CHEMICAL

REVIEWS

pubs.acs.org/CR

Controlling the Synthesis and Assembly of Silver Nanostructures

for Plasmonic Applications

Matthew Rycenga, Claire M. Cobley, Jie Zeng, Weiyang Li, Christine H. Moran, Qiang Zhang, Dong Qin,

and Younan Xia*

Department of Biomedical Engineering, Washington University, St. Louis, Missouri 63130, United States

CONTENTS

1. Introduction
1.1. What is Plasmonics?

1.2. Plasmonics in Nanoscience and Nanotechnology

1.3. What is Unique about Silver?
1.4. Scope and Organization of the Review
2. Preparation of Silver Nanostructures
2.1. Chemical Synthesis
2.1.1. Citrate Reduction
2.1.2. Silver Mirror Reaction
2.1.3. Polyol Process
2.1.4. Seed-Mediated Growth
2.1.5. Light-Mediated Synthesis
2.2. Template-Directed Growth
2.3. Lithographic Fabrication
3. Characterization and Study of Surface Plasmons
3.1. Far-Field Optical Characterization
3.2. Near-Field Mapping of Plasmons
3.3. New Detection Methods
3.4. Theory and Simulation
4. Engineering Silver Nanostructures for Plasmonic
Applications
4.1. Control of Size
4.2. Control of Shape
4.2.1. Corner Sharpness
4.2.2. Geometrical Shape
4.3. Control of Internal Structure
4.3.1. Crystallinity
4.3.2. Hollow Versus Solid
4.4. Control of Elemental Composition
4.4.1. Alloys
4.4.2. Core—Shell Structure
5. Engineering the Gaps in Dimers and Larger
Assemblies of Nanostructures

5.1. Why Are the Gaps between Plasmonic Nano-

structures Important??
5.2. Gaps Generated by Assembly Methods

5.2.1. Assembly with Electrostatic or Capillary

Interactions
5.2.2. Assembly with Molecular Interactions
5.2.3. Assembly Involving Bond Formation

v ACS Publications ©2011 american chemical Society

3669
3670
3670
3671
3673
3673
3673
3673
3673
3674
3676
3677
3678
3679
3680
3681
3682
3683
3683

3684
3684
3686
3686
3686
3687
3687
3687
3688
3688
3689

3690

3690
3691

3692
3693
3693

5.3. Gaps Fabricated Using Lithographic Methods 3694
5.4. Engineering Plasmonic Interactions between

Nanoparticles and Substrates 3695
6. Plasmonic Applications of Silver Nanostructures 3695
6.1. Surface Plasmon Resonance Sensing and
Detection 3696
6.2. Focusing and Concentrating Light with
Nanostructures 3697
6.2.1. Surface-Enhanced Raman Scattering 3697
6.2.2. Surface-Enhanced Fluorescence 3698
6.2.3. Control of Light with Plasmonic Antennas 3699
6.3. Plasmonic Circuitry 3700
6.4. Emerging Applications 3702
7. Concluding Remarks 3702
Author Information 3703
Biographies 3703
Acknowledgment 3705
References 3705

1. INTRODUCTION

Coinage metals, such as Au, Ag, and Cu, have been important
materials throughout history." Although in ancient cultures they
were admired primarily for their ability to reflect light, their
applications have become far more sophisticated with our
increased understanding and control of the atomic world. Today,
these metals are widely used in electronics and catalysis and as
structural materials, but when they are fashioned into structures
with nanometer-sized dimensions, they also become enablers for
a completely different set of applications that involve light. These
new applications go far beyond merely reflecting light and have
renewed our interest in maneuvering the interactions between
metals and light in a field known as plasmonics.> ¢

In plasmonics, metal nanostructures can serve as antennas to
convert light into localized electric fields (E-fields) or as wave-
guides to route light to desired locations with nanometer
precision. These applications are made possible through a strong
interaction between incident light and free electrons in the
nanostructures. With a tight control over the nanostructures in
terms of size and shape, light can be effectively manipulated and
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Figure 1. Schematic illustration of the two types of plasmonic nano-
structures discussed in this article as excited by the electric field (E,) of
incident light with wavevector (k). In (A) the nanostructure is smaller
than the wavelength of light and the free electrons can be displaced from
the lattice of positive ions (consisting of nuclei and core electrons) and
collectively oscillate in resonance with the light. This is known as a
localized surface plasmon resonance (LSPR). In (B) the nanowire has
one dimension much larger than the wavelength of light. In this case,
light coupled to the nanostructure will excite the free electrons to create
a propagating surface plasmon (PSP) that can travel along the surface of
the metal nanostructure.

controlled with unprecedented accuracy.” Although many new
technologies stand to be realized from plasmonics, wuh notable
examples including superlenses,® invisibility cloaks,” and quan-
tum computing,'”'" conventional technologies like micropro-
cessors and photovoltaic devices could also be made significantly
faster and more efficient with the integration of plasmonic
nanostructures.'>~ "> Of the metals, Ag has probably played the
most important role in the development of plasmonics, and its
unique properties make it well-suited for most of the next-
generation plasmonic technologies.'®™*®

1.1. What is Plasmonics?

Plasmonics is related to the localization, guiding, and manip-
ulation of electromagnetic waves beyond the diffraction limit and
down to the nanometer-length scale.*® The key component of
plasmonics is a metal, because it supports surface plasmon
polariton modes (indicated as surface plasmons or SPs through-
out this review), which are electromagnetic waves coupled to the
collective oscillations of free electrons in the metal.

Although there are a rich variety of plasmonic metal nano-
structures, they can be differentiated based on the plasmonic
modes they support: localized surface glasmons (LSPs) or
propagating surface plasmons (PSPs).>'” In LSPs, the time-
varying electric field associated with the light (E,) exerts a force
on the gas of negatively charged electrons in the conduction band
of the metal and drives them to oscillate collectively. At a certain
excitation frequency (w), this oscillation will be in resonance with
the incident light, resulting in a strong oscillation of the surface
electrons, commonly known as a localized surface plasmon
resonance (LSPR) mode.*® This phenomenon is illustrated in
Figure 1A. Structures that support LSPRs experience a uniform
E, when excited by light as their dimensions are much smaller
than the wavelength of the light.

In contrast, PSPs are supported by structures that have at least
one dimension that approaches the excitation wavelength, as

shown in Figure 1B.* In this case, the E,, is not uniform across the
structure and other effects must be considered. In such a
structure, like a nanowire for example, SPs propagate back and
forth between the ends of the structure. This can be described as
a Fabry—Perot resonator with resonance condition | = nxlsp,
where [is the length of the nanowire, 7 is an integer, and 4, is the
wavelength of the PSP mode. 2122 Reflection from the ends of the
structure must also be considered, which can change the phase
and resonant length. Propagation lengths can be in the tens of
micrometers (for nanowires), and the PSP waves can be ma-
nipulated by controlling the geometrical parameters of the
structure.

1.2. Plasmonics in Nanoscience and Nanotechnology

In the past, the ability to focus light was solely in the realm of
dielectric materials. These materials, however, cannot localize
light to areas smaller than half a wavelength of light (4/ 2) or
confine electromagnetic modes to volumes less than (4/ 2)°. In

contrast, surface plasmon modes are primarily limited by the size
of the plasmonic structure that supports them: a nanostructure
can thereby focus and guide light down to the nanometer regime.
By tailoring the size, shape, and environment of a metal
nanostructure, light can be manipulated in many unique
ways. 2 1tis no surprise that recent advances in the preparation
and assembly of metal nanostructures have opened new doors to
precise manipulation/control of light and, consequently, to
applications that were previously considered impossible.”

As an optical phenomenon, SPs have been known for more
than 150 years, with the first demonstratlon being documented
by Michael Faraday in 1857.> Its connection with nanoscale
science and technology was not widely or actively explored until
recently.”” Plasmonics is part of nanotechnology because nanos-
tructures are used (i) as active components to focus, guide, and
manipulate light and (ii) as building blocks for larger, more
complex “metamaterials” sought for controlling light. Although
the interaction of light and metal nanoparticles has long attracted
the interest of scientists, plasmonics represents a relatively new
level of control and study involving both nanostructures and
light. In contrast to simply establishing the valuable optical
properties of metal nanostructures, this interaction is now
controlled for the specific purpose of manipulating the propaga-
tion of light. Plasmonics is also a burgeoning field of nanoscience
because sophisticated models, theories, and methods are being
developed to understand the interaction between a metal nano-
structure and light.>’

Plasmonics is also different from many past applications and
studies of nanoparticles that rely on the material properties of
the nanostructure or its small size. These nonplasmonic applica-
tions include, for example, electron confinement,”® electron
tunneling,”” ballistic transport,® and superparamagnetism.>" In
contrast to these applications, plasmonics requires a coupling
between an electromagnetic wave and the metal nanostructure to
generate a surface plasmon. Without incident light, the structure
does not have a plasmonic function. More importantly, plasmo-
nics is unique in that it can use nanostructures of many different
sizes (tens to hundreds of nanometers) and thus bridge the gap
between the micrometer and nanometer levels. This is best seen
in the example of Ag nanowires, which can gulde light at deep-
subwavelength scales over micrometer distances.** Plasmonics is
therefore a new subfield of nanoscale science and technology that
aims to understand and control light using metal nanostructures
in novel ways.
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1.3. What is Unique about Silver?

Silver is probably the most important material in plasmonics.
It offers many advantages over Au, Cu, Li, and Al—other metals
known to support SPs in the visible (vis) and near-infrared
regions (NIR).'*** In terms of plasmonics, it is important to
choose a metal that can support a strong SP at the desired
resonance wavelength.>** Silver is able to do so across the
spectrum from 300 to 1200 nm. The ability of a metal nano-
particle to support an SP is dependent on its dielectric function &,
which includes a real part (&,) and an imaginary part (¢;), both of
which vary with excitation wavelength (). The dielectric func-
tion of a material reflects the unique interaction between its
electrons and the light.

The simplest way to describe LSPR can be found in Mie
theory for calculating the extinction (absorption + scattering)
cross section of a metal nanosphere:**

co 247°Re,,/? &
et A (& +2em)" + &2

(1)

where C,, is the extinction cross section, R is the radius, and &, is
the relative dielectric constant of the medium surrounding the
nanosphere. This equation shows that the interaction between a
metal nanoparticle and light depends strongly on its dielectric
properties (&, and &). Although other factors are also important,
from an engineering perspective the material properties of the
plasmonic structure are the key, as the environment and other
parameters (like excitation wavelength) are often fixed. When
the denominator of the bracketed expression in eq 1 approaches
zero, Cey Will become extremely large and the optical absorption
and scattering at this particular frequency would also be exceed-
ingly strong. This is known as a resonance condition. To achieve
this, £, must be close to —2¢,,, which is not possible for standard
dielectrics and nonmetals that typically have ¢, values between 1
and 50.%° Figure 2 plots ¢, and ¢; for Ag, Au, and Si, showing that
Si has large positive values for &, similar to other nonmetal
materials. Equation 1 also indicates that &; should be close to zero
to support a strong resonance, a condition that can only be
satisfied by some of the metals.>® In general, no LSP or PSP
sufficiently strong for plasmonic applications can be formed
without a negative ¢,, and large ¢; values mean a lossier or weaker
plasmon. The SP strens%th (or damping) can be described using
the quality factor (Q):

w(de,/dw) 2)
2(&)”
The SP strength is directly proportional to Q; large values of Q
mean strong plasmons (both LSPs and PSPs), and small values
indicate alossy or weak SP with a small Cy.. In general, Q should
be larger than ~10 for most plasmonic applications. The quality
factors for a number of metals are plotted in Figure 3. Obviously,
Ag has the largest quality factor across most of the spectrum from
300 to 1200 nm. In contrast, Al is only suitable for applications in
the ultraviolet (UV) region. Interband transitions, where elec-
trons are excited from the conduction band to higher energy
levels, also play an important role in dampening the SP modes.
Typically, these transitions take place at much higher frequencies
than the LSPRs, as in the case of Ag. For Au and Cu, however,
these transitions limit their LSPR excitation to wavelengths
longer than 500 and 600 nm, respectively.*®
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Figure 2. Plot of the (A) real, ¢, and (B) imaginary, &, components of
the dielectric function of Ag, Au, and Si as a function of wavelength.
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Figure 3. Quality factor (Q) of the LSPR for a metal/air interface. A
higher Q denotes less damping and a stronger plasmon resonance. The
shaded area represents the region of interest for many plasmonic
applications. Reproduced with permission from ref 32. Copyright
2009 Elsevier.

