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CONSPECTUS: Plasmonic nanostructures have initially been developed for sensing and
nanophotonic applications but recently shown great promise in chemistry, opto-electronics and
nonlinear optics. While smooth plasmonic films, supporting surface plasmon polaritons, and
individual nanostructures, featuring localized surface plasmons, are easy to fabricate and use, the
assemblies of nanostructures in optical antennas and metamaterials provide many additional
advantages related to the engineering of the mode structure (and thus, optical resonances in the
given spectral range), field enhancement and local density of optical states required to control
electronic and photonic interactions. Focusing on two of the many applications of plasmonic
metamaterials, in this Account we review our work on sensing and nanochemistry applications of

metamaterials based on the assemblies of plasmonic nanorods under optical as well as electronic



interrogation. Sensors are widely employed in modern technology for the detection of events or
changes in their local environment. Compared to their electronic counterparts, optical sensors offer
a combination of high sensitivity, fast response, immunity to electromagnetic interference, as well
as providing additional options for signal retrieval, such as optical intensity, spectrum, phase, and
polarization. Owing to the ability to confine and enhance electromagnetic fields on subwavelength
scales, plasmonics has been attracting increasing attention for the development of optical sensors
with advantages including both nanometer-scale spatial resolution and single-molecule sensitivity.
Inherent hot-electron generation in plasmonic nanostructures under illumination or during electron
tunneling in the electrically biased nanostructures provides further opportunities for sensing and
stimulation of chemical reactions which would otherwise not be energetically possible.

We first provide a brief introduction to a metamaterial sensing platform based on arrays of
strongly coupled plasmonic nanorods. Several prototypical sensing examples based on this
versatile metamaterial platform are presented. Record-high refractive index sensitivity of gold
nanorod arrays in biosensing based on the functionalization of the nanorod surface for selective
absorption arises due to the modification of the electromagnetic coupling between the nanorods in
the array. The capabilities of nanorod metamaterials for ultrasound and hydrogen sensing were
demonstrated by precision coating of the nanorods with functional materials to create core-shell
nanostructures. The extension of this metamaterial platform to nanotube and nanocavity arrays,
and metaparticles provides additional flexibility and removes restrictions on the illumination
configurations for the optical interrogation.

We then discuss a nanochemical platform based on the electrically-driven metamaterials to
stimulate and detect chemical reactions in the tunnel junctions constructed with the nanorods by

exploiting elastic tunneling for the activation of chemical reactions via generated hot-electrons and



inelastic tunneling for the excitation of plasmons facilitating optical monitoring of the process.
This represents a new paradigm merging electronics, plasmonics, photonics and chemistry at the
nanoscale, and creating opportunities for a variety of practical applications, such as hot-electron-
driven nanoreactors, high-sensitivity sensors as well as nanoscale light sources and modulators.
With a combination of merits such as the ability to simultaneously support both localized and
propagating modes, nanoporous texture, rapid and facile functionalization and low cost and
scalability, plasmonic nanorod metamaterials provide an attractive and versatile platform for the
development of optical sensors and nanochemical platforms using hot-electrons with high

performance for applications in fundamental research and chemical and pharmaceutical industries.

1. INTRODUCTION

Surface plasmons are the collective oscillations of free carriers near interfaces, which manifest in
the form of surface plasmon polaritons (SPPs), surface electromagnetic waves propagating at an
interface between a conductor and a dielectric, or as localized surface plasmons (LSPs) in the
confined geometries'?. Plasmonics has initially emerged for controlling optical signals at the
subwavelength scales and rapidly expanded to encompass sensing, opto-electronics, nonlinear
optics, nanochemistry and nanomedicine.>"'® This expansion is fueled by the unique intrinsic
properties offered by plasmonic structures to concentrate electromagnetic fields on the
subwavelength scales and the related strong local-field enhancement, resulting in the enhanced
light-matter interactions.!> By harvesting hot carriers generated from the non-radiative decay of
surface plasmons which had long been considered purely detrimental to the plasmonic
performance, groundbreaking applications in photocatalysis and photodetection have been

demonstrated.” ! In a parallel development, plasmonic metamaterials and metasurfaces, consisting



of strongly interacting plasmonic nanostructures, have been realised to further enable control of
the collective plasmonic resonances and field enhancement.'?

