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ABSTRACT: Nanowires supporting propagating surface plasmons can function as
nanowaveguides to realize the light guiding with field confinement beyond the
diffraction limit, providing fundamental building blocks for nanophotonic integrated
circuits. This review covers the recent developments of plasmon waveguiding in
nanowires, mainly including plasmon waveguiding in metal nanowires, coupling of
nanowire plasmons and emitters, hybrid nanowire waveguides and plasmonic gain, and
nanowire photonic devices. We first introduce the main techniques for fabricating metal
nanowires, the plasmon modes in metal nanowires and the excitation/detection
methods. We then discuss the fundamental properties of plasmon propagation and =

emission, including zigzag, chiral and spin-dependent propagation, mode conversion, loss and propagation length, group velocity,
terminal emission, and leaky radiation. Then the interactions between nanowires and emitters are reviewed, especially the
coupling of single nanowires and single quantum emitters. Finally, we briefly introduce the hybrid nanowire waveguide composed
of a semiconductor nanowire and a metal film with an intervening thin insulator and highlight a few nanophotonic devices based
on plasmonic nanowire networks or plasmonic-photonic hybrid nanowire structures.
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1. INTRODUCTION

Light waveguiding in optical fibers lays the foundation for
modern optical communications. Applying light for optical
information processing in on-chip integrated photonic circuits
requires that the confinement of light is higher than that in
optical fibers. This means decreasing the size of the waveguide
down to the subwavelength scale. The diffraction limit of light
sets the restriction for the size of dielectric waveguides.
Fortunately, metal nanostructures can support surface plasmons
(SPs), collective oscillations of free electrons at the metal-
dielectric interface, which can confine light far beyond the
diffraction limit. When light couples to metal nanostructures,
due to the excitation of SPs, the free-space light can be
transformed to optical modes confined at the metal surface.
Because of the ability of SPs to confine light into subwavelength
spatial dimensions, as well as their large bandwidth (thus high
speed) for processing and transmitting information, plasmonics
is regarded as one of the most promising candidates for next
generation information and communication technology."”
Plasmonic devices and components can either be used as
building blocks to realize all-optical integrated photonic chips,
or they can be integrated with the silicon electronics in a
compatible manner to solve some critical issues in current
computer architectures, such as high speed interconnects at
both inter- and intrachip level.

Depending on the dimensions of the confinement, the SPs
are classified as localized SPs and propagating SPs (the latter is
also usually called surface plasmon polaritons; for simplicity, we
use SPs or plasmons in this review).” In metal films, and
metal—insulator—metal or insulator—metal—insulator sand-
wiched films, propagating SPs can be supported at the metal-
dielectric interfaces. For better directing the light propagation
with higher field confinement, one-dimensional (1D) wave-
guide structures are desired. There are multiple 1D plasmonic
waveguides, for example, metal nanowires (NWs),"™® metal
stripes,”'” grooves or slots in metal films,"' ™" dielectric NWs
on metal films,'™"® etc. Metal NWs attract much interest for
their particular optical properties due to the excitation of SPs.
The light can be coupled into metal NWs as propagating SPs
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with the electric field tightly confined at the metal surface. The
materials of plasmonic NWs are mainly silver and gold. Ag
NWs are preferred as plasmonic waveguides due to their better
performances determined by the dielectric constant of Ag. A
metal NW can support multiple SP modes with different
propagation constants and polarization characteristics, and
these modes can be excited by light of different polarizations.
The excitation of multiple modes and the control of these
modes lead to the extraordinary properties of the propagating
SPs. On the basis of the control of SP propagation, different
nanophotonic functionalities can be realized, for example,
plasmonic routers'® and logic gates.'”'®

The field confinement and waveguiding properties of metal
NWs make their coupling with quantum emitters attractive.
The enhanced electric field and local density of states (LDOS)
on the NW can strongly alter the excitation and emission of
nearby emitters. The coupling of single quantum emitters with
metal NWs can generate single quantized SPs.'”~*' This
coupling system can be explored for single photon and single
plasmon nanophotonic devices, which may be integrated into
quantum nanophotonic circuitry. The coupling of metal NWs
with gain materials may be used to compensate for the loss of
plasmons during propagation to keep the signal strength.
Aiming for decreased SP propagation loss, a hybrid NW
waveguide was proposed, which is composed of a dielectric NW
over a metal film with a low-refractive-index spacer between
them."® By employing gzain material for the NW, the SP loss can
be fully compensated.”

In this review, we mainly summarize the developments of
plasmon waveguiding in silver and gold NWs, and the
interactions of NW plasmons and quantum emitters. The
hybrid NW waveguides are also concisely discussed. We start
with a brief introduction to the approaches for fabricating metal
NWs in section 2, followed by the discussions on the plasmon
modes in metal NWs in section 3. In section 4, we introduce
the methods for exciting and detecting SPs, including both
optical and electrical methods. Section 5 covers the
fundamental properties of SP propagation and emission,
including zigzag, chiral and spin-dependent propagation,
mode conversion, loss and propagation length, group velocity,
terminal emission, and leaky radiation. Section 6 is focused on
the coupling between metal NWs and emitters. Both the
coupling between NWs and emitter films and the coupling of a
single NW and a single emitter are discussed. The NW
plasmon-assisted entanglement and energy transfer and remote
excitation/detection are introduced at the end of this section.
In section 7, we briefly discuss hybrid NW waveguides and
plasmonic gain in this system. In section 8, we highlight a few
nanophotonic devices realized on the basis of propagating SPs
in metal NWs and hybrid structures of metal NWs and
photonic NWs. Finally, we conclude this review and give
perspectives on the future development of this field.

2. METHODS FOR FABRICATING METAL NANOWIRES

Metal NWs can be prepared by both bottom-up and top-down
approaches. Ag NWs can be conveniently synthesized by using
a polyol process with ethylene glycol (EG) serving as both
solvent and reducing agent and poly(vinylpyrrolidone) (PVP)
as the coordination reagent.z‘ In a typical synthesis process, an
EG solution of silver nitrate and an EG solution of PVP were
injected into preheated EG refluxed at 160 °C. After injection,
the reaction mixture was kept at 160 °C for about 60 min.
Magnetic stirring was continuously applied throughout the
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Figure 1. Silver and gold NWs produced by different methods. (a) SEM image of chemically synthesized Ag NWs. Reprinted with permission from
ref 23. Copyright 2002 Wiley. (b) SEM and TEM images of Ag NWs by vapor-phase synthesis. Reprinted from ref 27. Copyright 2007 American
Chemical Society. (c) SEM images of a chemically synthesized Ag NW (top) and an EBL fabricated Ag NW (bottom). The scale bars are 100 nm.
Reprinted from ref 29. Copyright 2012 American Chemical Society. (d) SEM images of gold microplates (i), and gold NWs by FIB milling of a
chemically synthesized microplate (ii) and deposited metal film (iii). The scale bars in (i) and (iii) are S yum and 500 nm, respectively. Reprinted
with permission from ref 30. Copyright 2010 Nature Publishing Group. (e) TEM images of a gold NW cut from a gold microplate by nanoskiving.

Reprinted from ref 32. Copyright 2008 American Chemical Society.

entire process of the chemical reaction and NW growth. The
yield, diameter, and aspect ratio of the NWs could be tuned by
tuning the experimental parameters, such as the molecular
weight of PVP and the molar ratio of its repeating unit relative
to silver nitrate, temperature, injection rates, and reaction time.
Figure la shows the scanning electron microscope (SEM)
image of Ag NWs obtained in a typical synthesis. The
chemically synthesized Ag NWs have a pentagonal shape of
the cross sections.”* These NWs are bicrystals with the {111}
twin planes parallel to the longitudinal axes of the NWs, and
each half divided by the twin plane in a NW is single-crystalline.
Gold NWs can be obtained by the solution-phase synthesis as
well>2°

Ag NWs can also be prepared by vapor-phase synthesis, in
which only a single reactant, Ag,0, is used. The Ag,O powder
was placed in an alumina boat in a quartz tube furnace.”” By
heating the Ag,0O powder, the precursor vapor was carried
downstream by a flow of Ar to a low temperature zone, where
Ag NWs were grown on a silicon substrate. Figure 1b shows the
SEM and transmission electron microscope (TEM) images of
Ag NWs generated by this method. As can be seen from the
insets, the NWs have clean surfaces and diameters of 80—150
nm. Further experimental characterization reveals that the Ag
NWs are single-crystalline with round cross sections. The
epitaxial growth of gold NWs was reported,” with the gold
NWs growing vertically or horizontally depending on the atom
flux.

Chemical synthesis can produce silver and gold NWs of
monocrystalline structures with smooth surfaces, but it is hard
to precisely control the geometry of the NWs. Lithography
based top-down methods, such as electron beam lithography
(EBL) and focused ion beam (FIB) milling can fabricate metal
NWs of designed dimensions at well-defined positions.
However, the metal film deposition results in NWs of
polycrystals with rough surfaces, which largely increase the
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scattering loss of propagating SPs. Moreover, in the standard
fabrication process, an adhesive layer of metal, such as Cr,
introduced between the silver or gold and the substrate to
increase the adhesion of the metal to the substrate surface,
introduces additional plasmon loss. Figure lc shows SEM
images of a chemically synthesized Ag NW and an EBL
fabricated Ag NW.”” The grains and rough surface of the latter
can be seen clearly.

By combining bottom-up and top-down methods, single-
crystalline metal NWs with smooth surfaces and well-defined
geometries can be fabricated. By synthesizing metal microplates
first (Figure 1d, i) and using FIB milling, smooth metal NWs
can be obtained.’”*' The NWs etched on chemically
synthesized metal microplates have much smoother surfaces
compared with the NWs etched on the vapor-deposited metal
films, as shown in Figure 1d, ii, iii. Metal NWs can also be
fabricated out of chemically synthesized microplates by
nanoskiving. Figure le shows TEM images of a gold NW
obtained by nanoskiving.”” The inset shows defect-free (111)
lattice fringes at the edge of the NW, indicating that the NW
maintains the crystalline structure of the microplate.

Metal NWs can also be prepared by using templates, for
example, porous anodized aluminum oxide templates and
polycarbonate membrane templates.”” > The dimensions of
the NWs are determined by the templates. The NWs obtained
by these methods are usually polycrystalline structures. Studies
have shown that the crystallinity strongly influences the
waveguiding properties of the metal NWs, and polycrystalline
NWs suffer larger propagation loss.””***” In most experimental
studies of plasmon waveguiding, chemically synthesized Ag
NWs are used.
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3. PLASMON MODES IN METAL NANOWIRES

3.1. General Properties of Plasmon Modes in Metal
Nanowires

A metal NW is a kind of quasi-one-dimensional structure with
translational symmetry, which can serve as a waveguide with
subwavelength confinement of light, as schematically shown in
Figure 2a. In this section, we discuss the general properties of
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Figure 2. (a) Schematic of SPs propagating on a metal NW (a
pentagonal NW as an example). (b) Illustration of the dispersion
relations of different order SP modes in a metal NW.

plasmon modes in metal NWs, which are the bases of the
various phenomena and versatile applications shown in the
following sections.

Due to the translational symmetry of the NW, the electric
field distributions of the guiding modes in the NW structures
can be expressed as E(r) = E(x,y)ei(k"z_wt), and the governing
Helmholtz equation can be simplified as a two-dimensional
problem

VIE(x, y) = (K* = k[)E(x, y) (1)

where V7 is the two-dimensional Laplace operator in the
traverse plane, kj is the wave vector parallel with the NW of the
mode, and k is defined by k7 = kg in respective regions (e;
and y; are the permittivity and permeability of the materials,
respectively, and k, is the wave vector in vacuum). The
corresponding transverse wave vectors can be obtained by k7 ; =
k?—ki. The guiding plasmon wave is illustrated by a pentagonal
NW in a homogeneous medium in Figure 2a, where i = 1 and 2
label the metal core region and the dielectric cladding region,
respectively. The guiding plasmon eigenmodes of this NW are
defined by the eigenfunctions of eq 1 with imaginary transverse
wave vectors k) ; in both the core (i = 1) and cladding (i = 2)
regions [ie, ki, = (k/—k{)<0], which indicates that the fields
decay exponentially on both sides of the metal-dielectric
interface. However, it is also possible that the propagation
constant Re(k;) of the plasmon mode is smaller than the wave
vector of light in some part of the cladding. For example, the
plasmon mode for a NW deposited on a substrate with a
refractive index ng, as will be discussed in sections 3.2.2 and 5.8,
might have a propagation constant Re(k;) smaller than
Re(nyk,), so that the field in the substrate is not an evanescent
wave. This extending wave in the cladding causes the leakage of
energy from the plasmon mode, and this kind of leaky plasmon
mode suffers damping during propagation, even when ignoring
the material loss. For an ordinary dielectric waveguide, the
transverse wave vector inside the core region is real (ie., ki ; =
(2—kf) > 0, where k, is the wave vector in the core of the
dielectric NW), and the field is an extending wave in the
transverse plane. The width of the extending wave inside the
core is therefore constrained by the diffraction limit, which
indicates that simply shrinking the diameter of the dielectric
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waveguide cannot increase the mode confinement but only
leads to more power extending widely outside the core region.
This constraint does not hold for a metal NW, since the
plasmon modes are evanescent waves on both sides of the
metal—dielectric interface. As a result, the fields of plasmon
modes are squeezed near the surface of the metal NW. The
plasmon field highly confined near the surface accounts for the
strong light-matter interaction, as shown by the applications of
NW-emitter coupling and plasmonic gain, discussed in sections
6 and 7.

A thick NW can support several modes of different orders,
with the symmetry of the mode distributions determined by the
geometrical symmetry of the NW. Since most NWs have mirror
symmetry (e.g., in the x direction as shown in Figure 2a), the
plasmon modes are symmetric or antisymmetric in this
direction. The superposition of these plasmon modes with
different symmetry shows a zigzag propagation route, leading to
applications in plasmon routers and logic gates, as will be
discussed in sections 5.1 and 8. The real part of the wave vector
parallel with the NW k;, is determined by the wavelength of the
plasmon modes Re(k;) = 27/Agp. An effective refractive index
can be defined for the eigenmode as n.4 = Re(k)/k, using the
wave vector in vacuum k. Like the refractive index of a
medium, ng also describes the decrease of the wavelength, n.g
= A¢/Asp, when photons enter the waveguide from the vacuum.
The effective refractive indices n.4 and wave vectors k), of the
plasmon modes vary for different frequencies. Their depend-
ence on frequency is described as the dispersion relations, as
schematically illustrated in Figure 2b. The universal trade-off
between confinement and loss of SPs indicates that the effective
refractive indices also correlate with field distributions of the
modes—larger n. corresponds to higher confinement with
more fields distributed inside the metal region, while this field
concentration in the metal leads to a higher ohmic loss.*®

The dispersion of the guiding modes includes the
contribution of the material dispersion of the metal and the
waveguide dispersion resulting from geometry constraints.
These two kinds of dispersion mechanisms can be understood
from eq 1: the eigenvalue problem and kj are determined by the
distribution of material and the cross-sectional geometry of the
NW. The latter factor contributes to the waveguide dispersion,
which implies that the larger the wavelength is, the more the
mode field spreads from the core into the cladding. For thicker
NWs, multiple modes can be supported, and their dispersion
relations are schematically shown in Figure 2b. For all plasmon
modes in a NW, when the frequency approaches the plasmon
resonance frequency wsp, the dispersion is dominated by the
metal material and plasmon resonance behavior. While for
lower frequencies, only the lowest and second-order modes
show no theoretical cutoff threshold.”” For metal NWs with
radii ranging from about 50 to 100 nm, both of the two modes
are important and their superposition leads to various
propagation behaviors and phenomena.

The dispersion relations also reflect the phase velocity and
group velocity of the plasmon modes. The phase velocity
corresponds to the speed of the phase front and is equal to ¢/
fly While the group velocity corresponds to the speed of a
pulse formed by light over a range of frequencies, with the
constructive interference located at the center of the pulse. The
group velocity is thereby determined by the differential of the
frequency components as dw/dRe(k;), which corresponds to
the tangents of the dispersion curves in Figure 2b. The group
velocities of all plasmon guiding modes are smaller than ¢ and
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decrease sharply when the frequency approaches the plasmon
resonance frequency. The details of the group velocity of
plasmons on NWs and the experimental results will be
discussed in section S.6.

3.2. Plasmon Modes in Cylindrical Nanowires

3.2.1. Cylindrical Nanowires in a Homogeneous
Medium. Although most experimentally prepared metal
NWs are pentagonal or rectangular, a cylinder is the simplest
geometry to effectively illustrate the general properties of
plasmon modes in the NW and describes the phenomena
observed for other geometries. Here we use a cylindrical NW to
explain the general behavior of SPs on metal NWs, and NWs
with different cross sections are discussed in section 3.3.

The electric field distribution of the modes in a cylindrical
NW can be expressed as E(x,y,z) = E(r)e™**%, where r is the
distance to the center of the NW r = /x> + y*; E(r) is the
radial distribution, decaying in both metal and dielectric regions
expressed by modified Bessel functions; ¢’ is the angular
distribution, which corresponds to a helical wavefront
considering the total phase distribution eim"’+ik"z, and the
handedness is determined by the sign of m. Except the
fundamental mode (m = 0), higher-order plasmon modes are
doubly degenerate (m = = 1, + 2, ...) with different handedness.
In this expression, the angular term ¢ only introduces a phase
distribution, and the field amplitude of the mode is cylindrically
symmetric. It is also possible to recombine the two degenerate
modes in new representations with angular terms expressed by
cos(m@) and sin(me), where the field amplitude is not
cylindrically symmetric but shows mirror symmetry. As an
example, the bottom panel of Figure 3a shows one of the two
degenerate second-order modes, which are the recombinations
of m = + 1 modes. The representations by trigonometric
functions provide a more intuitive picture of specific collective
oscillations of electrons, and we use this form in the following
discussions.

Figure 3 (panels a—c) clearly shows a complete depiction of
the two lowest-order plasmon modes in a cylindrical metal NW,
including the distributions of field amplitude, field polarization,
and surface charges. Different from the dielectric fiber, the
fundamental plasmon mode (m = 0) in the metal NW is a
transverse magnetic mode (denoted as TM,) with the field
polarized radially (upper panel of Figure 3a). For NWs with
small radii, the TM, mode can be viewed as a chain of
oscillating dipoles oriented along the NW with relative phase
delays (upper panel of Figure 3b). This plasmon mode is a
transverse magnetic mode because the instant current is always
along the NW and the induced magnetic fields are
perpendicular to the NW. The second-order modes of a
cylindrical NW are hybrid modes of HE type (denoted as HE, )
and are doubly degenerate, which can be regarded as a chain of
dipoles oriented perpendicular to the NW (lower panel of
Figure 3b). As seen in the field distribution shown in the lower
panel of Figure 3a, the polarization of the HE, mode is aligned
nearly in the same direction and its field is distributed
separately accumulating on the two sides of the NW. As the
experimentally observable quantity is the field intensity, the
field amplitudes of the TM, mode and HE, mode are plotted in
Figure 3c, where the TM, mode produces a uniform
distribution while the HE, mode distributes separately on
two sides of the NW. This difference of field distributions
between the TM, mode and HE; mode can be experimentally
observed in the quantum dot (QD) fluorescence images shown
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Figure 3. (a) Electric field distributions of TM, and HE; modes in a
cylindrical Ag NW. The arrows denote the instant directions of the
electric field in the transverse plane. (b and c) Distributions of (b)
instant surface charges and (c) electric field amplitude of plasmons on
a cylindrical Ag NW, for input with TM, (upper) and HE; (lower)
modes. (d) QD fluorescence images of plasmons on a Ag NW excited
by laser light with polarizations shown as red arrows. (e) Effective
refractive indices and propagation lengths of the TM, and HE; modes
as a function of the NW radius. The wavelength is 633 nm. (a and e)
Reprinted with permission from ref 40. Copyright 2014 Nature
Publishing Group. (b and c) Reprinted with permission from ref 41.
Copyright 2014 Royal Society of Chemistry. (d) Reprinted from ref
17. Copyright 2011 American Chemical Society.

in Figure 3d, where the TM;, mode and HE, mode are
selectively excited by laser beams with linear polarization
parallel (left panel) and perpendicular (right panel) to the NW,
respectively (see discussion in section 4.1). Although the NW
in the experiment is deposited on a glass substrate without a
uniform environment as in the simulations, the main features of
the plasmon modes are retained due to the mirror symmetry in
the x direction, as will be discussed in section 3.2.2.

