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Nanophotonics is a prominent field within nanotechnology
aimed at researching the light-matter interactions occurring
at the nanoscale. In case of metal nanostructures, collective
oscillation of electrons leads to nanoscale confinement of
optical fields with high thermal energy and elevated near-field
optical forces. The interactions of these effects with molecules
known as molecular plasmonics have generated novel devices
with implications in energy, biology, and healthcare. In this
chapter, we will review our research on molecular plasmonics
in three correlated sections: molecular-scale measurements
and control, directed and self-assembled nanofabrication,
and real-life applications. The first section presents the
measurements and control of molecular-scale events using
active molecules as a framework. We further summarize two
unconventional nanofabrication techniques based on directed
and self-assembly, i.e., moiré nanosphere lithography and
multi-photon plasmonic lithography. The success in these
two arenas positions molecular plasmonics to be propelled
for real-life applications. We finally present the potential
of plasmonics in achieving its promise of creating futuristic
technologies.
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1. Introduction

Tasks which were once inconceivable are now commonplace due to rapid
technological advancements. Specifically, the curiosity to understand and
develop novel phenomena and devices has led to multidisciplinary convergence
of scientists to explore and develop nanotechnology. Nanotechnology focuses
on the study and manipulation of unique fundamental property differences that
originate when the size of material is scaled down to a collection of several atoms.
Advancements in nanotechnology have been steered by the ability to fabricate,
measure and optimize nanoscale structures using sophisticated tools. Among its
various research areas, nanophotonics has been an active and prominent field
due to the interesting optical properties that arise at sub-wavelength scales.
Traditionally, it has been challenging to study the optical interactions at the
nanoscale due to the diffraction limit, which restricts the focusing of light
to dimensions roughly above one half of the wavelength. This barrier has
been overcome in the past decades, leading to intense research in the area of
nanophotonics.

Nanophotonics aims to design and manipulate the behavior of optical field at
the scale of a fraction of the wavelength. Research on nanophotonics has resulted
in immense applications in various realms such as optical fiber technology, solar
energy conversion, molecular diagnosis and therapy, and biosensors. According
to Forbes, market for nanophotonic components and devices has been projected to
reach $100 billion (7). In the past two decades, nanophotonics has been primarily
approached by the following three strategies: (i) confinement of light waves in
various structures, (ii) confinement of atoms to create materials in the sub-100 nm
regime, and (iii) characterization and control of photophysical and photochemical
processes at the nanoscale. Based on the above strategies, two prominent areas in
nanophotonics being investigated are photonic crystals and plasmonics.

1.1. Photonic Crystals and Plasmonics

Photonic crystals (PCs) are periodic dielectric nanostructures with lattice
parameters comparable to the wavelength of light. The periodic modulation
of the dielectric medium creates photonic band gaps or stop gaps, which limit
the propagation of certain wavelengths of light. The refractive-index contrast
between the materials, structural symmetry and lattice parameters of the particles
can be altered to tune the bandwidth and frequency of PCs. The transmission
and reflection properties of PCs can be rationally designed by using modeling
methods involving either plane-wave expansion (2), or transfer matrices (3) of
the Maxwell equation. PCs have found applications in a variety of industries such
as telecommunications (PC fibers, and integrated optical components), medicine
(micro-lasers, and biosensors), and displays (image sensors). A recent market
report estimated PC component market as $6 billion in 2014, with a projection to
reach $17.4 billion in 2020 (4).

Plasmonics involves the study of the interaction between electromagnetic
radiations and free electrons of a metal. In general, materials which possess a
negative real and a small imaginary dielectric constant can support a surface
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plasmon resonance (SPR). SPR is the coherent oscillation of the free electrons in
response to an incident electromagnetic radiation, and has achieved prominence
due to its ability to circumvent the diffraction limit. SPR has important
applications in surface-enhanced spectroscopies (5) and biological sensing
(6). With molecular spectroscopy market projected to reach $5.9 billion by
2018, plasmonics is expected to make significant contributions. For instance,
commercial instruments such as BIAcore® employ SPR spectroscopy to monitor
thermodynamics and kinetics of biological binding processes (7).
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Figure 1. (a) Schematic illustration of localized surface plasmon at metal
nanoparticles. (b) Optical simulation shows the hot spots of an Ag nano-disk on
a substrate upon incidence of electromagnetic radiation at plasmon resonance.

Reproduced with permission (8). Copyright 2015 Springer Science+Business
Media New York.

SPR can exist either as propagating or localized surface plasmon. Surface
plasmon polaritons (SPPs) are electromagnetic excitations which occur at a
metal/dielectric interface. They propagate parallel to the surface, but decay
exponentially in both media along the perpendicular direction. This property
can be exploited to localize and guide light in subwavelength metal structures
to fabricate nanoscale optoelectronic circuits and components (9). For sensing
applications, the interaction between the SPP and the molecular surface layer
results in plasmon resonance shift, which can be characterized via reflectivity
measurements as a function of either wavelength or incident angle (/0). In the case
of localized surface plasmon resonances (LSPRs), light interacts with nanoscale
particles which are smaller than the incident wavelength (Figure 1), leading to the
light-coupled coherent oscillation of electrons confined within the nanoparicle
(NP). The LSPR is extremely sensitive to local dielectric environment, which
can be sensed via a wavelength shift. The excitation of LSPR creates localized
enhancement of electromagnetic fields in the vicinity of the NP. Figure 1(b) shows
the field enhancement around a 10nm Au NPs.