Due to the strong confinement and enhancement of light at the interfaces of metallic structures,
surface plasmons are extremely sensitive to changes in dielectric environment in nanoscale regions
near the interface, which can be exploited for optical sensing applications. Since the first
demonstration using surface plasmons for probing electrochemical interfaces'? and the detection
of gases,'* chemical and biological sensing has become an important application area of
plasmonics. Several types of plasmonic sensors based on resonant excitation of either SPPs* or
LSPs'> have been developed, detecting the refractive index (RI) changes of the surroundings or
the enhanced Raman scattering signals.'® In addition to environmental sensing, these plasmonic
sensors are important in chemical, biochemical and pharmaceutical industries.

In the case of RI sensing, SPP-based sensors provide an extremely high detection sensitivity
approaching 107" RI units (RIU)*!7, but due to the relatively weak one-dimensional confinement
of the electromagnetic field on metal films, they are less sensitive to analytes with a small
molecular weight (normally, <500 Da), making it problematic for modern nanoscale (bio)chemical
applications. In contrast, taking advantage of the stronger two or three dimensional confinement
of electromagnetic radiation in metal nanostructures, LSP-based sensors are more suitable for the
detection of small molecules.'® Their overall RI sensitivity is, however, at least one order of
magnitude smaller than that for SPP-based ones, typically not exceeding 100-400 nm/RIU. '8!
Nevertheless, for plasmonic hot-carrier generation and applications in nanochemistry, LSP-based
effects are more advantageous providing hot-carriers near the interfaces. The nanostructures also
facilitate extraction of carriers to the immediate surroundings due to the relaxation of the

momentum conservation via scattering on nanoscale features.?%?!



Advances in chemistry and nanofabrication have led to a quest for the synthesis of plasmonic
nanostructures of different shapes®? in order to control spectral range of plasmonic resonances and
field localization and enhancement in order to improve sensing and hot-carrier chemistry
performance. There is, however, another route, which employs plasmonic metamaterials in order
to achieve the same, utilizing large-scale plasmonic nanostructured arrays based on assemblies of
nanorods, nanotubes, nanoholes, split-ring resonators and other nanostructures'>?*-2¢ Among them,

plasmonic nanorod metamaterials®*~2°

, composed of arrays of aligned, strongly interacting
plasmonic nanorods are especially beneficial for sensing and nanochemistry applications. They
combine the nanoporous texture with large surface area and the ability to simultaneously support
both localized and propagating plasmonic modes, thus enabling optical sensing merging
advantages of both LSP and SPP-based sensors and achieving nanochemical reactors where hot-
electron effects can be fully exploited. These strongly anisotropic metamaterials may exhibit
hyperbolic dispersion, enabling a plethora of nanophotonic applications, ranging from
waveguiding and imaging beyond the diffraction limit?’-?® to the enhancement of nonlinear optical
effetcs®*” and fluorescence.’!

In this Account, we will review the application of plasmonic nanorod metamaterials in both
sensing and nanochemistry. We will first briefly introduce structural and optical properties of the
metamaterials. Their performance in RI sensing applications for biochemical, gas and ultrasound
sensing will be overviewed. Optical sensors based on other plasmonic metamaterial platforms such
as nanotube and nanocavity arrays as well as plasmonic metaparticles will be also discussed.

Finally, we will review a new nanochemical and sensing configuration based on hot-electron-

induced chemical transformations in the electrically-driven metamaterials.



2. STRUCTURAL AND OPTICAL PROPERTIES

The nanorod metamaterial consists of a periodic array of metallic nanorods oriented perpendicular
to a substrate and can be embedded in a matrix or exposed to surroundings (Figure 1A). They are
fabricated by electrodeposition of metal into porous anodized aluminum oxide (AAO)
templates.>> 2> Glass or silicon substrate can be used with a thin layer of gold (5-10 nm) for
technological reasons. A layer of aluminium is then deposited such that following electrochemical
anodization, the aluminum layer forms porous alumina. The diameter and separation of the
nanorods are determined by the geometry of the AAO template (regulated by the conditions of
anodization, typically in the range of 15-65 nm and 50-120 nm, respectively), while the length of
the nanorods is controlled by the electrodeposition time (typically in the range 150—1200 nm) and,
as an upper bound, the thickness of the AAO template. Benefitting from the scalable
electrochemical fabrication technique, such metamaterials can cover macroscopic (centimeters