In practical applications, the material properties of metals may
outweigh their differences in plasmonic properties. On the basis
of the quality factor, Li should be a candidate as good as Au and
Cu in supporting surface plasmons. However, this metal is so
reactive and hard to handle that it is seldom considered and
explored for plasmonic applications. Historically, Ag has been
known for its widespread use in photography and staining of
biological tissues because of the black color associated with the
large aggregates of Ag nanoparticles.” Silver also has the highest
electrical and thermal conductivity among all metals, making it an
ideal component for electrical interconnection. When exposed to
air, Ag is not oxidized but forms a silver sulfide film on its surface,
which should be more or less transparent to the visible light.***'
This thin film of silver sulfide can form in one day and, over a
month, can become 60 A in thickness. It is worth pointing out
that the black coating commonly observed on the surface of
silverware is due to sulfuration with the sulfur in air,** not
oxidation.

As a disadvantage, Ag nanostructures (or more appropriately,
Ag" ions coming off the nanostructures) are considered to be
toxic, although passivating the surface can greatly increase their
stability and thus attenuate or eliminate their toxicity.* Instabil-
ity and toxicity are also two major concerns for Cu, especially for
the nanoscale structures. In contrast, Au is well-known for its
bioinertness, and its surface is believed to be oxide-free. For these
reasons, Au nanostructures are well-suited for in vivo applica-
tions with humans.** In contrast, Ag nanostructures are largely
used in plasmonic applications outside a human body (e.g.,
plasmonic antennas and circuits for concentrating and guiding
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Table 1. Comparison of the Suitability of Different Metals for Plasmonic Applications

metal plasmonic ability

aluminum (Al) good in UV region

copper (Cu) interband transitions below 600 nm

gold (Au) interband transitions below 500 nm;
high quality factor

palladium (Pd)

platinum (Pt)

silver (Ag)

low quality factor; not suitable for plasmonics
low quality factor; not suitable for plasmonics

highest in quality factor

chemical

stable after surface passivation

easy oxidation

very stable; biocompatible

stable
stable

oxidation; biocompatibilty issues

nanostructure formation

very few nanostructures;
used in lithographic patterning
very few nanostructures

many nanostructures

many nanostructures
many nanostructures

many nanostructures

cost (per ounce)

$0.049

$14.8
$950

$265
$1,207
$13.4

Table 2. Summary of the Shapes, LSPR Absorption Peaks, Demonstrated Applications, and Methods for Synthesis of Ag
Nanostructures Discussed in This Review

Shape lllustration LSPR? Applications® Method of Synthesis Ref#
Sphere and O @ 300.450 |SERS:LSPR sensing| Polyol process (single-crystal); | 58, 85, 95, 330,
quasi-sphere assembly Citrate reduction (quasi-sphere) 358

: Polyol process; 53, 80, 96, 200,
Cube and . ‘ 400 - 480 |SERS; LSPR sensing; ;
truncated cube assembly Seed-mediated growth 214, 371
by i Polyol process;
Tetrahedron and v i ) . 13
wuricated wtrahodon w A 350 - 450 SERS Light-mediated Growth
4b. 7 Polyol process;
Octahedron and |1 {i ] 400 - 500 Assembly seed-mediated growth; 105, 334, 348,
runcated octahadron light-mediated growthl 364
Bar - 350 - 900 SERS Polyol process 93
Spheroid G 350 - 900 SERS Polyol process 93 529
Right bipyramid ’ 500 - 700 B Polyol process 81, 112
Beam - 5 Electron transport Polyol process 73
| Seed-mediated growth;
Decahedron ‘7<7 350 - 450 light-mediated growth; T
citrate reduction
Wave guiding; 17, 47, 63, 83, 98,
Wire and rod % 380 - 460 electronics; SERS; Seed-mediated growth 99, 100, 222, 244,
- assembly 256, 329, 357
Poiygogsa{ plates A O 350 - 1000 |SERS; LSPR sensing Light-mediated growth; 18, 92, 111, 123,
and disc Q polyol process 126, 134, 183
Branched structures % 400 - 1100 SERS Seed-mediated growth 251
1
Hollow structures . ‘ 380-800 |SERS;LSPRsensing| Template-directed growth 1311';;-”2-;245-

“The main absorption peak (nm). ® Assembly means the nanostructure has been assembled into larger structures for plasmonic applications or studies.
The red lines in the illustration refer to a crystalline plane; the dark faces are {100}, and the light faces are {111}.

light), where they have consistently reported much better
performance than Au-based nanostructures.*~**

The difficulty of fabricating nanostructures, and their cost, will
also determine the usefulness of a metal for plasmonic applica-
tions, especially for large-scale applications. As shown in Table 1,
the cost varies dramatically across the metals from ~$1,207 (per
ounce) for Pt to ~$0.049 for Al Silver is relatively cheap
(~$13.4) among the metals that support plasmons. Although
both Al and Cu are cheaper, they have a limitation in terms of the

3672

plasmons they can support, as discussed above. More impor-
tantly is the precedent and ease with which these metals can be
prepared as nanostructures with controllable sizes and shapes.
Over the past decade, Au, Ag, and Pd have all been prepared in a
large variety of nanostructures using chemical methods.*” Taking
into account the unsuitability of Pd for plasmonic applications,
Au and Ag are the most promising, and indeed the most widely
used, materials in plasmonics. Gold is, however, almost 50 times
more expensive than is Ag. While the application and scale of

dx.doi.org/10.1021/cr100275d |Chem. Rev. 2011, 111, 3669-3712
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production will ultimately decide which metal is the best, Ag
compared with the other metals is unique for its excellent
qualities in terms of plasmonic ability, available nanostructures,
and material cost.

1.4. Scope and Organization of the Review

This review discusses a variety of Ag nanostructures prepared
via solution-phase methods, with a minimal discussion of litho-
graphic approaches in the context of their use in fabricating
plasmonic nanostructures. It mainly focuses on both LSPRs and
PSPs on nanostructures (not thin films). This review also
discusses how engineering the physical properties (size, shape,
etc.), environment, and assembly of Ag nanostructures can affect
their ability to support SPs and their potential for plasmonic
applications. It emphasizes advancements made over the past five
years (2004—2009), and while examples specific to Ag nano-
structures are highlighted, fundamental studies using Au nano-
structures are also cited for comparison or completeness. The
objectives of this review are (i) to review the chemical methods
used for generating Ag nanostructures; (ii) to illustrate how light
can be controlled by Ag nanostructures through SP coupling;
(iii) to discuss the limits and unknown variables associated with
understanding and control of SPs with Ag nanostructures and;
(iv) to sketch some of the interesting applications and research
directions involving Ag nanostructures.

2. PREPARATION OF SILVER NANOSTRUCTURES

2.1. Chemical Synthesis

The size and shape of nanostructures define and control their
unique plasmonic properties. The ability to make Ag nanostruc-
tures with well-controlled morphologies makes it possible to
study the plasmonic phenomenon discussed in section 4. At
present, a wealth of methods are available for generating Ag
nanostructures with different sizes and shapes.”® > Table 2
provides an overview of the many structures that have been
synthesized in the solution phase. Here, we will focus our
discussion on synthetic approaches that primarily use chemical
reduction to generate elemental Ag from a precursor and
consequently generate Ag nanostructures. When a Ag precursor
is mixed with a reducing agent and a colloidal stabilizer under
appropriate conditions, we are able to generate Ag nanostruc-
tures with different sizes and shapes. In past studies, AgNO; was
the most commonly used precursor, but our most recent work
demonstrates that CF3COOAg may be a better choice because it
has alower reaction temperature, it eliminates NO, derived from
the decomposition of NO; ™, it is insensitive to trace impurities
from the solvent (ethylene glycol), and it allows the reaction to
be scaled up.>® Chemical reducing agents, such as sodium
borohydride, alcohols, and sodium citrate, are typically used to
reduce the dissolved Ag+ ions to Ag atoms, which grow into
small clusters and eventually nanostructures.**>® Polymers and
surfactants are used to stabilize the nanostructures during and
after formation, and in some cases, they can also play the role to
direct particle growth to the desired shapes.

2.1.1. Citrate Reduction Lee and Meisel first reported the
synthesis of Ag colloids by reducing AgNO; with citrate in an
aqueous solution in 1982.%” This method remains a popular
approach to quickly generating Ag colloids as it does not require
extensive synthetic laboratory skills.** " In a typical synthesis,
Ag nanoparticles are obtained by adding a set amount of aqueous
sodium citrate into a boiling aqueous solution of AgNO; and

waiting for 1 h before cooling down the system. In this process,
the citrate ions serve as both a reducing agent and a stabilizer, and
they may also complex with Ag ™" ions or Ag, " dimers in the early
stages of the reaction.®® Unfortunately, this simple process tends
to produce a large variety of sizes (20—600 nm) and a diversity of
shapes (polyhedrons and plates) in a single reaction. Although
useful for studies of single nanoparticles, the products are not
well-suited for studies involving the whole colloidal suspension as
it would be very difficult to correlate an observation to specific
properties of the Ag nanoparticles.>*>’

In fact, mechanistic study of the citrate reduction reaction is
rare, though there have been a small number of studies. Pre-
viously, the oxidation and decomposition of citrate has been
investigated with '"H NMR for thermal and light-mediated
methods (discussed in section 2.1.5), and similar reaction path-
ways were observed.’***®" Typically, citrate is oxidized into
acetonedicarboxylate, a transitory intermediate, which then
decomposes rapidly into acetoacetate. Formate and/or CO,
are released as byproducts during the reactions:

O OH O-

Beyond this fundamental study, a few shape-control approaches
have been reported by changing the pH of the solution due to the
different protonation states associated with citrate ion.**®' To this
end, it has been shown that the reduction rate, and consequently
the particle morphology, depended on the pH of the solution. At
pH = 5.7, the reaction was slow (~2 h) and the product was
primarily triangular plates or polygonal particles, whereas at pH =
11.1, the reaction was fast (a few minutes) and the product was a
mixture of spherical and rodlike particles.”> Unfortunately, the
overall quality and uniformity of the Ag nanoparticles made using
this method were very poor. It has also been demonstrated that it is
possible to direct the citrate synthesis to give a predominant
product of wires by adding small amounts of NaOH to the
synthesis.”> Moderate amounts of NaOH increased the pH from
5.5 to 6.5, which is just above the pK,; of the citrate ion (6.4). The
shape control was partially attributed to the fact that the citrate
ions were primarily deprotonated and could coordinate to Ag"
ions more strongly, resulting in a higher-quality product with fewer
random aggregates. On the other hand, large amounts of NaOH
resulted in a mixture of polydisperse particles, suggesting that the
OH ions might also interfere with binding directly if too much
solution was added.