Figure 3e shows the dependence of the effective refractive
indices n.; of TM, and HE, modes on the NW radius, which
agrees with our general discussion in section 3.1. For large radii,
the n4 of both of the two plasmon modes approach the value of
the plasmons on a flat metal surface because the small curvature
of the NW surface makes it resemble a flat surface. For small
radii, n.s of HE, mode decreases and nearly reaches the
refractive index of the medium, which implies this mode is
almost nonconfined with the field expanding and evolving into
linearly polarized waves in free space. In contrast, the n.4 of the
TM, mode increases sharply, which indicates that this mode
becomes highly confined. As an example of the limit, the TM,
mode can survive in a carbon nanotube with an ultraconfined
field and strong coupling with matter.">** Figure 3e also shows
the dependence of the propagation length, defined as the
distance for the plasmon intensity to decay to 1/e of the initial
intensity, on the NW radius. This result is in accordance with
the general principle that a higher confinement of the plasmon
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Figure 4. (a) Schematic illustration of the hybridization of plasmon modes in a cylindrical NW induced by a substrate. (b) Calculated charge and
power distributions of the hybridized plasmon modes in a Ag NW on a glass substrate. The NW radius is 100 nm. The energy is 3.432 eV for H,,
3.359 eV for H,, and 2.988 eV for H,. (a and b) Reprinted from ref 44. Copyright 2012 American Chemical Society. (c) Electric field distributions of
the four lowest-order modes supported by a Ag NW on a glass substrate. The NW radius is 160 nm and the Al,O; thickness is 30 nm. The
wavelength is 633 nm. Reprinted with permission from ref 41. Copyright 2015 Royal Society of Chemistry.

(a)

(c)

Energy

Figure 5. (3, ¢, e) SEM images and (b, d, f) plasmon modes of metal NWs with (a, b) rectangular, (c, d) pentagonal, and (e, f) five-pointed star cross
sections. (b and d) show the electric field distributions of the modes and (f) shows the charge distributions. (a and b) Reprinted from ref S0.
Copyright 2013 American Chemical Society. (c and d) Reprinted from ref 51. Copyright 2011 American Chemical Society. (e and f) Reprinted from

ref 52. Copyright 2014 American Chemical Society.

mode leads to larger damping of propagation, as discussed in
section 3.1. For all values of NW radii, the n.4 of TM; mode is
higher than HE, mode, due to the higher confinement of the
TM, mode, and therefore the TM, mode has a shorter
propagation length. For large radii, two plasmon modes show
similar confinement and propagation length. The increase in 7.4
of the TM, mode for smaller radii of the NW means more
fields are concentrated into the metal region, which results in
higher ohmic damping in the metal. According to the above
discussion, the NWs with considerable mode confinement and
propagation length for practical use are multimode waveguides.

3.2.2. Cylindrical Nanowires on Substrates. In experi-
ments and applications, the NWs are usually deposited on a
dielectric substrate, where the inhomogeneity of the environ-
ment modifies the supported eigenmodes of the NW.** Due
to the reduced symmetry of the NW-substrate system
compared with the NW in a homogeneous medium, the
plasmon modes become rather complicated. Some examples of
the plasmon modes of a cylindrical NW on a substrate are
shown in Figure 4. These plasmon modes can be understood as
the hybridization of the original plasmon modes in the NW
induced by the dielectric substrate, which can be denoted as H,,
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H,, H,, etc.** The hybridization of plasmon modes is facilitated
by the induced charges in the substrate, as schematically shown
in Figure 4a.

However, the induced charges can only lead to coupling
between two plasmon modes of the same lateral symmetry, and
the resulting hybridized modes are still symmetric or
antisymmetric in the lateral direction. As specifically shown in
Figure 4a, the TM, mode mainly interacts with the vertically
polarized HE, mode. The in-phase and out-of-phase coupling
of the TM, mode and HE; mode result in the hybridized H,
mode and H, mode, respectively. The energy of the Hy mode is
lower than the H, mode, which agrees with the hybridization
theory that in-phase coupling leads to lower energy than the
out-of-phase coupling. The in-phase coupling results in
cancellation of the charges and the field distributed on the
upper surface of the NW, while the out-of-phase coupling
enhances the field on the upper surface. This is schematically
illustrated in Figure 4a and further demonstrated by the
distributions of charges and power obtained by simulations
shown in Figure 4b. Similarly, the horizontally polarized HE,
mode can couple with the HE, mode, and the in-phase
coupling leads to a field distribution concentrated at the bottom
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Figure 6. Excitation of NW plasmons by electrons. (a) Excitation of SPs on a Au NW by high-energy electrons (100 keV). (Left) Energy-loss
probability of electrons passing at a distance of 10 nm from the surface of an infinitely long free-standing Au NW of 160 nm in diameter. The
probability exhibits maxima corresponding to excitation of plasmon modes with m = 0, + 1 azimuthal symmetry. The dispersion relation of m = 0
and m = + 1 guided plasmons is superimposed for comparison (dashed curves). (Right) EELS probability integrated over parallel momentum (solid
curve), and partial contributions of m = 0 and m = + 1 plasmon modes (dashed and dotted curves, respectively). Reprinted from ref 57. Copyright
2009 American Chemical Society. (b) Excitation of SPs on a Au NW by low-energy tunneling electrons (bias voltage 2 V) in a STM. (Top)
Ilustration of the experiment. (Bottom) Photon emission map superimposed to the SEM image of a Au NW. The tunneling current is 1 nA. The
radius of the Au NW is 87 nm and the length ~5 pm. Reprinted with permission from ref 58. Copyright 2011 American Physical Society.

of the NW. This coupling can also be out-of-phase and the
resulting field is distributed above the NW. Figure 4c shows
more details of the field distributions of the four lowest order
hybridized modes for a Ag NW on a glass substrate for a 633
nm wavelength. These modes account for the near-field
distributions of the propagating plasmons on the substrate-
supported NWs and show similar properties as TM,, and HE,;
modes for a cylinder in a uniform environment since the mirror
symmetry is maintained. In the following discussions of the
plasmon propagation properties, we may generally refer to the
TM, and HE, modes without specifying the substrate-induced
modifications.

It should be noted that the hybridized modes in a NW on a
substrate are not always bound guiding modes but can become
leaky modes for lower frequencies. Using the H, mode as an
example, most of the power of the mode is distributed on the
upper surface of the NW, so its dispersion relation is similar to
that of plasmons on a flat air—metal interface with an effective
refractive index ng larger than 1. However, this n4 of the H,
mode can be less than the refractive index of the substrate,
especially for lower frequencies far away from the plasmon
resonance frequency. In this case, as discussed in section 3.1,
the Re(k;) < Re(nk,) indicates that the field in the substrate is
not evanescent but an extending wave, where n; is the refractive
index of the substrate. The H, and H, modes are both leaky
modes for lower frequencies.”* The H, mode resembles the
plasmons on a flat substrate—metal interface and is a bound
guiding mode for a broader frequency range. The leaky
radiation causes additional energy loss for the waveguiding of
plasmons, but it is useful for highly directional optical
antennas.”’~*’ In addition, the leaky radiation from the leaky
modes of the NW can be collected by an optical microscope
from the side of the substrate for optical imaging of the
plasmon field, and the wave vector kj of the leaky mode can be
extracted from Fourier imaging, which will be discussed in
section S.8.

3.3. Plasmon Modes in Nanowires with Different
Cross-Sectional Geometries

The most commonly used NWs in experiments are chemically
synthesized, which may show various geometries of cross
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sections depending on the conditions for crystallization. NWs
of specific geometries can also be fabricated elaborately using
different techniques of nanofabrication. Figure 5 shows SEM
images and supported plasmon modes of chemically synthe-
sized NWs of three different cross-sectional geometries,
including rectangular, pentagonal and five-pointed star shapes.
Although the symmetry of these NWs is reduced compared
with the cylindrical NWs, the plasmon modes in these NWs are
still similar to those in cylindrical NWs discussed in section 3.2.
As shown in Figure S (panels b, d and f), the fundamental
modes of these NWs resemble the TM, mode discussed in
cylindrical NWs, where the sign of the charges is the same over
the cross sections and the plasmon fields are basically in the
radial polarization. For the second-order modes, the positive
and negative charges are distributed on two sides of the NW
and the fields are nearly linearly polarized. The fundamental
and second-order modes in these NWs can be similarly
understood from the dipole chain model used in section 3.2
(i.e., the fundamental mode and second-order modes
correspond to dipole chains polarized along and perpendicular
to the NW, respectively). The plasmon modes in these NWs
also show similar dispersion relations as cylindrical NWs and
similar dependence of n.g on the diameter of the NW as shown
in Figure 3e. Due to the simple geometry of cylindrical NWs,
they are usually adopted for building theoretical models for the
phenomena observed in the metal NWs used in experiments.

4. EXCITATION AND DETECTION OF SURFACE
PLASMONS

4.1. Exciting Plasmons on Metal Nanowires

The scheme for exciting SPs can be classified into three
different categories: by electrons (high-energy electron beams
or low-energy tunneling electrons), by photons (free-space
photons or guided photons), and by luminescent emitters
(atoms, molecules, quantum dots/wires/wells, etc.). The
optical excitation methods are most widely used for generating
propagating SPs on metal NWs. Both the optical excitation
using single photon sources and the excitation by single

quantum emitters™ can generate single quantized plasmons.
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Figure 7. Optical excitation of NW SPs via scattering at points of broken symmetry. (a) Schematic of SP excitation by a focused laser beam via
scattering by the NW end or by a scatterer on the NW. (b) Optical imaging of SP excitation on a Ag NW by the end-scattering method. SPs cannot
be excited when the laser is positioned at the middle of the NW. Reprinted from ref 63. Copyright 2006 American Chemical Society. (c)
Nanoparticle-mediated optical excitation of SPs on a Ag NW. Reprinted from ref 64. Copyright 2007 American Chemical Society. (d) Optical
excitation of different SP modes via the end-scattering scheme for incident polarization parallel (j, i) or perpendicular (iii, iv) to the NW axis. ¢
denotes the incident phase of the excitation beam. Reprinted with permission from ref 70. Copyright 2011 American Physical Society.

When a high-energy electron beam is focused onto or nearby
a metal nanostructure, the electric field around the electron
beam may induce collective oscillations of the free electrons in
the metal (ie., plasmons), due to the Coulomb interaction.”*
The electric field around the moving electrons contains Fourier
components of all frequencies, and therefore plasmons at
different frequencies can be excited simultaneously. Due to
energy conservation, the high-energy electrons experience
different energy losses during this process. The transmitted
electrons are collected and spectrally analyzed, providing the
information about the plasmon excitation in the specimen. The
technique, called electron energy loss spectroscopy (EELS), can
be available in a commercial TEM. EELS represents a versatile
tool to study the plasmon behaviors on various metal
nanostructures, including localized SPs on individual nano-
particles®> and propagating SPs on NWs.>° Theoretical
calculation shows that both the TM, (m = 0) and HE; (m =
+1) modes can be excited by electrons passing at a distance of
10 nm away from the surface of an infinitely long gold NW, as
shown in Figure 6a.>” The energy-loss probability of electrons
is about 1—5 X 107 eV~ with the contribution of the TM,
mode dominating in the low-energy region.

The excitation of plasmons by electrons can also be
accomplished by inelastic quantum tunneling of electrons.*
Briefly, when a bias voltage is applied across a tunneling
junction, the electrons experience an energy drop when passing
through the junction. This inelastic scattering of an electron
may excite a plasmon, with a probability of 107> in a planar
metal-isolator-metal junction. The energy of the excited
plasmons is determined by the applied voltage (ie., a higher
bias can lead to a blue-shifted spectrum of the plasmons).*’
The excitation of plasmons in a tunneling junction was first
observed in a scanning tunneling microscope (STM) via the
radiative decay of plasmons into light emission.”’ Taking
advantage of the confinement of the localized SPs in the tip—
surface junction, the efficiency of the plasmon generation can
be significantly improved.”’ The excitation of SPs on a gold
NW was realized by using a gold tip on a STM.>® As shown in
Figure 6b, when the tip is located on top of one end of the NW,
light emission from the other end of the NW can be detected
by a CCD, indicating the excitation of propagating SPs.

Since the momentum of a plasmon is larger than that of light,
optical excitation of SPs on a NW requires schemes for
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momentum compensation. In accordance with the coupling
mechanisms, the schemes for optically exciting SPs on NWs
can be divided into four types: (i) scattering of free-space
photons at points of structural symmetry breaking, (ii)
transverse evanescent coupling from guided photons in
dielectric waveguides, (iii) mode transformation in a butt-
coupling configuration, and (iv) grating assisted coupling of
free-space photons.

As shown in Figure 7a, exciting SPs by scattering [scheme
(i)] can be performed by using an objective to focus a laser
beam directly onto a symmetry-broken point, such as one end
of the NW, a kink or a cut in the NW or a nearby scatterer
(nanoparticle, NW, scanning tip, etc.).62_67 Incident light at
these points can be scattered into components with a wide
range of wave vectors, a small part of which can match with SPs
on the NW and enable the excitation. This method is easy to
realize using a commercial optical microscope and is widely
used. For the example shown in Figure 7b, by focusing laser
light with a wavelength of 830 nm onto the end of a Ag NW,
SPs are excited as evidenced by the light emission spot at the
other end of the NW (left panel). However, no SP excitation is
observed when the laser is focused on the midsection of the
same NW (right panel of Figure 7b). SP excitation was also
reported when embedding one end of a Ag NW in a polymer
photonic waveguide.”® The main coupling mechanism in this
objective-free configuration is also attributed to a scattering
process at the NW ends, where the free-space photons were
replaced by guided photons. The first experimental observation
of SP propagation on gold and Ag NWs reported in 2000 was
in principle accomplished by the end-scattering method,
because the total internal reflection configuration used in the
experiment does not provide enough momentum to launch the
nonleaky TM, plasmon mode directly from the NW trunk. The
scattering excitation of SPs on a NW can also be realized by a
nearby nanoparticle, as shown in Figure 7¢.%* The coupling
efficiency reaches maximum when the incident polarization is
parallel to the nanoparticle-NW interconnecting line, namely,
perpendicular to the NW axis.

The excitation of different SP modes using the end-scattering
coupling scheme is dependent on the polarization of the
incident light.70’71 As illustrated in Figure 7d, for incident
polarization parallel to the NW axis, both the TM; mode and
the y-polarized HE, mode can be excited. For perpendicular
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Figure 8. Increasing the coupling efficiency of NW SPs by nanoantenna couplers. (a) SEM image of a Ag NW transferred to a receiving bowtie
antenna fabricated by EBL. (b) Near-field intensity as a function of the arm-length of the receiving antenna. The wavelength of the excitation laser is
672 nm. (c) (i, ii) SEM images of the self-aligned nanorod antenna fabricated by cutting a nanorod at the input end of a Ag NW by FIB. The scale
baris 1 ym in (i) and 100 nm in (ii). (iii, iv) Optical images of the NW under supercontinuum laser excitation (iii) before and (iv) after the FIB
cutting. (d) Measured transmission spectra at the output end of the NW before (green) and after (red) cutting. The black dashed line is the ratio of
the transmission with and without the cut. (a and b) Reprinted from ref 73. Copyright 2011 American Chemical Society. (c and d) Reprinted with
permission from ref 74. Copyright 2014 Wiley.
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Figure 9. Optical excitation of NW SPs via transverse evanescent coupling from dielectric waveguides. (a) Schematic drawing of SP coupling using a
directional coupler. (b) SP excitation by transversely attaching a tapered nanofiber or a ZnO NW to a Ag NW on a substrate. The diameters of the
ZnO and Ag NWs are 340 and 320 nm, respectively. The wavelength of the excitation laser is 650 nm. Reprinted from ref 75. Copyright 2009
American Chemical Society. (c) Highly efficient SP excitation on a suspended Ag NW held by a sharp fiber taper. The diameter of the Ag NW is 280
nm and the wavelength of the laser is 785 nm. Reprinted with permission from ref 77. Copyright 2013 Optical Society of America.

polarization, the x-polarized HE, mode and a higher-order HE, very small. To increase the coupling efficiency, a nanoantenna
mode can be excited. Consequently, for incident polarization can be employed at the end of the NW. A simulation study
with an angle with respect to the NW axis having both shows that, by introducing a dipole nanoantenna at the
projected polarization components, the TM, mode and two entrance of a NW dimer waveguide, an enhancement of more
degenerate HE, modes are excited on the NW simultaneously. than 200 times of the coupling efficiency can be achieved under
Comparing Figure 7d (ii and iii), one can find that the optimized conditions.”” By tuning the resonance frequency of a
excitation of the HE, mode in the x- and y-directions under bowtie antenna at the NW end to match with the incident laser,
linear polarization corresponds to an instantaneous profile with a 32 fold increase in the coupling efficiency was achieved
a phase delay of 7/2. Therefore, the two HE, modes have a + experimentally (Figure 8, panels a and b).”* A simpler scheme
7/2 phase difference under this excitation configuration. The of improving the coupling efficiency is introducing an antenna
amplitudes of the two HE; modes and the sign of the phase by a cut at the entrance end of the metal NW.”* As shown in
delay can be controlled by the incident polarization angle with Figure 8 (panels ¢ and d), a cut at the entrance improved the
respect to the NW axis. coupling efficiency over a broad band of the spectrum, with
For free-space photons, the diffraction limit imposes a lower maximum enhancement of 7.7 times.

bound on the spot size of the light beam. Therefore, the The optical excitation scheme (ii), transverse evanescent
coupling efficiency of free-space photons into the tightly coupling from guided photons in photonic waveguides, is
confined SPs is low, especially when the diameter of the NW is another frequently used method to launch SPs onto a metal
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NW due to its high efficiency. As shown schematically in Figure
9a, the two waveguides are put side-by-side so that their
evanescent fields overlap. The coupling mechanism is
equivalent to the directional coupler in fiber optics and
integrated photonics. Similarly, for given waveguides, the
efficiencies of photons coupled to the two output ports of
the junction are determined by two parameters, the length of
the overlapping region L. and the distance between the two
waveguides D.. A representative example of the evanescent
coupling is the coupling between a tapered optical fiber and a
metal NW (top panel of Figure 9b, and Figure 9c).”> The
coupling efficiency of photons in a tapered nanofiber to SPs on
a Ag NW decreases as the angle between the fiber and the NW
increases. Maximum coupling efficiency reaches 55% when the
two waveguides are nearly parallel to each other.”” For a NW
on a dielectric substrate, a large portion of the field for the
fundamental mode is distributed close to the substrate, which
limits the coupling efficiency from the tapered fiber to the metal
NW. For suspended NWs, the efficiency of coupling can be
further improved. Figure 9c shows the excitation of SPs on a
suspended Ag NW held by a fiber taper. The small scattering
spot at the overlapping region indicates the high efficiency
(92%) of this coupling scheme at 785 nm.”” SPs on metal NWs
can also be excited by the evanescent coupling of a dielectric
NW and a metal NW (middle and bottom panels in Figure
9b).”® For the coupling from the guided photons in a ZnO NW
to SPs on a Ag NW, a coupling efficiency of 82% was obtained.
A short coupling length of L. = 200 nm was achieved since two
NWs were close to each other.

For the butt-coupling geometry between a dielectric
waveguide and a metal NW (Figure 10, panels a and c), a
high conversion efficiency of 95% in the visible and close to
100% in the near-infrared can be reached, when the diameters
of the two waveguides are matched so that a standing wave at
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Figure 10. (a) Butt-coupling from a dielectric waveguide (orange) to a
metal NW (green). (b) Exciting SPs on a metal NW by adiabatic mode
transformation. (c) Theoretically optimized excitation of SPs on a Ag
NW by a dielectric fiber. (Left) Calculation geometry, a light source is
inserted at the dielectric fiber. (Right) Snapshot of the magnetic field
distribution at the coupling junction. Reprinted from ref 78. Copyright
2009 American Chemical Society. (d) Experimental demonstration of
SP excitation by adiabatic mode transformation onto a Au NW.
Reprinted with permission from ref 80. Copyright 2009 American
Physical Society.
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the metal-dielectric interface appears.”® The calculation results
for the coupling of a focused radially polarized beam to the
TM, mode in a metal NW shows that the coupling efficiency
can reach as high as 90% when the distribution of the focus
beam matches well with the radiation pattern of the TM, mode
SPs at the NW terminal.”’ Adiabatic mode transformation is
another efficient way of coupling guided modes onto SPs on
metal NWs (Figure 10b). By this method, efficient launching of
SPs on a gold NW was realized.*® As shown in Figure 10d, SPs
on a gold film of 77 nm thickness were first excited at a
nanohole array on the left side of a taper, which was connected
to a NW of 150 nm width on the right. The SPs propagated
along the laterally tapered metal stripe and were adiabatically
converted to the fundamental plasmon mode in the NW. For a
NW of 90 nm width, the coupling efficiency of the taper
coupler was measured to be ~50%.

The grating-assisted optical excitation scheme is a very
popular method to launch SPs on metal films. The excitation
condition becomes Re(k;) = k, sin 0 + 27/a, where 0 is the
incidence angle relative to the surface normal and a is the
grating constant. However, there is no experimental demon-
stration of the grating-coupled excitation of SPs on metal NWs.
There are a few reports on fabricating grating structures on
chemically synthesized metal NWs, either by FIB or EBL."' ~*°
However, all of these works used the grating as a Bragg mirror
for SPs rather than as a coupler. Experimental demonstration of
a grating coupler on a metal wire was carried out in the THz
range,84 where spoof SP waves (also called Sommerfeld waves)
rather than SPs are supported. The spoof SP wave is weakly
bound on the metal surface since the dispersion curve is located
close to the light line.*®

In practical experimental realizations, the excitation of SPs
may involve more than one mechanism. For example, the
excitation of SPs on a metal NW by a photonic waveguide may
contain the (i) scattering and (ii) evanescent coupling, if the
photonic waveguide and the metal NW are not parallel to each
other. The scattering mechanism can be dominant if the angle
between two waveguides is large. For a fiber taper, as shown in
Figure 9c¢, the coupling may also involve the scattering
mechanism if the end of the taper is close to the metal NW,
even if the two waveguides are parallel to each other. It also
includes a mode conversion process as in the butt-coupling
method if the end of the fiber taper is positioned right in front
of the metal NW end. Therefore, the coupling mechanisms
depend strongly on the exact geometries of the coupling
structures.