squared) areas with a typical nanorod areal densities as high as 10'°-10'! cm™ (Figure 1B and 1C).
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Figure 1. Structural and optical properties of nanorod metamaterials. (A) Schematic of the plasmonic nanorod
metamaterial. The orientation of the Cartesian co-ordinates is also shown. (B) Photograph of a nanorod
metamaterial chip. (C) Cross-sectional view of the metamaterial in B. Note that the apparent variations in the
nanorods are due to the cross-section position. Reproduced with permission from ref 26. Copyright 2018 Nature
Publishing Group. (D) Components of the effective permittivity tensor for a gold nanorod metamaterial (d =
25nm, s = 60 nm). The coloured area shows the hyperbolic dispersion regime. (E, F) Extinction (E) and
reflection (F) spectra of a gold nanorod metamaterial (d = 25 nm,s = 60 nm,! = 380 nm) obtained in the
transmission and ATR geometries, respectively, for various angles of incidence of the TM-polarized illumination.

Reproduced with permission from Ref. 37. Copyright 2009 Nature Publishing Group.

Usually, the nanorod period is much smaller than the light wavelength, so that in the absence

of diffractive effects, light perceives the nanorod array as a uniform medium. The anisotropic



optical response of the nanorod metamaterial can be described within the effective medium theory

(EMT) by a diagonal permittivity tensor. The nonzero components of the tensor S,ff f = E;f e
/7 can be expressed in the Maxwell-Garnet approximation as
;);f _ (+p)em+(1-plep ’ (1)
’ A-plem+(1+p)en
er” = pem + (1~ plen, 2

where p = m(d/2s)? is the nanorod concentration, with d being the nanorod diameter and s being
the period of the square lattice, €, and &, are the permittivities of the metal and the surroundings,
respectively. Depending on the geometrical parameters of the metamaterial and the wavelength
range, either elliptical (Re(eﬁf;f ) > 0, Re(eﬁf ! ) > 0) or hyperbolic (Re(e,i’;f ) > 0, Re(szef ! ) <
0) dispersion of the electromagnetic modes in the metamaterial can be observed (Figure 1D). It
should be noted that this EMT description should be replaced with the nonlocal EMT theory?? in
certain cases when losses are low or when the local fields between the nanorods are important as
in the case of nonlinear optical properties or emitters inside the metamaterial.

The optical properties of the metamaterial are determined by strong near-field coupling
between plasmonic nanorods in the assembly.”?®343¢ The extinction spectra of a nanorod
metamaterial obtained in the direct-transmission geometry with transverse magnetic (TM)
polarized light exhibit two pronounced resonance peaks (Figure 1E).>>>7 The short-wavelength
peak is associated with the light polarized perpendicularly to the nanorods (along the short axis).
The long-wavelength peak with a strong angle of incidence dependence, which is observed for the

light polarized along the long nanorod axis, is observed in the so-called epsilon-near-zero regime,

around the effective plasma frequency of the metamaterial when Re[eS/ (w)] = 0.3 In the

microscopic description, these extinction resonances are related to strongly interacting cylindrical



surface plasmons on the nanorods in the array.” The illumination of the same nanorod metamaterial
in the attenuated total internal reflection (ATR) configuration reveals the structure of the guided
modes of the metamaterial layer (Figure 1F).?®*” By controlling the parameters of the metamaterial
such as the diameter and length of and spacing between the nanorods, the optical properties can be

tuned throughout the visible and near-infrared spectral range.*8

3. REFRACTIVE INDEX SENSETIVITY AND BIOSENSING

The optical response (e.g., extinction and reflection spectra) of a plasmonic nanorod metamaterial,
described by EMT, is determined not only by the plasmonic response of individual nanorods in
the metamaterial, but also by the electromagnetic coupling between them. As a result, the optical
response is sensitive to variations in the dielectric environment surrounding the nanorods as well
as the coupling strength between the nanorods, which can be related to either a RI variation of the
dielectric between them, or, in the case of mechanical stimuli, a change in the separation of the
nanorods comprising the metamaterial (Eq. 1 and 2). For these reasons, plasmonic nanorod
metamaterials have a great potential for sensing applications under oblique illumination when the
modes with the field along the nanorods are measured under TM-polarized illumination.