1.2. Molecular Plasmonics

Molecular plasmonics fuses light and molecules at the nanoscale. In
this emerging field, one exploits the plasmon-enhanced nanoscale light for
molecular analysis or seeks the synergy of the response of molecules and the
nanoscale light manipulation by surface plasmons for active nanophotonic
devices. For example, the light confined at the nanoscale can interact with cells
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and biomolecules of variable sizes. An efficient control and understanding of
the interactions (optical, thermal and mechanical) between the molecules and SP
can lead to superior sensing, trapping and manipulation at molecular and cellular
levels (11/-15). For instance, the high scattering and absorption cross sections
help improve the sensitivity of molecular spectroscopy (/6). The promising
developments in nanolaser, non-linear quantum optics, terahertz nanoelectronics
and ultra-high fluorescence enhancements have also been enabled by harnessing
the plasmon-molecule interactions (/7—79). The success of molecular plasmonics
has been and will continue to be contingent upon simultaneous development of
plasmonic and molecular nanotechnology.
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Figure 2. An overview of book chapter focused on our fundamental study and

applications of molecular plasmonics and nanoscale light-matter interactions:

(i) molecular-scale measurements and control, (ii) directed and self-assembled
nanofabrication, and (iii) applications in energy, biology and healthcare.

In this chapter, we review our research on molecular plasmonics and the
applications of plasmonics in the domains of energy, biology, and healthcare. As
shown in Figure 2, the chapter is divided into three synergistic sections. The first
section concentrates on the methods and tools available for the measurements
and control of molecules. These techniques are essential for the understanding
of molecular-scale processes and for the scaling-up of molecular units for device
applications. We exploit the sophisticated measurement tools to study active
molecules such as rotaxane and azobenzene, which can change their properties
in response to external stimuli. The second section discusses a couple of
unconventional nanofabrication techniques based on directed and self-assembly,
including moiré nanosphere lithography (M-NSL) and multi-photon plasmonic
lithography (MPPL), which provide versatility and cost-effectiveness in
nanofabrication. The final section provides a snapshot of our recent work on the
applications of plasmonics in the energy, biology, and healthcare.
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2. Molecular-Scale Measurements and Control

Due to the extremely small size of molecules, it is imperative to have
tools that are capable of measuring events at the scale of few nanometers.
The ability to resolve and separate the plasmonic and molecular changes is
beneficial. To this end, imaging techniques such as scanning electron microscopy
(SEM), atomic force microscopy, scanning tunneling microscopy (STM),
and near-field optical scanning microscopy have been developed. Further,
optical characterization techniques such as single-particle dark-field scattering
spectroscopy, surface-enhanced Raman spectroscopy (SERS) and tip-enhanced
Raman spectroscopy have emerged. In this section, we summarize our approaches
towards the nanoscale characterization of active molecules using STM and SERS.
Our progress in developing controlled molecular environments based on directed
and self-assembly techniques are also summarized.

2.1. Self-Assembly

Self-assembly is an attractive strategy to obtain surface functionalization
in a controlled, organized manner via the tuning of the molecule-molecule
and molecule-substrate interactions. It is defined as the spontaneous assembly
of molecules into structured, stable, non-covalently joined aggregates under
equilibrium (20). Typically self-assembly has been employed for creating
monolayers of molecules (27) or polymer micro/nanoparticles (22). Due to its
ease of preparation, high versatility, high throughput, and low cost, self-assembly
of molecules has been used for numerous applications beyond the surface
functionalization (23), including molecular electronics (24) and biomolecule
immobilization (25). Self-assembled monolayers (SAMs) of thiols on Au are
one of the well-researched platforms due to their high stability in the ambient
atmosphere and their ability for precise modification (21, 26-28). At relatively
low concentrations of ~1mM, ethanolic solution of thiols swiftly organize on
Au surfaces via covalent bonds formed between the thiol head group and Au.
The tail groups are exposed in ordered lattices and a few types of disorders
or defects, including step edges, vacancy islands, and monolayer defects (tilt
domain boundaries and improper ordering of molecules) exist. Figure 3 depicts
the scanning tunneling microscopy image of decanethiol SAMs on Au{lll1}
along with the marked defect regions (29).These defects in SAMs are exploited to
position desired active molecules with precise placement and orientation control
(30, 31).