Today, the primary use of the citrate synthesis is in the light-
mediated synthesis,*® and in preparing bulk quantities of Ag
colloids for commercial applications. Further systematic investi-
gations are necessary to obtain well-defined and uniform
products.

2.1.2.Silver Mirror Reaction. Since the invention of silvered
glass mirror by Justus von Liebig in 1835,°* the Ag mirror
reaction has become a popular method for chemical deposition
and mass production of Ag coatings on various types of sub-
strates. In this reaction, AgNOj is used as a precursor to form the
Tollen’s reagent, Ag(NH3),OH, which is subsequently reduced
by a sugar (e.g., glucose) or an aldehyde-containing compound to
generate elemental Ag:

RCHO + 2[Ag(NH;),]" + 20H™ — RCOOH + 2Ag
+ 4NH; + H,0 (4)

3673 dx.doi.org/10.1021/cr100275d |Chem. Rev. 2011, 111, 3669-3712
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Figure 4. Polyol method for synthesizing Ag nanostructures. In (A) the reduction of Ag* ions by ethylene glycol (EG) leads to the formation of nuclei
that are highly volatile. As the nuclei grow, fluctuations cease and their structure becomes static and contains multiply twinned boundary defects, single
twinned boundary defects, or are single crystalline with no boundary defects. These seeds are then grown into different nanostructures like (B) spheres,
(C) cubes, (D) truncated cubes, (E) right bipryamids, (F) bars, (G) spheroids, (H) triangular plates, and (I) wires. The red lines in the illustration refer
to a twin plane; the dark faces are {100}, and the light faces are {111}. (A, C—I) Reproduced with permission from ref 16. Copyright 2007 American
Chemical Society. (B) Reproduced with permission from ref 95. Copyright 2009 American Chemical Society.

When the reaction is successful, it produces a shiny mirror.
Because the reaction can quickly generate a shiny coating on the
inner surface of a reaction container (e.g, a test tube), it serves as
a popular demonstration of redox reactions and a detection
method for aldehyde groups in classrooms.®®

It is also possible to perform the Ag mirror reaction with
commercial silvering solutions under sonication to generate
stable suspensions of quasi-spherical Ag nanoparticles with a
relatively narrow size distribution.®® However, no shape control
has been demonstrated with this technique, limiting its use in the
synthesis of high-quality Ag nanostructures. Nevertheless, the Ag
mirror reaction is still finding use in a number of niche applica-
tions, including the coating of large objects such as telescopes, the
formulation of different types of Ag coating, and the fabrication
of smooth micro- or nanostructured Ag surfaces.””® For exam-
ple, the reaction has been adapted to prepare Au—Ag alloyed thin
films for conventional SPR sensing, as well as smooth films of Ag
for use with microcontact printing of alkanethiols.”” The mor-
phology of these films is typically granular, and as a result,
different microstructures and micropatterns, such as leaf or
flowerlike fractal structures, can also be created.”® It is also
practical to use the Ag mirror reaction to coat a variety of micro-
and nanoscale objects with small particles or continuous thin
films of Ag, including fiber optic probes, silica beads, polymer
capsules, and semiconductor particles for photocatalytic
applications.”"”*

2.1.3. Polyol Process. The polyol process represents a
robust and versatile method for generatin A% nanostructures
with a wide variety of sizes and shapes.'®**737* By varying the
reaction conditions, such as temperature, reagent concentration,

and presence of trace ions, it is possible to achieve a high degree
of control over both nucleation and growth and thus the final
products. Figure 4 presents a number of morphologies that have
been synthesized using this process, which will be discussed in
greater detail below. In a typical synthesis, a polyol, such as
ethylene glycol, 1,2-propylene glycol, or 1,5-pentanediol, serves
as both a solvent and a reducing agent."®*® A capping agent and a
Ag precursor are injected into a preheated polyol, and the
reduction of Ag™ ions results in the nucleation and growth of
Ag nanostructures. By having a separate reductant and a capping
agent, it is possible to have a tighter control over the reaction than
is possible in the citrate-based synthesis. The details of the
reduction mechanism have recently been studied for the system
based on ethylene glycol.”> Although ethylene glycol alone can
reduce a typical Ag precursor at an elevated temperature, upon
closer investigation the primary reducing agent was found to be
glycoaldehyde. This compound forms when ethylene glycol is
heated in the presence of oxygen (typically from air). The
relevant reaction is

2HOCH,CH,0H + 0, — 2HOCH,CHO +2H,0 (5)

Glycoaldehyde, a stronger reductant than ethylene glycol, is
considered to be responsible for the polyol reduction. To
confirm the involvement of glycoaldehyde in the reaction, we
developed a spectroscopic method to measure the amount of this
intermediate compound by converting glycoaldehyde to glyoxal
bis-2,4-dinitrophenylhydrazone, which strongly absorbs light at
570 nm. When oxygen- or air-saturated ethylene glycol was
heated at 150 °C for 1 h, a clear peak developed at this
wavelength. When argon-saturated ethylene glycol was tested,
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however, no such peak was observed. Additionally, the amount of
glycoaldehyde present decreased slightly when AgNO; was
added, although the details of this reaction are complicated by
the catalytic abilities of Ag nanoparticles.”” In comparison with
the Ag mirror reaction, the polyol process uses a similar reduc-
tion scheme but proceeds with a much lower but stable level of
reductant due to the fact that glycoaldehyde is consumed
immediately after its formation.

The identification of glycoaldehyde as a reducing agent helps
explain the strong temperature dependence of the polyol process.
A temperature difference of <5 °C can determine the success or
failure of a reaction, making precise temperature control critical
for achieving good reproducibility. According to our spectro-
scopic study, the amount of glycoaldehyde increased significantly
as the temperature for preheating ethylene glycol was increased
from 140 to 160 °C. This sensitivity has a great impact on the
reduction kinetics of a polyol system and, consequently, the
product morphology.

As the olzol process has been discussed in a number of recent
reviews,'**7%”" here we only provide a brief account of the
nucleation and growth mechanisms. At the initial stage of the
reduction process, Ag atoms form small clusters of fluctuating
structure. The ease with which the structure of such small clusters
can change has also been demonstrated by HRTEM (high-
resolution transmission electron microscopy) imaging, where
the structure was observed to change during exposure to an
electron beam.”®”” As the Ag clusters grow larger, they become
more stable and emerge to one of the three predominant
structures: single crystalline, single twinned, and multiply
twinned. Here, these larger clusters of Ag atoms are typically
called seeds, from which they will ultimately grow into nano-
structures with different shapes (Figure 4A)."® Typically, the
single crystalline seeds will initially grow into cuboctahedrons
with more or less a spherical profile. As additional atoms are
added, the corners start to sharpen, resulting in the formation of
nanocubes enclosed by {100} side faces.** If single twinned seeds
are formed, the growth will lead to right b%pyramids with a
truncated and ultimately sharp morphology. "'In contrast, if
multiply twinned seeds are formed, the growth will occur more
rapidly at the twin defects of the seed, resulting in the formation
of wires with a pentagonal cross section.> %% As such, the most
commonly observed shapes from polyol synthesis are cubes, right
bipyramids, and pentagonal wires, although other morphologies
are also possible with these seeds depending on the specific
reaction conditions.

For the nanostructures discussed so far, their surfaces are
capped primarily by {100} facets. This selectivity can be attrib-
uted to the preferential binding of poly(vinyl pyrrolidone)
(PVP), a capping agent, to the Ag(100) surface.** Most polyol
syntheses of Ag nanostructures use PVP as a stabilizer because it
has been shown to promote the growth of a variety of high-
quality particle morphologies. The role of this polymer in shape
control has been examined both in the synthesis of Ag nanowires
via a polyol process®* and in the seed-mediated overgrowth of Ag
spheres in an aqueous system.*> As will be discussed in section
2.1.4, when Ag cuboctahedrons enclosed by a mix of {100} and
{111} facets were used as seeds for further Ag reduction with
ascorbic acid, the final morphology depended on which capping
agent was present in the solution. When citrate was used, {111}-
capped octahedrons would be the primary product, while {100}-
capped cubes would become the primary product when PVP was
used instead.

Reducing AgNO3 in a polyol reaction in the presence of PVP
will result in a mixture of the three morphologies described
above: pentagonal wires, right bipyramids, and cubes. However,
it has been demonstrated that it is possible to force the reaction to
proceed along one of the three pathways shown in Figure 4A by
controlling the type and amount of an oxidative etchant added
into the reaction system. In general, single twinned and multiply
twinned seeds are more susceptible to oxidative etching due to
the greater number of defects in these structures. This is
particularly true for multiply twinned seeds, due to the high
strain intrinsic to the fivefold twinned structure. This structure is
typically described as a combination of five tetrahedrons, each
with an interior angle of 70.5°. When the tetrahedrons are
assembled into a pentagonal structure, a gap of 7.5° will be left
behind, creating an unstable structure with many distortions and
defects that will be highly susceptible to etching.**®” These
defect sites may also play a role in the preferential growth of wires
along the axial direction, as they will be more favorable sites for
atom deposition.**

The amount of oxidative etchant in a system is typically
controlled through the introduction of trace ions. Coordination
ligands such as Cl™ or Br ions can be introduced and
combined with the oxygen from air to provide enough etching
to influence the relative proportions of different Ag seeds.
Because Cl™ is a stronger ligand than Br™, the ClI” /O, pair
will dissolve both multiply twinned and singly twinned seeds,
leading to a final product of cubes.*® Because Br™ is slightly
weaker, the Br™ /O, pair will only dissolve multiply twinned
seeds, resulting in a product dominated by right bipyramids.®"
Conversely, Fe*"/Fe®" can reduce the extent of oxidative
etching in a polyol synthesis of Ag nanostructures,*’ promoting
the growth of nanowires. Given that ethylene glycol is often
stored in stainless steel vessels, Fe contamination is a common
problem.*® As a general rule, it is critical to use high-purity
solvents and reagents as the starting materials in a polyol
reaction. Other compounds such as CuCl and CuCl, have also
been found to have the ability to promote wire growth through
a similar mechanism.>*

Other trace ions have also been shown to have strong
influences on the polyol synthesis of Ag nanostructures. One
ion that has proven exceptionally useful is sulfide (S*7) or
hydrosulfide (HS~).*” This ion has been shown to dramatically
increase the reduction rate of AgNO; in the polyol system,
making large-scale production of Ag nanocubes considerably
easier. In this case, Ag,S nanocrystallites are thought to form
immediately upon the introduction of AgNOj3 because of the
extremely low solubility of Ag,S, which can then serve as both
catalyst and seeds for further growth in a polyol synthesis.”>**"!
Clearly, controlling the concentrations of trace ions plays one of
the most important roles in determining the success of a
synthesis.

