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Recent developments in photonic, plasmonic and
hybrid nanowire waveguides
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Recent years have seen a rapid expansion of research into photonic and plasmonic nanowire
waveguides for both fundamental studies and technological applications, because of their ability to
propagate and process optical signals in tightly confined light fields with high speed and low power,

space and material requirements. This comprehensive review summarizes recent advances in the
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fabrication, characterization and applications of both photonic and plasmonic NW waveguides, with a
special focus on the comparative discussion of their differences and similarities in mechanisms and
properties, strengths and limitations in performance, and how they can work together in hybrid devices

with performances and applications that neither can achieve individually. We also provide an outlook on
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1. Introduction

Photons, as fundamental carriers of information, outperform
electrons in every aspect of long-distance data communication,
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the future opportunities and directions in this exciting field.

including transmission speed, bandwidth and energy loss.
With the invention of lasers, amplifiers and low-loss optical
fibers, photons have taken over the market of long-range data
communication that has been ruled by electrons over the last
century. Still, the battle between electrons and photons has
never stopped and is taking place now at a much smaller length
scale. While the microelectronics industry works relentlessly in
confining electrons in smaller electronic components for faster
signal processing and lower energy consumption, confining
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light in tighter optical cavities is also the holy grail for integrated
optical circuits, optoelectronics and nano-sensors for the very
same reasons. In this battle at the nanoscale, however, photons
are lagging behind despite being the fastest runners of all
particles and their broad-band nature in signal propagation.
Their wavelengths (4,) are orders of magnitude larger than the
de Broglie wavelength (1) of electrons, making it much more
difficult to localize photons into nanoscale regions and limiting
the level of integration and miniaturization available.

Over the last two decades, nanowires (NWs), which are natural
one-dimensional optical waveguides or nanoscale optical fibers,
have been intensively studied due to the exquisite synthetic
control developed over their dimensions, crystal structures,
compositions, and structural/compositional complexity. The
unprecedented versatility and tunability of the nanowire
platform were testified by the success of an impressive number
of waveguide-based sub-wavelength devices, ranging from active
optoelectronic devices like lasers/LEDs/photodetectors, to passive
waveguides for optical circuit integration, and to a single cell
endoscope that is capable of delivering and collecting optical
signals to/from subcellular regions.

The real challenge for the nanowire waveguides to rival
their electronic counterparts is to achieve a similar level of
miniaturization. The smallest cross-sectional size for a dielectric
waveguide to support propagating photons is dictated by the
Abbe’s diffraction limit and is roughly half of the wavelength of
the photon in the waveguide.' This size limit was shifted to the
subwavelength region (down to 100 nm) using single crystalline
high refractive index nanowires, e.g., SnO, (n = 2.1), with a
low propagation loss (1-8 dB mm ™) at visible frequencies.>
However, further miniaturization of optical waveguides is still
hindered by the diffraction limit. To address this challenge,
plasmonic or metal nanowires with negative dielectric
permittivity were brought to the forefront of nano-waveguide
research in the past decade. Plasmonic waveguides transmit
electromagnetic energy at optical frequencies with surface
plasmon polaritons (SPPs), which travel on metal nanowire
surfaces as collective oscillations of free electrons coupled to
the electromagnetic wave. The energy is tightly confined
at metal surfaces to as small as a few nm and allows for
deep subwavelength localization. However, as a trade-off, the
propagation losses in metal nanowires, even for the most
conductive metal (Ag) on earth, are far larger than those in
their dielectric counterparts, arising from the ohmic loss
caused by the scattering of oscillating electrons and can reach
the level of ~1 db um™>, 3 orders larger than those in their
dielectric counterparts. Accompanying the tight spatial energy
confinement on plasmonic nanostructures is the massive
enhancement of the local electromagnetic field, which in turn
enhances the magnitude of light-matter interactions near the
metal surface, enabling high sensitivity chemical and biological
sensing and imaging. The distinct characteristics of dielectric
and metal NWs dictate the way they are incorporated into
different nanophotonic applications (Fig. 1).

There have been a considerable number of review papers that
separately covered dielectric*” or metal NW waveguides,®°
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Fig. 1 Classification of sub-wavelength NW waveguides.

possibly due to their distinctively different waveguiding mecha-
nisms, synthesis, performance and applications. However, very few
focus on the comparative discussion of their differences and
similarities in properties, strengths and limitations in performance
in the context of different nano-optical applications and how they
can work together in hybrid devices with performances and
applications that neither can achieve individually. In this review,
we will first address the differences in waveguiding mechanisms
and the fundamental limits of dielectric and plasmonic wave-
guides, then review recent advances in the exquisite synthetic
control over the size, morphology and composition of optical
nanowires to tailor their performance and integrate multiple
functions towards specific applications. We will also highlight
the remarkable progress in nanoscale optoelectronics and sensing
and imaging tools in the last decade enabled by nanowire
waveguides and compare the strengths and limitations of dielec-
tric and metallic waveguides in each application. Lastly, we will
highlight recent developments of hybrid photonic-plasmonic
waveguides, which promise to bring in the best of both worlds:
the tight spatial confinement of the plasmonic waveguide and
the low propagation loss in the dielectric waveguide.

2. Light propagation in photonic and
plasmonic nanowire waveguides

Both photonic and plasmonic nanowires can function essen-
tially as subwavelength optical waveguides, which transmit
optical energy in the form of a wave while confining the energy
inside or close to the nanowire. However, the ways in which
energy is transmitted in them are completely different, which
dictates their distinct optical performances. The rational design
of the composition and structure of the subwavelength wave-
guides and the corresponding nanophotonic devices both rely
on the understanding of their fundamental waveguiding
mechanism and optical behavior, which will be detailed and
compared in this section.

In a photonic waveguide, light is guided by diffraction,
or total internal reflection (TIR). When a plane wave passes

This journal is © The Royal Society of Chemistry 2018
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through the boundary of a medium with a high refractive index
(ny), i.e., the waveguide, to the one with a low refractive index
(ny), ie., the dielectric cladding or in many cases air, total
internal reflection occurs when the incident angle is larger

than the critical angle 0. = sin™ " Fig. 2a). When light is
han th 1 angle 0, ! - g g
1

coupled at one end of the waveguide, any photon that enters
at a wrong angle (<0.) leaks out from the waveguide as
coupling loss, and those with the right angles (>0.) survive
and bounce back and forth on the interfaces through TIR, so
the electromagnetic energy, or data/information if the light is
modulated, can propagate in the waveguide with little energy
loss and at the speed of light. A dielectric waveguide is able to
carry many independent channels, each using a different
wavelength of light, giving it inherently high data-carrying
capacity, or bandwidth.

In order to scale down the size of optical components for
nanophotonic integration, deep-subwavelength confinement is
required, which means a waveguide should be able to confine
and propagate light with a wavelength much larger than the
cross-section of the waveguide itself. In dielectric waveguides,
the level of confinement available is dictated by the diffraction
limit, which puts the smallest waveguide diameter at ~ 1/(2n),
where 4 is the wavelength of light in vacuum and n is the
refractive index of the waveguide material. By replacing SiO,
(n = 1.5), the core material in optical fibers, with higher
refractive index materials, such as SnO, (n = 2.1), the size limit
can be pushed to the subwavelength region. Tremendous
efforts in nanomaterial synthesis in the past several decades
has led to a rich collection of single crystalline high-index
dielectric nanowires with atomically smooth side walls, high
purity and uniform diameters to ensure low propagation losses
even in the subwavelength regime, and impressive tunability in
size, shape and composition."* However, the wavelength to
diameter ratio achievable is still fundamentally limited. This
can be understood by comparing the electric field distribution
of guided fundamental modes in high index SnO, fibers of
different diameters (Fig. 1c, top panels). As the fiber diameter,
d, decreases from 500 to 100 nm, the fundamental mode
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Fig. 2 Comparison of light propagation in dielectric and metallic waveguides. (a
show the electric-field distribution in SNO, (b) light propagation as SPP at the interface between metallic and dielectric materials. (c) Electric-field
distribution in the SiO, and Ag nanowire waveguides with 500 nm diameter and 100 nm diameter. The wavelength of the incident light is 700 nm. §; and
0. are the incident and critical angles of light respectively.