Molecules are inserted onto the SAMs in the solution and vapor phases,
as well as through microcontact insertion printing. In most scenarios, SAMs
with thickness of few nanometers are ideal for molecular plasmonics. Further,
these molecules have a tendency to preferentially attach at the defect sites in the
SAMs since these are the most reactive and sterically accessible sites on the Au
surface (32—34). SAMs can also be applied to functional molecules. For example,
to extend the applicability of rotaxanes, we formed the SAMs on Au surfaces
through the modification of rotaxanes with disulfide-based anchoring groups (35).
The SAMs enable the applicability of molecular machines by facilitating their
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coordinated functioning at the nanoscale. In another example, Huang, Weiss,
Stoddart, and co-workers utilized SAMs of rotaxane molecules on Au surfaces to
drive a mechanical cantilever (36).

Au substrate
step edge

Au substrate
vacancy island

Figure 3. Scanning tunneling micrograph of decanethiol SAM on Au{111}
surface depicting the various types of defects such as step edges, vacancy islands,
improperly ordered molecules, and tilt domain boundaries. Reproduced with
permission (29). Copyright 2008 American Chemical Society.

2.2. Scanning Tunneling Microscopy

The ability of characterizing the properties of molecules on surfaces is of
great interest. For instance, it is crucial to understand whether the molecules
retain their functionality when positioned on surfaces (37). While techniques
such as cyclic voltammetry (38) and X-ray photoemissions spectroscopy (39)
are useful for ensemble measurements, to achieve single-molecule resolution to
gain significant insights is plausible with STM. STM can be used for imaging
surfaces at an atomic resolution (40). STM measurements can be used to estimate
the insertion efficiency, arrangement and orientation of molecules on surfaces,
providing information about the quality of the SAMs. STM can also monitor
conformational changes in active molecules (e.g., molecular switches and motors)
upon exposure to external stimuli. In order to obtain statistically significant data, a
large number of measurements are needed from the sites of interest (4/). Because
the activity of individual active molecules can be altered by the environment
and the neighboring active molecules (29, 42, 43), it is imperative to isolate and
characterize individual molecules in controlled environments.

Weiss and co-workers have achieved isolation of single molecular motors
and switches in ordered alkanethiol SAM matrices (30, 31, 44, 45). STM images
are recorded as the convolution of topography and electronic properties of the
molecules. The images provide the apparent height profile of active molecules
relative to the SAM matrix (46), and can be used to study molecular switching at an
ultra-high resolution. As an example, Figure 4 shows the schematic of azobenzene
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undergoing reversible photoisomerization within the alkanethiol domain. The use
of 1-decanethiol as the matrix ensures that the azobenzene molecules protruding
out of the matrix have ample degrees of freedom for structural changes to occur
(30). The inserted azobenzene-functionalized molecules within alkanethiol
monolayer also limits the stochastic switching events which are otherwise
observed due to the movement of molecules bound at the defect sites (32, 45,
47). The co-deposition is performed by immersing annealed Au substrates in a
solution of azobenzene and alkanethiol at a temperature of 80 °C. This leads to
the insertion of azobenzene molecules within the ordered alkanethiol domains.

1
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Figure 4. Isolated single azobenzene molecules embedded in a matrix of
1-decanethiol over Au {111} surface. The photoisomerization results in a change
from 2.1+0.3 A to 0.7+0.2 A with respect to the SAM matrix upon switching from

trans to cis form. Reproduced with permission (30). Copyright 2011, American
Chemical Society.

The isolated active molecule within the matrix is characterized by a STM
which is equipped with a light source to irradiate the tunneling junction while
the scanning tip is still present. This ensures the on-demand illumination of
azobenzene molecules for specific periods of time along with continued imaging.
Figure 5 summarizes the conformational changes of azobenzene under different
irradiation conditions. Initially, the individual trans-azobenzene molecules
possess an apparent height of ~2A with respect to the SAM matrix. Upon UV
(365nm) irradiation, the molecules gradually change the apparent height with an
increase in the exposure time. The reduction in apparent height to ~0.7 A upon
photoisomerization is a result of (i) lower conductance of cis-azobenzene with
respect to trans since it is non-planar, and (ii) change in the height of the molecule
after the isomerizstion. The cis form can return back to the thermodynamically
stable trans orientation through visible light illumination. This phenomena is
observed in Figure 5 (F) where some of the molecules revert back to the trans
conformation after 30mins of visible light exposure. STM imaging has been
performed on other alternative substrates such as GaAs (46).

Although the measurements on single molecules provide valuable insights
into the physics and chemistry at the nanoscale, real-life devices mandate a
large number of molecules in one-dimensional (1D), two-dimensional (2D)
and even three-dimensional (3D) assemblies, which involve intermolecular
interactions and charge transport (29, 49, 50). The 1D assemblies are obtained
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via the assembly of compact azobenzene molecules assembled around the domain
boundaries of 1-decanethiol monolayers (5/). In this scenario, we observe a
reduced switching speed although all molecules undergo switching coherently.
This suggests the presence of electronic coupling along the chain. By exploiting
the cooperative functions, it is plausible to create novel 2D assemblies with
superior photoswitching capabilities (52—54).