Controlling the reduction kinetics is another approach to alter
the yields of Ag nanostructures with different morphologies. In
addition to temperature control, it is possible to control the rate
of reduction by limiting the availability of Ag" ions via addition of
polyacrylamide to a typical polyol synthesis.”* The amine groups
of polyacrylamide can coordinate to free Ag" ions to slow down
the reduction, enabling kinetic control of product morphology.
In this case, stacking faults generated in the early stage of
reduction can lead to the formation of thin plates instead of
the thermodynamically more favorable products such as
cuboctahedrons.
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Interestingly, it is also possible to generate Ag nanostructures
with novel shapes by slightly modifying the polyol reaction. For
example, by increasing the amount of Br~ added to a polyol
reaction, we were able to obtain Ag nanobars.” Although the
reaction could be affected by many factors, a plausible mecha-
nism is that localized oxidative etching preferentially occurred on
one side of the seed, leading to enhanced growth along one
particular direction. Localized etching has also been implicated in
the growth of an unusual structure lacking centrosymmetry, i.e.,
asymmetrically truncated octahedrons.”® Unlike a regular octa-
hedron, three adjacent sharp points have been significantly
truncated, creating a structure that is half truncated cube and
half octahedron. In this synthesis, an additional aliquot of AgN O3
was added to a sulfide-mediated cube synthesis after the growth
of the initial nanocubes was completed. Localized etching in a
corner region was thought to activate the three adjacent faces of
the nanocube for more rapid growth, leading to the nanostruc-
ture with a low symmetry. Additionally, controlled etching and
aging can also be used to tune the sharpness of nanostructures
created using the polyol method. For example, by aging Ag
nanobars in a 5% PVP solution for one week at room tempera-
ture, it is possible to create Ag nanorice, as shown in Figure 4G
This approach has also been extended to make Ag nanospheres
through truncation at corners and edges.”®

Over the last couple of years, important advancements have
been made in the synthesis of Ag nanocubes that make large-
scale, routine production considerably easier. First, our group
found that the volume of this reaction could be scaled up 10 times
by introducing argon into the sulfide-mediated synthesis shortly
before the injection of the reagents.”® This modification increases
the production scale to 0.1 g without any decrease in the quality
of the products. Our group has also begun to explore the use of
silver trifluoroacetate (CF;COOAg) as an alternative to the
more commonly used AgNO; precursor.”® With this new pre-
cursor, we are able to produce high-quality Ag nanocubes from
30 to 70 nm by adding PVP and trace amounts of NaHS and HCI
to the polyol synthesis. This method has a number of advantages
over other nanocube syntheses. Although the speed of the
sulfide-mediated reduction is generally a positive attribute, with
AgNOj the reaction typically took place in <10 min, too short to
effectively monitor the reaction and quench it once a specific size
of cube had been reached. With CF3;COOAg, however, the
reaction takes 20—60 min to complete and is robust enough to
tolerate frequent sampling, allowing us to quench the synthesis at
a specific, controllable size (as determined by UV—vis measure-
ment of the LSPR peak position). Additionally, this reaction is
less sensitive to variations in trace impurities (such as Fe),
making it more robust and reproducible.

2.1.4.Seed-Mediated Growth. Another synthetic approach
that has become increasingly popular in recent years is the use of
preformed nanocrystals as seeds for further growth. Unlike the
methods discussed so far, the nucleation and growth steps are
separated in this type of synthesis, allowing for a greater control
over the final morphology.*” This method is highly versatile and
can be used to manipulate the size, aspect ratio, and shape of the
resulting nanostructures.”” ' If the metal being deposited has
the same crystal structure and lattice constant as the seed, the
crystal structure of the seed will be transferred to the product via
epitaxial overgrowth. Despite this, the final shape of the nano-
structure can deviate from that of the initial seed as the crystal
habit is also governed by the growth rates of different crystal-
lographic facets, making this a versatile and interesting system.

There are two main categories of seed-mediated syntheses:
homogeneous and heterogeneous growth. If the seed crystal is
composed of the same metal as the atoms being deposited onto
the surface, then this is a homoepitaxial process, e.g., the growth
of Ag on Ag seeds. This approach has been exploited by several
groups to achieve more precise control over the size and aspect
ratio of Ag nanostructures. For example, our group recently
demonstrated the synthesis of Ag nanocubes with edge lengths
controllable in the range of 30—200 nm by employing spherical
or cubic single crystalline seeds.”” The size of the resultant Ag
nanocubes could be reliably controlled by any one of the
following means: (i) quenching the reaction once the LSPR
peak had reached a specific position (because the position of the
primary dipole peak is linearly related to the size); (ii) varying the
amount of AgNO; mixed with a specific quantity of Ag seeds; and
(iii) varying the quantity of Ag seeds added into a solution
containing a specific amount of AgNO;. Mechanistic studies
indicated that oxidative etching also played an important role in
this synthesis. When AgNOj3 was used as the precursor, nitric
acid was formed during the synthesis, which served as an
oxidative etchant to block the homogeneous nucleation of Ag
atoms and evolution of single crystalline seeds into twinned
nanoparticles.

Successful size control has also been reported in the seed-
mediated synthesis of Ag decahedrons. Pietrobon and Kitaev
demonstrated a photochemical method to tune the size of Ag
decahedrons via overgrowth on multiply twinned seeds.'®" First,
they produced a suspension of ~35 nm Ag decahedral particles
by irradiating a precursor solution containing a mixture of
AgNOg3, sodium citrate, L-arginine, PVP, and NaBH, with a 0.5
mW/cm? metal halide lamp filtered to give wavelengths ranging
from 380 to 510 nm. Controlled overgrowth into larger decahe-
drons could be achieved by combining the resulting seeds with
additional precursor solution and exposing the mixture to
0.1—0.2 mW/cm” unfiltered lamp (white light) for 20 h. By
repeatedly performing this growth step, this technique could
produce Ag decahedrons as large as 120 nm."*"

Seeded growth is also a viable method for controlling the
aspect ratio of rods and bars.”®” Decahedrons (synthesized as
described above) can serve as seeds in the synthesis of Ag
nanorods with a pentagonal cross section. In this case, the
decahedrons grew along the fivefold twinning axis into faceted,
pentagonal nanorods through a kinetically controlled pathway.
The aspect ratio of the pentagonal nanorods could be controlled
in the range of 1—12 through Ag deposition in an aqueous
solution at 95 °C with citrate as the reducing agent, and the
aspect ratio could be pushed even higher than 40 if an additional
purification step was included between different growth stages.”
The diameter of these nanorods was found to match that of the
seeds, while the lengths could be varied from 50 nm to 2 um
depending on the amount of Ag precursor added into the
solution. Other seed-mediated growth methods for generating
Ag nanorods and nanowires have also been reported. By using a
micellar template composed of cetyltrimethylammoniun bro-
mide (CTAB), rounded Ag nanorods with a diameter of
10—15 nm and an aspect ratio of 2.5—15, as well as nanowires
with a diameter of 12—18 nm with lengths in the range of 1—4
um, could be formed.”®

Control over seed-mediated growth not only allows for
manipulation of the size or aspect ratio of a nanostructure but
also provides a robust route to new shapes by maneuvering the
growth rates of different crystallographic facets. Recent studies
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have revealed that the growth rates of specific facets in Ag
nanostructures depend on the capping agent.** In this demon-
stration, single crystalline Ag nanospheres were used as seeds for
the growth of Ag in the presence of L-ascorbic acid (the reducing
agent) and AgNO3. Introduction of citrate led to the formation
of Ag octahedrons, whereas addition of PVP led to the growth of
nanocubes/nanobars. Theoretical studies suggest that citrate
binds more strongly to Ag(111) than Ag(100) surfaces at room
temperature, which fits well with these experimental results.'*
Because of the stronger binding of citrate, the {111} facets are
expected to grow more slowly than the {100} facets during seed-
mediated growth when citrate ions are present. As a result, the
{100} facets will disappear gradually while the {111} facets will
become increasingly dominant on the surface, eventually leading
to the formation of Ag octahedrons capped by {111} facets.
Conversely, PVP binds more strongly to the {100} than {111}
facets of Ag and can thereby reduce the growth rate along the
(100) direction. This makes the {111} facets disappear more
quickly than the {100} facets, resulting in the formation of
nanocubes/nanobars capped by {100} facets. These results
clearly demonstrate that one can control the shape of Ag
nanostructures simply by adding a specific capping agent into a
reaction system to take advantage of its different binding
strengths with different facets. Adding a capping agent that has
a stronger binding energy to a specific facet should result in a
slower growth rate for this facet, and this facet will take up a larger
proportion of the surface in the final product. Large
(250—300 nm) Ag octahedrons have also been obtained in the
overgrowth of truncated Ag cubes in a polyol reaction due to
more rapid growth on the {100} facets.”’ However, the origin of
the facet selectivity in this reaction is unclear, as PVP was used as
a capping agent, and may be related to kinetic factors.

In heteroepitaxial, seed-mediated growth, the seeds and added
atoms are chemically different. Heteroepitaxy has long been used in
gas-phase deposition to prepare functional heterostructures or
junctions but had not been extended to the solution phase until
recently.los’104 In this method, alloy, core—shell, and other com-
plex nanostructures can evolve from the nucleation and growth of
foreign seeds. Similarly to homoepitaxial methods, the growth can
be forced into unique patterns by varying the types of reductant,
precursor, and capping agent.'® As a prerequisite for heteroepitax-
ial growth, there must be a close match in lattice constant between
the seed and the deposited metal (e.g, Au and Ag have a lattice
mismatch of only 0.25%). Large differences in lattice constants can
lead to nonepitaxial growth and unexpected structures with very
different geometries from the original seeds.'*'*

A number of different types of Au seeds have been used as
templates for Ag deposition because of their similar lattice
constants.'” "% For example, Au plates have been coated with
Ag to create thicker, faceted plates (triangular bifrustums) with
{111} facets on the surface and an average edge length of 150 £
20 nm. The thickness could be varied by adjusting the amount of
Ag reduced onto the Au seeds.'”’ It is also possible to generate
hybrid pentagonal rods with similar morphologies to the homo-
geneous Ag rods described above.'” Through the addition of
AgNO; and PVP to Au decahedral seeds hosted in ethylene
glycol, nanorods with an estimated length of 194 £ 17 nm and
with a 76 &= 9 nm diameter were demonstrated with distinct Au
cores and Ag tips. In a different system, smaller Au nanorods of
~20 nm in diameter were coated with Ag in an aqueous system
containing AgNO3, ascorbic acid, PVP, and CTAB. Instead of
being deposited only at the tips of the Au rod, the Ag coated the

entire rod on all sides, eventually developing into an octahedral
morphology.'%°

When there is a large lattice mismatch between the seeding
and the deposited metals, such as with Pt and Ag (4.15%),
isotropic growth is unfavorable because of high strain energy. As
a result, anisotropic growth ensues, giving rise to shapes not
necessarily corresponding with the structure of the seed. For
example, Pt nanoc%ystallites can be used as seeds for the growth
of Ag nanowires."” These wires grow through a heterogeneous
nucleation process, evolving from OD nanoparticles to 1D
nanorods and nanowires. Solutions of PVP and AgNOj; were
added dropwise to a suspension of small (~5 nm) seeds and
grew into wires through a combination of direct nucleation onto
the seed particles and Ostwald ripening of small Ag particles that
form in the early stages of the reaction.'® Interestingly, lattice
mismatch has also been implicated in preferential deposition
during the overgrowth process. When ZnO rods were grown on
the surface of truncated Ag nanocubes, growth only occurred on
the {111} facets of the seed cubes. This was attributed to the
much closer match in lattice constant of the ZnO with the {111}
facets than the {100} facets of the Ag nanocube.'"

2.1.5. Light-Mediated Synthesis. Silver has long been used
in photography because of its interesting interactions with
light.*” Recent demonstrations suggest that this photochemical
approach could be used to produce high-quality Ag nanostruc-
tures includin§ triangular plates (also known as prisms),""'
decahedrons,'®" right bipyramids,112 and tetrahedrons.''® It is
anticipated that controlled laser irradiation of a sample of Ag
colloids, in the presence of appropriate chemical species, could
lead to a straightforward method for fabricatin§ Ag nanostruc-
tures with well-defined and controllable shapes.'*

Early studies showed that irradiating metal nanoparticles
with an ultrafast laser can cause reshaping or fragmentation of
metal nanoparticles due to photothermal melting.'"> Ultrafast
(femto- or nanosecond) laser pulses acting on a suspension of Au
or Ag nanostructures can melt them from structured morphol-
ogies, such as nanowires, into rough spheres due to the low
surface energy and thermodynamic stability of this shape.'¢~'**
As a result of the heating, the atoms in the outer layer of the Ag
structures diffuse around and subsequently form a spherical
structure. Although photothermal melting provides a means to
reshape a particle’s morphology, the products are typically
polydisperse, and this method is not very effective at generating
well-defined nanostructures with different shapes.