SPs on metal NWs can also be excited by a nearby
luminescent emitter (e.g, an atom, a molecule, a QD, etc).
Theoretical calculations reveal that a dipole emitter can couple
strongly to the TM, mode SPs on a metal NW.'”*’ A near
unity coupling efficiency can be achieved when the dipole
emitter is placed right at the tip of a NW, with its dipole
orientated along the NW axis. For an emitter located at the side
of a NW, this coupling efficiency depends sensitively on the
distance between the emitter and the NW surface and the
orientation of the dipole emitter. Small emitter-NW distance is
usually favorable for high coupling efficiency. However, the
nonradiative decay of the excited emitter increases as the
emitter-NW distance decreases, which reduces the quantum
efficiency of the SP generation for very small distances. The
luminescent quantum transitions may be pumped electrically,
for example, in a GaAs NW with a p-i-n junction and a carbon
nanotube transistor,*”®” which can also be applied for exciting
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Table 1. Excitation Efficiency of NW SPs

optimized coupling

source coupling scheme structure efficiency ref
electrons fast electrons Au NW, diameter D = 160 nm, electron-NW distance d = 10 nm ~1% (calcd) ref 57
photons end-scattering Ag NW, D = 98 nm, wavelength 1 = 681 nm ~4% (calcd) ref 74
evanescent coupling ZnO NW (diameter 270 nm), Ag NW, D = 240 nm, MgF, substrate, 1 = 650 nm ~82% (exptl) ref 75
fiber taper (end diameter 300 nm), Ag NW, D = 280 nm, 4 = 785 nm 92% (exptl) ref 77
butt-coupling from a silica nanofiber (diameter 684 nm) to a Ag NW, D = 328 nm, 4 = 633 nm 95% (caled) ref 78
focused radially polarized light beam, Ag and Au NWs embedded in glass, D = 320 nm, ~90% (caled) ref 79
A =633 nm
adiabatic mode Au NW of 77 nm thick and 90 nm wide, 4 = 1550 nm ~50% (exptl) ref 80
transformation
emitters — emitter near a Ag nanotip, A = 1000 nm, surrounding dielectric permittivity £ = 2 95% (caled) ref 19
— emitter on the side of a Ag NW, D = 100 nm, emitter-NW separation d = 10—100 nm, ~30%—55% (calcd) ref 20
A = 655 nm
— CdSe/ZnS QD, Ag NW, D = 80 nm, Al,O; spacer thickness T = 10 nm, 4 = 650 nm 21% (exptl) ref 88
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Figure 11. Imaging of NW SPs. (a) Excitation and spectrally resolved mapping of SPs on a Ag NW by high-energy electrons (accelerating voltage
300 kV) using EELS. (Top) Scanning TEM annular dark field image of a long Ag NW near one end. The scale bar is 500 nm. (Lower three panels)
LDOS maps of the SPs on the NW taken at electron energy losses corresponding to three different free-space wavelengths of 1200, 1000, and 800
nm. Reprinted from ref 90. Copyright 2015 American Chemical Society. (b) (Top) SEM image of a Au NW. (Bottom) CL imaging of SPs on the Au
NW at the wavelengths of 592, 640, and 730 nm. The scale bar is 250 nm. Reprinted from ref 94. Copyright 2007 American Chemical Society. (c)
Imaging SPs on a Ag NW by SNOM. The NW diameter is 120 nm. The laser wavelength is 785 nm. Reprinted with permission from ref 36.
Copyright 2005 American Physical Society. (d) Imaging SPs by TPPL excited by SNOM. (Left) Topographic image of the measured Au nanorod.
(Right) TPPL imaging over a 700 X 700 nm region. Reprinted from ref 10S. Copyright 2004 American Chemical Society.

propagating SPs. The electrical excitation benefits the on-chip
integration of plasmon sources and waveguides. A more
detailed review on the emitter-NW coupling is presented in
section 6. Table 1 summarizes the efficiency of exciting SPs on
metal NWs by different methods.

4.2. Detecting Plasmons on Metal Nanowires

As discussed in the previous section, SPs on NWs can be
excited by electrons, photons, and emitters. The interactions
with probe electrons/photons/emitters also allow the detection
of SPs. For excitation by fast electrons, the probability for the
electron losing the quanta of energy is proportional to the
photonic LDOS at corresponding energy. Therefore, the EELS
signal from scanning a focused electron beam over the sample
provides an approach for high-resolution spatial mapping of the
LDOS of the plasmons, enabled by the short wavelength of the
high-energy electrons (typically, ~200 keV).*” EELS has been
used to map the spatial distribution of SPs on metal
NWs.>*?"% By using a monochromated electron source,
high-resolution imaging of Fabry-Pérot-type SP resonances of
ten orders on single Ag NWs was reported, with a high-energy
resolution of 0.1 eV.”® The EELS spectrum shows discrete
energy peaks corresponding to the longitudinal Fabry-Pérot
resonances resulting from the reflections at the NW terminals.
For a NW that is long enough compared with the propagation
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length of SPs, interference ripples can only be seen close to the
near end of the NW, as shown in Figure 11la. Because of the
semi-infinite long feature of the NW, SPs of arbitrary frequency
can be excited. The intensity maxima in the map correspond to
the positions where electrons have a larger probability of losing
energy at a given frequency. Therefore, the map directly relates
to the LDOS of the plasmons.

The excitation of SPs by fast electrons can also be mapped
out by collecting the emitted photons (cathodoluminescence,
CL) instead of analyzing the transmitted electrons. CL analysis
is usually an attachment on a commercial SEM. The spatial
resolution of CL is several to tens of nanometers, depending on
the accelerating voltage of the electron beam. CL imaging of
SPs on a gold NW is shown in Figure 11b.”* The spatial nodes
along the NW axis show the Fabry-Pérot resonances at different
energies. From these maps, the wavelengths of the SPs can be
directly determined. Such energy and spatial resolved imaging
enables the measurement of the dispersion relation of the SPs
on gold NWs. Photoemission electron microscopy (PEEM) can
also be used for high-resolution mapping of SPs. As opposed to
CL, PEEM collects and analyzes the emitted electrons excited
by intense light. SPs on a gold NW were mapped by PEEM
imaging.” PEEM was also used to visualize the propagation
and interference of SPs in a directional coupler made of two-
wire transmission lines.”® Time-resolved photon-induced near-
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Figure 12. On-chip electrical detection of NW SPs. (a) Schematic diagram of a SP detector using a Ge NW field-effect transistor. (b) SEM image of
the device overlaid with a photocurrent mapping with an excitation laser power of 2.0 4#W and wavelength of 532 nm. (c) Schematic diagram of a
NW SP detector using a single layer of MoS,. (d) Photocurrent mapping overlaid on top of a SEM image of a SP detector using a monolayer of
MoS,. (a and b) Reprinted with permission from ref 108. Copyright 2009 Nature Publishing Group. (c and d) Reprinted from ref 109. Copyright

2015 American Chemical Society.

field electron microscopy, a recently developed technique, is
capable of imaging SPs with high spatial, spectral, and time
resolution. It uses a short laser pulse to excite SPs and
subsequently images the near field of the SPs by the electrons
excited by an ultraviolet pulse at a tunable delay. The
interaction between the electrons and the SP standing wave
in an isolated Ag NW was detected by this technique.’

SPs on metal NWs can be detected by optical means. One
simple way of detection is to measure the emission intensity or
spectrum at the output end of the NW. For short NWs, dark-
field scattering spectroscopy or extinction spectroscopy can be
used to measure the spectra.”®”” Using the Fabry-Pérot model,
important parameters such as group velocity, propagation
length, and the reflectivity at the NW terminal can be
obtained.**'”° Complementary to far-field spectroscopy, near-
field measurement can provide additional information. Direct
mapping of SPs by scanning near-field optical microscopy
(SNOM) can reveal the SP wavelength, near-field intensity,
etc.’*'%" 1% Similar to the excitation process by scattering, a
nanotip close to the surface of a NW can scatter the near field
of SPs into photons, either to guided photons in an apertured
tip (aperture type SNOM) or to free-space photons collected
by an objective (scattering type SNOM). By scanning the tip
over the NW, the spatial distribution of the SPs can be mapped
out. Figure 11c shows a SNOM image of SPs propagating along
a Ag NW.* Clear Fabry-Pérot interference ripples can be
identified along the NW. Typically, SNOM detects the
elastically scattered light at the same frequency as the excitation
beam. If the excitation light intensity is strong enough, SPs can
be mapped by collecting the two-photon photoluminescence
(TPPL). Figure 11d shows the SP mapping on a gold nanorod
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using TPPL excited by a Ti: sapphire laser (4 = 780 nm, < 100
fs) through an apertured SNOM tip.'” For the leaky plasmon
modes in metal NWs, the leaky radiation enables direct optical
imaging of these modes, as will be seen in section 5.8.

The quantum transitions (in molecules, QDs, semiconduc-
tors, etc.) excited by SPs can be used for the detection as well.
As the reverse process of SP excitation by quantum emitters,
the SPs on a NW can excite electronic transitions which can
then be detected optically or electrically. The excitation rate of
the emitters is proportional to the near-field intensity of the
SPs. If the near field is not strong enough to saturate the
emitters, the intensity of fluorescence (radiative decay of the
emitters into photons) from the emitters is proportional to the
excitation rate. Therefore, if the emitters cover the metal NW
uniformly, the fluorescence image of the sample directly reflects
the near-field intensity distribution of the SPs (Figure 3d)."” To
increase the brightness of the image, QDs and dye molecules
with high emitting efficiencies are good candidates for
fluorescence imaging. Compared with dye molecules, the
QDs have the advantage of long fluorescence duration. By
this method, the periodic near-field patterns formed due to
plasmon beating and exponential decay of the near-field
intensity can be mapped out using a normal optical microscope.
By combining conventional SNOM and fluorescence lifetime
imaging microscopy, scanning an emitter (dye molecules
embedded in a polystyrene bead with a diameter of 100 nm)
attached onto the tip of a tapered nanofiber can map the LDOS
of SPs on a metal NW.'% The measured fluorescence intensity
and dynamics reveal information about the photonic environ-
ment with a resolution beyond the diffraction limit.
Fluorescence lifetime imaging was also performed by scanning
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a nitrogen vacancy (NV) center in a nanodiamond attached to
the tip of an atomic force microscope (AFM) over a Ag NW.'%
Compared to the fluorescent nanobead, the NV center is more
chemi- and photostable. More importantly, it can function at
the single quantum emitter level with a specific dipole position
and orientation.

The excitation of an electronic transition creates a “hot”
electron in the conduction band (and a hole in the valence
band) that can be converted to electrical signals. By applying a
voltage, the generated free carries (electrons, holes, or both)
can be driven to the electrodes resulting in a current. The
advantage of this detection scheme is that it is capable of on-
chip detection in integrated circuits. The electrical detection of
plasmons on a Ag NW was reported by using a Ge NW field-
effect transistor (Figure 12, panels a and b).'%® A detection
efficiency of 0.1 electrons per plasmon was achieved. With a
gating effect, the signal can be further increased by about 500
times. A similar scheme of on-chip detection of NW SPs has
also been demonstrated by using a monolayer of MoS,.""”"'"’
As shown in Figure 12c¢, an electron—hole pair is created when
a plasmon is absorbed. The electrons (holes) are moved under
the applied voltage, producing the current. Compared with the
Ge NW transistor, the direct band gap nature of the monolayer
of MoS, indicates a larger strength of light-matter interaction
compared to the indirect band gap materials. Furthermore, the
sheet nature of the semiconductor layer increases the contact
area with the metal NW, increasing the produced electric
current (Figure 12d). The flexible feature of the layered
materials enables their integration with different types of
substrates. Therefore, it is promising for future on-chip
integrated nanophotonic circuits.

On-chip SP detection can also be realized by a super-
conducting single-photon detector. The absorption of a single
photon/plasmon produces a short-lived resistive state, which is
detected as a voltage pulse. By using a superconducting single-
photon detector consisting of a meandering NbN wire (~100
um long, 100 nm wide, S nm thin) cooled at 4 K, SPs on gold
strip waveguides were detected.''’ A high sensitivity was
demonstrated by detecting single plasmons generated by a QD.
Using a metal quantum point contact, SP induced optical
rectification can be used for on-chip electrical detection of SPs.
Such a SP detector was demonstrated by fabricating a 1G,
quantum point contact via field induced adatom migration.""”
When SPs were generated at the grating structure, they
propagated to the metal nanogap and excited localized SPs
therein. The local electromagnetic field was enhanced at the
junction so that the conductance of the junction was
modulated. Monitoring the conductance of the junction
provides a means for SP detection.

5. PROPAGATION AND EMISSION OF SURFACE
PLASMONS

5.1. Beating and Zigzag Propagation

Although the field amplitudes of the TM, mode and HE, mode
are both laterally symmetric and uniform along the NW (Figure
3), the interference of the two modes in a NW leads to an
asymmetric, zigzag field distribution, as shown by the charge
(Figure 13a, left) and field (Figure 13a, right) distributions.
The asymmetry of the zigzag field distribution originates from
the different lateral symmetries of the TM, mode and HE,
mode that participate in the interference. As shown in Figure
3b, the sign of the charge distribution in the TM, mode is the
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Figure 13. (a) Simulation results for distribution of instant charges
(left) and electric field amplitude (right) of plasmons on a cylindrical
Ag NW, with TM, mode and HE, mode input simultaneously. (b)
Field distributions obtained by directly adding the TM, and HE,
modes, with relative phase differences of 0 and 7z. The initial phase
difference of 0 is defined by the distribution in Figure 3a. (c)
Experimental observation of the zigzag field distribution on a Ag NW.
Panels (i and ii) show the optical image and the QD florescence image
with wide field excitation of the NW. The inset is a SEM image with
the scale bar of 200 nm. Panels (iii and iv) show the QD florescence
images of the plasmons generated by a linearly polarized laser beam,
with the polarization indicated by the red arrows. (d) Periodic field
distributions on a glass-substrate-supported Ag NW immersed in air
(top), water (middle), and oil (bottom), excited by a laser beam
polarized parallel to the NW. (a and b) Reprinted with permission
from ref 41. Copyright 2015 Royal Society of Chemistry. (c)
Reprinted from ref 17. Copyright 2011 American Chemical Society.
(d) Reprinted with permission from ref 113. Copyright 2013 National
Academy of Sciences of the USA.

same over the cross section of the NW, while for the HE; mode
the charges show opposite signs on two sides of the NW. The
superposition of the two modes yields net charges piling up on
one side of the NW (Figure 13a, left). Figure 3a also shows that
the polarization of the lateral electric field component E, of the
TM, mode and the HE; mode are different, so that their
superposition shows destructive and constructive interference
separately on two sides of the NW, leading to an asymmetric
field distribution (Figure 13b).

The period of the zigzag distribution in Figure 13a is formed
due to the plasmon beating effect. The TM, and HE, modes
with different refractive indices accumulate different phases
along the NW, leading to the maxima of the electric field
periodically distributed on the NW. For the distributions of the
TM, and HE, modes shown in Figure 3a, their interference
field is asymmetric and the maximum is located on the right
side of the NW (Figure 13b, top). Along the propagation
direction, the two modes accumulate different phase changes
and when the phase difference reaches 7, the maximum of the
field shifts to the left side of the NW (Figure 13b, bottom). The
repetitive shifting of the field maxima along the NW leads to a
zigzag propagation route, with the period A given by A = 1/(n,
— n,), where n, and n, are the effective refractive indices of the
TM, mode and the HE; mode, respectively. Considering the
dependence of n, and n; on the radius of the NW shown in
Figure 3e, the period of the zigzag field pattern is shorter in
thinner NWs.

The zigzag propagation of plasmons on NWs can be proved
experimentally by the QD fluorescence imaging technique, as
shown in Figure 13c. By focusing a laser beam with linear
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polarization at an acute angle (e.g, 45°), with respect to the
NW, the TM, mode and the HE, mode polarized parallel to the
substrate can be generated simultaneously. As revealed by the
QD fluorescence image (Figure 13c, iii), the plasmons on the
NW are in a zigzag route with a unique period due to the
superposition of the TM, and HE, modes. When changing the
polarization from 45° to —45° (0° corresponds to the
polarization parallel to the NW), the zigzag distribution is
reversed as a mirror image (Figure 13c, iv). This modulation of
the plasmon field on the NW induced by the polarization
direction can be utilized for plasmon routers, as will be
elaborated in section 8.1. As clarified in Figure 7d, the laser
beam can also generate a HE, mode polarized perpendicular to
the substrate, which is not included in the discussion above. For
a laser beam with the polarization parallel to the NW, this
vertically polarized HE, mode and the TM, mode can be
excited simultaneously, which also leads to a periodic near-field
pattern. This periodic distribution also has a zigzag pattern,
where the maxima shift periodically between the upper and
bottom surface of the NW, with the field distribution on the
upper surface captured by a microscope, as shown in Figure
13d (also see left panel of Figure 3d). Since the beat period of
the zigzag distribution on the NW is determined by the
effective refractive indices of the two modes, changing the
environment of the NW can modulate the mode indices and
consequently alter the beat period, as demonstrated in Figure
13d. This not only offers a way to flexibly tune the plasmon
field but also provides an ultrasensitive platform for on-chip
sensing.

Since the zigzag distribution results from the superposition of
two modes with different lateral symmetry, it is not limited to
cylindrical NWs. As discussed in section 3, for the NWs with
different cross-sectional geometries, even if the NWs are
deposited on a substrate or further covered by a coating layer
(which is actually the case in Figure 13, panels ¢ and d), as long
as the mirror symmetry of the NWs is preserved, they can
support symmetric and antisymmetric plasmon modes and
sustain the zigzag field distributions.

5.2. Chiral Propagation

By the superposition of two degenerate HE, modes with a z/2
phase delay, a state with a helical phase distribution as e is
formed. The interference of this helical mode with an additional
TM, mode generates a helically distributed near-field energy
flow along the metal surface. The helical distribution of SPs on
a metal NW is clearly revealed by the distributions of the
instant charge and electric field amplitude (Figure 14a), which
are obtained by numerical superposition of the three mode
components with the required phase.

The simultaneous excitation of two degenerate HE; modes
with 77/2 phase delay and a TM; mode in a metal NW can be
achieved by the end-scattering scheme with a light beam
polarized at an angle with respect to the NW axis (e.g., 45°), as
discussed in Figure 7d. Since the excitation of the vertically
polarized HE, mode is due to a retardation effect, it is less
efficient, especially for thin NWs, than the excitation of the
horizontally polarized HE, mode by the linearly polarized
electric field of the light beam. Moreover, the substrate
employed in the experiment can also lift the degeneracy of
the two HE, modes. Therefore, only for a relatively thick NW
in a homogeneous environment, the chiral plasmons can be
directly excited by a linearly polarized light beam.
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Figure 14. Chiral SPs on metal NWs. (a) Simulation results for
distributions of instant charges (left) and electric field amplitude
(right) of plasmons on a cylindrical NW, with the TM,, mode and two
degenerate HE, modes with a 7/2 phase delay input simultaneously.
Reprinted with permission from ref 41. Copyright 2015 Royal Society
of Chemistry. (b) Experimental detection of chiral SPs by QD
fluorescence imaging for a Ag NW of radius ~150 nm. The scale bar is

S pm. Reprinted with permission from ref 70. Copyright 2011
American Physical Society.

