensing of this resonant spectral response can be
realized in different micro- and nanostructured sensor configurations (e.g., prism-, waveguide-,
channel-, grating-based setups) [35]. Oates et al. demonstrated that the established methods of
SPR spectroscopy for chemical and biological sensing can be enhanced by using the ellipsometric
phase information [31]. Next, we focus on colorimetric sensing using plasmonic NPs.

2.2. LSPR spectroscopy of single NPs and disordered NP assemblies

The transition from SPR to localized surface plasmon resonance (LSPR) sensing is accompa-
nied by the step from sensors using metallic thin-films to nanosensors in the form of particu-
late matter [36-38]. The plasmon generated on a small nanoparticle, for example, a sphere,
experiences strong spatial confinement because of its hindered and limited propagation [39].
This confinement, also known as localization, results in discrete charge density oscillations [9,
40], which manifest themselves by intensive colors [41]. The excitation frequency of localized
plasmons (absorbance band) is highly sensitive for the size, shape, composition, and refrac-
tive index environment of the NP. Though LSPRs were capitalized for various nanophotonic
applications covering many fields [16, 26, 42], this chapter is limited to their use as sensor ele-
ments. For this purpose, we briefly survey the most commonly used and prominent concepts
for colorimetric sensing.

Figure 2 summarizes the fundamental colorimetric sensing concepts using single NPs and
disordered NP assemblies. The first example shows the working principle of a pregnancy
test for which AuNPs (conjugated to anti-hCG antibodies, blue) serve as an inert dye to detect
the presence of hCG antigens (green, Figure 2B) [43]. The test is basically a lateral flow sand-
wich immunoassay consisting of a test line with anti-hCG antibodies (violet), a control line
with immunoglobulin G (IgG, red) antibodies, and a mixing with immobilized anti hCG-
conjugated AuNPs. By application of a urine sample, the NPs bind to available hCG antigens
(which are indicative for a pregnancy). This is followed by the selective binding of AuNPs to
the control and test line, while the latter only happens in the presence of hCG antibodies. In
this example, the AuNPs serve as an inert dye which does not interfere with the antibody-
antigen binding by biorecognition and possesses high chemical stability.

Figure 2C highlights the refractive index sensitivity of an AgNP-based optical sensor in vari-
ous solvent environments (left) [44]. Van Duyne et al. found a linear relationship between the
refractive index environment and the LSPR position. This enabled to detect the adsorption
of fewer than 60,000 1-hexadecanethiol molecules on single AgNPs which corresponded to
a 41 nm shift followed by dark-field spectroscopy. However, for ultralow concentrations,
the variations in the physical property (e.g., LSPR shift) become increasingly smaller, and
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thus, harder to detect with confidence. Contrary to conventional transducers which generate
a signal that is directly proportional to the concentration of the target molecule, Stevens and
coworkers proposed an LSPR sensor with inverse sensitivity (Figure 2D) [45]. The key for this
inverse sensitivity is the enzymatic control over the rate of nucleation of Ag on Au nanostars
(top: overgrowth; bottom: nucleation), accompanied by a blueshift of the LSPR. Different bio-
sensing strategies have been proposed building on enzymatic reactions and NPs [46].

Apart from dispersed NPs, the plasmonic coupling between NPs, which is dependent on their
spatial interspacings, can be utilized for colorimetry. Song and Cho reported dual-responsive
architectures by mixing hydrogel and AuNP-decorated hydrogel particles (Figure 2E) [47].
This hybrid ensemble responds to both temperature and ions by means of a volume and color
change in aqueous systems. Both stimuli can be used to reversibly trigger the transition of
uncoupled well-separated AuNPs (red tint) to a state that allows for plasmonic coupling (blue
tint), mediated by the hydrogel matrix. Ulijn and Stevens et al. demonstrated the biorespon-
sive transition from aggregated to dispersed state [48]. Figure 2F shows the protease-triggered
dispersion of AuNP assemblies using thermolysin for the removal of attractive self-assembly
groups and revelation of repulsive charged groups. The consequent blueshift of the LSPR
allowed for simple and highly sensitive detection of the presence of thermolysin, which could
be tailored for different proteases.

Another approach builds on measuring the orientation of a sample. For this, it is necessary to
align the ensemble of NPs macroscopically. This was achieved for anisotropic NPs homog-
enously dispersed in an elastic polymer matrix [49, 50]. By uniaxial stretching of the mate-
rial, the NPs are oriented along the direction of elongation. As a result, the material exhibits
uniform plasmonic response, which enables for optical detection of the orientation of the
material. Continuing on, we will examine assemblies containing ordered NPs and patterns.