D : 100nm

a) Total internal reflection of wave in the dielectric waveguide. The insets

(A = 700 nm) becomes less contained in the fiber and the
electromagnetic energy starts to extend deep into the air.
Despite the decrease in waveguide size, the size of the guided
mode increases significantly beyond the diffraction limit and will
eventually become a bulk plane-wave in air, or free-space photons.

The situation for guiding SPP modes in plasmonic wave-
guides is drastically different. In a metallic waveguide, conduc-
tion electrons interact strongly with the incident light, which is
essentially oscillating electromagnetic fields, to form polaritons
on the metal surface in the form of collective free electron
oscillations that can propagate along the waveguide (Fig. 1b).
Such a propagating electron density wave is termed surface
plasmon polaritons and is free from the spell of the diffraction
limit of light. Different from dielectric waveguides, where the
energy of guided modes is confined within the waveguide,
SPP modes are surface bonded to the metal and their electro-
magnetic field dampens exponentially into the metal and the
surrounding medium. As a result, the electromagnetic fields
are tightly confined to the metal waveguide surface. When the
diameter of a metal decreases, the size of the fundamental SPP
mode shrinks accordingly (Fig. 1c, bottom panel), and can
theoretically be compressed down to a few nm."?

However, plasmonic waveguides have their own limitations.
The energy dissipation of SPPs is orders of magnitude higher
than dielectric waveguides, due to an exponential damping
term in the wave equation in the propagating direction, which
is contributed by the imaginary part of the metal relative
permittivity. This energy loss originates from inelastic scatter-
ings of free-electrons during the collective oscillation with the
lattice, defects, grain boundaries and surfaces, and is physically
the same as the ohmic loss in an electric cable that conducts
current from the collective movement of free electrons. And
similar to an electrical conductor, where the resistance
increases with decreasing cable diameter, the propagation loss
in plasmonic waveguides also increases as the waveguide
becomes smaller, or in other words, as the mode confinement
becomes tighter.">'* To compensate for the high loss at the
deep-subwavelength dimensions, careful choice of materials
and nanowire fabrication methods is extremely important.
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That is why, Ag, which is the most conductive of all metals and
free of any inter-band transition in the visible-NIR range, is the
best choice of material. Chemically synthesized Ag nanowires
are preferred over lithographically defined nanowires because
they are highly-crystalline with low defect levels and have
atomically smooth surfaces that work together to minimize
the propagation loss. Nevertheless, the capability of plasmonic
nanostructures to achieve deep-subwavelength localization of
the guided signals brings them to the forefront of the research
towards highly integrated nano-optic circuits and components,
as well as the delivery of light to the nanoscale.

3. Synthesis of photonic and
plasmonic nanowire waveguides

Over the last decade, the general strategies for optical nanowire
synthesis and fabrication have not changed substantially.
Rather, world-wide research effort has been devoted to precisely
controlling the nanowire dimensions, compositions, defects
and crystal structures, aiming towards optimizing their optical
performance, and to rationally integrating different function-
alities through longitudinal and lateral heterostructures. In this
section, we review important new advances in the synthesis of
both photonic and plasmonic nanowire waveguides with a
focus on “bottom-up” chemical synthesis. This is because
chemically synthesized nanowire waveguides, especially at the
subwavelength dimensions, outperform those fabricated by almost
any ‘“‘top-down” lithographical methods in terms of sidewall
smoothness, diameter uniformity, compositional purity and
crystalline quality, which work together to minimize propaga-
tion losses. Furthermore, different optical properties can be
incorporated within a single NW by actively manipulating
synthesis parameters to tune its composition and structure
during growth, which opens up new avenues for highly
integrated single nanowire photonics.

3.1. Gas phase synthesis technique

As stated above, the creation of nanowires for subwavelength
photonics is heavily dependent on the controlled synthesis of
high quality one-dimensional materials. Until now, an impressive
number of methods have been developed to serve this purpose:
CVD, CVT, molecular beam epitaxy, vapor-solid-solid, vapor-
solid, oxide-assisted growth, templated growth, solution-liquid-
solid growth, supercritical fluid liquid solid growth, solvothermal/
hydrothermal synthesis, directed solution phase growth, etc.'
Among them, gas phase synthesis, vapor-liquid-solid (VLS)
growth in particular, is the most widely adopted growth
technique for high-quality photonic nanowires due to its flex-
ibility and versatility. By rapidly adsorbing gas phase reactants
to the supersaturation level, catalytic liquid alloy droplets on a
growth substrate aid the seeded and oriented growth of nano-
wires, the diameter of which is determined by the catalyst
droplet size. Therefore, it has a better capability of controlling
the nanowire diameter compared to the catalyst-free methods.
The optimum catalyst for a liquid eutectic alloy for the
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nanowire of interest can be chosen on the basis of the phase
diagram. Since its introduction in the early 1960s,'® this
approach has been applied for the synthesis of other semi-
conductor NWs such as Si'” and Ge,® group III-V (GaAs, GaP,
InAs, InP, GaAsP, InAsP), II-VI (ZnS, ZnSe, CdS, CdSe), and
IV-VI (PbTe).">'® However, one inherent problem of VLS
growth is the diffusion of the metal catalyst into the NW,
resulting in charge carrier recombination centers or electron/
photon scattering centers,"”>° which is especially harmful for
semiconductor nanowire-based active waveguides. In addition,
the chemical removal process of metallic catalysts after growth
could impair the optical properties of the NW. Therefore, other
catalyst-free synthesis techniques have been studied intensively
such as vapor-solid growth, oxide-assisted growth, and tem-
plated growth although they are not as popularly used as VLS.
In Table 1, where we index the optical properties, synthesis
methods, and physical dimensions that can be achieved and
applications of major photonic nanowire waveguides, one can
find the gas phase synthesis methods adopted for each individual
material and the size range available.

Recently, exciting progress in gas phase synthesis was made
on improving the optical quality of photonic nanowires derived
from these existing growth strategies. The ability to maintain
lower defect levels and uniform diameters throughout a signifi-
cant length required for light propagation pushes the nanowire
waveguide one more step towards practical applications. In 2010,
Ramdani et al. reported the growth of exceptionally long GaAs
NWs using Au-assisted VLS-hydride vapor phase epitaxy (HVPE),
using gaseous GaCl molecules as the Ga precursor.>® The
dechlorination rate of GaCl is so high that there is no kinetic
delay and equilibrium conditions can be quickly established.”>
As a result, less tapered and low defect nanowires can grow at a
fast rate of 170 um h™" on average. Using a similar strategy,
ultralong (130 pum h™') and defect-free GaN nanowires were
also synthesized using HVPE with a broad range of diameters
(70-200 nm),* as shown in Fig. 3a.

Another example is the growth of stacking-fault-free wurtzite
InP NWs by selective-area (SA) metal-organic vapor phase
epitaxy (MOVPE).>* SA-MOVPE has a unique advantage over
VLS because it can maintain a much lower impurity concen-
tration by removing metal catalysts, which diffuse into the
nanowire at the high growth temperature, creating defects.
A uniform diameter distribution along the nanowire was also
achieved over a wide size range (80-600 nm) (Fig. 3b). The
uniform diameter is important not only for passive waveguiding,
but also for improving the optical quality of the Fabry-Perot
cavity for low-threshold lasing.