The performance of a nanorod metamaterial for sensing applications was evaluated for both
transmission and reflection configurations (Figure 2A) showing that indeed the analyte access
between the nanorods is instrumental for the increased (~200-fold compared to its presence only
on top of the metamaterial) sensitivity of both the spectral position of resonance peaks and the
detected intensity.>® The RI sensitivity increases for higher-order modes of the metamaterial sensor
(Figure 2B) and with decreasing metamaterial thickness (Figure 2C). The requirements of the

oblique illumination and TM-polarized light, essential for sensing with the nanorod-based



metamaterials, are removed for the nanotube arrays, where high sensitivity plasmonic modes of

the nanotubes can be excited even at normal incidence.*’
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Figure 2. Sensing capabilities of the nanorod metamaterial slab. (A) Schematic of an array of gold nanorods for
RI sensing experiments in the reflection or transmission geometry. (B, C) The mode frequency shift with
variations of the real part of the analyte permittivity &5,: (B) the first five modes of the metamaterial slab for [ =
400 nm and (C) the fundamental mode (q = 1) for various thicknesses of the metamaterial slab. Reproduced

with permission from ref 39. Copyright 2015 Optical Society of American.

By incorporating a gold nanorod metamaterial illuminated in the ATR geometry in a flow
cell (Figure 3A), the RI sensitivity of plasmonic resonances of the metamaterial was
experimentally investigated.’” The electromagnetic field of the guided modes (Figure 3B) is
largely concentrated within the metamaterial slab. Therefore, the presence of the analyte molecules
in the buffer surrounding the nanorods resulted in a RI sensitivity of ~32,000 nm/RIU (Figure 3C

and 3D), which is two orders of magnitude higher than the sensitivity of LSP-based sensors'®!

10



and until now is the record-high bulk RI sensitivity. The figure of merit (FOM = (A1/61)/An,
where AA is the shift of a resonance peak to a RI change of An, and 84 is the full-width at half
maximum of the resonance) of the nanorod metamaterial-based sensor reached a value of 330,
which is much higher than that of LSP and SPP-based sensors.*!71

Using the well-established gold surface functionalization techniques,*' the nanorod
metamaterials can be tailored for specific analyte detection by functionalizing the nanorod surface
with different kinds of biorecognition elements, e.g. antibodies. For example, by immobilizing a
streptavidin-complex on the gold nanorod surface as a receptor (Figure 3E), the detection of a
small molecular weight (244 Da) biotin molecules was demonstrated*’ with the detection limit
more than two orders of magnitude better than that of conventional SPP-based sensors using
continuous Au films.*!”

The requirements on the analyte volume can be reduced using shelled nanorods.?”** Generally,
the alumina matrix protects nanorods and the field of the waveguided modes inside the
metamaterial slab from the influence of the surrounding medium (Figure 1C), greatly limiting the
sensing performance of nanorod metamaterials. When all the matrix is removed, significant
amount of the analyte is needed to fill the space between the nanorods. The latter can be to some
degree alleviated by the nanorod functionalization so that only molecules attached to the nanorods
are detected. Additionally, there is a possibility to significantly reduce the sensed volume by
creating, via chemical etching, an air-shell between the AAO matrix and the nanorods, which can
produce zepto-litre sensing volumes.*? Both transmission and ATR sensing configurations show

high sensitivity of the resulting transducers.?’*?
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Figure 3. Biosensing with gold nanorod metamaterials. (A) Schematic of the ATR measurements in the flow
cell configuration. (B) Calculated electromagnetic-field distribution of the guided mode in the metamaterial layer.
(C) ATR spectra of a nanorod array with a 2 nm air-shell around the nanorods with different superstrates: (black)
air and (red) ethanol. (D) Calibration curve for the metamaterial-based sensor (monitored at the reflectivity-
minimum wavelength of 1230 nm) under step-like changes of the RI of the environment. Inset: Reflectivity
spectrum modifications with An=10". (E) Response of the metamaterial-based biosensor to the reaction of

biotin-streptavidin binding. Reproduced with permission from ref 37. Copyright 2009 Nature Publishing Group.
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4. METAMATERIAL-ENHANCED RAMAN SPECTROSCOPY

Raman spectroscopy provides a spectral fingerprint of molecules and is an important analytical
technique. Due to the small cross section of the Raman scattering, in many cases surface-enhanced
Raman scattering (SERS) with nanostructured plasmonic substrates is used to amplify Raman
signal by many orders of magnitude!®*. Different from the detection of specific analytes by
surface functionalization discussed above, molecular detection based on SERS is label free.