2.3. LSPR spectroscopy of ordered NP assemblies and defined patterned
superstructures

Figure 3 highlights colorimetric sensing examples of ordered NP assemblies and defined pat-
terned superstructures. Because the LSPR depends on the local dielectric environment at the
NP surface, the LSPR shift can be evaluated to detect changes in effective refractive index.
The first example is a macroscopic plasmonic library consisting of well-separated non-coupling
AuNPs with a gradient in size, induced by Au overgrowth [51]. Along the array, the size
increase goes along with a color change from colorless to pink (Figure 3A, left). Aided by
electromagnetic simulations, it was possible to evaluate the effective refractive index and thus
changes in the local density of the hydrogel shell around the substrate-supported particles
(right). The initial increase of the refractive index indicated a densification of the hydrogel
network upon particle growth from 10 to 30 nm. The subsequent decrease above 30 nm might
result from internal breakup/rupture of the network.

Sonnichsen et al. proposed the use of core/satellite assemblies for highly sensitive refractive
index sensing [52]. Figure 3B (left) shows 60 nm AuNPs as cores linked to 20 nm AuNPs as
satellites. The average number of satellites allowed tuning the LSPR from 543 to 575 nm. The
core/satellite nanostructures showed about twofold higher colorimetric sensitivity (AA/An)
than similar sized gold NPs (right). Lee et al. developed a theory-based design of such core/
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Figure 3. Colorimetric sensing concepts of ordered NP assemblies and defined patterned superstructures: (A) Effective
refractive index of a substrate-supported array of particles with a gradient in sizes. Copyright 2014 ACS, adapted with
permission [51]. (B) Core/satellite assemblies for highly sensitive refractive index sensing. Copyright 2015 ACS, adapted
with permission [52]. (C) Biomolecular detection by disassembly of core/satellite assemblies. Copyright 2011 ACS,
adapted with permission [54]. (D) Stress memory sensor based on disassembly of AuNP chains. Copyright 2014 ACS,
adapted with permission [56]. (E) Mechanochromic strain sensor based on AuNP-decorated microparticles dispersed
in a polymer matrix. Copyright 2017 Wiley, adapted with permission [59]. (F) Reversible strain-induced fragmentation
of quasi-infinite linear assemblies to defined plasmonic oligomers. Copyright 2017 ACS, adapted with permission [62].

satellite assemblies to optimize the spectral shift due to satellite attachment or release. They
provided clear strategies for improving the sensitivity and signal-to-noise ratio for molecu-
lar detection, enabling simple colorimetric assays [53]. Figure 3C depicts the disassembly
of substrate-supported core/satellite assemblies for biomolecular detection [54]. By addition
of trypsin, the cysteine/biotin-streptavidin peptide tethers were proteolytically cleaved to
release the satellites into solution enabling colorimetric detection of the protease.

Different concepts have been developed for opto-mechanic sensitivity and control [55]. Yin
et al. reported a stress-responsive colorimetric film that can memorize the stress it has expe-
rienced (Figure 3D, left) [56]. This stress memory sensor is based on the LSPR shift associ-
ated with the disassembly of chains of AuNPs embedded in a polymer matrix (middle). By
plastic deformation, the LSPR experiences a blueshift by irreversible breaking of the linear
AuNP assemblies, initially formed in colloidal suspension [57]. The sensitivity of the opti-
cal change to stress could be tuned by doping with different amounts of PEG as plasticizer
(right) [56]. Instead of mixing NPs with an elastic matrix, AuNPs can also be grown at the
surface of a flexible substrate [58]. This enables mechanical control of the plasmonic coupling
and electromagnetic fields at the surface. Dreyfus and coworkers designed mechanochro-
mic AuNP-decorated microparticles as strain sensor (Figure 3E) [59]. After dispersion in an
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elastic polymer matrix of PVA, the capsules change in color upon elongation. When the film
is stretched, the capsules are deformed into elongated ellipsoidal shapes and the distance
between the AuNPs, embedded in their shells, concomitantly increases. Another mechano-
plasmonic approach has been proposed for substrate-supported chains of AuNPs. Figure 3F
(left) shows oriented linear assemblies, above the so-called infinite chain limit [60, 61], in a
periodic pattern over cm?” areas on an elastic support [62]. Upon external strain, the assemblies
experience a transition from long to short chains by reversible strain-induced fragmentation.
The transition from plasmonic polymers to oligomers was accompanied by a pronounced
spectral shift (right). A similar strain sensing approach was reported by Minati and coworkers
using 1D arrays of broader line widths [63]. These multiparticle arrays showed a blueshift
of the reflectance, lineally scaling with the external strain. Here, we will leave the field of
colorimetric sensing and turn our attention to the enhancement of the electric field and the
concomitant SERS activity.