Besides the improvement in nanowire quality, there have
also been significant efforts in fine-tuning and rationally con-
trolling the composition within a single nanowire for function
integration. In 2011, Yang et al. introduced a substrate moving
growth strategy for full-color bandgap graded nanowires®
(Fig. 3c). By controlling the location and moving speed of the
substrate during growth, the compositional gradient along a single
nanowire was achieved with potential applications in broadband
light absorption and emission devices. Discretization of the

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Recent advances in the gas and solution phase-based synthesis of hanowire waveguides. (a) TEM images of GaN nanowires grown by hydride
vapor phase epitaxy (HVPE) with a fast growth rate and high crystalline quality or low impurities. Adapted with permission from ref. 23. Copyright 2014
American Chemical Society. (b) SEM image of periodically aligned InP nanowire arrays grown with selective-area metal-organic vapor-phase epitaxy
(MOVPE or MOCVD). Adapted with permission from ref. 24. Copyright 2014 American Chemical Society. (c) SEM images of band gap graded full-color
nanowires. The top inset shows the real photograph of the full-composition AnCdSSe nanowires under the illumination of a 405 nm laser. Adapted with
permission from ref. 25. Copyright 2011 American Chemical Society. (d) SEM and STEM image of a stacked Ing 2,Gag 78As/GaAs quantum dot embedded
nanowire. Scale bar, 50 nm. Adapted with permission from ref. 26. Copyright 2015 Springer Nature. (e) Schematic of the dynamic control of the
deposition and dissolution rates at the tip of the AQNW. SEM images of AgNW tips sharpened with oxidative dissolution of the silver at the tip of the
nanowire. Scale bar, 100 nm. Adapted with permission from ref. 27. Copyright 2016 American Chemical Society. (f) SEM (i) and TEM (ii) images of highly
crystallized Au nanowires synthesized by a room temperature acidic solution route with diameter and length tunability. Adapted with permission from

ref. 28. Copyright 2008 American Chemical Society.

bandgap even further using quantum confined structures as an
active medium in a passive nanowire waveguide is another
approach for functional integration on a single wire level.>*"
The incorporation of densely-packed, strain-relieved quantum
dots (QDs), which have discretized density-of-states (DOSs)
induced by quantum confinement, into the nanowire cavity is
expected to offer a dramatic improvement in lasing perfor-
mance. In 2015, Tatebayashi et al. experimentally demonstrated
room-temperature lasing for the first time in multi-stacked
Ing,,Gag,As QDs in a single GaAs NW capped with an
AlGaAs/GaAs shell for passivation.>® The site-controlled growth
is achieved by lateral-flow, low-pressure selective metalorganic
chemical vapor deposition (MOCVD) with a modulated mixing
ratio of the group III precursors. The use of Iny ,,Gag goAs QDs
instead of InAs®® leads to the reduction of accumulative com-
pressive strain to achieve strain-relieved growth. This level of
structural and compositional complexity requires careful design
of the growth parameters based on a diffusion-deposition model
of the morphological evolution of nanowires and property
optimization based on optical characterization combined with
numerical analysis.

3.2. Solution phase synthesis technique

Solution phase synthesis for dielectric/semiconducting nanowires,
including solvo/hydrothermal, Solution-Liquid-Solid (SLS),
hot-injection, soft and hard templating methods, is considered
the most attractive synthesis route for the large-scale produc-
tion of nanowires, because of its simplicity, versatility, low
energy consumption, fast growth, and in many cases, its
environmental friendliness. It is obvious from Table 1 that all
major photonic nanowires were successfully fabricated using

11800 | J. Mater. Chem. C, 2018, 6, 11795-11816

solution-based methods. However, because of the relatively low
growth temperature and, in many cases, the use of shape-
directing molecules and ions, solution phase methods tend to
yield nanowires with higher trap-site defect levels compared to
vapor-phase growth. The photoluminescent quantum efficien-
cies (QEs) reported for ensembles of colloidal semiconductor
nanowires were around 0.1-0.3%.>*” This has put the colloidal
photonic nanowires at a disadvantage for optoelectronic applica-
tions, where extremely high material quality is required to
achieve high-efficiency. It should be noted that quantum nano-
wires with high photoluminescence efficiencies®® were success-
fully demonstrated through the TOPO based hot injection
method, although the diameters are much beyond the diffrac-
tion limit for waveguide-based applications.

The solution-phase growth of common plasmonic nano-
wires is a completely different landscape. Synthesis of
plasmonic NWs was predominantly achieved in solution at a
relatively low temperature (<200 °C) through simple reduction-
precipitation reactions. Here we focus on Ag and Au nanowires
because they are the most commonly investigated for wave-
guiding, due to their relatively low optical loss in the visible and
NIR spectral range. Both Au and Ag are face-centered cubic
crystal structures, which are inherently homogeneous. To
aid the one-dimensional growth, capping agents need to be
introduced to change the free energies of crystallographic
surfaces and change their respective growth rate. High-
quality, uniform silver NWs have been synthesized using polyol
methods developed by the Xia group in 2002,*>*° where Ag ions
supplied by AgNO; was reduced by ethylene glycol, which is
also the solvent, in the presence of a shape-directing capping
agent (polyvinylpyrrolidone, PVP) and complexing ions

This journal is © The Royal Society of Chemistry 2018
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(halide ions) to control the growth speed. These NWs have
high-crystallinity, low impurity level and atomically smooth
surfaces, which work synergistically to make these nanowires
the lowest loss plasmonic nanowaveguide. This highly reliable
and reproducible method has since then been widely adopted
for both research-oriented and commercial production of Ag
NWs, with various minor modifications.

Only until very recently was this synthesis revisited to
gain the ability to fine-tune the tip geometry of the AgNWs,
motivated by the possibility of using AgNWs for high-resolution
scanning probes for simultaneous morphological and optical
imaging. To gain the nanoscale resolution, the naturally
pyramidal or rounded tips must be further sharpened to reduce
tip radii. Our group has recently demonstrated that by accelerating
the oxidative etching, sharp-tip AgNWs can be synthesized with
high uniformity with a diameter of 70 + 7 nm and an average
tip radius of 9 + 5 nm.”” These sharp-tip AgNWs have demon-
strated 6 nm spatial resolution in morphological imaging,
which paves the way to high-resolution near-field optical
imaging and sensing, where the spatial resolution depends
on how tightly electromagnetic fields can be confined at the tip
apex, and scale with the tip curvature.

While many studies have been reported on Ag NW synthesis,
only a few have been reported for Au NW synthesis,**™**
especially with suitable diameters, lengths, crystalline quality
and sidewall smoothness for waveguides, and the strategies
for size, morphology and structure control have not been
developed as comprehensively as for Ag. However, we noticed
a recent report on a room temperature synthesis method*® that
yields crystalline, high aspect ratio (>200) AuNWs with atom-
ically smooth sidewalls and diameters suitable for plasmonic
waveguides. This is achieved by carefully controlling the seed
concentration and lowering the reduction rate in acidic solu-
tions to facilitate the growth of nanowires instead of particles.

4. Applications of photonic NW
waveguides

Photonic waveguides have found a wide variety of applications
in nanoscale optoelectronics, integrated optical circuits and
nanosensing, due to their low propagation loss and high
thermal and chemical stability. Semiconductor nanowires are
particularly versatile because they have high refractive indices
(n > 2 > ngjo,), and generally, show dielectric optical proper-
ties and act as passive subwavelength waveguides at frequen-
cies below their band gap. However, when the frequency of
light or electrical bias is higher than the bandgap, they act
as light emitters or detectors. We want to point out here that
tight light confinement is important not only for passive wave
guidance in the subwavelength regime but also for integrated
optoelectronic devices relying on active light-matter interactions.
For example, nanowire lasers are essentially waveguide lasers, and
the nanowire doubles as the gain medium and a Fabry-Perot lasing
cavity. Therefore, the ability to tightly confine optical energy is crucial
for achieving a high quality factor and low lasing threshold.*>*®
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Table 1 summarizes the optical properties and applications in
optoelectronics, alongside their common fabrication methods.
Many earlier important works in this field have been reviewed
extensively, therefore, in this section, we will primarily focus on
recent milestones of photonic NW waveguides in different
photonic applications.