In contrast to simply melting nanoparticles, light excitation
can also be used to grow or modify nanostructures in a
controllable fashion, such as in the transformation of Ag nano-
spheres into Ag nanoplates."'>"'#!23712¢ Recent mechanistic
studies suggest that the reaction, in its most basic configuration,
requires citrate, oxygen, and light as shown in Figure SA. The
proposed mechanism is as follows:**'** First, LSPR excitation
induces photo-oxidation in citrate molecules adsorbed on the
surface of the nanostructure. Because of the rapid decarboxyla-
tion of the oxidized citrate product (shown in eq 3), this reaction
is irreversible, and the resulting electrons are transferred into the
Ag nanostructure. The resulting negative photovoltage on the Ag
nanostructure increases the rate of Ag' deposition on the
surface."”” Oxidative etching can provide a source of Ag" ions,
though other compounds are sometimes added to increase the
dissolution rate. Citrate may also play a shape-directing role, as
similar morphologies were not observed when other carboxylate-
containing molecules were used instead.>®
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Figure 5. (A) Schematic diagram of the proposed basic photoconver-
sion mechanism of Ag nanocrystal seeds into triangular nanoplates.
Oxidative etching of the seeds produced Ag™, which was then reduced
on the seeds by citrate photo-oxidation and grown into nanoplates.
Using single excitation, two different sizes of nanoplates were synthe-
sized as shown in (B). In (C), dual-beam excitation produces only one
size of nanoplates as the secondary beam could inhibit particle growth.
The scale bar is 200 nm for (B, C). Other structures of Ag can also be
synthesized via laser excitation including (D) tetrahedrons, scale bar 1
um, and (E) right bipyramids, scale bar 100 nm. (B, C) Reproduced with
permission from ref 111. Copyright 2003 Nature. (D) Reproduced with
permission from ref 101. Copyright 2008 American Chemical Society.
(E) Reproduced with permission from ref 112. Copyright 2009 Wiley.

In these studies, the light is thought to excite LSPR modes of
the nanoparticles, which in turn regulates their size and shape
evolution.' ! #2126 This dependence is attributed to the fact
that the amount of citrate photo-oxidation depends on the
strength of the plasmonic response of the Ag nanostructure to
the irradiating light. Whereas some experiments simply use a
fluorescent light that excites at many wavelengths, other studies
have used lasers with specific wavelengths to determine the role
of the excitation wavelength. Generally, the longer the wave-
length, the larger is the size of the resulting plates; however, a
bimodal distribution of sizes was sometimes observed."'"'>* It
has been proposed that the morphologies observed in these
studies were a result of the preferential growth of structures with
the highest photovoltage (caused by the strongest plasmonic
response and, conseguently, the greatest amount of photo-
oxidation of citrate).®'?’

If a single excitation wavelength is used, particularly for visible
and NIR wavelengths, the irradiating light can meet LSP
resonance conditions for plates of different sizes, as plates often
have multiple resonances. Laser excitation at 550 nm, for
example, is resonant with both the quadrapole LSPR of
150 nm plates and the dipole plasmon of 70 nm in edge length
disks. Thus, two sizes can dominate for a single, fixed wavelength,
as seen in Figure SB. If two different irradiation wavelengths are
used that are each resonant with a different LSPR peak of one
discrete triangular plate size, then that size will likely have a

higher photovoltage than other morphologies with only one
resonant plasmon.>® In this situation, a single particle size should
dominate, as seen in Figure SC. Essentially, two excitation
wavelengths allow for greater specificity in which particles will
be excited. However, if the two resonances are not chosen
carefully to excite one particular size, multiple sizes can also be
observed. Other mechanisms have also been proposed, such as in
early work by Mirkin and co-workers proposing edﬁe—selective
fusion growth of larger plates from small ones.'“'** The
connection between excitation wavelength and particle size was
also observed in these experiments. Additional studies of the
mechanism underlying this particular synthesis will be very
important to laser irradiation synthesis techniques.

More recently, synthetic methods involving laser excitation
have gone beyond the fabrication of triangular plates to other
nanostructures. To this end, tetrahedrons'"® and right
bipyramids''* have also been obtained via laser irradiation, as
shown in parts D and E of Figure S, respectively. These studies
investigated the effect of not only the wavelength of the excita-
tion source but also the chemical species present in the reaction.
The capping agent, as in other synthesis methods, also plays an
important role in shape control under laser irradiation. Laser-
mediated synthesis continues to progress, and with a more
complete understanding of the mechanism of plasmon-assisted
growth, this method may emerge as a highly tunable way for
generating new, well-defined Ag nanostructures.

2.2. Template-Directed Growth

Template-directed methods have been widely applied as a
simple and versatile approach to the preparation of nanostruc-
tures because both the size and shape of the resulting structures
can be defined by choosing an appropriate template.'”*'>* The
templates can generally be divided into two types: soft templates
and hard templates. Commonly used soft templates are micelles
and reverse micelles, together called microemulsions. Such
templates have been used to synthesize nanoparticles composed
of alloys, metal oxides, inorganic molecules, and noble metals like
Ag."*" The surfactant molecules, containing amphiphilic groups,
are oriented in such a way that the hydrophobic ends associate
only with an organic solvent and the hydrophilic heads associate
only with water, creating a well-defined structure such as a hollow
sphere."*' The morphology of Ag nanostructures inside these
templates will be affected by the structure of the template as well
as trace ionic species and various reaction parameters, as we have
discussed for other synthetic methods.

Micelle-based syntheses are capable of generating Ag nano-
structures with many different shapes. So far, methods have been
developed to generate nanoplates,">> "3 hollow spheres,'*’
nanorods,”®'*¥ 1% nanowires,”®'*""'** and dendrites or feather-
like nanostructures."*"'*> The morphologies of these nanostruc-
tures have a correlation with physiochemical properties of the
microemulsions used in the synthesis. For example, it has been
shown that an increase in the intermicellar exchange rate (K.,
the rate of exchange for the contents between microemulsion
droplets) can cause a reduction in particle size, although there are
exceptions.'**'* The surfactant molecules can also have a strong
effect on the particle morphology. When a mixture of double
hydrophilic block copolymers and sodium dodecylsulfate (SDS)
was used, the morphology of the particles could be directed to be
either rough nanowires, solid spheres with smooth surfaces, or
hollow particles depending on the amount of SDS added.'*
Other chemical species in the solution can also play a
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shape-directing role. In a reverse micellar solution, hydrazine was
shown to induce a change to the spherical templates, forming
nanoplates whose size could be controlled by varying the
quantity of hydrazine added.®” These are just a few examﬁles,
but many other factors, such as the type of Alg precursor,"*'*¢
temperature,149 reducing agent,gg’Hl’1 01T concentration of
Ag precursor,152 and reaction time,">*'** can all have a strong
impact on the template-directed growth of Ag nanostructures.

Besides micelles and reverse micelles, other soft templates,
such as DNA, dendrimers, and peptides, can also be harnessed to
direct the synthesis of Ag nanostructures. Generally speaking, the
DNA-mediated synthesis of metal nanostructures is facilitated by
the interactions of metal cations with DNA molecules. These
bound ions can then be reduced to form structures that have a
shape similar to that of the template.'>*>'>® For example, such an
approach has been explored by stretching DNA molecules
between two electrodes and utilizing them as templates for the
construction of Ag nanowires, which were conductive despite
their granular appearance.'®” Peptides can also be exploited as
building blocks for the synthesis of uniform nanowires with a
similar technique based on the reduction of Ag" ions inside
hollow, degradable peptide tubes.'>® Other groups have also used
DNA templates to produce chiral assemblies of small Ag clusters,
though these clusters were often only a few atoms in size.">>">

Synthesizing Ag nanostructures with soft templates has a
number of benefits. First, these types of reactions can occur
under mild conditions with greener reactants and solvents.' >
Formation of a microreactor by surfactants also sterically inhibits
aggregation, because it keeps the nucleation sites of nanoparticles
well separated."*>"**'°! However, many challenges still remain
for this technique. For example, the final structures produced
with this type of synthesis are almost always polycrystalline.
Impurities contained in the microemulsions (e.g., Cl ™) can also
cause undesired anisotropic growth for Ag nanostructures."** Of
particular concern, uniform distributions of both the size and
shape are still difficult to achieve for the nanostructures.

Hard templates, with more rigid structures, can also be used to
provide a tight control over the dimensions of nanostructures.
Porous anodic aluminum oxide (AAO) membranes are probably
the most popular example. The advantages of AAO membranes
are that they have nanometer-size channels (~5—250 nm in
diameter), high pore densities (up to 10'" pores/cm”), and
controllable channel lengths (a few nanometers to hundreds of
micrometers).'>'%> Thus, they provide a means to synthesize
uniform nanowires with a variety of sizes in high yields. By using
hard templates such as AAO, it is also possible to create multi-
component nanowires, with more complex geometries (e.g,,
stripes of different metals) than are currently possible with other
synthetic approaches."® However, with hard templates, the
template must be removed after synthesis (typically with an
etchant), and very few geometric shapes are available.

2.3. Lithographic Fabrication

Unlike solution-phase syntheses, lithography, deposition, and
other forms of nanofabrication offer precise control over the
placement of Ag nanostructures and have been implemented
widely.'®® Conventional lithographic techniques such as electron
beam lithography (EBL)'® or focused ion beam lithography
(FIB)'% utilize polymeric resists to fabricate masks for deposi-
tion or etching of Ag with high resolution. In general, EBL
and FIB are complex, expensive, and require highly specia-
lized facilities. Consequently, nonconventional lithographic

(A) Colloidal Crystal Mask  Ag Nanostructures

125 nm

)

Figure 6. Lithographic nanofabrication for large-scale arrays of nano-
structures. (A) Nanosphere lithography uses colloidal nanospheres
crystallized on a substrate as a mask for metal deposition (left). After
depositing metal to the desired height, sonicating the substrate removes
the nanospheres, leaving triangular islands in a regular array shown in the
right atomic force microscopy (AFM) image. Reproduced with permis-
sion from ref 168. Copyright 2001 American Chemical Society. (B)
Electron beam lithography exposes a negative resist according to a
predetermined pattern, here dots, triangles, and squares (from left to
right). After developing the resist, metal is deposited onto the substrate,
and the remaining resist is lifted off, leaving arrays of metal nanoparticles.
Reproduced with permission from ref 171. Copyright 2008 Elsevier. (C)
Array of counterfacing crescents of Ag and Si made with nanoskiving
techniques. Reproduced with permission from ref 177. Copyright 2010
American Chemical Society.

techniques have also been developed to save both time and cost.
The most popular technique is probably nanosphere lithography
(NSL)"%® that involves the self-assembly of colloidal spheres into
a hexagonally close-packed array on the surface of a substrate.
Silver can then be deposited onto the substrate using the arrayed
spheres as a mask, leaving behind triangular Ag islands after
removal of the spheres (Figure 6A). Other fabrication techniques
such as FIB milling'®® and nanoskiving'”® can also be used to
fabricate arrays of metal nanostructures. In this section, we briefly
discuss some of the different structures that can be created using
these lithographic techniques.