3. SERS analytics

Since its discovery by Martin Fleischmann, Patrick ]. Hendra, and A. James McQuillan in 1974,
surface-enhanced Raman scattering has become an indispensable tool for analytical chemistry
[64]. In this study, two types of pyridine adsorptions have been identified at Ag electrodes
[65]. At the same time, the detected signal strengths were far beyond what could be expected
to arise from local concentration of absorbed molecules. In 1977, two enhancement theories
were proposed independently, namely chemical enhancement [66] by Albrecht and Creighton
and electromagnetic enhancement [67] by Jeanmaire and Van Duyne. Here, we will limit our
discussion on the electromagnetic theory, because it is most closely linked to the optical and
structural properties of nanocrystals and their assemblies. After an initial review of the origin
of SERS enhancement [68, 69], we will go over prominent examples for the application of
SERS for chemical spectroscopy.

3.1. From basic principles to off-resonance SERS enhancement

The Raman process describes the inelastic scattering of light by atoms or molecules dis-
covered by C. V. Raman in 1928 [70]. This process had already been proposed theoretically
by Adolf Smekal in 1923 [71]. In principle, Raman scattering builds on the interaction of
a photon and a molecule (or crystal) for which an energy transfer can occur (Figure 4A)
[72]. However, the Raman process has an inherently low cross-section because the prob-
ability of this transfer is very low and only 1 in 10” photons are scattered inelastically.
For that reason, long measurement times are necessary to compensate for the low pho-
ton yield. Therefore, the low time resolution and the limitation of the spatial resolution
demand on excellent optics. The SERS effect dramatically improves the photon yield,
overcoming these limitations. To clarify this, it is necessary to look at the origin of the
enhancement [68].
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Figure 4. First principles of surface-enhanced Raman scattering: (A) schematic of the two-photon non-resonant stokes
scattering between two vibrational states of a molecule (n = 0 - > n = 1) mediated by a virtual state v. A harmonic
potential (solid line) approximates the energy landscape of the ground electronic level (dashed line). Copyright 2016
ACS, adapted with permission [72]. (B) Schematic of the twofold amplification process. (C) Single-molecule spectra of
rhodamine Rh123 of AgNP aggregates (solid lines) reflecting the approximate shape of their corresponding Rayleigh
scattering spectra (dotted lines). Copyright 2007 APS, adapted with permission [79]. (D) Comparison of individual
single-molecule events to average signal (7500 spectra). Copyright 2010 ACS, adapted with permission [75]. (E) Electric
field confinement of nanosphere, nanorod, nanotriangle, and core/satellite nanocluster; scaled to maximum visibility.
Copyright 2016 ACS, adapted with permission [77]. (F) Selective excitation and spatial transfer of hot spots in dimer gap,
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3.1.1. The origin of the SERS enhancement

Raman scattering is, in its most basic and phenomenological form, the emission of a molecular
Raman dipole (A =A_ _+ AA) [27]. Induced by the electric field E_  of the exciting laser light
A~ a Raman dipole p, oscillates at a Raman-shifted frequency (w,_, =2mc/A_ ).

Do (wsca) = Op (wexm wsca) Ey (Wexc) 3)

For a randomly oriented Raman scatterer, the radiated power is proportional to Ip 1> [68].
Thus, in order to enhance the Raman signal either the polarizability a or the electric field E
need to be magnified. The former refers to chemical enhancement, this is the modification of
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the local polarizability of the molecule (a, -> a, ), whereas the latter is called electromagnetic
enhancement EM and describes the augmentation and confinement of the local near-field (E;
->E, ). The enhanced dipole p can be written as

p(wsca) = QJoc (wexmwsca) Eioc (wexc) 4)

The dipole enhancement upon excitation can be expressed by

|p‘2 5 |E10C(wexc)|2
|pO|2 |E0(Wexc)|2

Likewise, the dipole enhancement upon emission, that is, the Raman scattering, is given by

|p'2 - |E10c (wsca) |2
Ipol? | Eo(wsca) |2 (6)

Although it is convenient from a theoretical point of view to separate the excitation and scat-
tering into two steps, the Raman scattering process is instantaneous and both occur simulta-
neously [27]. The combined enhancement M., contains both contributions of the twofold
amplification process (Figure 4B) [73]: the augmented excitation of a molecular dipole by an
incident photon (A_ ) and the stimulated emission of a scattered photon (A_,) of higher (anti-
Stokes, A_, <A_ ) or lower energy (Stokes, A_ >A_ ).