Experimental verification of the chiral SPs on a chemically
synthesized Ag NW was performed by fluorescence imaging
using colloidal QDs, as shown in Figure 14b. In order to
maintain the cylindrical (more exactly, pentagonal) symmetry,
the Ag NW was immersed in refractive index matching oil.
Fluorescence imaging clearly resolved the handedness of the
chiral SPs. By changing the incident polarization angle from 45°
to —45°, the handedness of the plasmon helix is reversed. The
helical distribution disappeared for parallel and perpendicular
incident polarizations. The period of the chiral SP pattern is the
same as the zigzag distribution and determined by A = 4/ (no—
n,), which increases with the increase of the NW diameter, as
discussed in section S5.1. The incident polarization angle can
alter the relative amplitude of the HE, mode in the x- and y-
directions, which further determines the degree of circular
polarization of the chiral SPs. Chiral SPs can also be generated
from the superposition of the HE, mode and HE, mode, which
yields triple-stranded spiral SPs.'"*

5.3. Spin-Dependent Propagation

In addition to the excitation approach using a laser beam with
linear polarization as discussed in sections S.1 and 5.2,
launching plasmons on NWs by circularly polarized light is
more profound, since the circular polarization of light is an
intrinsic degree of freedom, which can be explored for binary
signal encoding and routing. Recent research interests have
been intensively devoted to the directional excitation of
plasmons using circularly polarized light, where photons of
opposite circular polarizations are directed to different spatial
routes when coupled as plasmons.'">~""? This spin-dependent
directional excitation is achieved by exploring the spin—orbit
interaction (SOI) of light, which occurs when circularly
polarized light moves along curved trajectories in a
homogeneous medium, such as by scattering or reflection.
Along these curved trajectories, the spin angular momentum
(AM) of the photons couples to their orbital AM due to the
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Figure 15. (a) A strong SOI in the scattering of circularly polarized photons on a Au nanosphere, revealed by the twisted trajectories of light. (b)
The SOI on a Au NW tip for the excitation of SPs on the NW using circularly polarized photons. (Top) Schematic illustration. (Bottom) The
distributions of surface charges and the streamlines of the orbital momentum density p°. (c) Sectional view of the electric field distributions in the x—
y plane across the center of the NW under excitation with opposite circular polarizations denoted by the circular arrows. The scale bar is 1 ym. The
white dashed lines mark the nodes in the periodic zigzag patterns. The radii of the Au nanosphere and the Au NW are both 80 nm. The refractive
index of the surrounding dielectric medium is 1.5. The wavelength is 785 nm. Reprinted with permission from ref 120. Copyright 2016 American

Physical Society.

conservation of the total AM, which leads to a spin-dependent
spatial deviation. This SOI effect of light is usually extremely
weak in dielectric materials, but recent studies show the SOI
resulted phenomena are significant in metal structures.’'” The
strong SOI of light in a metal structure originates from the large
gradient of the dielectric permittivity on the metal-dielectric
interface and can be utilized to realize spin-dependent
ll)golgggation of plasmons on metal NWs, as shown in Figure

The strong SOI of light in a metal structure can be clearly
revealed in the scattering of a circularly polarized plane wave by
a metal nanosphere, as shown in Figure 15a. The orbital AM of
the electromagnetic field at a certain position r is revealed by
the streamlines of the orbital momentum density p°,"*" as the
orbital AM density is r X p°. Figure 15a shows the streamlines
of p° for a gold nanosphere with a radius of 80 nm illuminated
by a circularly polarized plane wave of 785 nm wavelength. The
incident light carries no orbital AM, since p° is uniformly
forward in the z direction. In the near field of the nanoparticle,
the streamlines are drastically twisted with azimuthal
components and form a vortex, which implies an efficient
conversion from the spin AM of the incident photons to the
orbital AM. A similar enhanced photonic SOI process can also
occur in a metal NW, with its end illuminated by a circularly
polarized Gaussian beam. In this case, drastically twisted
trajectories of p® are also observed as shown in Figure 15b,
which indicates a strong SOI process on the tip of the NW. The
twisted trajectories with transverse components in the x—y
plane lead to spin-dependent directional coupling of propagat-
ing SPs on the NW (Figure 15c, top), with the field distribution
extending to a periodic zigzag pattern. For an excitation beam
with opposite circular polarization, the field distribution is
reversed as the mirror image (Figure 15c, bottom).
Consequently, the incident photons with different spin AMs
are separated into different spatial trajectories due to the SOI of
light on the NW tip.

5.4. Mode Conversion

As discussed in sections 5.1 and 5.2, the zigzag and chiral
propagation routes of plasmons on NWs, which are important
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for constructing nanophotonic devices, are results of the
superpositions of different plasmon modes with proper
components and phase relations. The components of plasmon
modes are usually tuned by the polarization of the incident laser
beam, which is not suitable for more practical applications. To
realize advanced functions, it is important to directly and locally
control the components of plasmon modes in the NW by
realization of mode conversions.

Since the TM, mode and HE, mode have different lateral
symmetries, the mode conversion can be realized by
introducing local structural symmetry breaking. Figure 16
shows three kinds of NW-based structures with structural
symmetry breaking, including a nanoparticle-NW structure, a
branched NW, and a bent NW, which can realize the
conversion between the plasmon modes. In experiments,
these structures can be prepared by depositing chemically
synthesized Ag NWs and nanoparticles on a glass substrate,
where the concerned structures are occasionally formed or
elaborately constructed by using a micromanipulator.'*" The
structures with symmetry breaking can also be prepared using
nanofabrication techniques.'”'

The mode conversion processes in these symmetry-broken
structures are schematically shown in Figure 16a and
experimentally demonstrated in Figure 16 (panels b—d). The
experimental images of the plasmon near field were obtained by
the QDs based fluorescence imaging technique. As schemati-
cally shown in Figure 16a, only the TM, mode in the NW with
a symmetric field distribution is launched by a linearly polarized
laser beam focused on the end of the NW, with the polarization
parallel to the NW. The field distribution changes into a zigzag
shape after the local symmetry-breaking positions, which
implies the coexistence of two modes in the NW with a new
component of HE; mode generated by the mode conversion.
This mode conversion process is demonstrated in all three
experimental structures by the QD fluorescence images in
Figure 16 (panels b—d), which show the changes of the near-
field distributions from symmetric patterns to zigzag. These
mode conversion processes are important for designing and
building plasmonic circuits based on NW networks. By
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Figure 16. (a) Schematic illustration of the mode conversions in three
NW-based structures. (b—d) The optical images (top) and QD
fluorescence images (bottom) of (b) nanoparticle-NW, (c) branched
NW, and (d) bent NW structures. The scale bars are S gm. Reprinted
with permission from ref 40. Copyright 2014 Nature Publishing
Group.

elaborately controlling the mode conversion process, the
routing and switch function can be actively controlled, which
will be discussed in section 8.1.

5.5. Loss and Propagation Length

5.5.1. Losses of Plasmons on Metal Nanowires. SPs
propagating on metal NWs suffer losses due to the inevitable
ohmic damping of the metal that attenuates the intensity of the
near field along their paths. In addition to ohmic loss, the
propagation loss of SPs on NWs may also be caused by leaky
radiation from the leaky plasmon modes, and the scattering by
surface roughness in realistic structures, as schematically
illustrated in Figure 17. All these loss mechanisms contribute

Excitation Defect scattering

Ohmic damping

Terminal
scattering

Leaky radiation

Figure 17. Losses of SPs propagating along a metal NW.

to the damping of the SP propagation and can be mathemati-
cally included by the imaginary part of the plasmon wave vector
ky with the field intensity

Ip(z) = I, ¢ mike

@)

where Ij is the initial intensity. The propagation length of SPs
on NWs can then be defined as Lgp = 1/[2Im(k;)], which is the
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propagation distance for the intensity decaying to 1/e of the
original intensity.

Ohmic damping is usually the major reason for the plasmon
loss and originates from the inherent absorption of the metal
due to both interband and intraband transitions. The energy
acquired by these transitions is further converted into heat via
electron—electron, electron—phonon, and electron—surface
scattering.'*> The electron—phonon scattering rate can be
decreased at low temperature, reducing the damping of the
propagating SPs and resulting in a longer propagation
length.123

The ohmic damping rate is proportional to the electric field
in the metal, so it is related to the confinement of the plasmon
modes, which can be characterized by the effective mode
area#*H#01247126 Thig determines the trade-off between
propagation length and mode confinement as discussed in
section 3. In general, the fundamental mode in NWs of various
geometries (TM, mode in the cylindrical NW) is more
confined than other higher-order modes, so it suffers higher
propagation loss. The confinement of different plasmon modes
varies with the wavelength and the NW diameter. Therefore,
the ohmic loss depends on the wavelength and the NW
diameter.***>**'** TLonger wavelength and larger diameter
correspond to smaller ohmic loss. The attempts to increase the
confinement of the plasmon mode, for example by increasing
the refractive index of the substrate or coating, inevitably
decrease the propagation length of the modes.™*>"**

As discussed in section 3.1, the plasmon modes can be leaky
(e.g., the H, mode in a NW deposited on a substrate for low
frequency) and radiate energy along the propagation, which
introduces further loss. To prevent the leaky radiation, an
additional thin layer (~30 nm) of high refractive index can be
inserted between the NWs and the substrate to increase the
wave vector of the SPs to be sufficiently larger than that of light
in the substrate.** If the substrate or environment is absorptive
at the SP frequencies, additional damping can arise from the
absorption, leading to further damping of the SPs.””*’

Moreover, the scattering by surface roughness, defects, or
bending corners of NWs also leads to plasmon loss. Taking
lithographically fabricated nanowaveguides as an example, the
scattering loss is mainly due to the roughness of the
polycrystalline structures.””*® In addition, when the NW is
bent sharply, scattering loss occurs at the bending corner due to
geometrical symmetry breakin_;, and the SPs can be coupled to
light at the corner position.'”

5.5.2. Measuring Propagation Length. The most
straightforward method to reveal the propagation loss and
measure the propagation length of SPs on the NW is directly
visualizing the electric field distribution through various
techniques, such as imaging by SNOM, fluorescence, leaky
radiation (as will be seen in section 5.8),"”'** and transient
absorption.'””"*° By fitting the measured intensity along the
NW with an exponential decay, the propagation length can be
obtained. Figure 18 shows two examples of near-field imaging
of NW SPs based on fluorescence, including the two-photon
fluorescence imaging method'®' (Figure 18a) and the
fluorescence bleaching method'*”* (Figure 18b). In these
measurements, the NWs were covered by a polymer layer
containing dye molecules, whose fluorescence can reveal
information on the SP near field. In Figure 18a, the two-
photon fluorescence intensity directly reveals the SP field
distribution because the fluorescence intensity is proportional
to the square of the SP near-field intensity. The measured two-
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Figure 18. (a) (Top) Image of two-photon fluorescence excited by SPs propagating along a Ag NW. (Bottom) Two-photon fluorescence intensity in
the top panel as a function of the position along the NW. Reprinted from ref 131. Copyright 2012 American Chemical Society. (b) Width-averaged
intensity line sections and fits obtained from the fluorescence difference images shown in the insets for excitation polarization parallel (upper) and
perpendicular (lower) to the Au NW. The difference images were obtained by subtracting the fluorescence image after the photobleaching by
propagating SPs from the original fluorescence image. Reprinted from ref 132. Copyright 2010 American Chemical Society.

photon fluorescence image clearly reveals the attenuation of the
SP intensity. The propagation length can be obtained by fitting
the distribution of the intensity I on the NW using I = I
¢”**/Lss In Figure 18b, the propagating plasmons on the NW
cause photobleaching of the fluorescent polymer and the
degree of bleaching is correlated with the near-field intensity.
Higher field intensity leads to stronger photobleaching and
therefore weaker fluorescence. Subtracting the confocal
fluorescence image measured after photobleaching from the
fluorescence image obtained before photobleaching provides an
image of the field distribution of the SPs, as shown in the inset
of Figure 18b. The damping of the SP propagation can be
clearly seen from the difference images for both excitation
polarizations parallel and perpendicular to the NW. The
propagation lengths for both polarizations can be obtained by
fitting the corresponding intensity decay along the NW using I
=1, e_Z/Lsp.

The propagation length can also be extracted by measuring
the SP emission intensity at the NW end as a function of the
propagation distance. In experiments, this distance can be
precisely controlled by tuning the position of the point source
for exciting SPs. For example, by using a tapered nanofiber
(Figure 9) at different positions along the NW to excite the
SPs, the emission intensity as a function of propagation
distance can be measured, as shown in Figure 19127433135 1y
addition, emitters coated on a NW excited by a focused laser
beam can also serve as the point source, with the excitation
positions determined by the laser spot.'** The dependence of
the emission intensity on the propagation distance can also be
obtained by statistically measuring the SP emission intensities
of NWs with similar diameter but different lengths.* In these
methods, due to the propagation loss of the SPs, the emission
intensity decays exponentially with respect to the propagation
distance as e */Lsr. By fitting the emission intensity using the
exponential form, as shown in Figure 19b, the SP propagation
length can be obtained.
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Figure 19. (a) Measuring propagation loss by exciting the SPs at
different positions of a Ag NW using an optical nanofiber. The scale
bar is S ym. (b) Emission intensity at the NW end and propagation
loss for different propagation distances. Reprinted from ref 127.
Copyright 2011 American Chemical Society.

The spectrum of SP emission at the NW end excited by
white light contains information on propagation length for a
wide range of frequencies. The spectrum is modulated by the
Fabry-Pérot resonances (Figure 20a), and the modulation
depth varies with both the wavelength and NW length.36 The
relative modulation depth AI/I;, is determined by AI/I ; =
4RA/(1—RA)? where R is the reflectivity of the SPs at the end
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Modulation depth at the wavelength 785 nm versus NW length. (c) (Top) Fourier transform amplitude of the spectrum from the distal end of a S
um long Ag NW. (Bottom) Inverse Fourier transform function for band-pass filtering the individual peaks in the top panel, marked by the
corresponding peak number. (d) Propagation lengths obtained from Fourier analysis for Au and Ag NWs on quartz (Q) and ITO. SCW and PCW
stand for single-crystalline NWs and polycrystalline NWs, respectively. Inset shows the propagation lengths calculated from the analytical NW
dispersion. Different substrates are modeled by effective permittivities of the surrounding medium (&’ ITO, assuming a real permittivity). (a and b)
Reprinted with permission from ref 36. Copyright 2005 American Physical Society. (c and d) Reprinted from ref 29. Copyright 2012 American

Chemical Society.

of the NW, A = eI is a parameter containing the
propagation length L, and the NW length L. As a result, the
reflectivity R and the propagation length Lgp, at a certain
frequency can be extracted by analyzing the measured values of
AI/IL;, from NWs with different lengths. As shown in Figure
20b, the relative modulation depths at the wavelength of 785
nm from five NWs with diameters around 110 nm and different
lengths were fitted using the equation above, from which a
fitting value of the propagation length of 10.1 + 0.4 um was
obtained.

By applying a Fourier transform approach to the spectra of
the emitted light from the NW ends, the propagation length of
NW SPs can also be extracted. The spectrum of the scattered
light from the NW end was first transformed to the time
domain (Figure 20c, top).”” The resulting spectrum contains a
series of peaks which imply round-trip propagation of a SP
pulse as it is reflected at the two ends of the NW. Then, these
separated peaks were transformed to the energy-dependent
amplitudes with an inverse Fourier transform (Figure 20c,
bottom)."*” The ratio of amplitudes of successive orders yields
the information about the SP propagation length and the end
face reflectivity of the NW. Figure 20d shows the propagation
lengths extracted from the Fourier transform method. As can be
seen, the propagation lengths decrease with the increase of the
energy, which is caused by the tighter confinement of SPs of
higher energy leading to larger loss. Figure 20d also shows that
Ag NWs on ITO suffer larger propagation loss than the ones on
quartz. The simulation results for NWs on quartz, ITO, and
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ITO without considering absorption, as presented in the inset
of Figure 20d, indicate that the absorption of the ITO plays a
key role in reducing the propagation length.

We summarize the SP propagation lengths measured by
different methods in Table 2.

If a metal NW is bent, additional scattering loss due to the
bending can be introduced, which can also be quantitatively
measured. The loss due to the bending of the NW can be
analyzed by exciting the SPs using a fiber taper. Figure 21
shows the experimental measurement of the scattering loss of a
bent NW. The Ag NW was bent using a tapered tip, as shown
in Figure 21a. The SPs on the NW were excited by a tapered
nanofiber, and the emission intensities from the NW end with
different bending radii were recorded (Figure 21b). The
intensity of the emission at the end of the NW decreases when
the bending of the NW gets sharper, which implies a sharper
corner of the NW leads to a larger scattering loss. The emission
intensity from the NW end involving bending loss can be
written as

I =1, e L/ Lsp g @Lbending 3)

where I is the initial input intensity, L is the NW length, Lgp is
the SP propagation length without bending, Lienging is the
length of the bending section, and « is the attenuation
coeflicient due to bending, which depends on the curvature
radius. With the propagation length Lgp for the NW without
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Table 2. Propagation Lengths of NW SPs Measured by Different Methods

wavelength material Lep diameter excitation polarization method” ref
532 nm silver 6.77 pum 260 nm — (d) ref 133
2.76 + 0.30 ym 340 + 20 nm parallel (H, mode) (a) ref 49
~2.7 ym 185 nm parallel (H, mode) (a) ref 128
~3.1 ym 224 nm parallel (H, mode) (a) ref 128
gold 1.9 + 04 pum average 400 nm parallel (b) ref 132
1.7 £ 02 ym perpendicular (b)
633 nm silver 49 + 1.6 um 90 + 15 nm parallel (e) ref 29
10.56 ym 260 nm — (d) ref 133
3.67 + 046 ym 340 + 20 nm parallel (H, mode) (a) ref 49
gold — — — — —
640 nm silver ~2.8 pm 185 nm parallel (H, mode) (a) ref 128
3.3 um 224 nm parallel (H, mode) (a)
gold — — — — —
650 nm silver 5.0 + 1.6 ym 90 + 15 nm parallel (e) ref 29
gold 34 pum 210 nm — (d) ref 134
700 nm silver 5.6 + 1.2 ym 90 + 15 nm parallel (e) ref 29
gold — — — — —
740 nm silver 10.3 + 2.8 um average 70 nm parallel (b) ref 131
6.1 + 1.1 ym 90 + 15 nm parallel (e) ref 29
gold — — — — —
760 nm silver — — — — —
gold 2.3 + 04 ym average 120 nm — (b) ref 131
770 nm silver 6.3 + 1.0 um 90 + 15 nm parallel (e) ref 29
gold 1.35 + 0.54 um 56 + 10 nm parallel (c) ref 130
785 nm silver 10.1 + 04 ym 110 #+ 15 nm parallel (e) ref 36
12 + 1.0 ym average 70 nm — (b) ref 131
6.34 + 0.51 um 340 + 20 nm parallel (H, mode) (a) ref 49
6.5 £ 09 um 90 + 15 nm parallel (e) ref 29
gold 3.1 ym 100 nm — (d) ref 134
3.2 uym 120 nm
3.8 um 180 nm
4.9 pym 210 nm
6.5 ym 270 nm
800 nm silver — — — — —
gold 11.3 + 3.1 ym width 600 + 220 nm, height 380 + 140 nm parallel (c) ref 129
12.3 + 4.1 um perpendicular
810 nm silver 6.9 + 0.8 um 90 + 15 nm parallel (e) ref 29
gold 2.8 + 0.3 yum average 120 nm — (b) ref 131
850 nm silver 17.5 + 3.0 ym average 70 nm — (b) ref 131
72 + 0.8 ym 90 + 15 nm parallel (e) ref 29
gold — — — — —
860 nm silver — — — — —
gold 3.6 + 0.5 yum average 120 nm parallel (b) ref 131
980 nm silver 9.0 + 0.7 yum 90 + 15 nm parallel (e) ref 29
13.27 pm 260 nm — (d) ref 133
gold 5.6 um 210 nm — (d) ref 134

“(a) Leaky radiation imaging, (b) fluorescence imaging, (c) transient absorption imaging, (d) measuring emission intensity, and (e) measuring

emission spectra.

bending (see Figure 19), the bending loss for different bending
radii can be calculated using eq 3 (Figure 21c).

5.6. Group Velocity

Light in vacuum is dispersionless as @ = ck (straight line in
Figure 2b), with the group velocity equal to the phase velocity
c¢. While in a metal NW, the SP dispersion relation curves are
located at the right side of the light line (curves in Figure 2b).
The group velocity of a plasmon mode of a certain frequency
can be obtained from the tangent of the plasmon dispersion
relation curve. It can be seen from Figure 2b that the group
velocity of SPs is slower than that of light in vacuum.
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The experimental measurements of the group velocity of the
SPs are mainly based on the analysis of the characteristic
emission spectra from the NW ends (as shown in Figure 20a).
When the SPs on a metal NW were excited by a white light
source, the emission spectrum from the NW end shows fringes
originating from Fabry-Pérot cavity modes.'” The group
velocity of the SPs on the NW can be calculated from the
modulated emission spectrum by

Aw AA

v, =2L— = 2Lc—
8 27 A 4)
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Figure 21. (a) Optical images for a Ag NW with different bending radii. The scale bar is S gm. (b) Optical images corresponding to (a) for excitation
of the SPs by a tapered nanofiber. The spots of the emitted light at the bent end of the NW are indicated by the red arrows. (c) Bending loss as a
function of bending radius. Inset: geometry of the bent wire. Reprinted from ref 127. Copyright 2011 American Chemical Society.
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respectively. (Inset) Two-dimensional near-field intensity distribution of the fundamental plasmon mode for a Ag NW immersed in index-matching
oil on a 200 nm thick ITO layer on top of glass. The NW diameter is 100 nm, including a 10 nm silver sulfide corrosion layer. Reprinted from ref

140. Copyright 2012 American Chemical Society.

where L is the NW length, Aw = 27cAA/A* is the frequency
interval between two neighboring peaks in the emission
spectrum, and A is the central wavelength between the two
peaks."**"*” Figure 22a shows the SP group velocities obtained
by this method. It demonstrates that the group velocity of SPs
is well below the light speed and decreases monotonically from
0.6¢ at 1.2 eV to 0.4c at 2 eV. Alternatively, the group velocity
can be obtained by performing a Fourier-transform based
algorithm for the emission spectra, which produces results
consistent with the calculations using eq 4.""