The excitation of surface plasmons generates significantly enhanced electromagnetic fields
in plasmonic nanorod metamaterials, making them a promising platform as substrates for
enhancing Raman scattering. Using an array of silver nanorods, the strong dependence of SERS
signal on the metamaterial geometry was demonstrated,** showing an over 200-fold SERS
intensity increase by varying the interrod gap distance from 35 to 10 nm. This is due to the
increasing electromagnetic fields in the gaps between neighboring nanorods with decreasing inter-
rod gap distance.*** This recipe is, however, limited to the distances of about 1 nm when the
electron tunneling between plasmonic objects takes place and the field enhancement deteriorates.*®

By creating gold nanorod arrays composed of two-segment dimer nanorods or coaxial
nanorods with ~1 nm gap, the SERS signal of molecules self-assembled in the gap was additionally
enhanced for ~30 times compared with the one-segment nanorod arrays case,*’ again due to the
enhanced electromagnetic fields in the gaps. Recently, metamaterials based on gold nanocone
arrays were fabricated, in which the electromagnetic fields are strongly confined in the ultra-sharp

cone apex (< 5 nm), representing a new structure for SERS applications.*®

5. CORE-SHELL NANOROD METAMATERIALS
The applications of the metamaterial sensing transducers can be extended by coating the surface

of plasmonic nanorods with functional materials. Such core-shell nanorod metamaterials can be
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readily fabricated by firstly widening the AAO pores to create a nanometric shell around the
nanorods followed by the electrodeposition of the functional materials, such as palladium,*
polypyrrole (PPy),>® nickel®! into the shells, to coat the nanorods.

5.1 Hydrogen Sensing

Hydrogen detection schemes generally present a trade-off between sensitivity and response time
but safety is also important. Conventional hydrogen sensors are based on electric resistance
changes and often operated at high temperatures®>>*, therefore, increasing the explosive hazard.
The elimination of electric currents in optical hydrogen sensors minimizes the risks. For the
sensing of hydrogen gas, the nanorods forming the metamaterial were coated with a shell of
palladium, which can undergo a reversible chemical transition from metal to metal hydride in the
presence of hydrogen. The resulting Au-Pd core-shell nanorod array, after the removal of the
alumina matrix to ensure the access of the hydrogen to the palladium shell, showed a ~40% change
in the transmission,*” which was clearly noticeable to the naked eye as a change in the brightness
of light transmitted by the metamaterial (Figure 4A). Similarly, in the reflection geometry, a ~30%
change in the reflectivity and a spectral shift of the resonant peak of ~30 nm was observed in the
presence of hydrogen gas (Figure 4B). This hybrid Au-Pd based plasmonic sensor has several
advantages in terms of sensitivity, low fabrication cost and easy optical readout over other optical
hydrogen sensors based on a variety of structures such as Pd disks, Pd gratings on gold film, gold
antenna coupled Pd disks.>> The high sensitivity of this sensor to hydrogen results from a
combination of both the change of the plasmonic properties of individual core-shell nanorods and
the modification of inter-rod coupling in the metamaterial due to the refractive index and thickness
changes of the palladium shell, respectively, both affecting the optical properties of the

metamaterial. The sensor can be rapidly reset (<2 s) by heating under the illumination with a laser
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light.** The operating wavelength and the thickness of Pd shell can further be optimized to
maximize the sensitivity and response time.
5.2 Ultrasound Sensing
The core-shell configuration can be functionalized with a polymer shell, which changes its RI
under pressure induced by acoustic waves. Many polymers can be used to obtain such a coating
using electro-polymerisation.’® In this way, the optical detection of ultrasound and photoacoustic
signals with high performance was demonstrated.>

Upon exposure to the pressure of an ultrasound pulse, the reflection from the metamaterial
slab changes on the time scale of few hundred picoseconds, with the transient signal rise time of
about 250 ps and complete recovery after 1 ns (Figure 4C). The responses of different Au-
core/polymer-shell nanorod metamaterials to the induced pressure in the range of 5-500 kPa give
a similar linear signal-pressure dependence (Figure 4D) and show more than one order of
magnitude higher sensitivity compared to a gold-film based SPP sensor with the same polymer
coating. The pressure detection limit is estimated to be approximately 500 Pa, which is at least an
order of magnitude better than for the SPP-based ultrasound sensors operating in resonant
conditions and commercially available high-frequency ultrasound transducers based on
piezoelements.’” Greater sensitivity (tens of Pa) to ultrasound pressure can be obtained using
resonant optical systems with high Q-factors, e.g., ring-resonator structures.’® They however have
limitations on the bandwidth due to the finite circulation time of light in the resonators and high
Q-factors restrict their dynamic range. The non-resonant nature, signal linearity, and sub-
nanosecond response time (~GHz bandwidth) make the metamaterial-based ultrasound transducers