4.1. Optoelectronics

Bringing the success of photonic waveguide in long-distance
data communication to the nanoscale is fundamentally chal-
lenging. Despite the efforts in nanophotonics in the past few
decades, there still exist many obstacles in realizing a highly-
integrated all-optical circuit, especially for complex devices like
processors and memory chips. Therefore, the main application
of the photonic NW waveguide in optoelectronics is to replace
copper wires for the board-to-board, chip-to-chip and intra-
chip level data communications, especially in computer data
centers, as big data and cloud computing continue to grow
exponentially.”® High volume of data traffic is limited by
the bandwidth and microwave losses of copper cables and
transmission lines and requires fundamentally higher data
transmission density at a small footprint. Further improvement
of data transfer speed in copper wires is currently limited by its
frequency (<100 MHz), which is proportional to the impedance
of the copper lines, while the photon has a much higher
frequency ranging from 150-800 THz for the visible and near-
infrared spectrum.®

The optical components necessary for the integration with
signal-processing electronics include light emitters (laser/LED),
pathways (passive waveguides) and detectors (photodiodes)
with requirements including broad bandwidth, high frequency,
high stability, low attenuation and heat generation, low skew,
immunity of the signal path to electromagnetic interference,
and above all, a small footprint.*” A smaller device footprint
results in lower power consumption, denser interconnects, less
sensitivity to propagation loss, easier control of temperature,
and lower fabrication cost. The semiconductor NW (III-V, II-VI,
or IV-VI) generally satisfies these requirements (Table 1) except
for the practical size achievable, due to the diffraction limit and
bending loss.

Another family of emerging materials for photonic wave-
guides is rare-earth based upconversion nanowires. Working
on a completely different mechanism than semiconductors,
these upconversion nanowire waveguides, formulated by
embedding lanthanide ions within an insulating host lattice,
have unique advantages inherent to f-f transitions, such as
NIR-excitation, narrow linewidth multiband emissions, long
lifetime, color-tunability and high photo-stability.*®*® Although
currently limited in the conversion efficiency, NIR-excited
upconverison nanowire waveguides signify a wide range of
potential applications, particularly in biological sensing and
imaging in physiological environments.

4.1.1. Active/functional waveguide: light emitters. The NW
that emits or absorbs light is called an active or functional
waveguide and the corresponding optoelectronic devices are
light emitters (lasers and LEDs) and photodetectors, respectively.
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This section will focus on the discussion of nanowire lasers
and LEDs.

Following the first demonstration of the ZnO nanowire UV
laser in 2001,** optically pumped coherent laser emission has
been achieved for the entire UV to NIR spectra from a number of
different semiconductor nanowires.*'® "% These nanowires
double as the gain medium and Febry-Perot waveguide cavities
to achieve light amplification. In these cavities, the large refrac-
tive index difference between the semiconductor material and its
surrounding dielectric environment tightly confine emitted light
within the nanowire, which results in a large overlap between the
guided mode and the semiconductor gain media to build up
sufficient resonant feedback. As a result, a high optical gain and
quality factor can be obtained.'®® However, further minimization
of the nanowire lasers to the deep-subwavelength region is
prohibited by increasingly large scattering loss, again dictated
by the diffraction limit. In addition, these nanowire cavities
generally have low reflectivity at the end-facets, which induces
considerable losses and limits the optical gain.*®*

Another consideration is how to achieve single mode lasing
at room temperature. This is important because a highly
resolved frequency mode is necessary to prevent lower data
transmission rate and false signaling caused by group-velocity
dispersion.’*®'% Typically, a nanowire emits single mode light
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the NW, 4 is the wavelength of light, nyw and n,;, are refractive
indices of the NW and air respectively, L is the length of the
NW, and m is an integer. Because the band structure of
semiconductors relies on temperature, multi-frequency modes
are easily excited at room temperature unless the lasing cavity
becomes much shorter."**

However, the shortened cavity path results in a lower optical
gain and therefore a higher threshold. To solve this dilemma,
Y. Xiao et al. demonstrated, in 2011, single mode excitation
from a nanowire by manually folding the nanowire with a fiber
probe to form loop mirrors."*® As shown in Fig. 4a-f, the higher
reflectivity of the loop mirror enables lasing at a low threshold.
However, it is difficult to achieve repeatable and reliable results
with fiber probe manipulation, even with the same folding
conditions. In 2013, H. Gao et al. proposed a cleaved coupled
nanowire laser realized by cutting the GaN nanowire using
focused ion beam milling (Fig. 4g).'*® Compared to individual
nanowires, in the cleaved coupled nanowire with nm gap
widths, summation of both the NW lengths provides the gain
of the laser while the gap distance narrows the optical band
(Fig. 4h-i). This approach is significantly more reliable in
achieving single mode selection with a lower threshold.'"*

Recent progress in the synthetic control of the nano-
wire structure, morphology and composition has led to new
possibilities for enhancing the optical performance of nanowire
lasers. Recently, a room-temperature lasing threshold of
170 uJ per cm” per pulse was reported with stacking-fault-free
and taper-free wurtzite InP nanowires (Fig. 5a), which, as we
discussed earlier in Section 2 (Fig. 3b), were synthesized with
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Fig. 4 Mode selection of laser from a single nanowire by nanowire structural change. (a—f) Single frequency laser from a folded single CdSe nanowire.
The folded one or two NW ends create loop mirrors (LMs) and coupled resonant cavities. Scanning electron microscopy (SEM) images and lasing spectra
of single NW without LM (a and b) and with one LM (c and d), and double LMs (e and f). The insets in the SEM images (a, ¢, and e) are PL microscopy
images. The two spectra with different colors (red and black) were measured with pump fluence far above the threshold and near the threshold
respectively. Adapted with permission from ref. 110. Copyright 2011 American Chemical Society. (g—i) Single frequency laser from cleaved-coupled
nanowires. (g) SEM images of cleaved GaN nanowires with ~40 nm intercavity gap distance. (h) Simulated electric fields in the NWs near the 20 nm gap
width. (i) Photoluminescence spectra of lasing from the individual NW cavity (red and green) and the coupled NW cavity (blue). Single frequency mode
was observed with the axially coupled NW cavity, while multiple frequency modes were observed with the individual NW cavities. Adapted with
permission from ref. 109.

11802 | J. Mater. Chem. C, 2018, 6, 11795-11816 This journal is © The Royal Society of Chemistry 2018


https://doi.org/10.1039/c8tc02981d

Published on 25 2018. Downloaded by Fail Open on 2025/7/23 8:31:35.

View Article Online

Journal of Materials Chemistry C Review

a ) C

—
=

D
o

B
o

FWHM (nm)

3 14 15 16
Energy(eV) .

N
o

Quantum efficiency (%)

0 S . £ AN
50 100 150 . s d
Pump fluence (nJ/cm’/pulse) O,

10 20 30
Excitation power density (kW/cm?)

b (') Symmetrically composition-graded nanowire (ii)

=#=Symmetrically composition-graded nanw-rv* ( i i ) =
=@-Composition-homogeneous nanowire ,'
! 5 s P
X g |l
= ’
s ,' 9 1§ ]
= g X i = {18 ¢ [
2 @ )
§ o 2|7
g 8 . >
Laser - SK & S e
*.’ &e“ 'Y B Reciprocal Nanowire Length (sm")
‘ ' P& Vo Z < L
A -
Passive " Passive o0F-0-0-9 %” aus®
o - Q - o - ® Total
A 0 100 200 300 400 500
|'Lax Lg" La? = Spontaneous

Power density (kwicm?) ) & 8 10

Total internal reflection 3
Excitation Fluence (uJ cm™)