= Mexc (wexc) (5)

= Mgca (wsca)

MSERS ()\exc» /\sca) = Mexc ()\exc> X Msca ()\sca) (7)

Often, the total enhancement is simplified by the so-called |E|*approximation, which
neglects the Raman shift. However, this approximation needs to be treated with caution as
many cases have shown [74].

|E‘10<:(/\exc)|2 |l;sca(/\sca)|2 |Eloc(/\exc)|4
Mexe(Aexc Mica(Asca) = =~
Oexe) X Mocasxa) = B )P ™ TGP~ TBoOrac) I ®)

The questions of why and how the shapes of SERS spectra change has been addressed by
Yamamoto and Itoh [73]. The transformation of the Raman spectrum, in principle the Raman
cross section o, by the SERS process can be described as follows:

OSERS = Mexc (Aexc) X ORs X Msca. ()\sca) = ORS X MSERS ()\exc: )\sca) (9)

If Eq. 9 holds true, this would enable the reconstruction of a SERS spectrum from the unenhanced
Raman spectrum and an enhancement function M (A). Yamamoto and Itoh proposed that this
reconstruction might be given by the product of the Raman spectrum times the Rayleigh scatter-
ing spectrum, based on observations using AgNP nanoaggregates (Figure 4C) [73]. They found
that single-molecule spectra of rhodamine Rh123 (solid lines) were well reflecting the approxi-
mate shape of their corresponding Rayleigh scattering spectra (dotted lines) both for Stokes
as well as Anti-Stokes scattering [43, 47]. Figure 4D shows a comparison of individual single-
molecule events to average signal (7500 spectra) for Nile blue measured with Ag aggregates at
high spectral resolution [75]. The ensemble averaging of many events revealed the characteristic
broadening of the average spectrum (top) and fitted to Lorentzian line shapes (bottom).



Plasmonics in Sensing: From Colorimetry to SERS Analytics
http://dx.doi.org/10.5772/intechopen.79055

All the reviewed examples, up to now, have capitalized from aggregated Ag nanocolloids as,
for example, introduced by Lee and Meisel [76]. Such disordered aggregates enabled break-
through results in regard to pushing the limit for ultrasensitive detection, down to single-
molecule resolution, as well as nurtured the fundamental understanding of the origin of SERS
enhancement. In the following section, we will turn our attention from disordered aggregated
systems to individual nanocrystals and their ordered assemblies. The main aim is to find
appropriate criteria for the design of nanostructures with both high and robust enhancement.

3.1.2. Hot spot formation

As a first step, we address the formation of hot spots, so-called confined locations with the
highest electric field strengths. For individual nanoparticles, hot spots can be found at the
poles of nanospheres (e.g., in respect to an excited dipolar mode, see Figure 4E, left) or near
areas of high surface curvatures, as at the tips of nanorods and nanotriangles (middle). In mul-
tiparticle systems, hot spots form inside interparticle gaps, cavities, or crevices, as depicted
for an exemplary core/satellite assembly (right) [77]. Depending on the nature of the excited
LSPR modes and considering plasmonic hybridization in multiparticle systems, the distribu-
tion of hot spots can be quite diverse. For instance, the lighting of special hot spots has been
demonstrated for film-coupled multiparticle configurations [78]. Figure 4F shows the basic
example for selective excitation and spatial transfer of hot spots in a AuNP dimer. Depending
on the excitation wavelength, the hot spots can be formed either in the dimer gap, in the
particle-film junctions, or in both junctions at the same time [78]. Electromagnetic simulations
can give valuable guidance for the design of targeted hot spots in plasmonic nanostructures,
especially for complex systems [15, 23].

3.1.3. Off-resonance SERS enhancement

However, the design of NPs for SERS has shown to be more involved than simply maximiz-
ing the local electric field [80]. Murphy et al. initially reported the surprising finding of the
highest SERS signals for LSPRs, blue-shifted from the wavelength of laser excitation. They
studied an ensemble of Au nanorods of different aspect ratios (but uniform tip curvature)
for which the longitudinal LSPRs shifted from 650 nm to 800 nm (Figure 5A, left). Contrary
to expectations, the batches with matching of LSPR and laser excitation performed worse
than off-resonant batches (right). This has been explained by a competition between SERS
enhancement and extinction. The initial assumption that the LSPR is an adequate prediction
for the best SERS performance has been shown to be incorrect.