very promising for health and biomedical applications.
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Figure 4. Optical sensors based on core-shell nanorod metamaterials. (A) Variation of transmission (~40° angle
of incidence) of an Au-Pd core-shell nanorod metamaterial (! = 195 nm) on exposure to 2% H,. Inset:
Photographs of the sensor in the absence and presence of Hz. (B) Variation of reflection (~50° angle of incidence)
of an Au-Pd core-shell nanorod metamaterial (I = 280 nm) to 2% H,. (A, B) Reproduced with permission from
ref 49. Copyright 2014 Wiley. (C) Transient response of an Au-PPy core-shell nanorod metamaterial upon arrival
of an acoustic pulse at t=0 ps. (D) The signal dependence on the acoustic pressure for the metamaterial sensors
(red and blue) and the reference gold film-based SPP sensor (green). (C, D) Reproduced with permission from

ref 50. Copyright 2013 Wiley.
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6. ALTERNATIVE PLASMONIC METAMATERIALS FOR OPTICAL SENSING

In addition to the optical sensing platforms based on gold nanorod metamaterials and their core-
shell counterparts, other variations of plasmonic metamaterials are important and useful for
sensing and nanochemistry applications.

Gold nanotube metamaterials can be fabricated by electrodeposition of gold around sacrificial
polymer nanorods in a porous AAO template?*#*%36? (Figure 5A). In contrast to the nanorod
metamaterials which require oblique illumination with TM polarized light, the plasmonic
resonances of nanotube metamaterials can be excited at normal incidence and are highly sensitive
to RI of surroundings when both the inside and outside walls exposed to the analyte, showing a
sensitivity of ~225 nm/RIU (Figure 5B).*’ This can be understood from the electromagnetic field
distribution of a free-standing nanotube array revealing the higher field enhancement along the
outer tube wall than the inner wall, while near the rim of the nanotube the field is significant both
inside and outside the tube (Figure 5C).

To further increase the field enhancement for higher sensitivity, coaxial rod-in-a-tube arrays
were realized by the sequential deposition of gold nanorods, sacrificial PPy nanoshells, and gold
nanoshells into porous AAO templates (Figure 5D).%° By controlling the thickness of the sacrificial
PPy nanoshells, the gap of the rod-in-a tube cavities can be made as small as 5 nm, resulting in a
strong hybridization of the lowest order transverse dipolar modes of the nanorod and nanotube,
and producing bonding and antibonding modes with strong field enhancement (Figures SE and 5F).
A sensitivity of ~400 nm/RIU was predicted for the bonding modes, with the cavity being the most
sensitive part of the structure (Figure 5G) and alone showing a bulk sensitivity of ~300 nm/RIU
compared to ~120 nm/RIU for the outer walls only. The sensing performance of gold nanotube

and coaxial nanocavity metamaterials can be further improved by exciting at oblique incidence.*
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In addition to substrate-supported plasmonic metamaterials, a colloidal version of hyperbolic
metamaterials (metaparticles) can be realized by coating gold nanospheres with alternating silica
and gold forming multishell particles (Figure 5H).®' These metaparticles possess a rich plasmonic
mode structure including dipolar and quadrupolar resonances of various orders, which cover a
broad wavelength range from 400 to 2200 nm (Figure 5I). Compared with gold nanospheres or
nanoshells,'®!” the metaparticles show greatly improved RI sensitivity, reaching a value as high as
740 nm/RIU, which is attractive for optical sensing applications with high flexibility and a broad
spectral range. In addition, the strong and spectrally broad local-field enhancement in the
metaparticles (Figure 5J) also makes them very useful for applications such as surface-enhanced

Raman and infrared spectroscopies.
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Figure 5. Optical sensing based on alternative plasmonic metamaterials. (A) SEM image of a gold nanotube
array. (B) Sensitivity of the spectral position of the extinction peak to changes in the surrounding RI when
different walls of the nanotubes are exposed to analyte. (C) The distributions of the electric field norm for the
free-standing gold nanotube arrays at the wavelength of maximum extinction. (A—C) Reproduced with
permission from ref 40. Copyright 2010 American Chemical Society. (D) SEM image of a gold coaxial rod-tube
array. (E, F) Cross-section of the |E,| component of the field for 525 and 810 nm excitation wavelengths. (G)
The bulk RI sensitivity of the coaxial structure for different walls exposed for the lower energy resonance. (D—
G) Reproduced with permission from Ref. 60. Copyright 2013 American Institute of Physics. (H) TEM image
of metaparitlces with three pairs of SiO2/Au shells. (I) Extinction spectra of the metaparticles dispersed in water
and chloroform. (J) Electric field distributions in the metaparticle at the wavelengths of 780 and 1200 nm,

respectively. (H-J) Reproduced with permission from ref 61. Copyright 2018 Wiley.
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7. NANOCHEMISTRY AND SENSING WITH ELECTRICALLY-DRIVEN NANOROD
METAMATERIALS