Fig. 5 Enhanced performance in a nanowire emitter and detector through rational synthetic control of structure and composition. (a-i) Comparison of
the quantum efficiency of stacking-fault-free and taper-free wurtzite InP nanowires with that of the InP epilayer at room temperature. (a-ii) Emission
intensity from a single InP NW showing the lasing threshold in grey where the dramatic reduction of the fwhm of the NW emission spectrum is observed.
The inset shows the emission spectra that were obtained at the excitation power densities (110, 130, and 150 pJ per cm? per pulse). The optical
microscopy image in the right inset shows the NW emission above the threshold. Adapted with permission from ref. 24. Copyright 2014 American
Chemical Society. (b-i) Schematic illustration of a symmetrically composition-graded NW with its graded bandgap structure along the longitudinal axis of
the NW and the schematic diagram of local excitation at the center of the NW and passive guidance of the excited light to both ends via total internal
reflection. (b-ii) Comparison of the emission intensity of the symmetrically composition-graded NW with that of a CdS,Se;_, NW with homogeneous
composition as a function of pumping power. Adapted with permission from ref. 112. Copyright 2013 American Chemical Society. (c-i) Schematic
illustration of GaAs/Alg 1Gag.9As/GaAs core—shell nanowires with stacked Ing 2,Gag 78As/GaAs quantum dots. Emission spectra (c-ii) and intensity (c-iii) at
various pump pulse fluences showing 179 uJ cm~2 threshold of the GaAs nanowires with quantum dots. Adapted with permission from ref. 26. Copyright
2015 Springer Nature. (d-i) Lasing in CsPbBrs nanowires excited from a femtosecond pulsed laser with two different pump powers. (d-ii) Integrated

output intensity of the CsPbBrs nanowires as a function of pump fluence that shows 5 pJ cm™2. Adapted with permission from ref. 6.

catalyst-free SA-MOVPE.>* The low-defect density and uniform
lateral dimensions contributed to the high optical gain and
quality factor of the Fabry-Perot cavity. Guo et al. demonstrated
another concept for reducing the lasing threshold using a
symmetrically composition-graded CdS,Se;_, NW'** (Fig. 5b(i)).
The composition of the NW is symmetrically changed from the
center to both ends. This symmetrical composition gradient
reduces the propagation loss of the guided light due to the
gradually broadened band gap toward both ends where the
excited light is passively guided. Fig. 5b(ii) shows that the lasing
threshold was reduced by a quarter compared to a composi-
tional homogeneous nanowire waveguide. The incorporation
of lower-dimensional quantum nanostructures into the nano-
wire is expected to significantly improve laser performance,
including the lasing threshold, differential gain, modulation
bandwidth and temperature sensitivity, due to the discretized
density-of-states induced by quantum confinement. As discussed
earlier in Section 2, Tatebayashi et al. reported the first single
NW laser with homogeneously-stacked In,,,Gag ssAs QDs in a
single GaAs NW capped with an AlGaAs/GaAs passivation shell*®
(Fig. 5¢(i)). The incorporation of QDs into the nanowire has led
to a room-temperature lasing threshold of 179 pJ em ™2 per pulse
at 1.38 eV, marking a major step towards the future realization
of high-performance, low power consumption, ultrasmall
nanowire lasers via suitable bandstructure/strain engineering.

This journal is © The Royal Society of Chemistry 2018

It is also worth noting that the discovery of new optical materials
has also brought new opportunities into nanowire lasing. CsPbBr;
perovskite nanowires synthesized using a solution phase reaction
at low temperature have demonstrated a substantially low lasing
threshold of 5 pJ em™? (Fig. 5d). The perovskite nanowire is
single crystalline with well-formed facets for optical resonance
with a quality factor of ~1000 and high chemical stability
under operation conditions, and the emission wavelength is
tunable by substituting the halide.®'**'?

Electrically driven light emission from NWs is uniquely
attractive, mainly because their easy on-chip integration
with electronic information processing devices, and smaller
footprint and lower energy consumption. Light emitting diodes
(LEDs) emit light at band-gap wavelength through the recom-
bination of the electrons and holes separated by electrical
energy. In early reports, NW LEDs were realized by combining
deposited p-type planar substrates with n-type NWs directly
grown on them. A large variation of the turn-on voltage was
inevitable due to the poor hole mobility of the planar substrate
contributed by the low crystallinity.'®>*'* Afterward, the NW
LED was realized by crossing single crystal p and n-type
NWs with high electron and hole mobility."*® Interestingly,
the electroluminescence excited at the cross junction can be
coupled in and guided through the n-type waveguide with a
forward bias. However, the asymmetric point at the junction
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between the two NWs still can act as a scattering spot leading to
an inefficient optical cavity and therefore poor spectral resolu-
tion. Later on, an electrically driven single photon source was
firstly demonstrated with an axial hetero-structure NW using
GaAs/GaP and n-InP/p-InP.*" The emission efficiency could
have been improved by radial hetero-structure NWs due to a
larger area for carrier injection or collection. The introduction
of a multi-quantum well in the NW with a tunable band gap
enables an efficient radiative recombination and control of the
wavelength spectrum.'*®

4.1.2. Active/functional waveguide: photodetectors. Another
important component for integrated optoelectronics is nano-
structures that efficiently detect optical inputs and process
them as electrical outputs. The nanowire is uniquely suited
for such devices because of their efficient optical absorption
and high photocarrier collection efficacy.''”*?° Early work on
nanowire photodetectors used a horizontal transistor, which
can be turned from an insulating to a conducting state by
an optical gate."*"'** Commercialization of nanowire photo-
detectors relies on achieving higher photoresponsivity at
the nanoscale with a fast response. One way to boost photo-
responsivity and quantum efficiency is to reduce the carrier
diffusion length by using core-shell heterostructure NWs, where
current is collected laterally instead of at the ends of the nanowire.
By shortening the carrier diffusion length by a couple of orders of
magnitude, detrimental carrier recombination is effectively
avoided."*'*> Practical application of nanoscale photodetectors
also demands room-temperature operation, which places even
more stringent requirements on device performance, because the
sensitivity of the detector is critically influenced by thermally
generated carriers."*® Recently, broadband room-temperature
photodetection from 632 nm to 1.5 um was demonstrated in single
InAs NW based Schottky-Ohmic contacted photodetectors."”
Other III-V semiconductor NWs operated at room temperature
such as GaAsSb and hetero-junction GaSb/GaInSb NWs
have been reported for NIR photodetection.'?”**° In addition,
quantum well, disk, and dot embedded NWs'*! and perovskite
NWs"? akin to the NW lasers and metal-semiconductor-metal
radial architecture nanowires™® (hybrid mode waveguide)
have been developed to improve the photoresponsivity and
tunability. Details of the hybrid devices will be discussed in
the following hybrid waveguide section.

4.1.3. Passive waveguides. The data transmission rate for
short distance communication, such as integrated circuits on a
board or intra-chip interconnects, is also significantly limited
by the bandwidth of the passive waveguide because the long-
distance travel of the light occurs mainly here."**"*> For passive
waveguides at the subwavelength scale, the primary design
consideration is to maintain guided modes with a low propaga-
tion loss. Surface roughness, high refractive index contrast, and
randomly distributed scattering centers (impurity atoms, lattice
defects, etc.) are the main reasons for the propagation losses in
dielectric NWs, whereas absorption near the band edge is also a
considerable source of loss in the semiconductor.*® Many
of these problems are rooted in the microstructure of the
material, which can be controlled in the growth process.
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Besides the loss from intrinsic material properties, the main
loss which occurs during the integration of the NWs into
the optical circuits is bend loss. Compact packaging of the
waveguides on a small footprint can result in a considerable
bending loss. The bending losses depend on the refractive
index difference between the NW and the dielectric medium
surrounding it, NW diameters, and the wavelength of light,
which work together to determine the number and weight
of modes in the NW waveguide."*”"*® At the sub-wavelength
scale, the fundamental mode, which has no cut-off diameter,
is the one guided mode that can be supported and has a large
evanescence field outside of the waveguide. In this case, the
waveguide packaging for intra-chip communication must be
carefully designed because the mode fields in the waveguide
can be easily lost by a slight bend.