Further validation was provided by a similar approach, screening the correlation of Au nano-
triangle size and SERS performance [81]. Upon overgrowth, the LSPRs showed a continuous
shift toward near-infrared (Figure 5B, left). Again, the highest SERS enhancement did not
coincide with matching of the LSPR to the laser wavelength. Instead, the highest SERS activity
was identified in off-resonance conditions (right). To rule out the influence of possible differ-
ences in tip/edge sharpness, the nanotriangle morphology was characterized by a close cor-
relation of electron microscopy (TEM, field-emission SEM) and small-angle X-ray scattering
(SAXS) analysis [50, 77, 81] combined with 3D atomistic modeling. This revealed a uniform
tip curvature for all sizes.
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The assumption that aggregation might be the cause for the off-resonant SERS activity was
thoroughly investigated. Optical spectroscopy (UV-vis-NIR) before and after addition of the
Raman marker did not show any indication of aggregation. Reversible aggregation/associa-
tion of particles could be ruled out because of the presence of a sufficient amount of stabiliz-
ing agent (CTAB) in the solution. The amount of Raman marker (4MBA) added was much
lower than that of the available stabilizing agent (>50-fold molar excess). The marker was
not expected to act as a molecular linker. Also, in the case of irreversible aggregation, one
would expect a loss of particles over time, which was not observed. The video feedback of the
Raman microscopy did not give any indication of possible formation of aggregates even after
the extended laser exposure. The colloidal dispersions were found to exhibit high colloidal
stability for the reported surfactant concentrations, and the SERS signals could be detected
reproducibly. Thus, even if aggregation (below the detection limit) was present, it would be of
negligible contribution and should not have affected the registered SERS spectra [81].

Consequently, in many situations, the hot spot intensity is not directly correlated to the opti-
cal properties; thus, the extinction maximum is often not the best excitation wavelength for
SERS [81]. As a rule, an increase in SERS activity can be expected for situations in which the
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Stokes-shifted Raman signals lies in the low-energy shoulder of the LSPR band; in other words,
when the laser line is shifted to the red, compared to the LSPR extinction maximum.

3.2. SERS analytics of single particles

At this point, we move to the application of SERS for analytical purposes. The term “single
or individual particles” indicates that the NPs are present in a dispersed state in colloidally
stable dispersions and that aggregation is avoided. First, examples will be discussed that
highlight the retrieval of chemical information at the NP surface. Then, we will address the
specific tasks of the different shells and its versatile functions for SERS applications.

3.2.1. Surface chemistry of nanoparticles in dispersion detection, exchange, competition,
and chemical reaction of ligands

SERS analytics have proven to be a valuable tool for the detection, studies of the exchange
and competitive adsorption, as well as localized chemical reactions of ligands at NP surfaces
in dispersion.

Hafner et al. applied SERS analytics to study the structural transition in the surfactant layer
that surrounds Au nanorods (Figure 6A, left) [82]. This was achieved by following the dis-
placement of surfactant by thiolated poly(ethylene glycol). At the same time, they character-
ized the surfactant bilayer, revealing the absorbed layer of counterions at the gold surface
Au*X", the ammonium head group CN¥, and the skeletal vibrations of the alkane chain of the
surfactant (right). Building on these findings, Chanana et al. investigated the quantitative
exchange of surfactant against protein (bovine serum albumin) on Au nanorods (Figure 6B,
left) [83]. In the context of biotoxicity, the cationic surfactant (CTA*X") needs to be removed
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Figure 6. Detection, exchange, competition, and chemical reaction of ligands by SERS analytics in dispersion: (A)
surfactant bilayer characterization on au nanorods (counter ion au'X”, ammonium head group CN*). Copyright 2011
ACS, adapted with permission [82]. (B) Quantitative exchange of surfactant against protein on au nanorods. Copyright
2015 ACS, adapted with permission [83]. (C) Competition of aromatic surfactants (BDA*), non-aromatic surfactants
(CTA"), and thiol ligands (4MBA) on au nanotriangles. Copyright 2018 ACS, adapted with permission [81]. (D) Hot
electron-induced reduction of small ligands (NTP to ATP) on Ag core/satellite assemblies. Copyright 2015 NPG, adapted
with permission [85].
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from the solution and NP surface. This required analyzing the broad spectral range from 100
to 3100 cm™, covering all the characteristic signals associated with the ligand exchange (right).
This evidenced the complete surfactant removal, which is a key step toward safe bioapplica-
tion of protein-coated NPs.