In all kinds of plasmonic sensors, an external light source is needed for the optical excitation of
plasmonic modes.!” The use of lasers, fibres, lenses, mirrors, prisms or objectives which are often
required, making it difficult to realize plasmonic sensors with miniaturized sizes and low operating
powers. Recent realization of the electrically-driven plasmonic nanorod metamaterial provides the
opportunity to use an electron tunneling effect for the excitation of surface plasmons and hot-
electrons,?® opening a way to realize a new kind of hot-electron-activated nanoreactors, as well as
highly compact and sensitive plasmonic sensors.

7.1. Plasmon Excitation based on Inelastic Electron Tunneling

When an electric bias is applied across a metal-insulator-metal junction with nanometer-scale
insulator thickness, electrons can tunnel through the insulator layer due to quantum mechanical
tunneling. The resulting current depends exponentially on the gap size so that even an atomic-level
variation in the gap distance can produce a measurable change in the tunneling current. At the
same time, broad-band light emission from a metal-insulator-metal tunnel junction has been
observed,®? which is due to the radiative decay of surface plasmon modes in the junction excited
by inelastically tunneled electrons. The electron-to-photon conversion efficiency has been greatly

improved by combining tunnel junctions with optical antennas,®

reaching a value around 2%
by optimizing local density of optical states and radiation efficiency of the junctions.®® The electron

tunneling effect provides an attractive approach for the direct electrical excitation of plasmons in

metallic nanostructures with high compactness and low operation power.
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Figure 6. Electrically-driven plasmonic nanorod metamaterials. (A) Schematic diagram of the device based on
metal-polymer-metal tunnel junctions. (B) Inelastic and elastic electron tunneling in plasmonic tunnel junctions
for the excitation of plasmons and generation of hot electrons, respectively. (C) Emission spectra of an
electrically-driven gold nanorod array as a function of the applied bias. Inset, photograph of the nanorod
metamaterial under a 2.5 V bias. (D) Schematic of hot-electron-activated chemical reactions on the tips of
nanorods in plasmonic tunnel junctions. Reproduced with permission from ref 26. Copyright 2018 Nature

Publishing Group.

In a plasmonic nanorod metamaterial, each nanorod forms a tunnel junction and the density
of optical states provided by the metamaterial facilitates shaping of the emission spectrum.?® The
size of the nanorods also facilitates tunneling process due to the relaxation of the electron
momentum conservation via scattering on the tips and rims.?’ To construct tunnel junctions, a
monolayer of poly-L-histidine (PLH) was self-assembled onto the gold nanorod tips to work as

the tunnel barrier, and a droplet of eutectic gallium indium (EGaln) was used as the top electrode
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(Figure 6A). When a bias is applied, the inelastic tunneling of electrons excites the modes of the
metamaterial (Figure 6B), resulting in an obvious light emission of a distinctly red color observed
from the substrate side due to the radiative decay of the plasmons (Figure 6C). With the increase
of applied bias, the emission intensity increased gradually, together with a blue-shift of the
emission peak. The emission spectrum is defined by the product of the bias-dependent spectral
density of the tunneling current, local density of electromagnetic states in the junction region and
the near-to-far field conversion efficiency of the metamaterial. As the result of the high-density of
tunnel junctions arrayed in these macroscopic devices (~10'° cm), the emission is visible to the
naked eye making signal detection trivial for sensing applications.