There are various NWs suitable for a passive waveguide of
optoelectronic technology (Table 1). It is worth mentioning
that, although outside of the realm of chemically synthesized
NWs, the lithographically defined SiO, or Si NW has a unique
advantage due to the prospect of monolithic integration with
signal-processing electronics on a single silicon chip. Enhance-
ment of the mode confinement by increasing the refractive
index of silica (1.45) has been achieved by introducing impurities
with a higher index, such as SiN."*>'*° However, the major concern
with the SiO, or Si waveguide was the scattering loss introduced by
the top and sidewall roughness (~1 dB ecm™")."*"'** In contrast,
geometric or structural scattering can be negligible for the NW
waveguide grown using high-temperature gas phase techniques.
This, combined with the large selection of high-index NWs, gives
chemically grown NWs a special edge in performance and offers
new design-by-choice schemes.>*'**

4.1.4. Integration of active and passive waveguide. To
realize on-chip light signal processing, it is ideal to integrate
the three waveguide components (light generation, propagation
and detection) into a single NW or at least through low-loss
optical coupling of different single-wire devices. The coupling
of photonic modes between different nanowire waveguides
through the evanescent field, or the ‘“dark mode”, is favored,
because this configuration does not require free space light
coupling which has a large scattering loss and low coupling
efficiency. It also reduces the transition time and fabrication
cost and maintains the overall device foot-print low, and more
robust against external mechanical impacts. Considerably high
light coupling from the active to the passive waveguide with a
parallelly aligned NW was first demonstrated by Sirbuly et al.
without delicate alighment of the two NWs (Fig. 6a-i and ii)."**
Optical routing in a rectangular grid of passive waveguides
was also successfully demonstrated. The study proved the
feasibility of intra-chip optical data communication in a plat-
form composed of only the NW waveguides. Recently, a NW
light emitter and detector were integrated on-chip through a
micro-waveguide.'**'*” Core/shell InGaN/GaN with five radial
quantum wells was exploited for the emitter and detector to
reduce carrier transit time and circumvent the non-radiative
recombination on the surface defects."**'*® The emitter and
detector were connected by a SiN waveguide fabricated by
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Fig. 6 Integrated optical communication platform for intrachip data communication consisting of a light emitter, passive waveguide, and photo-
detectors. Dark-field images of parallelly (a-i) and perpendicularly (a-iii) connected optical routing and the corresponding optical images of PL from the
NWs as the input channels are pumped (a-iii and a-iv). Adapted with permission from ref. 134. Copyright 2005 National Academy of Sciences, USA. (b-i)
SEM image and schematic of the internal structure for the NW LED and photodetector. (b-ii) Optical microscopy images of the integrated NW LED and
photodetector under excitation of the LED. The inset shows the current variation speed between laser-on and off states. Adapted with permission from

ref. 147. Copyright 2014 American Chemical Society.

nanolithography. However, the on-off transient is extraordina-
rily slow (<0.5 s) even with the core/shell heterostructure.
Either inefficient injection of charge carriers or optical cou-
pling among the waveguides might have caused the slow
switching time. Further improvement of on-off transition time
is enforced to take full advantage of optical waveguides over the
copper-based electrical circuit.

4.2. Optical sensors

Optical sensors have a variety of advantages over the conven-
tional electrical sensors in terms of sensitivity, response time,
immunity to electromagnetic interference, and multiple routes
for the detection of the change of the surrounding materials."*®
For optoelectronics, the tight mode confinement in NW wave-
guides is imperative. For the optical sensor, however, the
vulnerability of the guided modes to the changes in the external
environment is important for high sensitivity. Therefore, it
is preferred to have a larger fraction of evanescence fields
traveling outside of the NW waveguide.'****¥'*° §j0, nano-
wires physically drawn from an optical fiber are the most
popular material choice for dielectric waveguide-based optical
sensing, because of their simple and well-developed fabrication
and surface modification methods,"*® and their uniform dia-
meters and smooth surfaces. In addition, this fabrication
method offers loss-free light input and output through the

This journal is © The Royal Society of Chemistry 2018

optical fiber, both ends of which can be easily connected to
light sources and detectors.**®*>°

In the early stage, sensing the materials surrounding the NW
has been demonstrated by measuring the change of output
intensity.">" The mechanism is straightforward, and it requires
only a photodiode. Later, a variation of phase,'>* polarization,
wavelength or transit time of light in the NW waveguide has
been used to obtain more information about the surrounding
materials.'*®'>® However, they are extremely sensitive to other
influences such as stress induced by the NW and temperature
variation during measurement.'>*'*> Above all, extreme difficulty
in sensing or identifying specific molecules in a complex medium
limited their applicability in labs and industry. To address this
issue, markers such as dyes or quantum dots (QDs) sensitive
to a specific molecule with a huge variation of absorbance or
wavelength started to be used for sensing a target molecule
regardless of the complexity of the media.™®

In 2012, the author reported NW based single cell endoscopy
which can shuttle light in and out of a single living cell without
cell membrane damage or significant perturbation of the normal
cellular process, facilitated by the small cross-section of the NW
waveguide'®” (Fig. 7a). The NW endoscope was fabricated by
integrating a SnO, NW with a tapered optical fiber to achieve
efficient light coupling from the optical fiber to the NW.
Light-activated spot cargo delivery with high spatiotemporal
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Fig. 7 Nanowire-based single-cell endoscopy probe. (a) Schematic illustration of a nanowire-based optical probe for single cell endoscopy. The inset
shows schematic illustration of coupling light from an optical fiber to a SnO, nanowire. Adapted with permission from ref. 157. Copyright 2011 Springer
Nature. (b) Schematic illustration (i) and SEM images (i) of the nanowire endoscopy probe for quantitative sensing of Cu?* ions in a living cell. Adapted

with permission from ref. 159. Copyright 2016 John Wiley and Sons.

resolution and spot chemical sensing was demonstrated. Since
then, several NW waveguides have been introduced for sub-
cellular chemical detection."® In 2016, ]J. Lee et al. quantita-
tively measured Cu”" ions specifically in single living cells using
a QD embedded polymer NW"'*° (Fig. 7b). A unique property of
the endoscopy probe was that the photoluminescence signal
was collected through the same light path used for light
excitation. This signal collection configuration simplifies the
device design, since complex optical components to focus or
collect light with careful optical alignment are not required.

5. Application of plasmonic NW
waveguides

While dielectric NW waveguides have a wide variety of material
choices, material choices for plasmonic NW waveguides for the
visible-NIR spectrum range have been limited mostly to Group
11 transition metals (Ag, Au and Cu) to maintain a reasonable
propagation loss. Unlike Au and Cu, which have d-band transi-
tions in the visible range that contribute to absorption losses,

11806 | J. Mater. Chem. C, 2018, 6, 11795-11816

Ag is free of specific absorption in the entire visible and NIR
spectral range. This has made Ag the most widely used material
for NW waveguides where high performance and low loss are
required. However, Ag tarnishes easily under ambient condi-
tions. Therefore, Au, being chemically more stable, is also used
at the expense of slightly increased propagation loss. It is worth
noting that AgNWs synthesized by the polyol methods have a
unique advantage over lithographically defined structures,
not only because of their high crystallinity and smooth surface
that guarantee the lowest loss possible, but also because these
AgNWs have a thin layer of PVP molecules, a souvenir of the
synthesis, absorbed on their surface to block environmental
oxidants. So, the life-span of chemically synthesized AgNWs is
considerably longer in the range of one to several days in air,
making them the best choice of material for deep-subwavelength
plasmonic waveguides within the vis-NIR range.