Figure 5. STM images of azobenzene molecules in SAM matrix upon irradiation
with UV (~365nm) light for (4) 0 min, (B) 10 min, (C) 35 min, (D) 60 min, and (E)
160 min, as well as subsequently under visible light (~450nm) exposure for (F)
30 min. The images show the switching of azobenzene between high-conductive
trans and low-conductive cis forms. STM imaging was performed with Vsample =
1V and I; = 2pA. Reproduced with permission (30). Copyright 2011, American
Chemical Society.

2.3. Surface-Enhanced Raman Spectroscopy

Since the first report on single-molecule SERS in 1977 (55), intense research
in various disciplines, including physics, chemistry and life sciences, has led to
the rapid development of SERS over the past two decades. SERS is a nanoscale
phenomenon where the enhancement in Raman signal is observed due to the
coupling between vibrational modes of the molecule and the LSPR of the metal
nanostructure upon optical excitation (56). It has immense applications in a
plethora of avenues such as biosensing (57) of various diseases such as cancer
(58, 59) and Alzheimer’s disease (60, 61), spectroelectrochemistry (62), chemical
warfare agent detection (63), and single-molecule SERS (64). SERS provides a
comprehensive information on the vibrational modes of the molecule along with
high sensitivity towards conformational changes (65). By exploiting the surface
selection rules that vibrational modes perpendicular to the substrate are enhanced
while parallel modes remain constant, it is possible to obtain information
regarding the orientation of the molecule on a specific substrate (66, 67).

30
Cheng et a.; Nanotechnology: Delivering on the Promise Volume 2
ACS Symposium Series; American Chemical Society: Washington, DC, 2016.



Downloaded by Y uebing Zheng on October 13, 2016 | http://pubs.acs.org
Publication Date (Web): August 29, 2016 | doi: 10.1021/bk-2016-1224.ch002

Specific to active molecules, SERS provides a unique opportunity to probe
ensemble averages of the molecular events. As an example, we have employed
SERS to study photoisomerization of alkanethiolate-tethered azobenzene
inserted in dodecanethiolate SAM matrix. The host-guest structures and tethers
help reduce the surface quenching and steric hindrance for photoswitching of
molecules on metal surfaces (68). The nanohole arrays on Au{l11}/mica were
carefully designed to provide the necessary field enhancement to obtain large
SERS intensity (Figure 6) (45).
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Figure 6. (a) Schematic illustration of the cross-sectional view of azobenzene
molecule inserted in the dodecanethiolate SAM matrix on Au {111} with nanohole
arrays. (b) SEM image of the nanohole array on Au {111}. Reproduced with
permission (45). Copyright 2011, American Chemical Society.

The SERS spectra obtained at specific time intervals of alternating UV and
blue light irradiation on the molecules are shown in Figure 7. The vibrational
modes that contribute to different Raman peaks denoted as C1-C5 are illustrated
in the diagrams in the lower panel. The switching characteristics are analyzed
by processing the ratio of the peak areas of each spectrum. From the data for
various Ci/Cj (i,j in the range of 1-5), we observe a monotonic and reversible
trend in the peak-area ratio (C3:C4) upon alternative UV and blue light exposure
(Figure 7d). The peak ratio is decreased upon UV irradiation (frans to cis
transformation) and blue light switches it back to trans, which is manifested as an
increase in C3/C4 ratio. Unlike STM, SERS tool enables ensemble measurements
of isolated molecules and assemblies in controlled nano-environments. SERS
can be exploited to understand many other types of active molecules and their
functional devices (69). In a separate work, we have utilized SERS to probe
the reaction pathways for self-assembled anthracene molecules on Au substrate,
and study the influence of nanoscale morphology on the regioselective reactions
(70). Tt is possible to further gain dynamic information by integrating SERS with
ultra-fast optics (77). With recent developments in the creation and manipulation
of hot spots, SERS can be efficiently employed for studying molecule-plasmon
interactions at high spatial and temporal resolution (72).
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Figure 7. A series of time-dependent SERS spectra of azobenzene obtained
after alternate exposure of (a) UV (~350nm) and (b) blue (~450nm) light
over the sample. The spectra are shifted along the y-axis for clarity. (c)

Schematic showing the varous modes (C1-C5) for trans and cis configuration.

(d) Experimental C3/C4 Raman peak ratio as a function of UV and blue light

exposure times. Reproduced with permission (45). Copyright 2011, American
Chemical Society.