In traditional EBL, a focused electron beam is scanned over a
substrate coated with a thin layer of resist, exposing specific
regions according to a programmed pattern.'®® The resist is made
of a polymer that becomes either more or less soluble in a given
solvent when exposed to the radiation. A common resist used in
EBL is poly(methyl methacrylate) (PMMA), which, as a positive
resist, breaks down when exposed to the electron beam. After
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removal of the exposed regions with a solvent, Ag can be
deposited onto the substrate, usually by physical vapor deposi-
tion (PVD). The remaining PMMA is lifted off, taking metal not
directly attached to the silicon surface with it, leaving behind an
ordered array of Ag nanostructures patterned with high resolu-
tion, typically about 50 nm."®® EBL allows for precise control
over the structure and placement of Ag nanostructures, including
the size, shape, and separation between them. It can generate a
wide range of morphologies, including cylinders of various
diameters and heights to more ellipsoidal, rectangular, or trian-
gular shapes (Figure 6B)."”" As a major drawback, EBL is a very
time-consuming process, as the writing is a serial and typically
slow process. In addition, the costs associated with the fabrication
equipment, such as scanning electron microscopes, can be high.
Another limitation is that, although a variety of different shaped
discs can be easily fabricated, control over the nanostructures in
the z-direction is somewhat limited, so spherical and other
complex shapes are generally difficult to generate.

FIB is similar to EBL in that a highly focused beam of ions is
used to form patterns on a substrate for the selective deposition
or etching of metal. Gallium (Ga™) ions are typically used in
FIB'7% and can be used to pattern a resist, similar to that of EBL,
which can then be used as a mask for the deposition or etching of
metal. However, FIB can also be used as a direct (i.e., maskless)
physical patterning tool, through milling or FIB-induced
deposition."”® Induced deposition is essentially a finely con-
trolled chemical vapor deposition (CVD) process. First, a
gaseous precursor is adsorbed on the substrate. When the ion
beam is scanned across the surface, it decomposes the precursor,
leaving behind the heavy component (metal atoms) on the
substrate while the more volatile components escape away.
Complex shapes can be formed in this way, including the
possibility of structures with overhangs. In addition to
FIB—CVD, FIB milling, or the removal of materials due to the
bombardment of Ga™ ions, can be used to create very thin
rectangular structures with a lateral resolution of tens of nm."®”
The drawbacks of FIB are similar to EBL: high cost, time-
consuming, and patterning with only the possibility of fabricating
disklike structures.

NSL was developed by Fischer and Zingsheim'” and Deckman
amd Dunsmuir'"* and later expanded by Van Duyne and others
over the past 20 years.lég’175 It is an inexpensive technique as
compared to EBL and FIB. This simple method utilizes a
suspension of monodisperse colloidal nanospheres, usually poly-
styrene, to serve as a mask. When the colloid is deposited on a
substrate, capillary forces draw the nanospheres into a hexagon-
ally close-packed monolayer as the water evaporates. Silver is
then deposited onto the surface, forming a metal film over the
particles as well as traveling through the interstitial voids to the
substrate. The nanospheres are then removed by sonication.
What remains is a regular pattern of triangular Ag nanoparticles.
For shape control, a double layer of packed nanospheres can be
induced by increasing the nanosphere concentration. After metal
deposition and mask removal, the remaining Ag nanoparticles
take a hexagonal shape. The sizes of the particles in both single-
layer and double-layer nanos(})here arrays are determined by the
sizes of the nanospheres.'® In addition to triangular and
hexagonal particles, other shapes such as nanorings and nano-
discs can be created by modifying the deposition scheme and
angle.'®

Nanoskiving is another lithography technique that was devel-
oped mainly by Whitesides and co-workers over the past decade

as a simple and efficient method for fabricating arrays of metal
nanostructures over large areas (cm”) with no (or limited) need
for clean-room facilities.'”'”*'”” This technique takes advan-
tage of the fact that an ultramicrotome, a readily available piece of
equipment, can cut polymer blocks into slices as thin as 30 nm. In
a simple version of this method, an epoxy layer (either smooth or
patterned with relief features) is coated with Ag using standard
methods such as PVD or CVD. Additional epoxy is then
deposited on top to generate a solid epoxy block containing
the ultrathin Ag film. After curing, this block is cut by an
ultramicrotome along a direction perpendicular to the Ag film,
generating slabs of epoxy containing Ag nanostructures
(nanowires or nanorods in this case) that can be positioned as
desired. If necessary, oxygen plasma etching can be used to
remove the epoxy, leaving behind a patterned array of Ag
nanostructures.

As alluded to above, nanoskiving can be even more powerful
when the initial Ag surface is patterned. By combining nanoskiv-
ing with soft lithography, for example, it is possible to create
epoxy templates with arrays of micro- or nanoscale patterns.170
This pattern will be maintained after Ag deposition and in the
final Ag nanostructures. The resulting patterned blocks can also
be sliced along different directions to produce different types of
nanostructures. For example, if the initial epoxy template is an
array of square posts, cutting perpendicular to the surface will
create a step pattern, whereas cutting parallel to the surface will
create an array of square rings.'”’ This modification can be
further combined with shadow deposition to generate even more
complex structures.'”® Figure 6C shows an array of circular
structures where one-half of the broken ring is made of Ag and
the other half is made of Si. Each material was deposited at a 45°
angle on opposite sides of the original epoxy template before the
slicing process. Through simple modifications such as these, a
wide variety of nanostructures have been demonstrated including
L- and U-shaped structures, concentric circles, crescents, and
even quasi-3D structures such as cross-bars by layering epoxy
slabs. Although many of these patterns were initially demon-
strated with Au, this method can be easily generalized to Ag and
other materials as well."””

3. CHARACTERIZATION AND STUDY OF SURFACE
PLASMONS

Two of the primary aims of plasmonics are to understand and
maneuver SPs at the nanoscale. Critical to these goals is an ability
to fully characterize and model the plasmonic properties of metal
nanostructures. In pursuit of this goal, a number of methods have
been developed to detect and image both the far- and near-field
properties of plasmonic nanostructures.'””'*® Some of these
methods are based on traditional optical techniques, such as
dark-field microscopy and UV—vis—NIR spectroscopy,®>"”
while others use sophiscated new technologies to obtain extre-
mely detailed information. Today, it is possible to detect
plasmons and their associated fields by electric currents,'®"'®
electron beams,*®'®3 7185 and surface-enhanced Raman scatter-
ing (SEDRS).1867188

Theoretical modeling represents another important approach
to understanding the plasmonic properties of metal nanostruc-
tures. Theoretical models create greater understanding of the
effect of experimental parameters on plasmonic prolperties, and
have been used to describe plasmon hybridization,® the sub-
strate effect on plasmons,'””'*" and structures composed of
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Figure 7. (A) Typical experimental setup of a photoacoustic (PA)
system used to measure the absorption cross section of metal nanopar-
ticles. Excitation from a laser (red beam) is absorbed by a suspension of
metal nanoparticles, and the resulting PA signal is recorded by a
transducer, displayed on an oscilloscope, and correlated to the absorp-
tion cross section. The PA signal for three concentrations (0.13, 0.07,
and 0.03 nM) of Au—Ag nanocages is shown in the bottom image. The
highest signal is correlated with the 0.13 nM concentration of nanocages.
Reproduced with permission from ref 196. Copyright 2009 American
Chemical Society. (B) Dark-field optical microscopy image showing
Rayleigh scattering of individual and aggregated Ag nanocubes (100 nm
edge length). (C) Near-field image of the spatial distribution of a LSPR
mode with energy 1.75 eV supported by a Ag triangular nanoplate. A
high near-field intensity is indicated by red, and low intensity is indicated
by blue. Reproduced with permission from ref 183. Copyright 2007
Nature.

different kinds of nanoparticles."”>'** Furthermore, models can
predict unique plasmonic responses of novel structures that are
yet to be fabricated, motivating further synthetic work in these
areas. In this section, we begin with discussion on a number of
primary experimental techniques, followed by a brief introduc-
tion to analytical and numerical methods for modeling plasmons.

3.1. Far-Field Optical Characterization

The most traditional approach to characterize the plasmonic
response of metal nanostructures is to measure their extinction
spectrum using a conventional UV—vis—NIR spectrometer. At
their LSPR frequencies, metal nanostructures exhibit strong
absorption and/or scattering, resulting in peak(s) in the extinc-
tion spectrum.>®'** As will be discussed further in section 4, the
specific location and strength of these peaks depends strongly on
the morphological features of the nanostructure of interest. This
fact, combined with the relatively low cost and fast operation of a
typical spectrophotometer, makes measuring the extinction
spectrum one of the simplest, and most prevalent, ways to
evaluate the size, shape, and uniformity of plasmonic nanostruc-
tures in the solution phase. For example, our group frequently
uses extinction spectra to monitor the synthesis of Ag nanocubes
in the solution phase.””'”> Specifically, we have created a
calibration curve that plots the position of the primary dipole
peak of Ag nanocubes against the edge length of the cubes as
reaction progresses. Using this knowledge, we can monitor the

growth of Ag nanocubes and conveniently control the size of the
final product.>**’

Photoacoustic (PA) techniques also present a powerful tool to
measure the absorption cross sections of metal nanoparticles in a
suspension.'*® Critically, these techniques makes it possible to
experimentally separate the absorption cross section from the
overall extinction cross section, as some of the applications of
plasmonic nanostructures rely exclusively on this component.
Figure 7A shows a schematic of the setup we have used to
measure the absorption cross sections of Au nanoparticles,
nanorods, and nanocages. When irradiated with a pulsed laser,
nanostructures in the suspension absorb light and convert this
energy into heat, leading to a transient thermoelastic expansion
that generates a PA signal, which is directly proportional to the
absorption cross section and the concentration of the nano-
structures. By comparing the measured PA signal with a calibra-
tion curve obtained from solutions of a molecule with a known
absorption cross section, we are able to derive the absorption
coefficient of the metal nanostructures quantitatively. When
combined with the concentration of the nanostructures (which
can be obtained using inductively coupled plasma mass spectro-
metry, ICP-MS), the absorption coefficient can be converted into
absorption cross section. By subtracting the derived absorption
cross section from the extinction cross section measured by
UV—vis—NIR spectroscopy, we can obtain the scattering cross
section."”’

When measuring plasmonic properties in the solution phase,
information is derived from an ensemble of nanostructures and is
averaged over many different sizes, shapes, and structural defects,
as well as any possible interactions between the nanostructures.
To better correlate the plasmonic strength or LSPR to structural
parameters, we also need to characterize the properties of
individual nanostructures.'*”**®'* In doing so, it is necessary
to prepare samples with low enough concentrations to ensure
that the particle-to-particle spacing is beyond the optical wave-
length for negligible coupling. Although this requirement can be
satisfied in the solution phase, it is preferable to deposit the
nanostructures on a solid substrate in order to better correlate the
measured LSPR properties with a the size, shape, and morphol-
ogy of a specific nanoparticle.