As discussed earlier in Section a, the major limitation of
plasmonic waveguides compared to their dielectric counter-
parts is their high propagation loss, mainly due to ohmic loss.
Similar to the dielectric waveguide, the plasmonic waveguide
can support several modes and the number of modes increases

This journal is © The Royal Society of Chemistry 2018
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Table 2 Reported propagation lengths of Ag and Au nanowires
Material Diameter (nm) Wavelength (nm) Substrate Propagation length Ref.
Ag 100 532 Air 6.2 um® 3
650 11.3 um?
980 20.2 pm*®
~100 830 Glass 34+ 1 pum? 169
628 Sol-gels 9.1 um” 170
110 + 15 785 Glass 10.1 + 0.4 pm°® 161
90-170 760-860 PMMA 11-17.5 pmd 162
50-200 532 Glass 6 pm? 163
650 11 pm?
260 532 Glass 6.77 um* 164
633 10.56 um”
980 13.27 um®
150-461 532 Air 150 nm: 7.3 pm (TM,), 87.1 (HE,)* 165
280 nm: 12.7 pm (TM,), 40.5 pm (HE,)*
458 nm: 13.0 pm (TM,), 24.4 um (HE,)"
658 150 nm: 17.5 um (TM,), no exist (HE;)*
280 nm: 28.2 pm (TM,), 159.1 pm (HE,)"
461 nm: 40.4 pm (TM,), 69.0 pm (HE,)*
750 785 Glass 10.6 um* 166
Au 60-100 760-860 PMMA 2.4-3.6 umd 162
210 980 Glass 5.6 pm“ 167
785 4.9 pm
650 3.4 um*
~400 532 Glass 1.8+ 04 umd 168
390 £ 60 785 Glass 3.5 umd 171
600 £ 220 800 Glass 12.3 £+ 4.1 um® 172
380 + 140

“ Tapered fiber. ? Sidewall scattering. ¢ Fabry-Perot resonator modes. ¢ Fluorescence. ¢ Scanning transient absorption microscopy.

as its diameter increases. In the case of AgNWs, two lowest
order modes can be supported and simultaneously excited in
the diameter range of 100-400 nm.'®® Each mode has a
different propagation length, which is the figure of merit in
describing the propagation loss and is defined by the length at
which the intensity of the guided mode decays to 1/e or roughly
27%.® The weight of the two SPP modes in a Ag NW relies on
the excitation technique, incident light wavelength and polar-
ization, nanowire size and dielectric environment (substrate).
As a result, propagation lengths reported for AgNWs are vastly
different in the literature (Table 2). The influence of the weight
of the modes is not limited to the overall propagation loss.
Selective excitation of the mode in metal NWs is critical for
many applications. For example, in near-field imaging with a
AgNW as the optical probe (details in Section 5.3), tight
localization of strong electromagnetic fields at the tip of the
NW is required for high spatial resolution. In such a case, the
lowest order mode with the highest momentum needs to be
predominantly excited. On the other hand, the higher order
mode is favorable in optical sensing (details in Section 5.2),
since it has a larger skin depth, or in other words, its evanes-
cent field penetrates deeper into the surroundings allowing for
stronger interaction with the medium, which is important for
boosting sensitivity. It has been shown that the selective
excitation SPP modes can be achieved by changing the incident
polarization.'”® However, to rationally tailor the excitation and
propagation conditions in a AgNW towards a specific applica-
tion, there must be a method to distinguish or decouple the
SPP modes and estimate, at least roughly, the weight of the two

This journal is © The Royal Society of Chemistry 2018

modes. We have made the first step towards this goal
by developing a mode interference method to successfully
decouple the two modes on a free-standing AgNW, analyzed
the propagation lengths of each, and their dependence on NW
diameters and excitation wavelengths (Fig. 8).'®> Here, the
tapered optical fiber was brought into contact with the free
standing AgNW on the edge of a polydimethylsiloxane (PDMS)
block and the intensity at the tip of the NW was measured while
the probe was slid along the NW (Fig. 8a). The intense oscilla-
tion is a result of the beating or interference between the two
modes, from which propagation parameters of each mode can
be separately derived. Fig. 8b and c show the effective mode
indices and propagation lengths calculated using the beating
period of the two modes. A strong dependence on nanowire
diameter was observed for both the propagation lengths and
the weight of the supported SPP modes. Selective excitation of
each mode can be achieved by choosing the correct diameter.

5.1. Optoelectronics: passive waveguides with deep-
subwavelength confinement

In a plasmonic waveguide, a favorable mode for the passive
waveguide is controversial due to its unique optical properties.
The lowest order mode (TM,) has an advantage over higher
modes because it is less sensitive to the environment, easy to
modulate (symmetric radiation at the end), and has a lower
bending radius. On the other hand, the second lowest order
mode (HE,) has a longer propagation length and higher coupling
efficiency with directional mode coupling due to a longer skin
depth. Therefore, a selective excitation mode depending on the

J. Mater. Chem. C, 2018, 6, 11795-11816 | 11807
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application of the waveguide is carefully considered. Bending
loss is also inevitable in the plasmonic NW waveguide. Wang
et al. demonstrated a significant bending loss with a silver NW
(Fig. 9a and b)."®° The results showed that the bending radius
at which the loss starts to increase rapidly is even larger than
that of the dielectric waveguide with a high refractive index
difference. In the experiment, a long wavelength and thick NW
was used which eventually affects the bending loss significantly
in the following three ways. The long wavelength of excitation
light firstly results in a lower wavevector (momentum) of SPPs.
This wavevector is proportional to the coupling strength
between the excitation light and surface charge oscillation.
The higher the wavevector, the finer the confinement of the
modes on the surface of the metal. Since light with long
wavelengths was used in the experiment, the SPPs are not
tightly bound to the surface of the metal and, as a result, a
large fraction of the evanescence fields lose their binding to the
metal surface and scatter at the bending part of the waveguide.
Secondly, a thick NW can support higher order modes whose
coupling strength is weaker than that of the lower order mode
as can be seen in Fig. 8a. Fig. 9d and e compare the bending
loss of two lowest order SPP modes in the AgNW waveguide.
The lowest order mode (TM,) with a high wavevector guided
through the AgNW has a lower energy leakage from the bending
part than the higher order mode (HE,). Finally, the coupling
strength of even the lowest order mode (TM,) decreases as the
diameter increases as shown in Fig. 8f and g. Almost all energy
leaks from the bending part of the waveguide to free space with

11808 | J. Mater. Chem. C, 2018, 6, 11795-11816

a thicker NW diameter. In conclusion, bending loss can be
reduced by tightly confining light with surface charge oscillation.
However, it finally brings about a large ohmic loss. Balancing of
bending loss and Ohmic loss must be considered carefully
before designing optical circuits. In addition, the weight of each
mode should be fully understood which varies depending on the
excitation methods and conditions.

5.2. Optical sensing

Compared with the dielectric waveguide, the plasmonic NW
has distinct advantages in the field of optical sensing. First, in
the plasmonic NW, energy propagates at the interface between
the metal and the surrounding dielectric environment and it
has a stronger evanescent field than its dielectric counterpart.
Consequently, it has a higher sensitivity to changes in the
environment. More importantly, the electromagnetic field is
massively enhanced, giving rise to the possibility of incorporating
Surface Enhanced Raman Spectroscopy (SERS) into the sensing
mechanism. SERS is a powerful technique that enables the
detection of low concentration molecules adsorbed on metal
surfaces using amplified electric magnetic fields due to the
localized SPPs. With a plasmonic nanogap, SERS has demon-
strated a single-molecule detection capability.”* In addition,
each molecule has a unique Raman fingerprint, so that labelling
is no longer a necessity to achieve molecular specificity, and
allows qualitative, and even quantitative, chemical measurement
in a native, untampered environment. This is especially impor-
tant in cell biology to avoid tedious and complicated labelling

This journal is © The Royal Society of Chemistry 2018
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procedures, which can introduce unknown changes into
cellular structures and functions. In 2014, G. Lu et al. measured
Raman signals from a single living cell using a plasmonic NW
waveguide mounted on a tungsten tip controlled by a micro-
manipulator (Fig. 10a)."”> In this work, the SPPs in the Ag NW
were excited by focusing the excitation laser on a nanoparticle
attached to the middle of the NW to minimize the background
Raman signal from free-space excitation. The remote excitation
SERS shows a clear Raman signature of biomolecules (e.g.
proteins and lipids) in the cell due to the efficient optical
excitation and the strong field enhancement at the nanoscale
curvature of the metal tip. This is the first demonstration of
using a plasmonic NW waveguide for intracellular chemical
detection; however, more work needs to be done beyond proof-
of-principle demonstrations and molecular specificity needs to
be achieved for the practical application of plasmonic SERS
endoscopes in chemical and biochemical sensing.