Far-field interference induced spectral modulations can also
be used to derive the group velocity of SPs on NWs."*'** In a
typical measurement, a femtosecond pulsed laser beam was
focused onto the end of a Ag NW to launch propagating SPs.
Meanwhile, a reference pulsed beam was used to interfere with
the reflected and emitted light from the input and output ends
of the NW, respectively. By performing Fourier transform on
the measured spectral interferograms of the reflected and
emitted light, the temporal positions of reflection and emission
signals relative to the reference pulse were reconstructed, from
which the time difference At between reflection and emission
pulses was obtained.'*' Further correction was carried out for
At to offset the time delays due to the geometrical path
difference of the reflected and emitted light caused by the
different detection positions. The group velocity of the SPs was
given by the NW length L and the corrected At as L/At. It was
found that the group velocity of the SPs is highly dependent on
the NW diameter (Figure 22b). When the diameter is smaller
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than 100 nm, the group velocity decreases drastically with
decreasing diameter. This trend was well reproduced by
simulations considering a corrosion layer (silver sulfide, S nm
in thickness) caused by the reactivity of silver at ambient
condition.

5.7. Nanowire Terminal Emission

The propagating SPs on the NW can be converted to photons
by scattering at the NW end, where the structural symmetry is
broken. Figure 23a shows the emission characteristics of the
TM, mode and HE, mode for a Ag NW of 200 nm radius in a
homogeneous dielectric medium.'** The emission fields
maintain the polarization symmetry of the two modes shown
in Figure 3a. For the TM, mode, the emission field is radially
polarized with an axial symmetry, and for the HE, mode, the
emission field is linearly polarized. In accordance with the
theory of vector beams, the radial polarization implies a
singularity in the beam center. Therefore, the emission of the
TM, mode is dark in the center, with the maximum intensity at
about 30° from the NW axis. In contrast, the maximum
emission intensity of the HE, mode is along the NW with a
small spreading angle.

When a NW supports multiple plasmon modes, the emission
at the NW end is the superposition of the emissions from the
individual modes described in Figure 23a. The field distribution
of the emission from the simultaneously excited TM, and HE;
modes in a NW is asymmetric due to the different symmetries
of the two modes, similar to that discussed for the zigzag
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Figure 23. (a) Emission characteristics of the TM, and HE, modes for a Ag NW in a homogeneous dielectric environment. (Top) Electric field
amplitudes on the cut plane across the axis of the wire. (Middle) Electric field on the cut plane 2 ym away from the output terminal marked by
dashed lines in the top row. (Bottom) Far-field angular emission distributions transformed from the spheres marked by the dot circles in the top row.
The NW radius is 200 nm. The excitation wavelength is 633 nm. The refractive indices of the surrounding medium and silver are 1.56 and 0.0562 +
4.2776i, respectively. Reprinted with permission from ref 142. Copyright 2013 Chinese Physical Society and IOP Publishing Ltd. (b) (Top)
Poynting intensity distribution around a Ag NW. (Bottom) Spatial distribution of the emission from the wire end. The inset shows the
corresponding angular distribution on the integration sphere. The angles 6 and ¢ are defined in the inset. The z axis corresponds to 8 = 0°, and the x
axis corresponds to ¢ = 0°. Reprinted from ref 143. Copyright 2009 American Chemical Society.

pattern on the NW. As shown in Figure 23b, for a Ag NW
excited by light polarized parallel to the NW, the intensity
distribution around the NW shows a zigzag shape (top panel of
Figure 23b), indicating the excitation of the TM, mode and one
HE, mode. The angular distribution of the light emitted from
the NW end demonstrates that the emission intensity is
azimuthally asymmetric (¢ direction). The intensity peak is at
an angle around 6 ~ 60° (bottom panel of Figure 23b) with
respect to the NW axis. More calculations show that, for NWs
with different diameters smaller than 200 nm, the light emission
always peaks in the range of 6 ~ 45—60°.""

The superposition of the emissions from multiple plasmon
modes also determines the polarization of the emitted light at
the NW end. The emission of the HE, mode is linearly
polarized with good directionality. The superposition of
emissions from the two degenerate HE;, modes with the
same amplitude and a 7/2 phase difference therefore has
circular polarization. This is demonstrated by the emission of a
NW excited by a laser beam with a polarization angle of 45°
with respect to the NW, where the two degenerated HE,
modes are generated with the required 7/2 phase difference as
discussed in section 5.2. Figure 24a shows the calculated degree
of circular polarization C in a vertical plane 200 nm away from
the output end of the NW. The degree of circular polarization
C is defined as C = 2(E,E, sin(5, — 5y)>/((E§) + (E;) + (E),
where < > denotes time average, and 6, — J, is the phase
difference between the two transverse electric field components
E, and E,. As shown in Figure 24a, the C value of the emission
can be as high as 0.9. The asymmetry of the distribution is due
to additional emission from the TM, mode excited by the laser.
The high degree of circular polarization of the optical field at
the output end of the NW is further confirmed by the figure of
merit in Figure 24b, where the figure of merit is defined as f =
IC? (I = IE(x)I>/IEy(0)I%, and Ey(0) is the incident electric field
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Figure 24. (a and b) Calculated maps of (a) degree of circular
polarization C and (b) figure of merit f in a vertical plane 200 nm
beyond the distal end of a Ag NW. The radius of the NW is 60 nm,
and the length is 5.0 ym. The wavelength of the incident laser light is
632.8 nm, and the polarization angle is 45° relative to the NW. The
dotted black circles indicate the cross section of the NW. (c and d) C
at the center of (a) on the symmetric axis of the NW as a function of
(c) incident polarization angle 6 and (d) vacaum wavelength A, The
transmission spectrum (green) is also shown in (d). Reprinted with
permission from ref 70. Copyright 2011 American Physical Society.

at the origin). The polarization state of the emission depends
strongly on the polarization angle of the linearly polarized
incident light, since the polarization angle determines the
relative intensity of the multiple plasmon modes. The value of
C reaches its maximum when the polarization angle 6 is 45°
and 135° (0 = 0 is along the NW), as shown in Figure 24c.
Wavelength scanning shows that the emitted light over a wide
spectral range can maintain a high C (Figure 24d), which makes
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Figure 25. (a) Schematic illustration of the Fourier imaging method. (b) Intensity distribution in the image plane showing the excitation spot
(saturated area), the leaky radiation of SPs along the Ag NW, and the SP scattering at the NW end. The excitation wavelength is 780 nm, and the
polarization is parallel to the NW. (c) Wave vector distribution obtained by Fourier imaging. The SP mode is recognized as a bright line at a constant
k,/ky value, here 1.0S. A cross section along the k,/k, axis is also displayed (red dots). The blue solid line is a Lorentzian fit to the data. (d) Leaky
radiation images (top) and corresponding Fourier images (bottom) for a Ag NW under different polarizations of excitation light. The red arrows
indicate the polarization directions of the incident laser light with a 532 nm wavelength. Fourier images are obtained from the area marked by a green
dashed rectangle in (i). The green circles in the Fourier images represent the maximum radiation angle that can be collected by the experimental
system. The scale bar is S ym. (e) Calculated electric field distributions of the longitudinal mode (top) and transverse mode (bottom) of SPs on a
glass-supported Ag NW. The NW radius is 170 nm. The wavelength is 532 nm. (f) Fourier images for different thicknesses of the Al,O; coating
layer. (g) Radiation angles of the two modes as a function of Al,Oj thickness for excitation wavelengths of 532, 633, and 785 nm. The solid symbols
and hollow symbols are the experimental means of five NWs for longitudinal mode and transverse mode, respectively. The lines are used as guides
for the eye. (a and f) Reprinted with permission from ref 48. Copyright 2014 Wiley. (b and c) Reprinted from ref 51. Copyright 2011 American
Chemical Society. (d, e, and g) Reprinted with permission from ref 49. Copyright 2016 Royal Society of Chemistry.

metal NWs a good candidate for broadband nanosources of scattering for the bound modes and the imaging from the air
circularly polarized light. It is noted that the geometrical shapes side.*””! In the Fourier image, the leaky radiation from the NW
of the NW ends influence the emission direction and is distributed in a straight line (Figure 25¢), fulfilling eq S along
polarization, due to their influence on the intensity and the the NW axis (¢ = 0). The radiation angle for a thin NW is
phase of the different plasmon modes.”" larger than that for a thicker NW, since the wave vector of SPs
5.8. Leaky Radiation on a thinner NW is larger.

The leaky radiation and corresponding Fourier image depend
on the polarization of the excitation light. Figure 25d (i and ii)
show the leaky radiation images and corresponding Fourier
images for laser polarization parallel and perpendicular to the
NW, respectively.”” As can be seen, both the intensity
distribution of the leaky light along the NW and the Fourier
image pattern are different for the two polarizations. For the

For a substrate-supported NW, when the wave vector of the SP
mode is smaller than the wave vector of light in the substrate
(e.g., glass), this mode is a leaky mode, which radiates power
into the substrate. The wave vector of SPs on the NW k; and
the wave vector of leaky radiation light in the substrate kjpocon
are related by the phase matching condition

Re(k,) = kphomn sin 6 ) Fourier imaging measurement, an aperture was used to block
the excitation light and select the area as outlined by the dashed

where 0 is the angle between the radiation direction and the rectangle in Figure 25d (i) for Fourier imaging. The parallel
normal of the substrate. This equation shows that the leaky and perpendicular polarizations excite two leaky SP modes,
radiation is toward well-defined directions, making metal NWs with the electric field shown in Figure 25e. These two modes
optical antennas of high directionality. correspond to the H, mode and H; mode in Figure 4. For
This leaky radiation can be captured to image the spatial simplicity, here we call them the longitudinal mode and the
distribution of SPs on NWs. The radiation direction and the transverse mode, respectively. For the longitudinal mode, the
wave vector of the SP mode can be measured by Fourier space bright line in the Fourier image has a minimum intensity in the
imaging technique, as schematically shown in Figure 25248 center. While for the transverse mode, the bright line intensity
Considering the beating period of a leaky mode and a bound in the center is maximum, and there are two symmetrically
mode (e.g, H, mode and H; mode) can be measured by QD distributed nodes on the two sides. When the laser polarization
fluorescence imaging (see section 5.1), the wave vector of the is 45° or —45° with respect to the NW, both modes are excited.
bound mode can be extracted by combining these two imaging The superposition of these two modes leads to the zigzag
methods. In experiments, the radiation into the glass side is distribution of the leaky radiation [Figure 25d (iii, iv)] due to
collected by using an oil immersion objective with a high the different lateral symmetry of the two modes. The two
numerical aperture. Due to the leaky radiation of the SPs, the modes can be resolved in the Fourier images. The radiation
whole NW is bright (Figure 25b), in contrast to the end angle for the transverse mode is smaller than that for the
2903 DOI: 10.1021/acs.chemrev.7b00441
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longitudinal mode because the wave vector of the longitudinal
mode is larger. When the polarization is changed from 45° to
—45°, the leaky radiation image is changed to the mirror image.

By using a polarizer to analyze the polarization of leaky light,
it was found that the SP radiation along the NW axis (¢ = 0)
keeps the polarization of the excitation light, that is, the leaky
radiation of the longitudinal mode and the transverse mode is
polarized parallel and perpendicular to the NW, respectively.*’
This property is determined by the mirror symmetry of the
NW on the substrate with respect to the vertical plane across
the central axis of the NW. The electric field on the mirror
plane maintains the polarization of the excitation light, resulting
in the polarization-maintaining behavior.

By depositing a layer of dielectric, for example Al,O;, onto
the NW, the radiation angle 6 is increased (Figure 25f). The
radiation angle 6 is increased from 44° for a bare NW to 50°
and 56°, by adding Al,O; with a thickness of 15 and 25 nm,
respectively. The increase of the radiation angle is caused by the
increase of the wave vector of the SP mode due to the increase
of the effective refractive index of the surrounding media.
Figure 25g shows the dependences of the radiation angles for
the two modes on the wavelength and Al,O; thickness. Since a
shorter wavelength and a thicker Al,O; thickness correspond to
a larger wave vector of the SPs, the corresponding radiation
angle is larger according to eq S.

The leaky radiation of SPs is determined by the phase
matching condition, so it is not limited to a glass substrate. For
the composite structure of a Ag NW on a Ag film with Al,O; as
the dielectric spacer between them, the SPs on the Ag NW can
radiate to the Ag film to generate SP waves propagating on the
film surface along the directions decided by Re(kinw) =
Re(kigim) cos 0, where 8 is the angle between the NW and the
propagation direction of the SPs on the Ag film."** When laser
light polarized parallel to the NW is incident onto the NW end,
the scattering image shows that a bright spot appears at the
other end of the NW (Figure 26a), indicating the excitation of
propagating SPs. The electric field distributions were imaged by
the QD fluorescence imaging technique. As shown in Figure
26b, in addition to the electric field distribution on the NW,
periodic collimated beams appear at the two sides of the NW.
The experimental phenomenon was reproduced by the
simulation (Figure 26¢c). These collimated beams originate
from the radiation of SPs on the NW. For laser polarization
parallel to the NW, two plasmon modes in the NW radiate to
the Ag film (Figure 26d), generating two SP waves on the film
propagating along two different directions 8; and 6. The
interference of the two SP waves produces periodic collimated
SP beams along the direction 8 = (6; + 6y)/2, as shown in
Figure 26 (panels b and c). The direction angle 6 of the
collimated beams increases with the increase of the dielectric
spacer thickness (Figure 26e). The periodicity d of the
collimated SP beams is related to the effective refractive indices
of the two modes ny, ny; by d = 4 sin 6/(ny; — ny).

6. NANOWIRE-EMITTER COUPLING

6.1. Exciton—Plasmon Interaction between Emitters and
Metal Nanowires

6.1.1. Introduction to Exciton—Plasmon Interaction.
The generation of strong, coherent interaction between
individual quantum emitters (QEs) and photons is important
for the realization of quantum information processing and
quantum communication tasks. However, the large size
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Figure 26. (a) (Left) SEM image of a Ag NW/Al,O5/Ag film sample
with the NW radius R = 200 nm, the thickness of Al,O; between the
NW and the Ag film H = 40 nm, and the thickness of Al,O; between
the NW and the QD T = 30 nm. (Right) Optical image of the sample
with laser light of 633 nm wavelength focused on the top end of the
NW. (b) QD fluorescence from the sample that is excited by laser light
focused on the top end of the NW. The angle relative to the NW &
and the period of the collimated SP beams d are indicated. (c)
Simulated electric field |E| distribution at the surface of the top Al,O;
layer. (d) Simulated electric field distributions of the two leaky SP
modes in the NW. Surface charges are schematically drawn. The
sample parameters and wavelength in the simulations are the same as
in (a). (e) Calculated and experimental values of the propagation
angles of the collimated SP beams as a function of the spacer thickness.
Reprinted from ref 144. Copyright 2015 American Chemical Society.

mismatch between optical wavelength and the dimension of
single QEs determines that their interaction with light is
typically weak. The interaction strength between QEs and
photons is usually characterized by the spontaneous emission
rate of the QEs that is inherently determined by the transition
dipole moment and externally proportional to the surrounding
optical LDOS according to Fermi’s golden rule. The
spontaneous emission rate of the QEs in a structured
environment is enhanced due to the increased LDOS by a
factor proportional to the ratio of the quality factor Q to
effective volume V of the involved optical mode, which is
known as the Purcell effect.*'*° Two approaches have been
proposed to enhance the interaction between an optical emitter
and an optical mode by engineering high-Q and small-V
cavities. One common strategy is to place the emitter inside a
dielectric resonator with a high quality factor, where the
interaction is strongly enhanced at the resonance frequency of
the cavity due to the increased time that photons remain
trapped in the corresponding optical state. However, the use of
cavities places a restriction on the bandwidth and the size of the
devices. Another strategy is to place the emitter at an optimal
position of a plasmonic nanostructure where the strong field
confinement can effectively reduce the volume of the optical
mode. The broadband spectral response of the plasmonic
nanostructure ensures the enhanced light-matter interaction for
a wide spectral range.

The most well-known examples in plasmon-enhanced light-
matter interactions are surface-enhanced Raman scattering/
spectroscopy (SERS) and exciton—plasmon interaction be-
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Nonradiative Damping

Figure 27. Schematic of exciton—plasmon interaction between single QEs and plasmonic nanostructures. (a) The interaction between a single QE
and a metal nanosphere. The emitter excited by the incident light and the localized SPs can decay through nonradiative damping, direct far-field
radiation, and exciting localized SPs. Here ET stands for energy transfer. (b) The coupling between a single QE and a metal NW waveguide. The
excited QE can radiate into the far field or into propagating SPs followed by scattering at the NW end. It can also decay nonradiatively. Reprinted
with permission from ref 20. Copyright 2007 Nature Publishing Group.
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Figure 28. (a) Schematic illustration of the exciton—plasmon—photon conversion processes in a Ag NW-QD system. (b) Fluorescence images of the
Ag NW covered with a film of QDs when the laser beam was focused on the midsection (left) and top end (right) of the wire. The positions of the
excitation are marked by red circles. (c) QD emission spectra modulated by the Fabry-Pérot cavity modes measured for Ag NWs of different lengths.
(d) Schematic of a single layer MoS,—Ag NW coupling structure. (a and b) Reprinted from ref 160. Copyright 2009 American Chemical Society. (c)
Reprinted with permission from ref 162. Copyright 2007 American Physical Society. (d) Reprinted with permission from ref 163. Copyright 2014

Optical Society of America.

tween QEs and metal nanostructures."*’~'*? Let us first give a
brief overview of the interaction between a QE and a metal
nanoparticle supporting localized SPs. The interaction can
usually be separated into two steps, the excitation and the
decay. First, the localized SPs induced by the incident light
result in the enhancement of the local electromagnetic field
intensity. The QE nearby the nanoparticle is excited by the
incident light and by the localized SPs to generate excitons with
an increased excitation rate. Second, the generated excitons can
recombine through direct far-field radiative emission, the
excitation of localized SPs on the nanoparticle via energy
transfer, and the nonradiative damping including both the
intrinsic nonradiative decay of the QE and the metal induced
nonradiative damping (Figure 27a). The energy transfer from
the QE to the metal nanoparticle is governed by dipole—dipole
interactions, and the transfer rate is determined by the
polarizations of the QE dipole and the plasmon mode, their
separation distance, and the spectral overlap between the
plasmon resonance and the emission of the QE."**'** The
excited localized SPs can either decay nonradiatively owing to

internal damping of the nanoparticle or reradiate into a certain
scattering SP mode. The plasmonic nanoparticle can be
regarded as an optical nanoantenna, which transfers the
emission from the QE to a certain far-field radiation
mode.>™"*7 As a result, the spontaneous emission rate of
the QE is increased, and the fluorescence intensity is jointly
affected by both the excitation enhancement and the emission
modification.