3. Directed and Self-Assembled Nanofabrication

Progress in nanofabrication techniques has been an integral component
for propelling the research in nanophotonics. It involves making functional
structures with well-defined features having the least dimension to be <100 nm.
Majority of the patterning has been accomplished via photolithography, and has
been primarily aimed at the semiconductor industry. Over the years, varioius
nanofabrication techniques have been developed in parallel to combat the high
cost and diffraction limit of light in photolithography and to fabricate complex 2D
and 3D structures for novel optical properties. Scanning beam techniques such as
electron-beam lithography and focused ion-beam lithography can create arbitrary
precise features. However, they feature low throughput since patterns are carved
out line-by-line with high-energy (>10 kV) electron and ion beams. These
limitations have motivated researchers to further explore the unconventional
nanofabrication techniques based on directed and self-assembly. In this section,
we highlight our research on M-NSL and MPPL.
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3.1. Moiré Nanosphere Lithography

Over the past two decades, nanosphere lithography (NSL) has emerged
as a low-cost, large-scale nanofabrication technique for creating periodic
nanostructures. NSL, which is also known as colloidal lithography (73) or natural
lithography, is a method of organizing nanospheres into tightly packed patterns to
aid the creation of metasurfaces and nanostructures (74). The patterns obtained
by metal deposition using the monolayer of nanospheres as the mask feature
hexagonal arrays of metal nanotriangles (75). The use of bilayer sphere as masks
leads to quasi-spherical NPs (76). With a variable combination of materials
deposition and etching steps, it is possible to create myriads of structures such as
nanodisks (77, 78), nanorings (79), nanopillars (80, 81), and nanoholes (82, 83). A
few variants of NSL such as angle-resolved NSL and shadow NSL have emerged
(84, 85). They involves the dynamic and non-dynamic deposition of materials at
non-zero incident angle with respect to the substrate normal. This can result in
exotic shapes such as nanooverlaps, nanogaps, nanochains, and nanocups. The
major motivation for the creation of these periodic metal nanostructures is to
exploit their plasmonic properties. These nanostructures have proved as strong
candidates for applications in surface-enhanced spectroscopy, photocatalysis (86),
and biochemical sensing (87). In the context of active molecular plasmonics, we
have employed nanodisk arrays to study the tunable plasmon-exciton resonant
coupling, which has potential applications in active nanophotonic devices (88,
89).

Recently, we have developed M-NSL to further extend the capability of
NSL in fabrication of novel nanostructures (90). Conventional NSL involves
convective self-assembly of nanospheres, in which colloidal spheres assemble
into crystalline patterns as a result of capillary and hydrodynamic forces. M-NSL
is a modified version of NSL, which can be used to create complex nanostructures
with moiré patterns by depositing layers of close-packed spheres one at a time
and applying an in-plane rotation between the layers. Figure 8 illustrates the
spontaneous self-assembly of bilayers in NSL and the layer-by-layer deposition
of bilayers in M-NSL.

Depending on the relative in-plane rotation between the top and bottom layers,
the resultant moiré patterns vary. With a small angle of rotation (<10°), the moiré
patterns have a large unit cell with simple structures. As the angle increases to
10°- 30°, the moiré patterns have a smaller unit cell with increased complexity.
Once the angle of rotation is larger than 30°, the patterns start to repeat due to
the symmetry of the two layers. Figure 9 shows the low- and high-magnification
SEM images of the plasma-etched M-NSL bilayer with moiré pattern. Like NSL,
the M-NSL bilayers can be used as lithographic masks to create various metal
nanostructures on general substrates. The resultant metasurfaces exhibit tunable
multiband optical responses ranging from visible (~600 nm) to mid IR (~4200
nm), enabling their applications in ultrabroadband absorbers and multiband SERS
substrates (91).
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Figure 8. (a) Schematic of the formation of monolayer of polystyrene spheres at
water-air interface and its transfer to glass slide. (b) Schematic of spontaneous
self-assembly of bilayer of spheres in NSL. (c) Schematic of layer-by-layer
stacking of spheres with the in-plane rotation in M-NSL. The different colors
indicate the angle rotation between the top and bottom layers. Reproduced with
permission (90). Copyright 2015, American Chemical Society.
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Figure 9. (a-c) SEM images of the etched bilayer in M-NSL with different
magnifications. (d) 30° tilted view of the bilayer. Reproduced with permission
(90). Copyright 2015, American Chemical Society.
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3.2. Multiphoton Plasmonic Lithography

In recent years, multiphoton fabrication (MPL) has emerged as a powerful
technique for direct laser writing of complex 3D structures with resolutions
beyond the diffraction limit (92). This is typically achieved by scanning a tightly
focused beam of a femtosecond laser inside polymer materials. The unique aspect
of MPL is that the photo-crosslinking occurs at the vicinity of the focal point,
where the laser intensity is high enough for photoreactants to absorb two or more
photons simultaneously, a process known as non-linear absorption. This high
localization of reaction and freeform fabrication capability has been utilized to
create novel photonic devices (93). The dependence of MPL on the intensity
threshold has motivated researchers to couple MPL process with plasmonics,
resulting in the development of MPPL. MPPL relies on the fact that LSPR can
be used to trigger and control photophysical and photochemical reactions, which
occur via the coupling between the LSPR energy and the chemical system (94).