The competition of aromatic surfactants (BDA"), non-aromatic surfactants (CTA"), and thiol
ligands (4MBA) was studied on Au nanotriangles (Figure 6C) [81]. Contrary to expectations,
first evidence for the nonquantitative nature of the ligand exchange of aromatic versus non-
aromatic surfactants was found. Differences in binding affinity toward the NP surface are
attributed to additional m-interactions of the electron-rich benzyl headgroup [84]. It was pos-
sible to detect a trace amount of BDA* of 1-10 nM, which originated from the seed synthesis
and could not be removed even after excessive washing with CTAB surfactant [81].

Schliicker and Xie applied SERS analytics to follow nano-localized chemistry on Ag core/
satellite assemblies (Figure 6D, left) [85]. They reported the hot electron-induced reduction of
small ligands (NTP to ATP) in the absence of chemical reduction agents. The reduction was
shown to be dependent on the available halide counterions X~ (middle, right).

3.2.2. Functional shells for augmented SERS applications

The shell can provide for different functionalities, such as inertness, hosting of Raman mark-
ers, molecular trapping, harvesting/accumulation of analyte molecules, but also by means of
improving the SERS activity.

The first examples represent chemically inert shells to protect SERS-active nanostructures
from contact with whatever is being probed. This concept has been introduced by Tian et al.
and entitled as shell-isolated NP-enhanced Raman spectroscopy (SHINERS) [86]. The silica
shell acts as a nanoscale dielectric spacer. Such particles have been applied for the in-situ
detection of pesticide contaminations on food/fruit [87]. Silica encapsulation can also be used
to protect a molecular codification, a layer of Raman markers at the NP surface (Figure 7A)
[88]. A silica shell enables further functionalization, chemical post-modification, and assem-
bly of superstructures [89]. At the same time, silica overgrowth can stabilize superstructures
as well as increase their colloidal stability and robustness (Figure 7A).

Pazos-Pérez and Alvarez-Puebla et al. demonstrated the SERS encoding of particles. For this,
the NP surface is first partially functionalized by a stabilizing ligand, followed by a codifica-
tion with a SERS marker (Figure 7B), and the final overcoating with silica to create an inert
outer surface layer [90]. Also, hyrogel shells have shown the potential for molecular trapping
of analyte molecules [91, 92]. The partial hydrophobic/hydrophilic nature of poly(N-isopro-
pylacrylamide) during the reversible volume-phase transition can harvest analyte molecules
from solution. After accumulation, the induced collapse of the shell can serve to increase the
local concentration of analytes at the NP surface (Figure 7C, right) [93].

The shell can serve as a means to improve the SERS activity of NPs. For example, as a template
for the growth of complex NP morphologies. Liz-Marzan et al. developed an approach for the
templated growth of branched Au structures inside of mesoporous silica shells (Figure 7D,
left) [94]. The formed tips branching out from the cores (spheres, rods, triangles) improve the
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nanoboxes. Copyright 2015 NPG, adapted with permission [96]. (G) Protective au overcoating of AgNPs to increase
their chemical stability. Copyright 2018 Wiley, adapted with permission [99].

plasmonic performance (right) while favoring the localization of analyte molecules at highly
SERS-active regions. Another example is the formation of nanoscale DNA-tailorable interior
gaps in spherical core/shell particles (Figure 7F) [95]. Interestingly, it has been found that the
presence of nanobridges between shell and core does not perturb the hot spot formation. In
Figure 7G, this concept is adopted for cubic NPs [96]. For such shelled Au/Ag nanoboxes and
nanorattles, a pronounced electric field confinement was found in the interior nanocavity [50].

Metal overgrowth can increase surface roughness by forming bumpy structures [97] or
undulated surfaces [98], which both showed increased SERS activity. At the same time, metal
overgrowth can increase the chemical stability of NPs. A sub-skin depth Au layer has been
shown to enable oxidant stability and functionality without altering the optical properties of
Ag nanocubes (Figure 7G) [99].

3.3. SERS analytics of particle assemblies

The field of particle assemblies is sophisticated and versatile. Here, we start with disordered
aggregates and then progressively move from small discrete oligomers to large organized
multiparticle assemblies in dispersion or supported on substrates. The examples shown are
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by no means to be considered universally valid but should serve as guidelines for a rational
design of assemblies for SERS.