Compared with metal nanoparticles, the plasmonic NWs
enable the propagation of SPs in a well-defined direction along
the NW. The transverse dimension of the propagating SPs can
go below the diffraction limit, thus the emitters can interact
with the propagating SPs with an extraordinary strength. Except
for direct far-field radiation and nonradiative decay, the excited
QE in the vicinity of the NW can recombine through the
generation of SPs on the NW which propagate along the NW
followed by scattering into photons at the ends of the NW
(Figure 27b). QEs are excellent single-photon sources and can
store quantum bits for extended periods,"**"*” making them
promising interconnects between light and matter in integrated
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Figure 29. (a) Interaction between single QDs and a Ag NW. (Left) Optical image of a single Ag NW. (Middle) Fluorescence image of QDs.
(Right) Excitation laser was focused on the QD marked by a red circle. The largest bright spot corresponds to the QD fluorescence, while two
smaller spots correspond to SPs scattered at the NW ends. (b) Time traces of fluorescence counts (red curve) from the coupled QD and scattered
light (blue) from the end of the coupled NW. Fluctuations are due to fluorescence blinking of single QD. (c) Second-order cross-correlation
function between fluorescence of the QD and scattering from the NW end. (d) Fluorescence image of an optically excited single NV defect in a
nanodiamond coupled to a Ag NW. (e) Sketch of Hanbury Brown-Twiss experiment for single photons (top) and single SPs (bottom) (particle-
like). (f) Diagram showing single-photon (top) and single-plasmon self-interference (bottom) (wave-like). (g) (i) Fluorescence image showing the
coupling of a single QD to a Ag NW coated with Al,O3 film of 10 nm thickness. The larger emission spot is the result of direct far-field emission
from the QD near the NW, while two smaller spots correspond to the scattered SPs at the NW ends generated by the coupled QD. The inset is the
bright-field optical image of the NW. The scale bar is 2 ym. (i, iii) Fourier images obtained from the areas marked by the green and white dashed
squares in (i), corresponding to the radiation from the (ii) coupled QD and the (iii) NW end scattering, respectively. The green dashed lines indicate
the direction of the NW. The outer yellow dashed circle and inner red circle outline the maximum collection angle of the objective with NA = 1.49
and 1.4, respectively. (h) Fluorescence decay curves of an uncoupled reference QD (black line) and a QD coupled with a Ag NW coated with AL,O,
of 15 nm thickness (red line). (a—c) Reprinted with permission from ref 20. Copyright 2007 Nature Publishing Group. (d—f) Reprinted with
permission from ref 21. Copyright 2009 Nature Publishing Group. (g and h) Reprinted from ref 88. Copyright 2015 American Chemical Society.

quantum information networks. Hybrid systems of QEs small effective mode area. The efficiency of this dipole-plasmon
coupled to plasmonic NWs have received much attention as coupling can be characterized by the enhancement factor of
building blocks for future quantum plasmonic circuitry total decay rate (Purcell factor) and the SP quantum yield
platforms. defined as & = (Fsp + Iy + Diag)/ (Trago + Dirado) and 17 = Tgp/
The original framework for the interaction between a QE and (Tsp + Tig + Taa), respectively, where I and I, 4 are the

a plasmonic NW was established by Chang et al.'”"’ radiative and nonradiative decay rates of the oscillating dipole
Considering a cylindrical metal NW with a radius R, an in free space. As R — 0, the optimized I'gp/([,q + ['ypaq) can
oscillating dipole is positioned at a distance d from the center of exceed 10 indicating that the optical emission from the QE
the cylinder and the dipole moment is oriented perpendicular can be almost entirely converted into the plasmon mode at an
to the NW surface. Using the quasi-static approximation, they optimal separation distance between the QE and the NW.
derived the analytical expressions for the spontaneous emission However, the increase of the coupling strength achieved by
rate of the oscillating dipole into the fundamental SP mode of letting R — 0 is accompanied by a decrease in the SP
the cylinder I'gp, radiative emission rate into free space I',4, and propagation length. This limit can be circumvented by placing
the nonradiative decay rate I', 4, respectively. The spontaneous the oscillating dipole at the end of a metal NW with a nanotip
emission rate into plasmons can also be physically derived from having a paraboloidal profile, where the plasmon generation
Fermi’s golden rule, and theoretical calculation shows that it rate is increased due to the local field enhancement and the loss
scales as R™3, where a factor of R™" is due to the reduction in is decreased as the tip quickly expands to a larger radius. To
the plasmon group velocity and another factor R is from the further reduce the loss in order to meet the requirement of
2906 DOI: 10.1021/acs.chemrev.7b00441
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transmitting quantum information over long distances, the
plasmons on the NW could be out-coupled to the propagating
mode of a dielectric waveguide.”®

6.1.2. Exciton—Plasmon Interaction on NWs Covered
with Emitter Films. Compared to gold with high intrinsic loss
in the visible and near-infrared spectral range, silver is a more
suitable material for studying the exciton—plasmon interactions.
To avoid the corrosion of silver in ambient air, the Ag NWs on
the substrate can be protected by a thin layer of a dielectric film,
which also functions as a spacer layer to separate the NWs from
the later deposited emitters. In a hybrid system composed of a
Ag NW and a film of QDs that are separated by a layer of SiO,
of 25 nm thickness, the exciton—plasmon—photon coupling
processes were systematically studied by using a focused
excitation laser beam.'® The incident light focused on the NW
end can excite propagating SPs which partly couple out at the
other end of the NW (process I of Figure 28a). The exciton—
plasmon conversion (process II of Figure 28a) is demonstrated
by the fluorescence emission at the two ends of the NW when
only the QDs in the middle section of the NW are excited
(Figure 28b, i). The propagating SPs generated by the incident
laser beam on the NW end can excite the nearby QDs which
partially convert their energy into far-field radiation (process III
of Figure 28a). This process means that the near-field
distribution of the propagating SPs on the NW is visible in
the fluorescence image if the QD coverage is uniform (Figure
28b, ii). Using this method, Wei et al. demonstrated the
polarization and environment-dependent electric field distribu-
tions of SPs on Ag NWs and the interference of SPs in
branched NW networks.'”'%7%11161

For the QDs coupled with chemically synthesized Ag NWs
coated with a SiO, shell under wide field excitation, the
emission intensity at the NW ends may become saturated with
increasing NW length. This also indicates the existence of
energy transfer from the excitons in QDs to plasmons on the
NW.'®® Due to the reflections of the SPs at the NW ends, the
emission spectra at the NW ends show Fabry-Pérot-type
modulations (Figure 28c).

Because of the near-field enhancement effect, the fluo-
rescence of optical emitters near the plasmonic NW shows clear
enhancement. The fluorescence enhancement depends on the
polarization of the excitation light for Ag NWs covered by a
CdSe QD film."** The polarization of the fluorescence emission
is also related to the NW orientation and excitation
polarization.'®>'*® Except for the emission intensity, the NW
could also change the angular radiation patterns of the
emitters.'”” From the back focal plane radiation patterns, the
branching ratio of excitons decaying into propagating SPs on
the NW to direct far-field emission was estimated.'®® The
coupling between two-dimensional transition-metal dichalco-
genide semiconductors and metal nanostructures has been
studied recently. The exciton—plasmon—photon conversion
processes of Figure 28a are demonstrated in a system
composed of a single layer of molybdenum disulfide (MoS,)
and a Ag NW (Figure 28d).'*'*

6.1.3. Exciton—Plasmon Coupling of Single Quantum
Emitters and Metal Nanowires. The measurements on the
coupled systems of single QEs and NWs are highly desired for
studying the effects of QE-NW separation and transition dipole
orientation on the exciton—plasmon coupling. Moreover, the
exciton—plasmon coupling at the single photon level is a very
important step toward the application of quantum plasmonic
devices in quantum information and quantum communication
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technologies. Single QDs and single NV centers in nano-
diamonds are the most popularly used QEs for studying the
exciton—plasmon coupling at the single photon level. In
addition to NWs, the interactions between QEs and different
kinds of plasmonic waveguides, for example, metal wedge
waveguides and V-groove waveguides, have also been ex-
plored. 70171

The first experimental demonstration of efficient exciton—
plasmon coupling between single QEs and plasmonic NWs was
reported by Akimov et al.** In their study, dispersive colloidal
CdSe QDs on a glass substrate were separated from Ag NWs by
a layer of poly(methyl methacrylate) (PMMA) with a thickness
in the range of 30—100 nm. The single QDs randomly
distributed at the near-field region of the NW were carefully
selected and measured. The exciton—plasmon conversion was
verified by the observation of fluorescence emission from the
NW ends (Figure 29a). The high degree of correlation between
the blinking curves of the fluorescence counts from the QD and
the ends of the NW confirms that the QD is the source of the
SPs propagating along the NW (Figure 29b). Photon
coincidence measurement of the coupled QD demonstrates
its single photon emission property. A clear antibunching in the
cross-correlation measurement between the emissions from the
QD and the end of the NW means that the single photon
emission from the QD and the single plasmon generation on
the NW cannot happen simultaneously (Figure 29¢), indicating
the generation of single quantized SPs on the NW.

Although SPs involve the collective oscillation of plenty of
electrons on metal surfaces, they can be quantized and have the
properties of bosons.'’”'”? Experiments have confirmed that
photonic entanglement could be encoded into the SPs.'”*'7¢
Another fundamental quantum feature of a single quantum
excitation is the wave—particle duality. Kolesov et al.
demonstrated the wave—particle duality of single propagating
SPs generated by an optically excited NV center in a diamond
nanocrystal in the near-field region of a Ag NW (Figure 29d).*!
They showed the particle-like behavior by measuring the
second-order correlation function of the emission at both ends
of the NW (Figure 29¢). Because of the reflection at the NW
ends, one single SP reflected at one end of the NW will
interfere with itself, which results in the Fabry-Pérot modulated
fluorescence spectrum at the NW ends, clearly showing the
wave-like behavior of a single SP on the Ag NW (Figure 29f).

The metal NW behaves as an optical nanoantenna to direct
the radiation of the single QE in well-defined directions. Figure
29¢ (i) shows the fluorescence image of a coupled system of a
QD and a Ag NW with a 10 nm Al Oj; layer as a spacer. The
Fourier imaging of the fluorescence emission of this QD
(Figure 29g, ii) shows two bright lobes along the NW axis
direction with a small spreading angle, which is quite different
from the emission of a reference QD on the glass substrate
without coupling with the Ag NW. The Fourier imaging of the
scattering of single plasmons at the NW end shows an arc-
shaped pattern with the maximum intensity along the NW axis
(Figure 29g, iii), demonstrating the unidirectional radiation of
the single plasmons. The high directionality of both the direct
emission of the QD and the out-coupling of the QD-generated
SPs indicates that the QD-NW coupled system can be used as a
directional single photon source with high light extraction
efficiency. Figure 29h shows the decay curves of the
fluorescence emission from a NW-coupled QD and an
uncoupled QD. It is clear that the QD coupled with the Ag
NW decays faster, indicating the spontaneous emission rate is
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Figure 30. Different methods to control the interaction between single QEs and plasmonic NWs. (a) AFM topography of a Ag NW and a diamond
nanocrystal containing the investigated NV center (white circle), which is well-separated from other diamonds and the Ag NW. The inset shows the
height profile of the wire and the diamond, taken along the white dashed line. In the next step, the diamond nanocrystal will be pushed to very close
proximity of the NW by operating the AFM in contact mode. Reprinted with permission from ref 178. Copyright 2011 American Physical Society.
(b) Schematic of scanning a single QE using a scanning probe. The NV center in a diamond nanocrystal is attached to an AFM probe and positioned
with respect to the NW of interest. Reprinted from ref 107. Copyright 2014 American Chemical Society. (c) Schematic of the positioning technique
using microfluidic flow control. A single QD is driven along a trajectory close to the wire by flow control. The inset shows a SEM image of a typical
Ag NW used in the experiments (scale bar, 1 ym). Reprinted with permission from ref 181. Copyright 2013 Nature Publishing Group. (d) (Left)
White light transmission image of the CdSeTe/ZnS QD-Ag NW coupling structures fabricated by a two-step EBL procedure (scale bar, S ym). The
red spot marks one QD area. (Right) The corresponding fluorescence image. The reference QDs are placed on the top area. Light due to SP
scattering is seen on the right-side NW ends. Reprinted with permission from ref 183. Copyright 2012 American Institute of Physics. (e) (i, iii)) AFM
topography images of two Ag NWs (the black arrow indicates the location of the NV center in a nanodiamond) and sketched cross sections (i) for
moving the nanodiamond close to a NW by an AFM tip and (iii) for the nanodiamond located in the nanogap between two NWs. (i, iv)
Fluorescence images of the dual wire structure when the NV center is excited. Reprinted from ref 180. Copyright 2013 American Chemical Society.
(f) Schematic (top) and SEM image (bottom) of a plasmon resonator made on a Ag NW by defining distributed Bragg reflectors on the surrounding
PMMA medium (scale bar, 1 ym). Reprinted with permission from ref 83. Copyright 2012 American Physical Society.

enhanced. As will be seen in section 6.3, both the enhancement and Al O;, where the thickness of the spacer can be more
of the spontaneous emission rate and the quantum efficiency of precisely controlled. After depositing the dielectric film onto
generating single SPs are strongly dependent on the separation the NW surface, the emitters (e.g, QDs) are deposited. The
distance between the QD and the NW. Al Oj; layer can be prepared using the atomic layer deposition

technique, which produces smooth Al,O; films with a precisely
controlled thickness. The high quality of the AL, O; film also
facilitates the subsequent spin-coating of the QDs. The
composite system of Ag NW-AL,O;-QD provides a very good

6.2. Controlled Exciton—Plasmon Coupling between Single
Quantum Emitters and Metal Nanowires

The separation distance between the QE and the plasmonic

NW is a critical parameter influencing the decay of the exciton platform to study the distance dependence of the exciton—
into the three different decay channels. Therefore, the most plasmon coupling.*® However, the spin-coated QDs on the
direct way to control the exciton—plasmon coupling is to sample surface are usually randomly distributed, making such
manipulate the position of the QE relative to the NW surface. an approach unsuitable for preparing samples that require the

The methods for controlling the separation distance between QD position to be well-controlled.
the QE and the NW mainly include tuning the thickness of a Nanopositioning techniques can assemble photonic struc-
spacer, nanopositioning, scanning QE, microfluidic flow tures with single emitters by pushing nano-objects on a
control, two-step EBL, self-assembly, etc. substrate to selected locations. Using this method, Huck et al.
The most commonly used method to control the separation controlled the tip of an AFM to push a single diamond
distance between QEs and plasmonic NWs is to separate them nanocrystal to approach a nearby Ag NW (Figure 30a)."”* In
by a spacer layer of a certain thickness. A layer of polymer, such the experiment, an individual diamond nanocrystal with a single
as PMMA or poly(vinyl alcohol) (PVA), is usually used as the NV center was first identified using optical characterization, and
spacer between the emitters and the NWs.”>'”” The spacer can the sample topography was obtained by the AFM scanning in
also be prepared by depositing dielectric films, for example SiO, tapping mode. In the next step the manipulation of the
2908 DOI: 10.1021/acs.chemrev.7b00441
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diamond nanocrystal was performed with an AFM tip in
contact mode. They compared the photon emission properties
of a NV center before and after coupling with a Ag NW, and a
total decay rate enhancement by a factor of up to 4.6 was
demonstrated. Similarly, single diamond nanocrystals can be
placed inside the nanogaps between Ag NWs aligned end-to-
end and parallel."”'®

The single QEs can be attached to the end of a scanning
probe and move around the plasmonic NW surface, providing
another method to control the QE-NW interaction. Frimmer et
al. attached a fluorescent nanobead to a scanning tip and
scanned the nanobead over Au and Ag NWs.'” It was shown
that the decay rate of the point-like source can be reversibly
changed by a factor of 2 by coupling to the guided SPs on the
NW. Schell et al. utilized the single NV center in a diamond
nanocrystal attached on the tip of an AFM to perform three-
dimensional fluorescence lifetime imaging measurements
around a Ag NW surface (Figure 30b)."”” The mapped
LDOS shows clear oscillations along the NW, which is caused
by the interference of SPs reflected at the end of the NW and
the ones directly launched into the NW.

The electroosmotic flow technique in a microfluidic device
combined with a vision-based feedback control method was
used by Ropp et al. for positioning and moving single QDs
around a Ag NW (Figure 30c).'*"'® Specifically, the
fluorescence image of an individual QD was continuously
captured by a CCD camera. The tracking algorithm determined
the position of the QD in real time by fitting the imaged
diffraction spot to a Gaussian point spread function. The
control algorithm then compared the current position of the
QD to the desired location and calculated the required voltage
to actuate the QD. By applying an appropriate voltage
continuously, a single QD can be driven along a trajectory
close to the NW surface. By analyzing the intensity and lifetime
of the fluorescence at different positions, they mapped out the
spontaneous emission modifications of the QD on the Ag NW
with a spatial accuracy of about 12 nm.

Further efforts have also been made to exploit more
advanced designs to realize the coupling between single QEs
and metal NWs. Gruber et al. applied a two-step EBL process
to fabricate the coupling structures of colloidal QDs and
plasmonic NWs (Figure 30d). The first EBL step produced a
PMMA mask for the NWs followed by vacuum deposition of
Ag, while the second EBL step fabricated a PMMA mask with
nanoholes for subsequent deposition of QDs. To prevent the
quenching of the QD fluorescence, a 15 nm thick SiO, film was
deposited on the Ag NW after the Ag deposition.'* The order
of these two steps can also be reversed (i.e., first fabricating the
nanoholes for QD deposition and then fabricating Ag NWs). '
In the experiment by Pfaff et al, they first determined the
position of NV centers on a glass substrate with respect to
alignment marks and afterward fabricated Ag and Al NWs by
EBL."> Another promising approach for preparing hybrid
nanostructures is self-assembly. Self-binding of single diamond
nanocrystals onto the terminals of Ag NWs was demonstrated
in the mixture composed of chemically synthesized Ag NWs,
fluorescent diamond nanocrystals, ascorbic acid, and deionized
water.'®® The advantage of the two-step EBL and self-assembly
techniques is the possible fabrication of many coupled
structures in parallel.

Although the controlled exciton—plasmon interaction
between single QEs and plasmonic NWs has been realized
experimentally, the enhancement of the decay rates, however, is
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modest as a result of the difficulty in accessing the strongly
confined plasmon mode. It is highly desirable to design a
plasmonic NW structure with much stronger field confinement
to enhance the exciton—plasmon coupling strength. Liu et al.
proposed that the coupling strength can be further increased by
putting the dipole emitter into the nanogap between two gold
NWs placed in parallel.'®” Compared with a single NW, the
plasmonic gap mode shows a stronger field confinement'*® and
can enhance the exciton decay rate into the plasmon mode
significantly. The experiment reported by Kumar et al
demonstrated the coupling of a single NV center in a diamond
nanocrystal to the propagating gap plasmon mode of two
parallel placed chemically grown Ag NWs (Figure 30e)."*" The
coupled structure was prepared by manipulating the diamond
nanocrystal and Ag NW with an AFM tip. The measured
enhancement factor of the spontaneous emission rate is 8.3,
which is 2.2 times of that for the single NW case. The nanogaps
between a metal NW and a metal nanorod or a metal substrate
can also stron$ly enhance the coupling between an emitter and
a metal NW."*>'” Russell et al. reported the spontaneous
emission rate enhancement of the order ~10° for fluorescent
organic dyes coated on the dielectric spacer between a Ag NW
and a Ag substrate.'”

Besides producing nanogaps in plasmonic NW structures to
decrease the mode volume, another strategy to strengthen the
exciton—plasmon coupling is to enhance the quality factor of
the plasmon mode by introducing resonators. A plasmon
resonator composed of a Ag NW surrounded by patterned
dielectric distributed Bragg reflectors was reported (Figure
30f)."’ The defect-free, highly crystalline Ag NW was
embedded in PMMA, and a cavity resonance was achieved by
fabricating distributed Bragg reflectors in the PMMA along the
NW using EBL. The experimentally obtained highest quality
factor is close to the theoretically calculated maximum value of
~100 (at the vacuum wavelength 650 nm for a Ag NW with a
diameter 100 nm). An enhancement of the spontaneous
emission rate by a factor of 75 was achieved at the cavity
resonance.

6.3. Quantum Yield of Single Surface Plasmons

Except for the enhancement of the total decay rate, another
important parameter quantifying the exciton—plasmon cou-
pling between QEs and metal nanostructures is the SP quantum
yield, which is the quantum efficiency of excitons in the QEs
converting to SPs. The SP quantum yield strongly influences
the performance of plasmon-assisted phenomena and applica-
tions, such as plasmon-enhanced fluorescence,'*”"*° plasmon-
mediated energy transfer,'”"'”* plasmon-enhanced light-emit-
ting diodes,'”” exciton—plasmon—photon conversion,'*”'%*
plasmonic amplifiers and nanolasers,””'**~'*® and so on. The
SP quantum yield can be determined experimentally through
distinguishing the three possible exciton recombination
channels (ie., direct free-space radiation, SP generation, and
nonradiative damping) and obtaining their corresponding
exciton decay rates. Since the directly emitted photons from
the QEs and the scattering of exciton-generated SPs on the
metal nanostructure are usually indistinguishable, it is difficult
to separate the SP generation from the direct free-space
radiation. This hinders the determination of the SP quantum
yield.

In the coupling system composed of a single QE and a
plasmonic NW, the exciton-generated propagating SPs are
partially scattered as photons at the NW ends, and therefore
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spatially separated from the directly emitted photons at the
position of the QE. The intensities of photons at these different
positions are related to the ratio of the decay rates of free-space
radiation channel and SP generation channel. With the intensity
information at the NW ends, the plasmon induced energy loss
can be extracted by determining the propagation length of the
SPs on the NW. Therefore, the coupled QE-NW system
provides an ideal platform to differentiate the decay rates of the
three channels to obtain the SP quantum yield.