The metal NPs have intense field enhancements at the plasmonic hot spots,
which lead to an enhanced energy density exceeding the non-linear absorption
threshold of polymers within these regions. The nanoscale confinement of the
hot spots has been utilized to fabricate highly resolved nanostructures using
photoresists such as SU-8 and TSMR-V90 (95). It has also been used to visualize
the plasmon modes in nanostructures (96) and to enhance SERS performance via
selective adhesion of molecules within the hot spots (97). MPPL has also been
used in conjunction with atomic force microscopy to visualize the non-resonant
electromagnetic effects in Au nanorods (98).
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Figure 10. (a) Schematic showing the immobilization of BSA hydrogel on the
one, two and three tips of a single AuNT (b) The FDTD simulated field-intensity
distribution over a single AuNT upon incidence on linearly polarized light. The

intensity enhancement (|E|/|Ey|) is shown in the color scale.

We have recently extended the capability of MPPL to regioselectively localize
protein molecules at the hot spots of a single Au nanotriangle (AuNT) (99).
We direct bovine serum albumin (BSA) hydrogels at the tips of a single AuNT
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along with control over their position and quantity. In MPPL, the intensity and
polarization of incident light was tuned to achieve BSA hydrogel localization at
one, two and three tips of a single AuNT (Figures 10a). Specifically, Rose Bengal,
the photosensitizer used in the fabrication medium undergoes facile intersystem
crossing within the plasmonic “hot spots”, which promote the intermolecular BSA
crosslinking through singlet-oxygen and/or direct hydrogen-transfer mechanism
(100). In Figure 10 (b), simulated data using finite-difference time domain
(FDTD) method depict the hot spot present at the tips of the AuNT when irradiated
with linearly polarized light. The regioselective process was further characterized
using single-particle dark-field scattering spectroscopy. With the extension of
MPPL to biological domains, we envisage the use of the hybrid metal-biomolecule
nanostructures for the better understanding of various biological processes at the
nanoscale such as cell-matrix interactions. With the better understanding and
finer control, MPPL will significantly impact nanophotonics by enabling various
novel nanostructures such as tunable nanoantennas, nonlinear nanostructures, and
protein-based micro-lens (101).

4. Applications in Energy, Biology, and Healthcare

Novel and exciting applications arise from the intriguing photonic phenomena
at the nanoscale. The engineering of size, shape and composition of metal NPs can
lead to different kinds of optical responses. As a result of the extensive research
over the past two decades, plasmonics is on the verge of delivering its promise
of transforming various basic research and industries such as healthcare, energy
and telecommunication. In the first sub-section, we discuss our research aimed
at the exploitation of plasmonics in solar-energy harvesting technologies such as
photoelectrochemical (PEC) cells and transparent solar cells. The second sub-
section focuses on the applications in biology and healthcare sectors, with an
emphasis on the development of point-of-care devices. One of the most promising
biological applications of plasmonics is in biosensors, whose industry is projected
to grow from $13 billion in 2014 to $22.5 billion in 2020 (102).

4.1. Solar-Energy Harvesting

With an ever-increasing energy demand, the need for harnessing alternative
sources of energy has become inevitable. Over the past few decades, technologies
utilizing the incident solar radiation have resulted in significant environmental
benefits and sustainable development. The solar energy is utilized primarily
by its conversion to either electrical energy (photovoltaic), chemical energy
(photocatalysis) or heat energy (solar heaters). For creation of viable technologies,
it is critical for the devices to achieve a high conversion efficiency. Among
the various approaches for efficiency enhancement, the ability of metal NPs
to concentrate electromagnetic fields, along with the option of engineering the
scattering and absorption of radiation, makes them an efficient medium for
enhancing the device performance.
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PEC water splitting is a promising technology, which mimics natural
photosynthesis to generate chemical fuels such as hydrogen and oxygen using
solar energy. Traditional PEC cell employs a semiconductor photoelectrode
and a metal counter electrode. Although the concept was introduced in 1972
(103), real-life applications of robust and efficient PEC cells have been limited.
The criteria for achieving a high performance include: (i) a high absorption of
solar radiation obtained via appropriate band energies and structures, (ii) low
electron-hole pair recombination, (iii) a high charge-carrier conductivity, and (iv)
a fast surface reaction kinetics. Since most of the semiconductors fail to meet all
the requirements, inclusion of plasmonic NPs can offset the limitations (/04).
Semiconductors such as TiO> and ZnO with wide band gaps (UV absorption)
can be sensitized to utilize visible light via absorption and subsequent electron
transfer from Au NPs to the semiconductors. For instance, Li and co-workers
have demonstrated photoactivity over an entire UV-visible spectrum on TiO;
by incorporating Au NPs (/05). A similar effect with increased absorption has
been observed on ZnO (/06). Recently, absorption of 27% of solar radiation in
300-1100 nm has been achieved using Ag-Si nanocones (/07). Further, metal
NP can act as an antenna to localize optical energy at the semiconductor-NP
interface. This can reduce the travel distance of minority charge carriers, thereby
limiting recombination (/08). Integration of large NPs with efficient scattering
can increase the path length of the incident light. The cumulative effects improve
device efficiency and reduce active semiconductor volume.