7.2. Hot-electron Chemistry and Sensing

During the tunneling process, the majority of electrons (~99.9%, considering an estimated inelastic
tunneling efficiency of ~0.1%) tunnel elastically in the electrically-driven nanorod
metamaterials,?® appearing as energetic hot electrons'! in the nanorod tips (Figure 6B). The highly
efficient and confined hot-electron generation makes the tunnel junctions highly reactive and
opens up opportunities for the precise activation of chemical reactions in the junctions (Figure 6D).
In this case, the electrically-driven nanorod metamaterial can be used as an array of high-density
nanoreactors for in situ studies of chemical transformation of molecules in the junctions, which is

attractive for chemical and pharmaceutical industries.
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Figure 7. Gas sensing based on chemical reactions in the plasmonic tunnel junctions. (A, B) The evolution of
the emission spectra of an electrically-driven metamaterial (7, = 2.5 V) when the cell atmosphere was switched
(A) from air to 2% H; and (B) from 2% H, to air. (C) Tunneling current (red) and emission power (blue)
measured when the cell atmosphere was cycled between air and 2% H». Reproduced with permission from Ref.

26. Copyright 2018 Nature Publishing Group.

The highly-confined electron tunneling process is extremely sensitive to any changes in the

junction, thus, the chemical transformations in electrically-driven plasmonic nanorod
metamaterials can be detected with atomic-level sensitivity by observing the light emission from
the tunnel junction or tunneling current changes.

This was demonstrated for both hydrogen and oxygen sensing based on electrically-driven
metamaterials.?® Under a bias of 2.5 V, when 2% H> was introduced to replace air in the gas cell,
the light emission intensity decreases gradually to approximately one half of the original value
(Figure 7A). When air containing oxygen was subsequently introduced into the gas cell, the
emission intensity increased gradually, returning to the initial value (Figure 7B). The sensing
mechanism is hot electron-mediated oxidation and reduction of the tunnel junctions. The reactions
in the tunnel junctions caused changes both in the light emission and tunneling current (Figure 7C).

However, the changes in the emission intensity are about five times higher than that of the

tunneling current (50% versus 10%), indicating the high sensitivity of optical detection for
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tunneling-based sensors. By choosing an appropriate material for the functionalization of tunnel
junctions, they can be designed to transduce a variety of chemical and physical stimuli. The
reactions can also be stimulated in the junctions without the electric bias, under the illumination
of the nanorod metamaterial which also generates hot-electrons, albeit with broad energy spectrum,
as opposed to monochromatic in the elastic tunneling process, and the rate depending on the
illumination intensity.!!

Feedback generated by the chemical reactions in the junction influences the tunneling current
and the emission intensity. Therefore, promoting and stopping the reactions with the choice of the
gas environment, lead to the realization of the nonvolatile and multilevel memory device using
reactive tunnel junctions.®’” Therefore, the electrically-driven-metamaterial platform can also
function as an optoelectronic memristor. The information can be written into the junctions both
electrically or optically via the hot-electron-mediated chemical reactions and read out by
measuring the resistance or light emission, respectively. It has the potential to become important
building block of memories, logic units, or artificial synapses in optoelectronic or neuromorphic

computing systems.

8. CONCLUSION AND OUTLOOK

We have reviewed our recent progress in the sensing and nanochemistry applications of plasmonic
nanorod metamaterials and other related platforms. As a result of the strong plasmonic interaction
in the nanorod array, the significant flexibility in material and structural design as well as the
discontinuous porous nanotexture, plasmonic nanorod metamaterials provide a versatile platform
for the development of multimodal optical sensors with excellent performance. The enhanced

nonlinear optical effects in the metamaterials also stem from the high sensitivity to the RI changes
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with the illumination intensity.%?°2° Integration of magneto-optical materials in the nanorod
metamaterial allows optical sensing of magnetic fields and applications in non-reciprocal photonic
devices.! The use of hot-electron effects additionally provides new sensing opportunities due to
chemical transformation in the nanoscale tunnel junctions. In parallel, the tunnel junctions act as
nanoscale chemical reactors capable to catalyze reaction pathways which would be impossible
without the hot-electron contribution.

Future improvements of the presented sensing and nanochemistry platforms may include
optimization of the plasmonic material quality via hot-electron mediated growth method®® instead
of electrochemical deposition to reduce the losses and to improve sensing performance. The
extension of the electrically-driven metamaterials for the detection of liquid analytes can also be
envisaged. Plasmonic sensors based on the versatile nanorod metamaterial platform, benefitting
from the low cost, geometrical flexibility and scalability afforded by the templated
electrodeposition method, are becoming truly attractive for applications in fundamental research
and a plethora of industries such as environmental monitoring, food safety, and healthcare.
Multiplexing several different sensing and nanochemistry functionalities in one plasmonic
metamaterial platform provides a test-bed for inducing, monitoring and exploring chemical events

in real time, which can provide valuable information on reaction pathways, mechanism and rates.
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