In a coupled system composed of a single CdSe/ZnS QD
and a Ag NW, the quantum vyield of single SPs was
experimentally obtained by determinin§ the decay rates of all
the exciton recombination channels.*” By exciting the QD
coupled to the NW using laser light polarized parallel to the
NW axis, the excitation rate of the coupled QD stays the same
as the uncoupled QDs on the substrate. Therefore, the
fluorescence intensity difference between the coupled and
uncoupled QDs is merely caused by the fluorescence quantum
yield (i.e., the ratio of the radiative decay rate and total decay
rate). By measuring the fluorescence quantum yield of the
uncoupled QDs using a calibrated integrating sphere method,
the quantum yield of the direct free-space radiation of the
coupled QD is obtained. Then the decay rate of the direct free-
space radiation channel I' 4 can be extracted, considering the
total decay rate I'y, of the coupled QD can be calculated from
the measured fluorescence lifetime 7 ([ = 1/7). The decay
rate ratio of the SP generation channel and the free-space
radiation channel I'gp/I",y was obtained by using the spatially
separated fluorescence intensities at the positions of the NW
ends and the QD, which correspond to the scattering of the
QD-excited SPs at the NW ends and the direct free-space
emission from the QD, respectively. In the analysis of I'qp/T",.q,
the SP propagation loss and reflections at the NW ends were
considered to extract the original intensity of the QD-excited
SPs. The decay rate of the nonradiative damping channel I'; 4
was then calculated by subtracting the radiative decay rate I', 4
and the SP generation rate I'sp from the total decay rate 'y,
The SP quantum yield was finally obtained as the ratio of the
SP generation rate to the total decay rate [ie, = I'gp/(T'gp +
I_‘rad + Fnrad)]'

Using the above procedure, the distance-dependent exciton
recombination dynamics in the QD-NW system was studied
using a thin Al,O; film as a spacer layer. Figure 31a shows the
distance dependence of the decay rate ratio of the SP
generation channel and the free-space radiation channel. The
ratio shows an exponential decrease as the Al,O; film thickness
increases from 3 to 35 nm, which means that the interaction
between the exciton and the plasmon is stronger for smaller
separations. The measured fluorescence lifetime indicates that
the total decay rate is larger for smaller QD-NW separations
(Figure 31b). Figure 31c shows the decay rates of all three
recombination channels. Clearly, the decay rates of all three
channels increase as the spacer thickness decreases, but the
increasing rates are obviously different. Compared with the
moderate increase of the direct free-space radiation channel, the
SP generation channel has a higher rate of increase. The decay
rate of the nonradiative damping channel remains almost
constant for spacer thicknesses larger than 15 nm. Therefore,
the SP quantum yield keeps increasing as the spacer thickness
decreases from 35 to 15 nm (Figure 31d). When the thickness
is smaller than 10 nm, the decay rate of the nonradiative
damping channel increases faster and becomes much larger
than the decay rates of the other two channels. This results in
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Figure 31. Distance-dependent optical properties of the QD-NW
coupling system. (a) The measured decay rate ratio of the SP
generation channel and free-space radiation channel, (b) fluorescence
lifetime, (c) exciton decay rates of the three channels, and (d) the
extracted SP quantum yield as a function of Al,O; thickness. The
legends “Rad”, “SP”, and “Nrad” in (c) correspond to the free-space
radiation channel, SP generation channel, and nonradiative damping
channel, respectively. The error bars represent the standard error of
the measured data. Reprinted from ref 88. Copyright 2015 American
Chemical Society.

the existence of an optimum QD-NW distance of about 10 nm
for a maximum SP quantum yield of 21%.

The SP quantum yield is an important parameter to quantify
the exciton—plasmon coupling process. The obtained distance
dependence of the SP quantum yield in the QD-NW structure
can be extended to the coupling systems composed of QEs and
other metal nanostructures, where the enhancement factor of
total decay rate (spontaneous emission rate) is usually used to
quantify the exciton—plasmon coupling strength. A stronger
exciton—plasmon coupling strength is usually desired in
plasmon-assisted applications, corresponding to a higher total
decay rate at a smaller separation between the QEs and the
nanostructures. However, the dramatically increased non-
radiative decay rate at smaller separation distances will decrease
the SP quantum vyield, which needs to be avoided in
applications. Therefore, the three decay channels need to be
balanced to optimize the performance of plasmonic devices.

6.4. Surface Plasmons on Nanowires Interacting with
Multiple Quantum Emitters

Since photons are ideal carriers of quantum information,
controlling the transport of single photons in a nonlinear
system is of central importance in the realization of quantum
information and quantum communication networks. One
possible strategy to accomplish this goal is by using the strong
coupling between excitons in single QEs and propagating SPs
supported by a plasmonic NW. For a single two-level QE
strongly coupled with a plasmonic NW, the incoming single SP
on resonance with the energy gap of the QE can be reflected by
the QE with reflectance R ~ (1 — 1/P)? near unit, where P =
Tp/(Trag + Toraa)-" For a three-level QE strongly coupled
with the NW, a single “gate” photon can control the
propagation of subsequent “signal” pulses consisting of either
individual or multiple photons, leading to the realization of a
single-photon transistor.'”” If two two-level QEs are coupled to
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Figure 32. (a) Schematic of the system consisting of two QDs side-coupled to a plasmonic NW. The SPs are evanescently coupled to the QDs with
coupling strength g; (i = 1, 2). The QD is modeled as a two-level system with a vacuum state |0); and an exciton state I1),. Reprinted with permission
from ref 201. Copyright 2012 Optical Society of America. (b) (Top) Schematic of the energy transfer between a single QD donor and a fluorescent
nanoparticle acceptor mediated by the SPs on a Ag NW. (Bottom) Fluorescence image of the energy transfer system when the laser is focused on the
QD. Bright spots are detected at the positions of both emitters as well as both ends of the NW. Reprinted with permission from ref 202. Copyright

2017 American Physical Society.

the NW, the two QEs can act as two tunable mirrors (Figure
32a). A Fabry-Pérot cavity will be formed between the two
QEs. The transmission of a single SP on the NW could be
switched on or off by adjusting the spectral detuning and
controlling the spatial separation of the two QEs.'”*™*% For a
large difference of the transition energies, the transmission
spectrum is a simple combination of the two transmission
spectra of the QEs. As the difference of the transition energies
becomes smaller, a Fano-like line shape of the transmission
spectrum is obtained.”"'

The propagating SPs between two QEs coupled with the
plasmonic NW can be either reflected or transmitted and finally
detected at the end of the NW. In principle, it is also possible
that the SPs are not transmitted or reflected but trapped
between the two QEs, which means that entanglement can be
created between the two QEs.*>™>°” Gonzilez-Tudela et al.
theoretically demonstrated that a plasmonic waveguide can be
used to obtain a large degree of qubit—qubit entanglement
between two QEs separated by distances larger than the
operating wavelength.””® They explored both the spontaneous
formation of entanglement from an unentangled state and the
steady-state entanglement under continuous pumping. The
degree of entanglement can be modulated by changing the
separation of the two QEs. Inspired by the potential
applications of the coupled system of two QEs and a plasmonic
NW in the field of quantum information and quantum
communication, Li et al. reported the first experimental study
of two QDs coupling to a Ag NW.**” The coupled system of
multiple QEs with a plasmonic waveguide provides a platform
to study quantum optics phenomena at nanoscale and to
construct quantum devices with different functions, deserving
more experimental studies.

Since the demonstration of the long-distance plasmon-

mediated resonance energy transfer using Ag films,'”" a great

deal of effort has been devoted to investigatin% plasmon-
. . 21 2To=212

mediated energy transfer using nanoparticles and

plasmonic waveguides.'””*'>*'* The energy transfer between
two fluorescent molecules mediated by plasmonic waveguides
of different cross-sectional shapes has been theoretically studied
by means of the finite element method. It was found that the
normalized energy transfer rate strongly depends on the
donor—acceptor separation distance and their positions relative
to the waveguide surface. The wedge and channel waveguides
present a normalized energy transfer rate 20 times larger than
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that of the circular cylinder NWs.”'? Experimentally, the energy
transfer between two fluorescent nanoparticles mediated by SPs
on a Ag NW was investigated using a dual-beam scanning
confocal imaging method, where the excitation and detection
beams were scanned independently. Long-range plasmon-
mediated energy transfer was demonstrated by the observation
of fluorescence from the acceptor induced by the excited donor.
The reported energy transfer efficiency was up to 17% for a
donor—acceptor separation of 1.3 um.”"> Very recently, the
energy transfer between a single QD donor and a fluorescent
nanobead acceptor was reported (Figure 32b). The measured
decay histogram of the acceptor was the convolution of the
decay histograms of the donor and the acceptor excited
independently. The strong correlation between the fluores-
cence intensity of the QD and the acceptor also confirmed the
occurrence of energy transfer.”"”

6.5. Remote Excitation/Detection of Quantum Emitters
Coupled to Metal Nanowires

In conventional photoluminescence measurements, the fluo-
rophore is directly excited by the incident laser light and the
fluorescence is detected from the same spot. Such an excitation
and detection approach can be easily accomplished and is
widely used. However, it may not be feasible in some
applications, especially in living systems, where the higher-
power incident light may cause cell destruction or induce
chemical modifications of the analytes. The exciton—
plasmon—photon interconversion processes shown in Figure
28a provide another kind of fluorescence measurement
prototype, remote excitation and remote detection, where the
excitation beam and detection spot are away from the measured
fluorophore. This technique was demonstrated in the coupled
system of a single QD and a Ag NW (Figure 33, panels a and
b).”'° The propagating SPs generated by focusing laser light on
the end of a Ag NW can excite the single QD in the near-field
region of the NW but microns away from the excitation spot.
The excited QD converts part of its energy into propagating
SPs by exciton—plasmon interaction, which are scattered into
photons at remote sites and detected therein. The remote-
excitation and remote-detection of multiple QDs were also
realized. Furthermore, due to the tight confinement of
propagating SPs on the NW surface, the selective excitation
of QDs very close in space but at different separations from the
NW is possible. This can strongly reduce the fluorescence
background as compared with the large excitation spot under
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Figure 33. (a) Sketch of the remote excitation and detection of a
single QD coupled to a Ag NW. (b) Fluorescence images of a QD-
NW coupled system with laser polarization parallel (left) and
perpendicular (right) to the NW. The green circles show the laser
excitation positions. The largest bright spot A corresponds to the
fluorescence from the QD, while two smaller spots B and C
correspond to SPs scattered at the two ends of the NW. (c) (i) SEM
image of a Ag NW-nanoparticle structure for remote SERS. (ii)
Scattering image of the Ag NW-nanoparticle structure under focused
laser light illumination at the end of the NW. (iii) Raman image after
background subtraction. The green cross marks the position of the
NW end. (iv) Remote SERS spectrum. (a and b) Reprinted with
permission from ref 216. Copyright 2014 Chinese Physical Society and
IOP Publishing Ltd. (c) Reprinted from ref 218. Copyright 2009
American Chemical Society.

conventional excitation conditions. The remote excitation of
single fluorescent molecules labeled on Ag NWs showed that
the single-molecule fluorescence point spread function depends
on the NW dimensions and the position and orientation of the
molecular transition dipole.”"”

Compared with the fluorescence of a single molecule, the
Raman scattering is very weak because of the small scattering
cross section. Usually, the SERS signal can be detected in the
hot spots of plasmonic nanostructures, such as the nanogap of a

nanoparticle dimer. Because of the modest near-field enhance-
ment around the plasmonic NW, it is difficult to directly
generate a SERS signal by using propagating SPs on the NW.
One solution is to introduce some junctions between plasmonic
NWs and some nanoparticles to form hot spots, where the
electromagnetic field is strongly enhanced.”"” For the molecules
located in the junctions, their Raman scattering is enhanced
enough to become detectable. A Ag NW-nanoparticle system
was first adopted to achieve the remote SERS.”'®**° The
propagating SPs on the NW excited by laser light focused on
the end of the NW induce a strong localized electromagnetic
field in the nanogap between the NW and the nanoparticle, and
the Raman scattering of the molecules in the nanogap is excited
remotely (Figure 33c). The large field enhancement in the
nanogap enables single molecule sensitivity of this remote
excitation SERS technique.”'® Remote SERS has also been
achieved in different kinds of plasmonic NW systems, such as
crossed Ag NWs”'***! and Ag NW bundles.”” By using the
remote excitation, the SERS signal inside a living cell was
detected without inducing any noticeable damage.””> A Ag NW
with a Ag nanoparticle attached was fixed upon a pre-etched
tungsten tip. The NW was then inserted into a living cell, and
finally a remote-SERS signal from the NW apex was measured
by focusing laser light onto the position of the nanoparticle.

7. HYBRID NANOWIRE WAVEGUIDES AND
PLASMONIC GAIN

7.1. Hybrid Nanowire Waveguides

The losses limit the propagation length of the SPs on metal
NW waveguides, as discussed in section S5.5. In order to
maintain the deep subwavelength confinement offered by the
metal NWs, and simultaneously decrease the propagation loss
of the SP modes, a hybrid plasmonic mode was proposed
theoretically, which exists at the interfaces of a semiconductor—
insulator—metal waveguide.'® This hybrid plasmonic mode was
later demonstrated experimentally, showing a mode area as
small as 12/400.%%*

To understand this hybrid plasmonic mode, we can look at a
four-layered planar structure of dielectric—semiconductor—
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Figure 34. (a) Schematics describing the electric field distributions of a plasmonic-like hybrid TM mode within the four-layered planar structure for
the E, (left panel) and E, (right panel) components, respectively. (b—e) Cross-sectional views of the TM mode distributions in semiconductor
NW-—insulator—metal structures. (b) Reprinted with permission from ref 224. Copyright 2009 Nature Publishing Group. (c) Reprinted with
permission from ref 195. Copyright 2012 American Association for the Advancement of Science. (d) Reprinted with permission from ref 226.
Copyright 2014 Nature Publishing Group. (e) Reprinted from ref 196. Copyright 2016 American Chemical Society.
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Pump

Figure 35. (a) Diagram of a CdSe NB/AL,O,/Ag hybrid plasmonic waveguide and the excitation and amplification of the input probe signal when
operated in a pump—probe setup. (b) Optical images, obtained with a 730 + S nm band-pass filter, corresponding to a probe signal launched from
the top end of the hybrid plasmonic waveguide (NB 177 nm X 140 nm X 8.6 ym) and emitted from the bottom end, highlighted by the dashed
circle (I), photoluminescence with the pump only (II), and the amplification of the probe signal when both pump and probe are present (IIT). The
two ends of the waveguide are clearly visible as the top and bottom bright spots in (II). (c and d) Plots of the emission polarization with the input
laser beam polarized along and perpendicular to the CdSe NB, respectively, and the pump beam polarized along the NB. Red, blue, and green
symbols describe the polarization of the emitted probe signal, scattered photons from the SPs excited by the pump, and total amplified signal,
respectively. The curves are normalized to the maximum intensity. Red and green curves are fits to linearly polarized lights. Blue curve is the fit to a
linear combination of two noncoherent light beams with orthogonal linear polarizations. Reprinted with permission from ref 22. Copyright 2013

Nature Publishing Group.

insulator—metal, as shown in Figure 34a. For simplicity, we
assume that the light propagates in the x direction only and
there is no spatial variation in the y direction. The z axis is
perpendicular to the interfaces of the different media. The TM
mode existing in this structure can be considered as the
hybridization of the guided photonic TM mode in the top three
layers with the plasmonic TM mode at the interface of the
bottom two layers. This TM mode is called a hybrid plasmonic
mode as its dispersion curve closely resembles that of the SPs
propagating at a single dielectric—metal interface. This mode
has electric field components in both the x and z directions,
with the field distributions shown in Figure 34a. The
hybridization leads to the electric field of the mode peaking
in the region of the ultrathin insulator and effectively decreases
the electric field within the metal. As a result, the propagation
loss of this hybrid TM mode is significantly smaller than that of
a TM mode at the single metal—insulator interface. In
particular, the application of epitaxially grown plasmonic
metal films such as Ag, Au, and Al further reduces the
propagation loss of the hybrid plasmonic mode.'”>***

The hybridization of the photonic and the plasmonic modes
can be described by the coupled mode theory.">**”**® In three
dimensions, the semiconductor layer usually adopts a form of
NW, with spatial confinement in width and in height within the
range of a few tens to a few hundreds of nanometers, as shown
in Figure 34 (panels b—e). The “character” of the hybrid mode,
describing the degree to which the guided mode is more
plasmonic-like (or photonic-like), depends on the separation
distance between the semiconductor NW and the metal film."
Using these hybrid plasmonic waveguides, researchers can
achieve extreme mode confinement as well as longer
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propagation distances (from a few tens to a few hundreds of
micrometers) from the visible to THz spectral range.”*”~>*!
The low propagation loss of hybrid plasmonic waveguides can
go beyond the “good” plasmonic metals (Ag and Au) and be
achieved with industry relevant metals such as Cu.*”® The
strong electric fleld confinement in the hybrid plasmonic
waveguides has been utilized for molecular fluorescence
enhancement,”>> second harmonic generation,233 and strength-
ening the optical force within the insulator gap.”** There are
also interesting applications using these hybrid plasmonic
waveguides for on-chip broadband couplers,”* polarization
dependent beam splitters,”****” all-optical logic gates,** and
optical waveplates.”” More applications can be found in other
comprehensive reviews.”

7.2. Loss Compensation

Despite the substantially decreased propagation loss offered by
hybrid plasmonic waveguides, a successful signal transport
within a plasmonic waveguide based circuit still requires a loss
compensation mechanism so that the information carried by a
plasmonic signal can be transferred from one part of the circuit
to another without being misinterpreted. This requirement is
crucial to the scalability and cascadability of plasmonic circuits.
The loss compensation in various plasmonic structures was
discussed in detail in refs 194, 241, and 242. Here we focus our
attention to the loss compensation in a hybrid plasmonic
waveguide.

We can estimate the upper limit of the optical gain required
for the full compensation of the propagation loss of a hybrid
plasmonic waveguide using the theory developed by Avrutsky
for the SP propagation at a single metal—dielectric interface. It
was predicted that the effective refractive index of the SPs can
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Figure 36. (a) Simulated electric field distributions in a branched Ag NW structure for different polarization directions of the incident light. (b) A
structure composed of three Ag NWs was illuminated by supercontinuum light with incident polarization parallel to the main NW. The scale bar is 5
um. (c) Emission spectra at terminal A from the right branch (top) and terminal B from the left branch (bottom) for the original structure (black)
and for S nm (red) and 10 nm (blue) Al,O; layer deposited, respectively. (d) QD fluorescence images for the original structure (left) and after S nm
of AL,O, was deposited (right). The wavelength of the laser is 633 nm. The red dashed lines in (b and d) show the positions of two branch wires.
The white dashed line in (d) is a visual guide to show the shift of the near-field nodes and antinodes due to the addition of S nm-thick Al,O;. (e)
Simulated electric field distributions of a plasmonic switch constructed by a branched Ag NW with a nearby Ag nanoparticle. (a) Reprinted from ref
16. Copyright 2010 American Chemical Society. (b—d) Reprinted with permission from ref 113. Copyright 2013 National Academy of Sciences of
the USA. (e) Reprinted with permission from ref 40. Copyright 2014 Nature Publishing Group.

go to infinity at resonance conditions. This is only limited by
the gain saturation and results in strong localization of the
surface wave at the interface.”” This effect can be simply
demonstrated with the dispersion relation of SPs existing at the

metal—dielectric interface n g = |5

, where €, and &4 are
€ +Sd

the relative permittivities of the metal and dielectric,
respectively. If the dielectric is carefully chosen so that the
resonance condition is fulfilled (IRe(g,)l = IRe(e,,)!) and the
optical gain in the dielectric can compensate the loss of the
metal (Im(ey)l = IIm(e,)l), ng becomes infinitely large,
making the SP mode extremely localized at the interface. For
materials not satisfying the resonance condition, a lossless
propagation requires [Im(g,)! (Re(ey))?/(IIm(e,,) 1+ (Re-
(€m))*/IIm(e,,)l). We can estimate the gain coefficient g of

the gain material by using g = k[Im(g;)!//Re(g;), where k; is
the wave vector of light in vacuum. For semiconductor
materials with Re(eq) = 11.6, g is expected to be ~7 X 10°
cm™' in order to achieve a lossless propagation at the
semiconductor—Ag interface with a wavelength of 600 nm.

In the case of hybrid plasmon propagation, this gain
coefficient can be significantly decreased. Still, the critical gain
coefficient (lasing threshold) is estimated to be in the range of
1000 cm ™, a number at the upper limit of what dye molecules
or conjugated polymer materials can offer and more achievable

a2
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with semiconductor materials. Therefore, researchers have
utilized optically active semiconductors as the high refractive
index waveguide materials to compensate for the ohmic loss
caused by the metal substrate. The realization of selected signal
amplification by the resonant cavity through feedback
mechanism (the hybrid plasmonic laser) was first achieved in
2009 by Oulton et al. by using the Fabry-Pérot cavity modes in
a hybrid plasmonic NW where the two end facets of the
semiconductor NW served as the partially reflective mirrors.”**
This nanometer-scale plasmonic laser is composed of a single
crystal CdS NW on a silver film, separated by a gap layer of
MgF,. Using this configuration, the authors achieved lasing
from a hybrid plasmonic NW at 489 nm at low temperature
(<10 K). Since the publication of this work, hybrid plasmonic
waveguides with modes concentrated at the semiconductor—
insulator—metal interfaces have become a popular configuration
to achieve plasmonic lasers with deep subwavelength mode
areas, for different wavelengths, low lasin§ thresholds, and
higher operating temperatures,'*>'*?202#=247

The demonstration of signal amplification in a nonresonant
configuration is critical for the further development of
integrated hybrid plasmon based circuits. In situ amplification
of weak signals without feedback can be achieved by a pump—
probe configuration. The signal that needs to be amplified and
the population inversion condition of the gain medium are

DOI: 10.1021/acs.chemrev.7b00441
Chem. Rev. 2018, 118, 2882—2926


http://dx.doi.org/10.1021/acs.chemrev.7b00441
http://pubs.acs.org/action/showImage?doi=10.1021/acs.chemrev.7b00441&iName=master.img-036.jpg&w=335&h=302

Chemical Reviews

overlapped in both time and spatial domains.”*® The first
experimental demonstration of a hybrid plasmonic waveguide
amplifier was reported by Liu et al. on a hybrid plasmonic
waveguide, consisting of a CdSe nanobelt (NB) separated from
a Ag surface by a thin Al O; layer, using the pump—probe
technique (Figure 35).”> It was demonstrated that a weak
hybrid plasmonic signal can be amplified by the hybrid
plasmonic waveguide with an ultrahigh optical gain coefficient
exceeding 6755 cm ™. Figure 35b shows the amplification of the
probe signal through stimulated emission when the pump light
is on. It is quite clear that the probe signal is significantly
amplified. More importantly, it was shown that the loss
compensation works in a relatively broad spectral band and for
input signals of tunable polarizations. Similar to the 1D metal
NW case discussed in section 3, the fundamental TM,, mode
and the higher-order mode were selectively excited in the
hybrid plasmonic waveguide by different polarizations of the
input laser beam that was focused by an objective onto one end
of the CdSe NB. The polarizations were conserved through the
signal amplification process (Figure 35, panels ¢ and d), and
similar amplification coeflicients were achieved for two
orthogonal polarizations.