Once well-dispersed on a substrate, one way to study the
plasmonic properties of individual nanostructures is to use
dark-field optical microscopy, which is based on Rayleigh
scattering.”>****°" Figure 7B shows a dark-field scattering micro-
graph of 100-nm Ag nanocubes on a Si substrate. At the optical
resolution, we are able to observe scattering from Ag nanocubes
with different intensities. As the sample is uniform in terms of size
and shape, brighter spots correspond to enhanced scattering
from aggregates formed during the drying process while blueish
spots originate from single Ag nanocubes. By locating nanos-
tructures with dark-field microscopy, it is possible to collect
extinction spectra from individual nanostructures, which can
then be followed by characterization with electron microscopy
to determine the size, shape, and relative position of the
nanostructure.'””** Furthermore, it is also possible to monitor
the changes to the spectrum of a single nanostructure as a
function of incident light polarization, wavelength, and variations
in the dielectric environment.*

Dark-field microscopy provides a remarkably simple and
versatile approach to characterize single nanostructures. How-
ever, this technique is not suitable for nanostructures with
dimensions less than ~30 nm because absorption will dominate
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Figure 8. Effect of a glass substrate on a nearby Ag nanocube. (A) Calculated scattering spectra of a Ag nanocube with edge length 90 nm as it
approached a glass substrate. The single peak associated with the dipolar LSPR (black line) begins to split as it approaches and touches the substrate (red
line). The resulting peaks correspond to plasmon modes away from the substrate (1) and adjacent to the substrate (2). (B, C) The finite difference
domain (FDTD) simulations shows the plasmon modes of a Ag nanocube (with edge length of 90 nm) associated with the spectra in (A). The white line
in the simulation represents the glass substrate. Reproduced with permission from ref 200. Copyright 2005 American Chemical Society.

over scattering in this size regime.197’180 In addition, it is also
impossible to determine absorption and extinction cross sections
directly from dark-field microscopy. More recently, several
techniques have been developed to measure the extinction or
absorption spectra of single nanoparticles.”** % For example,
the absorption can be directly measured by monitoring the
interference of the scattered wave with the incident wave, or
the interference between the scattered field and a reference
field."”” In spatial modulation spectroscopy (SMS), a single
nanoparticle is moved into the focal spot of an optical beam
and modulations in the transmitted light can be used to
determine the extinction spectra as well as its geometrical
properties (size and shape).”*®

‘When performing single-particle measurement on a substrate,
it is important to keep in mind that the substrate supporting the
nanostructure can have significant effects on the nanostructure’s
LSPR and near-field distribution.”®® As a result, the type of
substrate and the distance between the nanostructure and the
substrate can dramatically shift and split the LSPR.*%"*%°
Figure 8A shows an example of the substrate effect on a Ag
nanocube—the LSPR splits and two peaks appear in the UV —vis
spectra as the nanocube approaches the surface of a dielectric
substrate such as glass.”*® Additionally, simulations showed that
the LSPR mode adjacent to the substrate (labeled 2) was red-
shifted and the mode away from the surface (labeled 1) was blue-
shifted, as seen in Figure 8 parts B and C. Although interesting
and useful in some circumstances, the fact that substrates
introduce an anisotropic environment to nanostructures being
studied also makes it challenging to fully characterize the
plasmonic responses of single nanoparticles supported on a
substrate.

The strong absorption of plasmonic nanostructures also
makes it possible to study their plasmonic responses indirectly
using the photothermal effect. In this approach, far-field, photo-
thermal-based techniques can be used to detect individual
plasmonic nanostructures and measure their absorption spectra
and coefficients.'””?% """ Unlike those methods based on
scattering, photothermal techniques can be used to study ex-
tremely small nanostructures (as small as 1.4 nm in some cases).
These techniques are based on the fact that, when a metal
nanostructure is excited at the LSPR, a significant amount of
heat is generated, leading to a change to the local refractive index
surrounding the nanostructure. When a probe beam encounters
this region, information about the plasmonic nanostructure can

be gathered from how this probe beam interferes with a reference
beam. The type of interactions depends on the specific imaging
method. These techniques are remarkably insensitive to the
scattering background, making them attractive tools for biologi-
cal imaging. In an initial demonstration, scattering from 300-nm
latex beads did not affect the photothermal signal from small
(~20 nm) nanoparticles.”'*

Recently, one such technique, photothermal heterodyne
imaging (PHI), was also employed to determine the orientation
of nonspherical nanoparticles on a substrate.”'* Using polariza-
tion-sensitive excitation, the direction of the SP oscillation was
deduced, which was then used to determine the orientation of
nanorods. Determining the orientation of a nanoparticle with far-
field optical methods is very important for applications that
rely on the excitation polarization, and is generally impossible
with more conventional far-field spectroscopy techniques like
Rayleigh scattering.'”

3.2. Near-Field Mapping of Plasmons

Unlike most optical spectroscopic methods, near-field scan-
ning optical microscopy (NSOM) offers spatial resolutions
beyond the diffraction limit, making it ideal for imaging plasmo-
nic nanostructures.'®'¥'%2!% As the period of spatial oscillation
of an SP is typically much smaller than the wavelength of light,
subwavelength optical imaging is needed to visualize SP modes
on nanostructures.'®*'* Furthermore, different SP modes and
near-field distributions can have identical far-field properties,
making direct measurements of the near-field critical to a
thorough understanding of plasmonic properties. NSOM is a
form of scanning probe microscopy that generates an image by
scanning a surface with a metal-coated optical probe that detects
evanescent waves. The resolution is limited only by the size of the
probe aperture, and lateral resolutions of ~20 nm and vertical
resolutions of ~$ nm are possible.”*> As a result, NSOM is a very
popular technique for mapping the near-field distribution of
metal nanostructures, and there are many variations on this
technique.”'>*'® Below we discuss the two most common types
of NSOM probes: aperture-based and apertureless.

For aperture-based NSOM, the scanning probe is composed
of an optical fiber with a sharpened tip and a metal coating. This
tip serves as the aperture, and its diameter roughly determines the
spatial resolution of the microscope being operated in either
transmission or collection mode. Apertures fabricated in this
manner can have a diameter as small as S0 nm. In the
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transmission mode, the fiber illuminates the sample, and the
scattered, transmitted, or luminescent light is collected on the
opposite side of the sample. Near-field images are acquired by
detecting the transmitted/scattered light. The intensity of light is
detected as a function of the probe position, so the images
collected represent the local density of electromagnetic states in
resonance with the incident light. In the collection mode, the
light scattered by the sample is collected by the aperture.
Collection mode is more commonly used for imaging fluorescent
substrates,”"” whereas transmission mode is more commonly
used for detecting SP modes,”'® although other types of collec-
tion schemes have also been used for both.'®*?'* The aperture
size is limited in part by its effect on the optical throughput, as
power transmitted through the aperture scales inversely with the
aperture area. Crescent-shaped apertures and other designs have
been used to increase the power,”*® and new types of aperture-
based systems continue to develop.”'

Apertureless NSOM more closely resembles atomic force
microscopy (AFM), from which it was developed. By adapting
AFM to detect evanescent fields at the surface of a nanostructure,
it is gossible to visualize plasmons with high spatial resolu-
tion.">'”??** Additionally, topographic images can be collected
simultaneously using traditional AFM imaging.>' Tips used for
AFM or for scanning tunneling microscopy (STM) can be used
as the probes. As the radius of curvature of the sharp tip
determines the spatial resolution, deep subwavelength resolution
(A/3000) can be realized, particularly at infrared frequencies.”**
In a typical setup, the tip is brought close to the substrate, and a
laser is focused at the intersection of the tip and the nanostruc-
ture, with polarization along the tip’s long axis. Because of the
antennalike behavior of the tip, an enhanced E-field is formed at
the apex. When this enhanced field interacts with the evanescent
field from the SPR of the sample, light is scattered to a far-field
detector. However, the tip can also scatter incident and back-
ground light to the detector, resulting in high background signals.
However, the tapping mode of AFM can be used to filter out the
background signals. As the height of the probe is modulated, the
background signals will remain unchanged, whereas scattering
from the SPR will modulate with the probe height.”'®

In general, apertureless NSOM has higher spatial resolution
due to the small tip size and can provide phase information about
the scattered light, but has high background signals that must be
removed. Aperture-based NSOM can deliver higher energy to
the sample, providing greater contrast, but at lower resolution.
New hybrid probes, like the tip on aperture approach,”** can
maximize the spatial resolution while reducing the background
signals and allowing for greater light throughput.*'®

3.3. New Detection Methods

A number of novel detection techniques have also been
developed in recent years. In an interesting reversal of roles,
instead of using plasmons to detect and study molecules near
metal nanostructures, molecules are being used to study plas-
mons. Both fluorescent molecules and Raman-active probes have
be used to map the near-field distributions surrounding metal
nanostructures.'**~"® In one demonstration, the polarization
and strength of a SP could be inferred by measuring the SERS
signal from aligned, sin§le-walled carbon nanotubes on a sub-
strate of Au nanodisks.'®® This technique takes advantage of the
sensitivity of the Raman signals of the carbon nanotubes to both
the polarization of light and strength of the E-field enhancement
to generate near-field maps at different laser polarizations."®”

To improve the resolution of near-field scanning techniques,
photon-based ?robes can also be replaced with electron
beams.*®'® 1% Such techniques record the spatial distribution
of various SP modes (both LSPR and PSP) by measuring the
energy-loss spectra as electron beams are rastered over the
surface. With this technique, electron beams are capable of
imaging localized optical modes with sufficient resolution to
reveal their dramatic spatial variation over a single nanoparticle.
Figure 7C shows an LSP mode with energy of 1.75 eV (or
700 nm) on a triangular Ag nanoplate imaged with this techni-
que. The LSP modes at lower energies were associated with
strong near-field distributions at the corners of the nanoplate,
whereas no cou;)ling was observed at higher energies (~2.70 eV
or 460 nm)."® Electron beams can also be used to excite
cathodoluminescence in metal nanostructures, which is another
way to image surface plasmons.”*’

New methods for detecting PSPs have also been developed.
Recently, PSPs were detected on an Ag nanowire by studying its
intersection with a Ge nanowire field-effect transistor.'®” When
the PSP reached the Ag—Ge nanowire intersection, its E-field
generated electron—hole pairs in the Ge nanowire, which were
detected as current flow. The current generated by the PSP (Iplas)
could be quantitatively measured across two metal contacts
deposited at either end of the Ge nanowire. To confirm that
the measured current was a result of the coupling of the incident
laser to an SPP, the dependence of I;,; on the polarization of
exciting laser was examined. When the laser was polarized parallel
to the Ag nanowire, I}, reached a maximum due to the excitation
of the PSP modes of the Ag nanowire.

3.4. Theory and Simulation

Computational simulations are also powerful tools to under-
stand the plasmonic properties of metal nanostructures.”>® The
most fundamental way to study the plasmonic properties of a
metal nanostructure is to solve Maxwell’s equations for the
interaction of light and matter over the volume of the nanostruc-
ture. For a homogeneous nanosphere and an incident plane wave
of light, Mie theory gives a simple, analytical solution for the
space inside and outside of the spherical boundary, and can be
conveniently used to obtain the scattering and absorption cross
sections of spherical particles.”*” However, for more complicated
shapes with lower symmetry, such as cubes or bars, an exact
solution cannot be reached. Therefore, numerical methods for
determining the plasmonic properties of these shapes have been
developed, and notable examples include the discrete dipole
approximation (DDA),**® finite difference time domain
(FDTD) method,** and the finite element method (FEM).>*°

In DDA, the particle is divided into an array of N dipoles with
polarizability a;. The first step toward calculating the extinction
cross section of the nanoparticle, C.,y, is to calculate the induced
polarization at each point, P;, due to an incident plane wave, P; =
O;E, where E is the local electric field defined as the sum of the
incident field and the contributions from the surrounding di-
poles. Next, the incident field and induced polarizations are used
to calculate C.y. Finally, the equations are solved using full
interaction matrices, which take into account the impact of every
dipole in the structure. Although DDA yields accurate results
with errors < 10% (as determined by comparisons with exact
solutions from Mie theory), it is a very slow computational
process.”*' However, with recent developments in new algo-
rithms and other methods that dramatically increase the compu-
tation speed,”*> DDA provides a powerful approach to model
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Figure 9. (A) Extinction (black), scattering (green), and absorption (red) spectra of Ag nanospheres (A) 40 nm and (B) 140 nm in diameter calculated
using Mie theory in water. The extinction spectrum for the larger spheres (B) is dominated by scattering and has a broad shoulder due to contributions
from the quadropole plasmon modes. The smaller spheres have a narrow LSPR peak, and the absorption and scattering cross sections are nearly equal.

both the near- and far-field properties of nanostructures such as
Ag nanocubes.”*

FDTD, a faster Frocess, works well to model large particles in
two dimensions.””® Specifically, FDTD solves Faraday’s and
Ampere’s law in differential forms. Each domain is a solid grid,
and the points in the electric and magnetic fields are shifted by a
half-grid-point stepwise. Time differences are used to numeri-
cally calculate the solutions followed by Fourier transform of the
solutions to give spectra in the frequency domain. The result is
plotted in a similar fashion to the DDA method to give an
extinction spectrum of the nanostructure. FDTD can also model
3D structures, although this process requires a large increase in
the computational time. The FDTD method has been used to
simulate the LSPRs of Ag nanocubes. The calculated scattering
spectra of Ag nanocubes were in excellent agreement with those
measured experimentally.”®® Part of the reason for the close
agreement was the accurate (Nl nm resolution) measurements
of size and corner rounding for the nanocubes being studied,
showing the importance of single-particle studies. However, for
more complicated shapes, FDTD can become very time-con-
suming because of the decrease in size of the grid elements
necessary to represent finer features. Additionally, a simple cubic
grid is not adequate to model more complicated shapes
accurately.