The mechanisms for plasmonic enhancement include (i) plasmon resonance
energy transfer (PRET) from metal NPs to the adjacent semiconductors via
dipole-dipole interactions. This was exploited by Cronin and co-workers to
achieve 66 times enhancement in photocurrent with Au-TiO, anode under 633
nm irradiation (/09); (ii) hot-electron injection, where electrons are generated
in the Au NPs and injected into the conduction band of semiconductors upon
non-irradiative decay of surface plasmons. This mechanism is possible only
when the metal NP and semiconductor have direct contact, resulting in a Schottky
barrier with the work function of the metal NPs higher than that of an n-type
semiconductor or lower than that of a p-type semiconductor. This mechanism has
proved to enhance performance in titanium oxide (//0), zinc oxide (/1/), cerium
oxide (/12), and tungsten oxide (//3); (iii) plasmonic heating, which in most
situations has a minor role; and (iv) local electromagnetic field concentration for
the enhanced light absorption by semiconductors (//4, 115).

For a further reduction in cost and improvement in performance, the
earth-abundant, stable and visible-light active photoanodes of metal oxides such
as haematite (Fe2O3) and bismuth vanadate (BiVOs) are being explored. Among
these photoanode candidates, BiVO4 is a promising material due to a direct
band gap of 2.4 eV and suitable band position for oxygen evolution, which lead
to a low onset potential and utilization of blue portion of the visible spectrum
(116). Compared to bulk BiVOs, which suffers from high charge recombination,
nanostructured BiVOj4 along with co-catalyst has been reported to achieve high
photocurrent density of 2.73 mAcm=2 at a potential as low as 0.6 V versus
reversible hydrogen electrode (RHE) (//7). In addition, we have demonstrated
the role of hydrogen treatment in improving BiVOs performance, which is
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attributed to the enhanced carrier density and conductivity (//8). Further, Zhang
and co-workers demonstrated the plasmonic enhancements in BiVO4 photonic
crystals (//9). Recently, we have demonstrated Au-NP-decorated nanoporous
BiVO4 photoanodes in which we synergize multiple enhancement mechanisms,
including enhanced charge and carrier collection, plasmon-induced electron
and energy transfer, and plasmon-enhanced electromagnetic field (/20). Figure
11 shows scanning electron micrograph of the Au-BiVO4 photoanode. The
high-resolution transmission electron micrograph (inset of Figure 11) reveals the
Au nanoparticles.

Figure 11. Scanning electron micrograph of Au-BiVO4 photoanode. Inset is the
high-resolution transmission electron micrograph revealing the Au nanoparticles.

Photovoltaics, the most prominent application of solar-energy harvesting also
benefits from the unique properties of metal NPs. Similar to their advantages in
PEC cells, plasmonic nanostructures can enhance light absorption and scattering
as well as reduce light reflection (/21). In addition, they can serve as back contact
of solar cells and aid in the creation of transparent solar cells (/22). We have
demonstrated transparent polymer solar cells (with an efficiency of 4%) with
Ag nanowire networks as electrodes (/23). A further exploitation of plasmonic
effects in the electrodes could improve the efficiency. By creating or improving
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next-generation energy materials, plasmonics is expected to play a pivotal role in
enhancing our energy-harvesting capabilities.

4.2. Biology and Healthcare

Intense research on plasmonic materials has greatly benefited biomedical
-- and healthcare sectors. Numerous applications such as multifunctional
theranostics and ultra-sensitive portable multi-assay biosensors have been realized
(124). The enhanced photo-thermal effects have gained prominence for minimally
invasive cancer treatment. Efficient penetration of light into tissues to perform in
vivo treatments requires the use NIR light. With their LSPRs in the NIR window,
Au nanoshells, nanorods and nanocages are actively investigated (/25).

We are exploiting plasmonic NPs to detect biomolecules and cellular
signals (126, 127). The LSPR peak wavelength, intensity and bandwidth can be
modulated by events such as adsorption or conformational changes of molecules
on NPs (/28). NPs can provide a high spatial resolution for in vivo applications.
Recently, transfer of chirality between chiral analyte and achiral dye molecule was
demonstrated in the vicinity of a single AgNP (/29). This can be utilized to study
biomolecular processes with ultra-high resolution. Attaining single-molecule
detection has been the crown jewel of SPR sensing (/30). This is achieved by
engineering highly sensitive single or an array of nanoparticles with hot spots,
designing high-sensitive spectrometers, and improving a figure-of-merit (FOM,
ratio of wavelength sensitivity to the line-width of LSPR). For instance, Altug and
co-workers have achieved naked-eye detection of single protein monolayers by
designing asymmetric Fano resonance in plasmonic nanohole arrays with a large
FOM of 162 (131). Alternatively, Zhang and co-workers designed a zero-mode
waveguide within Al nanoholes with light fields confined at the bottom to detect
single-molecules (/32). Further, rational design can be exploited to modify the
emission of molecules via Purcell effect to achieve single-molecule measurements
and sensing (133, 134).