5.3. Near field imaging

Tip-enhanced Raman spectroscopy (TERS) is a powerful tech-
nique that combines the high chemical sensitivity of SERS and
the high spatial resolution of scanning probe microscopies for
nanoscale chemical imaging."”®'”” It has the illumination
laser-focused on the apex of a metal STM probe or a metal-
coated AFM probe, which confines and enhances the electro-
magnetic (EM) field through the excitation of localized surface
plasmon resonances. Such a confinement not only increases
the spatial resolution to the nanometer level,"””*'”® but also
compensates for the intrinsically small cross-sections of Raman
processes.'®*'5! Recently, T. Fujita et al. reported a TERS probe

This journal is © The Royal Society of Chemistry 2018

based on a plasmonic NW waveguide."®* In this work, a silver

NW was attached to a sharpened tungsten tip to form a TERS
probe. For guidance of light through the silver NW, gold
nanoparticles were integrated into the middle of the NW
and used as the light coupling point. Compared to direct
excitation wherein excitation light is focused at the tip of
the NW, the remote excitation configuration demonstrated
lower background noises. Although TERS scanning has not
yet been demonstrated, this is an important step towards the
application of the AgNW waveguide towards low-background
near-field imaging.

6. Plasmonic—photonic hybrid NW
waveguides

From the discussion of photonic and plasmonic NW wave-
guides in the previous two sections, one can inevitably see that
despite the world-wide efforts and the massive progress in each
field, the spells they are each under - the diffraction limit for
photonic and the high ohmic loss for plasmonic NWs - were
never lifted. Therefore, it is hard to rely on either of them
alone to meet the ultimate requirements for integrated opto-
electronics: deep-subwavelength, high-bandwidth, low loss
and energy consumption. Over the last decade, more and
more efforts have been devoted to combining plasmonic and
photonic components into hybrid devices to get the best of
both worlds. The first concept people experimented with is to
couple plasmonic and photonic devices into a hybrid system.
The idea is to use photonic NWs where high-efficiency is

J. Mater. Chem. C, 2018, 6, 11795-11816 | 11809
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i), when the laser is remotely focused at the gold nanoparticle with p (b-vi) and s polarization (b-v), and when the laser is focused on the substrate
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required, e.g. emission, detection and optical interconnects on
a chip-to-chip level and use plasmonic waveguides where
tighter mode confinement or a high integration level is
required. The two types of devices should be optically coupled
to shuttle signals between each other.>'®* The first design of
dielectric-metallic-dielectric routing was demonstrated by the
author in 2009 (Fig. 11a) to achieve optical coupling between two
SnO, nanoribbon waveguides with a Ag nanowire plasmonic
waveguide. The study conceptually demonstrated the possibility
of using the dielectric NW for the optical bus and the metallic
NW as an intra-chip optical path. At the same time, a ground-
breaking new concept of the photonic-plasmonic hybrid on a
single-NW level was proposed by Oulton et al.*®* It was shown by
numerical simulation that the propagation lengths in a “hybrid
plasmonic waveguide” can be increased to up to a few hundred
micrometres. The proposed structure consists of a high-
index semiconductor NW and a Ag film separated by a low-
index dielectric spacer that is only several nanometres thick.

11810 | J. Mater. Chem. C, 2018, 6, 11795-11816

The simulation results showed a strong confinement of
electromagnetic energy in the 5 nm SiO, spacer, which provides
a nearly loss-less channel for light propagation, leading to
a superior propagation length. This idea can be generalized
into a ‘“high-index NW/low-index spacer/metal” sandwich
model, which by an appropriate design can achieve tight
mode confinement in the nm-sized spacer. Since most of the
energy travels outside of the lossy metal, such a tight spatial
confinement is accompanied also by much lower propagation
loss.

Since then, there have been an increasing number of
numerical simulations to optimize the hybrid mode structure
to obtain a promising balance between the field confinement
and the propagation length.'®*'°® However, the experimental
demonstration of a hybrid NW waveguide that meets the loss
requirement for practical optoelectronic applications is still
challenging, probably due to the large surface roughness and
poor crystallinity of the deposited metal film or strip.'8>'"192

This journal is © The Royal Society of Chemistry 2018
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However, hybrid modes have found huge success in realiz-
ing the smallest lasers. The concept of a plasmonic laser has
always been attractive due to the promise of nm-sized mode
volume; however, the large ohmic loss of plasmonic NWs
makes them poor cavities with quality factors in single digits.
In a hybrid cavity, e.g., CdS NW(gain)/MgF,(spacer)/Ag, the
lasing mode is tightly restricted to the nm-sized dielectric
spacer between the NW and the Ag film, which greatly reduces
the loss (Fig. 11c and d). Extremely strong mode confinement
was demonstrated in the CdS NW/MgF,/Ag hybrid laser'®® with
six-fold enhancement of the spontaneous emission rate com-
pared to the photonic laser (Fig. 11c). The optical fields in the
hybrid laser rival the smallest commercial transistor gate sizes
and reconcile the length scales of electronics and optics.
Following this work, room-temperature lasing at different
UV-Vis-NIR wavelengths has been realized in different hybrid
nanowire lasers, and the reduction of mode volume and propa-
gation loss using an atomically smooth metal film from epitaxial
growth was demonstrated'®”"'**~'*° (Fig. 11d). There have been
considerable efforts to increase the temperature stability and

This journal is © The Royal Society of Chemistry 2018

reduce the lasing threshold by incorporating quantum elements
into the hybrid plasmonic waveguide.'®”'®” Although lasing at
room temperature has not yet been demonstrated, the quantum
dot-based hybrid plasmonic nanowire laser shows a significant
improvement of temperature stability in the range of 7 to 125 K
and remarkably low lasing threshold (~120 pJ em 2 at 7 K) of
the plasmonic modes highly confined near the metal-dielectric
interface."” To take the full advantage of the enhanced Purcell
and spontaneous emission coupling factors and realize room-
temperature lasing, it will require delicate localization of the
quantum dots in the dielectric waveguide and the optimization
of the spacer between the nanowire and metal substrate. Lastly,
we want to highlight a unique design of a nanowire laser with a
longitudinal hybrid cavity and spatially separated photonic and
plasmonic outputs.’®® By near-field coupling a high-gain CdSe
NW and a 100 nm diameter Ag NW (Fig. 11e), stimulated
emission was achieved at room-temperature with a plasmon
mode area of 0.008/>. Such a device may find unique applica-
tions in the high-efficiency coupling of single-photon emitters
and ultra-sensitivity optical sensing.
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7. Conclusion and outlook

The capability to confine, manipulate and transmit electro-
magnetic energy at the nanoscale is crucial for highly inte-
grated and efficient nano-optical signal-processing and sensing
devices and circuits. Chemically synthesized nanowires, due to
their high crystallinity, low defect level, atomically smooth
surfaces, and impressive tunability in size, structure and com-
position, represent an important class of building blocks for
subwavelength signal propagation and processing. Here, we
reviewed two classes of nanowire waveguides, photonic and
plasmonic, discussed their distinctly different light propagation
mechanisms and behaviours, and compared their strengths and
limitations in the context of different subwavelength applica-
tions, and how they can work synergistically in hybrid devices to
combine the advantages of the low energy loss and high optical
gain in photonic materials and the tight energy confinement
in plasmonic materials to achieve high-performance, deep-
subwavelength devices that reconcile the length scales of
electronics and optics.

We would also like to note that although remarkable device
performances have been demonstrated in a wide range of
photonic NWs for light emission, propagation and detection,
further development of auxiliary components, such as the
interconnector, coupler, splitter, polarizer, modulator, etc.,
should accompany this. Equally urgent is the development
of integration techniques between chemically synthesized
NWs and electronic signal processors to take full advantage
of the performance and versatility of nanowire waveguides.
Alternatively, bottom-up assembly of independent all-optical
systems from nanowire elements that assume various func-
tions, such as power generation (nanowire solar cells), light
generation, routing and detection, may be feasible, especially
for nano-optical sensing.

A substantially large room still exists for optical sensing and
imaging with NW waveguides. In particular, the exploitation of
the strong evanescence fields in either dielectric or metallic
waveguide in high-sensitivity, label-free chemical analysis is
still in its infancy. The ability of plasmonic and hybrid wave-
guides to deliver and focus light into the nanoconfined region,
combined with the strong local field enhancement can open up
new and promising avenues for nano-resolution chemical and
compositional imaging that has a huge impact on biological,
material and catalysis research.
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