Interestingly, the experiments also showed a 35-fold decrease
[compared to the photonic case (ie, a CdSe NB on a glass
substrate)] in the transparency threshold, at which the
population inversion starts. This means that the gain material
in the hybrid plasmonic configuration reaches population
inversion at a very low pump intensity. This is attributed to the
“hot” carrier transfer at the metal—insulator—semiconductor
interfaces upon the illumination of pump light. Population
inversion facilitated by “hot” carrier transfer in combination
with the enhanced stimulated emission cross section'”® due to
the strong field confinement in the hybrid plasmonic modes
indicates the possibility of high gain, low threshold plasmonic
amplifiers, and promises a significant increase of the signal
propagation length extending to hundreds of micrometers.

8. NANOWIRE PHOTONIC DEVICES

8.1. Router, Wavelength Splitter, and Switch

The various propagation behaviors of plasmons on metal NWs,
including zigzag and chiral field distributions, and mode
conversion, due to multimode superposition as discussed in
section 5 can be utilized to realize photonic devices of different
functions. By changing the polarizations of excitation light, the
mode components and the field distributions on the NW can
be manipulated as shown in Figure 13c, which provides a
method to control the routing of plasmons in NW networks. A
branched NW structure shown in Figure 36a is the simplest
example of a NW network, where the plasmons generated at
port 1 can propagate to both NW branches and finally radiate
at port 2 and port 3. As discussed in Figure 13c, the polarization
of the incident light can control the field distributions on the
NW. In Figure 36a, by changing the polarization from 27° to
117°, the zigzag distribution is shifted, which alters the field
intensity at the node of the branched NW structure, and
directly determines the flow direction of the plasmon energy. In
experiments, this routing function has been proved by optical
scattering measurements © and QD fluorescence imaging.
Since the routing function depends on the near-field
distribution, changing the wavelength of the incident light
can also change the period of the field pattern and influence the
power routing between the two output branches. Under
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illumination of two wavelengths with the same polarization, the
light components of different colors were separated to different
ports, realizing the function of a wavelength splitter or
demultiplexer.'® The wavelength splitting was clearly demon-
strated by exciting the SPs in a NW network using a white light
source. Figure 36b shows a structure composed of three Ag
NWs excited by supercontinuum light. The emissions at the
NW ends A and B show clear wavelength dependence. For
example, for the structure with an added Al,O; film of 10 nm
thickness (blue curves in Figure 36¢), the NW end A mainly
emits light of short wavelengths around 630 nm, while the end
B mainly emits light of long wavelengths around 800 nm. The
wavelength splitting behavior can be tuned by changing the
thickness of the Al,O; because the Al,O; thickness influences
the period of the electric field distribution, as shown in Figure
36d by the QD fluorescence images excited by laser light of 633
nm. For the original structure, the right branch junction is at a
node of the plasmon field pattern, where the near-field intensity
is low (left panel of Figure 36d). By adding S nm of AL,O;, the
near-field antinode is shifted to the right junction, so more
power is diverted to end A (right panel of Figure 36d), agreeing
with the increased emission intensity of the 633 nm wavelength
at end A in the spectra in Figure 36¢. The routing behavior of
plasmons of different wavelengths can be controlled separately
by tuning the incident polarizations without interfering with
other wavelengths. Therefore, the NW structure can be used for
routing plasmons of multiple wavelengths simultaneously.
Spectral splitting in Ag NW structures was also reported by
designing gratings on the NWs to modulate the plasmon
propagation.81

The electric field distribution on which the routing function
depends can also be locally modulated on the NW, such as by
exploring the mode conversion process discussed in section 5.4.
An example of controlling the plasmon routing by mode
conversion is shown in Figure 36e, which is formed by a
branched NW with a nearby nanoparticle. The control of the
routing is demonstrated by the simulation, where the TM,
mode is used as input and a zigzag field distribution is produced
by the mode conversion process induced by the nanoparticle.
By tuning the position of the nanoparticle, the zigzag field
distribution also shifts along the NW, which changes the
distribution of the electric field at the junctions and switches
the power between the two output branches. In the scheme of
using a nanofiber to excite the plasmons on the NW, the
electric field at the junction of the NW branch depends on the
position of the nanofiber tip on the NW,*** which can also be
used to control the plasmon routing. Apart from the dynamic
tuning of the structure and the excitation position, the active
control of the power flow routes in the NW network can also
be realized by tuning the refractive index of the environment or
the dielectric coatings on the NWs.

8.2. Spin Sorter

As discussed in section 5.3, the circularly polarized light can be
used to generate spin-dependent plasmons with zigzag
distributions on the NW, by exploring the SOI of light. Similar
to the routing of light with different linear polarizations shown
in section 8.1, in the branched NW structure, the spin-
dependent propagation of plasmons can be further sorted to
separated branches, which offers an ideal platform for binary
information encoding.

The enhanced optical SOI in the metal structure, as
discussed in section 5.3, can result in transverse orbital
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Figure 37. Spin-dependent directional propagation of SPs in a Au branched NW. (a) Simulated electric field distributions for excitation of 785 nm
wavelength with different circular polarizations indicated by the circular arrows overlaid on the SEM image of the fabricated Au branched-NW
structure. The Au NW is about 260 nm wide and 150 nm thick. The length of the main wire is about 3.7 ym. A uniform dielectric environment (n =
1.5) is used for the simulation. (b) Experimental scattering images for excitation by focused laser beams of 785 nm wavelength with opposite circular
polarizations indicated by the circular arrows. (c) Measured intensities from the two output ports of the branched-NW structure for varying the angle
0 between the optical axis of the quarter-wave plate and the linear polarization of the laser beam. 6 = 0°, 90°, 180°, and 270° in (c) correspond to
linear polarization parallel to the main NW of the Y-branch structure, while € = 45° and 135° correspond to circularly polarized light with opposite
spins as indicated by the circular arrows. Reprinted with permission from ref 120. Copyright 2016 American Physical Society.
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Figure 38. (a) (i) Optical image of a Ag NW structure with two input terminals (I1 and 12) and one output terminal (O). (ii, iii) Scattering images
for the case of one input I1 or I2. (iv, v) Scattering images for the case of two inputs I1 and I2 with a varied phase difference. The scale bar is 5 ym.
(b) Scattering intensity at output O as a function of optical phase delay for both I1 and I2 inputs (black) or for either I1 or 12 input (green) (c) ()
phase differences corresponding to the strongest output at terminal O1 and O2, respectively. (iv, v) QD ﬂuorescence images corresponding to ii and
iii, respectively. (d) Schematic illustration of a NOR logic gate built by cascaded OR and NOT gates (top) and optical image of the designed Ag NW
structure (bottom). (a—c) Reprinted from ref 17. Copyright 2011 American Chemical Society. (d) Reprinted with permission from ref 18. Copyright
2011 Nature Publishing Group.

momentum flows at the NW tip, which couple directionally to
the propagating plasmons on the NW and lead to a spin-
dependent zigzag distribution on the metal NW. This spin-
dependent zigzag distribution can also lead to plasmon routing
in a branched NW, realizing the sorting of circularly polarized
light in plasmonic circuits.'*" Figure 37a shows the simulated
electric field distributions for an experimentally fabricated
branched gold NW, excited using light beams with opposite
circular polarizations. The simulation results are overlaid on the
SEM image of the experimental sample, which clearly show the
different circularly polarized photons are routed to separate
branches, realizing the function of a spin sorter. The spin-
sorting function of the simulated sample was experimentally
proved, as shown in Figure 37b. The fabricated Y-branch
structure was immersed into index-matching oil to get a
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homogeneous dielectric environment. The polarization state of
the excitation light was controlled by rotating a quarter-wave
plate inserted into the path of the laser light. The SPs excited by
circularly polarized light with opposite spins (6 = 45° and 135°
in Figure 37c) were directed to different branches with the
intensity ratio between the two output ports higher than 6:1.
These results demonstrate a novel approach to loading and
sorting optical information, encoded in the spin degree of
freedom of photons, in plasmonic nanocircuits.

8.3. Logic Gates

The SPs propagating on plasmonic NWs preserve the
coherence of the excitation light. When multiple mutually
coherent laser beams are coupled to metal NWs, the multiple
plasmon waves will interfere and modulate both the near-field
distribution and the far-field output at the NW ends.'”"®!¢">%°
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Figure 39. (a) Schematic of a hybrid coupler composed of coupled Ag and ZnO NWs. (b) (Top) SEM image of a hybrid coupler assembled from a
270 nm diameter ZnO NW and a 240 nm diameter Ag NW. (Middle and bottom) Optical micrographs of the hybrid coupler taken with the
polarization parallel to the Ag NW when monochromatic lasers of wavelengths 532 and 650 nm are used as light sources. (c) Schematic illustration
of a hybrid photon—plasmon NW laser composed of a Ag NW and an ultralong CdSe NW coupled into an X-shape. The right segment of the CdSe
NW serves as a distributed absorber without reflection. (d) Polarization-sensitive lasing spectra from the Ag NW end-facet with the emission
polarization oriented parallel (red line) and perpendicular (blue line) to the Ag NW. (Inset) Optical images showing the polarization-dependent
lasing outputs. The scale bar is 10 ym. The white arrows indicate the directions of the polarization. (a and b) Reprinted from ref 75. Copyright 2009
American Chemical Society. (c and d) Reprinted from ref 253. Copyright 2013 American Chemical Society.

By controlling the interference of SPs in NW networks,
interferometric logic gates can be realized.

For a branched NW structure shown in Figure 38a, two
plasmon waves can be launched independently from terminals
I1 and I2 in the system, with the remaining terminal O as
output for the signal. The output results from coherent
interference of SPs from the two input terminals, and the
intensity depends on the phase difference of the two input
beams [Figure 38a (iv, v)]. When the phase difference between
input I1 and I2 increases monotonically, the output intensity at
terminal O varies in an oscillating manner, as shown in Figure
38b. The strength of the plasmon interference can be described
by visibility, defined as (I, — Lyn)/(Inax + Lnwm), Where I
and I ;, are the maximum and minimum values of the output
intensity, respectively. The visibility depends on the polar-
ization of the input light at terminal I1 and can be close to 1
under optimal polarization.'®!

The difference of the maximum and minimum output
intensities is so large that they can be assigned as ON and OFF
states, or 1 (true) and O (false) states for binary encoding,
respectively. For the simple NW network shown in Figure 38a,
either I1 or I2 input results in a “1” output, while both I1 and 12
inputs result in a “1” output for constructive interference.
Hence, this three-terminal NW structure works as an OR gate.
By setting a threshold intensity larger than the output intensity
with only one input, this structure can work as an AND gate for
constructive interference. For example, if the threshold
intensity is set to 600, the output state is “0” for input at
either I1 or I2, and the output state is “1” for inputs at both I1
and I2, which corresponds to the AND operation. For
destructive interference, either I1 or 12 input results in a “1”
output, while both I1 and I2 inputs result in a “0” output. This
corresponds to an XOR gate. If one of the inputs is used as the
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control signal, the input “0” is inverted to “1” and “1” is
inverted to “0”, so the structure realizes the function of the
NOT gate. In such simple three-terminal NW network, a
complete set of Boolean logic gates can be realized.”’

For a more complex NW network with two input ends and
two output ends, shown in Figure 38¢, the plasmon
interference with a varied phase difference can determine the
plasmon routing between two output ends. The plasmon
energy can be routed to the Ol terminal for certain input
phases [Figure 38c (ii, iv)]. When the phase difference is
increased, part of the energy is transferred to the O2 terminal.
Further increasing the phase difference routes the plasmons to
the O2 terminal [Figure 38c (iii, v)]. The QD fluorescence
images show that the general intensity of the electric field on
the two branches of the outputs switches between strong and
weak in an alternating way, determining the switching of the
output intensity at the two output terminals Ol and O2.
Similar to the three-terminal structure in Figure 38a, by
defining a threshold intensity for “1” and “0” states, this simple
four-terminal NW network can function as a binary half adder.
Inputs at both I1 and I2 result in output “1” at O2 and output
“0” at O1: 1 + 1 = 10, while an input at only I1 or I2 results in
“0” at O2 and “1” at O1: 1 + 0 = 0 + 1 = 01. This half adder
function is realized because of the multiple plasmon modes in
the NWs which enable destructive interference at Ol and
constructive interference at O2.

To realize more complex logic functions, the elementary
logic gates need to be cascaded. The cascade of plasmon-based
interferometric logic gates was investigated by examining one of
the universal logic gates, the NOR gate. A structure composed
of three NWs was designed for the cascaded NOR gate, as
shown in Figure 38d. The ends labeled I1 and I2 are the two
input terminals, and the end labeled C is for the control signal,
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that is, one of the inputs of the NOT gate. When the control
signal is enabled, the NOT operation inverts the results of the
OR operation, realizing the NOR function. These results show
the potential of using plasmonic waveguide based structures for
information processing in nanophotonic circuits.

8.4. Plasmonic-Photonic Hybrid Nanowire Devices

Plasmonic NW waveguides can support light propagation with
tight field confinements, but the SPs suffer high energy losses. It
is challenging to build on-chip integrated nanophotonic circuits
with only metal nanowaveguides. This trade-oft between mode
size and propagation loss must be considered carefully.
Hybridizing with photonic (dielectric or semiconductor)
NWs is a possible strategy to decrease the energy losses during
propagation, since the photonic waveguides have much lower
losses in optical frequencies.

The hybrid structures consisting of Ag NWs and ZnO NWs
or SnO, nanoribbons were experimentally investigated.”>>*
For a hybrid ZnO NW-Ag NW structure (Figure 9b), the light
from a nanofiber can couple into the ZnO NW and then excite
propagating SPs on the Ag NW connected to the ZnO NW. In
a reverse process, the SPs on the Ag NW launched directly by
the nanofiber can also couple to the ZnO NW. Figure 39a
shows the schematic of a hybrid coupler composed of coupled
Ag and ZnO NWs, which can be readily assembled in
experiments by micromanipulation. The optical images in
Figure 39b show that the light of 532 and 650 nm wavelength
can efficiently couple from the ZnO NW to the Ag NW, as
evidenced by the green and red light emission at the right end
of the Ag NW. The coupling efficiency of light from the ZnO
NW to the Ag NW at a 650 nm wavelength is about 82% after
the propagation loss of the Ag NW is calibrated. By using
coupled Ag and ZnO NWs, a Mach—Zehnder interferometer
and a microring cavity were also demonstrated.

By coupling a Ag NW with a high-gain CdSe NW, a hybrid
photon—plasmon NW laser was realized.”>> As schematically
shown in Figure 39¢, a Ag NW is side-coupled to a CdSe NW
to form an X-shaped structure, and pumping light of 532 nm
wavelength is loosely focused on the left part of the CdSe NW.
The photoluminescence is guided along the CdSe NW until
reaching the coupling region, where the photon modes of the
CdSe NW are converted into plasmon modes of the Ag NW.
The plasmon modes reflected at the right end of the Ag NW
are then converted to photon modes of the CdSe NW at the
coupling region. The left segment of the CdSe NW and the
right segment of the Ag NW form a longitudinal hybrid cavity
supporting interconvertible photon modes and plasmon modes.
In the experiment, a hybrid cavity was assembled from a Ag
NW of 100 nm diameter and a CdSe NW of 390 nm diameter
on a MgF, substrate. With the increase of the pumping fluence,
lasing emission was detected at both the right Ag NW end and
the left CdSe NW end (inset of Figure 39d). The plasmon
lasing output from the Ag NW end shows a high ratio of two
orthogonal polarization components, as shown in Figure 39d.
The output for polarization parallel to the Ag NW section is
much stronger than that for the perpendicular polarization,
consistent with the electromagnetic feature of the plasmon
mode in a Ag NW of 100 nm diameter. The mode area of the
Ag NW at the lasing wavelength of 723 nm is calculated to be
0.004 ym?* (0.0084%), corresponding to a mode size of 70 nm,
well below the optical diffraction limit.
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9. CONCLUSIONS AND OUTLOOK

In this paper, we reviewed the developments of plasmon
waveguiding in NWs, mainly metal NWs, and the coupling
between plasmonic NWs and emitters. In addition, the hybrid
plasmonic NW waveguide, composed of a semiconductor NW
and a metal film with a thin insulator between them is also
briefly discussed.

Metal NW supporting propagating SPs is a fundamental
building block for plasmonic integrated circuits. The dispersion
relations of plasmon modes in metal NWs reflect their larger
wave vector and smaller group velocity compared with light in
vacuum at the same frequency. The tight field confinement of
SPs on the NW, manifested by the large wave vector, is also
associated with high ohmic loss that limits the propagation
distance. The SPs on the NWs can be excited and detected by
optical and electrical means. The superposition of multiple
plasmon modes in the NWs determines their particular
propagation and emission behaviors. The periodic distributions
of the electric field on the NWs originating from the excitation
of multiple modes lead to zigzag or chiral propagation routes.
The electric field distributions can be tuned by controlling the
incident polarization, the dielectric environment, or the
structural symmetry, providing methods to conveniently
manipulate the plasmon guiding in NW networks. The
interference of SPs generated by coherent light can also be
used to modulate the SP propagation and emission. On the
basis of the manipulations of SPs in NW structures, plasmonic
nanophotonic devices can be realized. By coupling metal NWs
with dielectric or semiconductor NWs, hybrid NW devices can
also be developed.

Metal NWs can couple with QEs, providing a promising
platform for quantum information processing. The exciton—
plasmon interactions between single QEs and single plasmonic
NWs have been demonstrated in different systems using
various methods. As a result of the potentially large Purcell
effect, photons spontaneously emitted from the QEs can be
efficiently harvested by the plasmons on the NW and directed
into a well-defined spatial mode, which can be exploited as
efficient single photon sources. The exciton—plasmon coupling
can provide a giant nonlinearity which may lead to the
realization of optical switches, transistors, and entanglement of
two qubits. The exciton—plasmon—photon interconversion in
the NW-emitter hybrid structure also provides a new kind of
remote excitation and remote detection technique, which is
useful for optical imaging and sensing in chemical and
biological systems.

The plasmons on metal NWs suffer high ohmic loss due to
the concentration of electric field in the metal. To decrease the
plasmon propagation loss while maintaining the tight field
confinement, a hybrid plasmonic waveguide configuration was
proposed, which consists of a semiconductor NW, a metal film,
and an intervening ultrathin insulator. In this structure, the
electric fields of hybrid plasmon modes are largely located in
the insulator, thus the metal-induced ohmic loss is decreased,
resulting in a longer propagation distance. By using a gain
material for the semiconductor NW, this hybrid NW waveguide
can be exploited for developing plasmonic lasers and amplifiers.

The strong dependence of the NW plasmons on the
dielectric surroundings indicates that the properties of NW
plasmons can be tailored by engineering the dielectric constants
of the surrounding media. Active and reversible tuning of the
refractive indices of the surrounding media is highly desired for
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modulating the plasmon waveguiding and realizing plasmonic
devices of different functions with high performance.
Composite structures incorporating materials with special
properties can certainly benefit the control of the NW
plasmons. Schemes combining gain materials and metal NWs
can be explored to compensate for the plasmon propagation
loss. The development of advanced techniques for fabricating
metal NWs of high crystalline quality and well-defined
geometries will promote the progress of plasmon waveguiding
in NW networks and related nanophotonic devices. Integrating
plasmonic NWs with nanophotonic and nanoelectronic devices
is promising for achieving high-performance nanophotonic
devices and circuits.

The coupling between plasmonic NWs and emitters requires
more precise engineering to achieve a higher coupling strength.
NW-QE coupling structures with a strong Purcell effect, a high
plasmon quantum yield, and a reasonable propagation length
need to be carefully designed. To study the coupling of multiple
QEs mediated by the plasmons on the NW, novel methods
need to be explored to precisely position the QEs and
controllably excite them. For hybrid NW waveguides, some
fundamental questions regarding charge transport through the
semiconductor—insulator—metal interfaces and enhanced
stimulated emission cross section due to the strong mode
confinement have been raised. The research on these issues
may open new possibilities for the development of plasmonic
devices and circuits.
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