Metal nanoparticle arrays with plasmonic-photonic coupling have attracted
interests for sensor applications due to high FOM (/35). We have recently
designed Au bowtie nanoantenna arrays (BNAs) with metal-insulator-metal
(MIM) configuration to achieve high field enhancement and wide spectral
response specific to sensing applications (/36). Figure 12(a) shows the schematic
of the design of the Au BNAs in MIM configuration. In this design, we can
tune the spacer thickness, lattice parameters along x-y direction, and the bowtie
gap distance for performance optimization. In particular, we have developed
coordinated multiple couplings to achieve sensors with an ultra-high FOM of 254,
wide refractive-index (RI) working range, and high signal-to-noise ratio. Figures
12 (b) demonstrates the sensitivity of Au BNAs with RI changing from 1 to 1.4.

The high sensitivity and compactness have motivated researchers to extend
plasmonic technologies for point-of-care diagnostics. A viable strategy to
achieve this is to integrate plasmonics with microfluidics (/37, 138). In general,
label-free sensing is achieved by immobilizing a recognition element on detection
substrate. For instance, a SPR sensor was used to differentiate interleukin-8
(expressing agent for prostate cancer) concentration in saliva between healthy
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and cancerous individuals (/39). In a recent study, Tamayo and co-workers have
detected cancer biomarkers (carcinoembryonic antigen and the prostate specific
antigen) in serum using a hybrid mechanical and optoplasmonic sensor (/39). A
detection limit of 10-16 gml-! with very low false positives/negatives (10-4) was
achieved. A portable microfluidic SPR device has been developed for fast (~30
mins) detection of antibiotics (phenolic antibiotic families) in milk without any
processing requirements (/40). A similar approach has been employed to detect
biotoxin (/41). Researchers have also employed commercial SPR equipment in
Kretschmann configuration to detect B-type natriuretic peptide up to 10 pg/ml (A
typical range in blood is from ~20 pg/ml to 2 ng/ml) in a microfluidic channel
(142).
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Figure 12. (a) Side view of Au BNAs with MIM configuration. (b) Normalized
reflection dips of the BNAs as a function of the superstrate refractive index
depicting large spectral range.

LSPR has been traditionally used in conjunction with DNA as a plasmonic
ruler (/43), and in label-free DNA biosensing (/44). It has been extended to
clinical application in biomarker detection for Alzheimer’s disease (/45) and
cancer diagnostics (/46). We have realized sensitive detection of a herbicide
(paraquat) by engineering the supramolecule-modified Au NPs (/47). We have
also demonstrated the integration of an LSPR chip with a microfluidic channel to
realize bulk RI sensing (/48). Other researchers have applied LSPR-microfluidic
spectroscopy to study DNA hybridization (/49). A unique advantage of LSPR
integrated with microfluidics is in the multiplexed analysis of various biomarkers.
Endo et al. used specific antibodies immobilized at pre-determined locations on
a nanochip containing 100 nm silica nanoparticles sandwiched between two Au
films (150). The nanochip was utilized to detect six antigens, C-reaction protein
and fibrinogen. Acimovic et al. have achieved 32 parallel sensing sites for cancer
markers in serum by utilizing microfluidic systems with multiple channels (&)
and microvalves (/57). A similar approach was employed in real-life testing
to monitor inflammatory response of infants by tracking time-course variation
of their serum cytokines (/52). The advancements in fast multiplexed sensing,
along with high sensitivity, are crucial differentiators, positioning plasmonics in a
unique position to create a significant impact in the biosensing industry.
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5. Conclusions and Perspectives

Molecular plasmonics, which explores and exploits the interactions of
plasmons with molecules, is an emerging field. It presents us with immense
opportunities for basic research in multiple fields such as quantum optics, surface
chemistry and molecular photonics, and for various engineering applications.
Tremendous progress has been made in molecular plasmonics because of
the developments in tools for molecular-scale measurements and control,
nanofabrication techniques, as well as quantum and classic optical simulations.
With meticulous engineering and fabrication of plasmonic nanostructures,
single-molecule detection can be achieved in both SERS and LSPR sensors.
Plasmonics has been exploited to improve the efficiency and reduce cost in
solar-energy harvesting devices such as PEC cells and solar cells. In the healthcare
sector, plasmonics has a plethora of applications such as photothermal therapy,
molecular diagnosis, and in vivo imaging.

There has been a gradual shift from standalone devices to highly integrated
lab-on-chip systems comprising of plasmonic and microfluidic components. Such
plasmofluidic systems support multifunctional capabilities such as sensing, drug
delivery, and molecular manipulation. A major challenge in plasmonics is the
translation from a laboratory concept to real-life application. Some companies
have combated this challenge and managed to create marketable products.
Companies such as Renishaw Diagnostics, Carbot Corporation, and Causeway
sensors are already selling SERS materials and detection methods. Major
companies such as General Electric have also invested in plasmonics to create
high-quality SPR sensors. Intel and IBM are forging plasmonics into information
technology where plasmon-enhanced detectors and nanolasers are pursued for
integrated photonic circuits. With these initial leaps, the future of plasmonics and
molecular plasmonics is bright and prosperous.
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