3.3.1. SERS sensing based on the formation of disordered aggregates under controlled
conditions

In this section, we briefly delve back into the field of disordered aggregates to explore to what
extent these can be formed under controlled conditions for SERS analytics. As introduced in
Section 3.1, aggregates can exhibit high SERS activities but suffer from problems concern-
ing reproducibility and robustness. Several approaches addressed these issues and proposed
conditions under which aggregation can be induced in a controllable manner.

Gucciardi et al. reported the aggregation of Au nanorods mediated by optical forces and plas-
monic heating (Figure 8A) for SERS detection of biomolecules at physiological pH [100]. The
formed disordered NP clusters can embed molecules from solution, even in buffered media at
neutral pH. The dynamics of the signal increase during aggregate formation have been stud-
ied revealing different states (Figure 8B: onset, stabilization, size increase, and saturation).
The laser scattering and bright field images showed that such aggregates can reach micron-
scale dimensions after extended laser irradiation (over several tens of minutes). Aggregation
can also be induced by specific binding, for example, glyco-conjugation of galectin-9 and
glycan-decorated AuNPs. The real-time dynamic SERS sensing of galectin-9 in binding buffer,
mimicking neutral conditions, revealed three different aggregation ranges, namely an early
fast cluster growth, followed by a slower aggregation, before ultimately reaching the final
equilibrium state [101]. Similarly, Mahajan et al. employed the selective guest sequestration
of cucurbit[n]uril (CB[n]) molecules for molecular-recognition-based SERS assays (Figure 8C)
[102]. These macrocyclic host molecules feature sub-nanometer dimensions capable of
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Figure 8. SERS sensing based on the formation of disordered aggregates under controlled conditions: (A) laser-induced
aggregation by plasmonic heating and (B) aggregation dynamics. Copyright 2016 NPG, adapted with permission
[100]. (C) Molecular-recognition-based SERS assay by selective guest sequestration. Copyright 2011 ACS, adapted with
permission [102]. (D) Droplet-based microfluidic setup for lab-on-a-chip SERS measurements. Copyright 2016 ACS,
adapted with permission [104].
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binding AuNPs. The aggregation produces clusters with a defined interparticle spacing of
0.9 nm. The entitled “host-guest SERS” builds on the capturing of analyte guest molecules
inside the barrel-shaped geometry of CB[rn] host molecules [102, 103].

Lab-on-a-chip (LOC) SERS is an approach that is particularly well-suited for diagnostic appli-
cations. Figure 8D depicts a droplet-based microfluidic setup for LOC SERS measurements
[104]. For measurements, equal amounts of Ag colloids and buffer/analyte solutions were
mixed and, finally, 1 M KCI was added for inducing the aggregation in a controlled and
reproducible manner [105]. Such microfluidic devices with a liquid/liquid segmented flow,
where analyte-containing droplets are formed in a carrier liquid e.g. oil, show great potential
for bioanalytics because minimal sample amounts are required and only short analysis times
are needed, leading to significant cost reduction [106-108].

3.3.2. SERS sensing based on ordered assemblies designed for high SERS activity

The ultimate goal is to obtain full control over the organization of NPs into discrete clusters.
In other words, finding appropriate conditions under which the local association of particles
proceeds in a controlled way. This would give access to uniform and discrete assemblies of
defined coordination numbers both in 2D and 3D.

The first step toward this goal was achieved by efficient fractionation of 3D clusters by density
gradient separation. After purification, the mixed ensemble of clusters was separated yielding
pure cluster populations (Figure 9A) [109]. The obtained fractions of monomers (single NPs),
dimers, trimers, tetramers, pentamers, and higher species were characterized for their optical
properties as well as their capabilities for SERS. The SERS activity per assembly was found
to depend on the coordination number, which determines the number of available gaps in a
cluster, but also the respective contribution of each gap.

For the case of substrate-supported “flat” clusters, Bach and coworkers fabricated core/
satellite structures using DNA ligands to direct the self-assembly (Figure 9B) [110]. Such
“nanoflower”-like 2D structures have shown improved SERS activity as compared to com-
mercial SERS substrates. However, the critical parameter is the size ratio of core to satellite as
it controls the coupling strength and plasmonic hybridization. For a high mismatch is sizes,
this is for satellites of much smaller size than the core NP, the orbit of NPs is effectively
uncoupled from the central NP. But the possible sensing applications of such structures go
beyond the formation of hot spots for SERS. For matching building block sizes, Fano-like reso-
nances have been predicted and experimentally observed for structures prepared by e-beam
lithography [111-113]. Such resonances show the characteristic signature in the form of two
LSPR peaks separated by a transparency window, a dip in extinction.

Building on this, one might ask what happens if such core/satellite patterns are formed on a
curved surface, such as a microparticle, or if the substrate consists of different metallic layers.
The latter results in a complex architecture of multilayered core/satellite assemblies surround-
ing Au/Ag rattles as cores [114]. The rattles exhibit intrinsic hot spots inside the interior cavity
between the central rod-like Au core and the frame of Au/Ag alloy [50, 115, 116]. By adsorp-
tion of small NPs at the exterior, the LSPR band broadened and shifted further toward red
and additional extrinsic hot spots were formed. This broadening was found to be controlled
by the density of the satellite particles.
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Figure 9. Ordered assemblies designed for high SERS activity. (A) Nanoparticle clusters of discrete coordination
numbers. Copyright 2012 Wiley, adapted with permission [109]. (B) DNA-directed 2D core/satellite structures.
Copyright 2012 Wiley, adapted with permission [110]. (C) Monolayer of close-packed nanotriangles. Copyright 2017
ACS, adapted with permission [118]. (D) AgNP-decorated silica microparticles. Copyright 2015 ACS, adapted with
permission [119]. (E) Patterned supercrystal array of close-packed vertically aligned nanorods. Copyright 2012 Wiley,
adapted with permission [124]. (F) Supercrystals of NPs ranging from the nano- to the microscale. Copyright 2012 ACS,
adapted with permission [121]. (G) Pattern of pyramidal supercrystal architectures. Copyright 2017 ACS, adapted with
permission [126]. (H) Macroscale patterns of quasi-infinite linear NP arrangements. Copyright 2014 ACS, adapted with
permission [61].

In general, the density of assemblies is a critical parameter for SERS activity. The interparticle
distances determine the coupling strength. Here, the coupling threshold of the smallest, in
other words, weakest coupling partner limits the interaction strength [117]. For a nanofilm,
that is, a dense layer of close-packed particles, this limitation is overcome aided by collective
long-range modes. For instance, a layer of nanotriangles prepared by film-casting and solvent
evaporation shows nicely arranged edge-to-edge and tip-to-tip ordered arrangements in the
monolayer (Figure 9C) [118]. The resulting extrinsic hot spots have been shown allowance
for hot electron-driven catalytic reactions such as the dimerization of 4-NTP to 4,4'-dimercap-
toazobenzene (DMAB), followed by SERS spectroscopy in a dry state. Radziuk and Mohwald
reported close-packed nanofilms of 30-nm sized AgNPs on silica microparticles for intracel-
lular SERS (Figure 9D) [119]. The primary (of individual microparticles) and secondary hot
spots (between adjacent microparticles) were utilized for chemical imaging of live fibroblasts
[120]. These AgNP-decorated microparticles have been compared to AgNPs with a 5 nm silica
shell and silica NPs with a 5 nm thin Ag coating.
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The nanofilm concept can be extended to thicker layers ultimately yielding supercrystals of
close-packed NPs. Figure 9F presents a study in which supercrystals of NPs ranging from
nano- to the microscale dimension have been realized [121]. During this transition, the LSPR
band of the building blocks becomes increasingly broad because of higher polar modes. The
formed superlattices exhibited pronounced interparticle coupling, whereas only the top layer
is available for SERS sensing because of a limited penetration depth. However, patterning can
also be utilized to discretize the electromagnetic response of the films/crystals. By comparison
of different geometries of discrete supercrystals, it was found that patterning can have a deep
impact on the surface electric field generation [122].

In addition to size, the shape of the used building block NPs plays an important role. For
anisotropic particles such as nanorods, the local organization becomes essential. Organized
nanorod supercrystals in lying-down [123] and standing configurations have shown signifi-
cant contributions of side-to-side interactions between the close-packed NPs [124]. Bach et al.
developed a method for directed nanorod assembly to prepare micropatterned substrates of
vertically oriented nanorods (Figure 9F).

Finally, we turn our attention toward complex superstructures of organized NPs such as peri-
odical arrays of pyramidal supercrystals. These superstructures accumulate the electric near-
field at the apex of the pyramid [125]. The focalization can be expected to strongly depend
on the “sharpness” of the pyramid but also on the internal order. Liz-Marzan and coworkers
further developed the templated self-assembly to obtain “high quality” pyramids with highly
ordered face-centered cubic lattices with one {100} facet oriented parallel to the p