FEM is a frequency-domain method that divides the particle
into tetrahedral elements that can be adjusted to fit the
geometry.”>” Rather than using the Ampere’s or Faraday’s law,
FEM numerically solves the inhomogeneous vector wave equa-
tion. FEM is useful because regions of fine detail can be
represented with small elements, and large flat regions can be
represented with larger elements, making this method very
computationally efficient.?>%*%>

All three of these numerical methods can also be used to
plot the near-field distributions of E-fields in space over the
volume of the nanoparticle.*>*****> The solutions to the
equations in the frequency domain essentially give the near-
field intensity at a specific incident wavelength at each
element. For a two-dimensional system, the collection of
points can simply be mapped in Cartesian coordinates. For a
three-dimensional simulation, contour plots, maximum am-
plitude projections, or other techniques are typically utilized
to visualize the E-field distribution in two-dimensional
plots.”****> Because these numerical methods have been
widely used and refined, there are many computer programs
and codes available for download on the Internet, making
them more accessible than previously.

4. ENGINEERING SILVER NANOSTRUCTURES FOR
PLASMONIC APPLICATIONS

The ability to engineer the physical parameters of Ag
nanostructures and thus to maneuver their plasmonic proper-
ties provides great promise for the development of new devices
and applications. This section will center on the relationship
between the plasmonic properties of Ag nanostructures and
their physical parameters including size, shape, morphology,
and chemical composition. We also connect these parameters
and how they can be controlled to the synthetic methods
discussed in section 2. We will also discuss the formation of
well-defined and controllable interparticle gaps, another im-
portant and powerful approach to engineering plasmonic
properties, in section S.

4.1. Control of Size

The simplest approach to engineer the plasmonic properties
of a Ag nanostructure is to manipulate its dimensions. The size of
a nanoparticle determines plasmonic features that include the
ratio of absorption to scattering, the number of LSPR modes, the
peak position of an LSPR mode, and the extent of PSP
localization.'?**%3323¢ Therefore, size is an important variable
that must be carefully considered to achieve a balance between
many competing factors.

When the radius (R) of a nanoparticle is much smaller than the
wavelength of light (277R << 1), the scattering and absorption
cross sections are directly proportional to R® and R, respectively.
As a result, for small particles (R < ~30 nm), absorption
dominates over scattering, making it very difficult to detect
surface plasmons using dark-field microscopy.'®® On the other
hand, larger particles can scatter light more efficiently, with the
scattering signal from a 50-nm Ag nanoparticle being equivalent
to the intensity of emission from roughly 10° fluorophors.”*”
Figure 9 shows the scattering, absorption, and extinction spectra
calculated for single Ag nanospheres suspended in water, with a
diameter of 40 or 140 nm. The optical response of the 140-nm
sphere is dominated by scattering with a cross section that is 30
times stronger than that of absorption. For the 40-nm sphere,
scattering is still slightly stronger than absorption, and it is
anticipated that absorption will take over as the dominant
process as the size is further reduced. Figure 9 also shows that
the number of LSPR peaks depends on the size of the Ag
nanospheres. In general, there are only dipole excitations in
small particles whereas both dipole and multipole excitations are
possible in large particles.>> For the 40-nm Ag sphere, there is
only one strong, dipole mode at 400 nm, whereas the 140-nm

3684 dx.doi.org/10.1021/cr100275d |Chem. Rev. 2011, 111, 3669-3712


http://pubs.acs.org/action/showImage?doi=10.1021/cr100275d&iName=master.img-010.jpg&w=300&h=113

Chemical Reviews

Exctinction (a.u.)

A T T T
300 400 500 600 700 B00|

Wavelength (nm)

Figure 10. (A—D) TEM images of Ag nanocubes with edge lengths of
36, 58, 99, and 172 nm, respectively. In (E) the LSPR of the nanocubes
red-shifts as the edge length of the nanocubes increases. Reproduced
with permission from ref 97. Copyright 2010 American Chemical
Society.

sphere shows a quadruple mode at ~600 nm in addition to the
dipole mode at 450 nm.

As the size is increased, the charge separation on the nano-
sphere increases, leading to a lower frequency for the collective
oscillation of electrons and thus a red-shift from 400 to 450 nm
for the dipole resonance peak.”® This trend also applies to Ag
nanostructures with a nonspherical shape. Figure 10 shows TEM
images of Ag nanocubes with different edge lengths ranging from
36 to 172 nm and the corresponding extinction spectra. The
samples were collected at different stages of a seed-mediated
polyol synthesis.”” The major dipole peak of the Ag nanocubes
shows a continuous red-shift along with the increase in edge
length. In practice, the relationship between the LSPR peak
position (in terms of wavelength) and the edge length of
nanocubes is more or less linear, allowing one to conveniently
monitor and control the size of Ag nanocubes during a
synthesis.'”> Once a specific peak position (and thus the edge
length of nanocubes) is reached, the synthesis can be quenched
immediately.

The size dependence of LSPR properties has also been
examined for other nanostructures, like Ag nanobars and
nanorice.”” As a result of the elongated morphology, nanobars
or nanorice have two distinct LSPR modes, transverse mode
(along the short axis) and longitudinal mode (along the long
axis). When the aspect ratio of a Ag nanobar increases from 1.5 to
3, the LSPR longitudinal mode shifts from 550 to 850 nm while

the transverse mode shows essentially no shift. These observa-
tions fit with the changes in size observed in a synthesis: while the
longitudinal axis grew from S0 to 200 nm, the transverse axis
(~50 nm) changed very little as the aspect ratio was increased.
The scattering intensity also doubled as the aspect ratio of the
nanobar changed from 1.5 to 3. A recent report of pentagonal Ag
nanorods synthesized using the seed-mediated method also
showed a dependence on the aspect ratio for the LSPR reso-
nance, which could be tuned by adjustin% the amount of Ag
precursor added into the growth solution.”

The size of a nanoparticle can also determine how strongly
other physical parameters affect the LSPR. For example, when
nanostructures become large, other SP modes, in addition to the
dipolar LSPR mode, can proliferate.”*® This can result in
plasmons other than dipole modes, broadening of the LSPR
peak,”* and radiative damping,*** which all can attenuate many
desirable properties (like enhancement of near-fields).****"

For PSPs, the spatial parameters of the waveguide are also very
important and can affect the number of guided modes, the spatial
confinement of the PSP, and the propagation length of the PSP
modes."> This is true for both lithographically and chemically
prepared waveguides. Lithographically fabricated waveguides are
typically designed in two different architectures that contain a
core and two cladding layers. These are known as metal—
insulator—metal (MIM) and insulator—metal—insulator (IMI)
geometries.zu’243 Furthermore, these structures can be confined
in one dimension (i.e., thin films) or two-dimensional metal
strips. Both architectures are sensitive to the size of the core, and
the spatial extent of the PSP initially decreases with the core
thickness. For the IMI case, however, when the core thickness is
small enough the PSP mode will split so that it will couple at both
interfaces of the metal core (i.e., the top and the bottom). This
reduces the field concentration in the metal core, increasing the
propagation lengths, but the PSP fields are pushed out of the
metal core to the surrounding dielectric. Therefore, these
waveguides are not ideal for guiding PSPs on the nanometer
level, and MIM structures may be more efficient.*** For two-
dimensional confinement, strip waveguides are capable of guid-
ing PSPs over micrometer distances below optical wavelengths
by controlling the strip width. However, recently more efficient
structures, like groove and wedge waveguides, have been fabri-
cated with lithographic techniques.* For groove and wedge
structures, the width and depth of the grooves and wedges affect
the number and type of PSP modes supported by the waveguide.

Unlike lithographically fabricated structures generated by
deposition of thin films, chemically prepared structures, like Ag
and Au nanowires, can have smooth surfaces due to their single
crystallinity, which can significantly affect their PSPs (see section
4.3.1). These structures can also be much smaller and made in
larger quantities, compared to lithographic techniques. As the
diameter (d) of a nanowire decreases, the PSP modes are also
decreased and become confined to the center of the nanowire as
opposed to the surface. Figure 11 shows schematically that, as the
nanowire decreases in d, strong localization of the plasmon mode
(red curves) to the metal nanostructure ensues.* The dotted line
shows the spatial extent of the propagating mode on the
waveguide where the field decays to 1/e of its peak value. As
more of the PSP’s energy is carried in the waveguide, the PSP
experiences higher energetic losses and, consequently, cannot
travel long distances (millimeters for example).”** Because PSPs
can reflect off the ends of a nanowire, such structures are
comparable to Fabry—Perot resonators.****** In this case, the
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Figure 11. A metal nanowire’s ability to guide propagating surface
plasmon modes (4,,) is dependent on the diameter (d) of the wire.
Decreasing d results in a strong increase in localization (indicated by the
red area) of the PSP to the nanowire. The dashed line indicates where
the PSP field decays to 1/e of its peak value. This results in an increase of
energy loss of the plasmon because a larger portion of the wave’s energy
is carried in the dissipative metal. Reproduced with permission from ref
4. Copyright 2010 Nature.

length of the nanowire can also affect the standing modes of the
PSPs (modes are formed whenever an integer half the PSP
wavelength equals the length of the nanowire) as well as their
phase and group velocities.”** Therefore, nanowires serve not
only as waveguides but also as PSP resonators, which can be
tuned based on their spatial properties to support specific
PSP modes.

4.2. Control of Shape

4.2.1. Corner Sharpness. The sharpness of corners or edges
of a nanostructure can have a large effect on the plasmonic
properties of nanostructures. Figure 12 shows experimental
measurements of the LSPR as the sharp corners of Ag triangular
nanoplates are truncated.”***® The peak position of the primary
dipole mode shifts dramatically when corner truncation occurs,
from 800 to 400 nm. Theoretical simulations of corner trunca-
tion for nanoplates also predict a blue-shift for the dipolar LSPR
mode.”* In general, structures with sharp corners have red-
shifted peaks when compared to rounded structures of similar
sizes. Because the sharp features tend to increase charge separa-
tion and reduce the restoring force for the dipole oscillation, a
reduction in resonance frequency or red-shift in wavelength is
expected.

Corner truncation not only affects the far-field spectra but
also chan§es the near-fields close to the surface of the
particle.'®****>*%7 This effect can be harnessed to concentrate
light into nanosized volumes and dramatically increase the near-
field intensity in these regions by factors up to 2000.**>*** This
phenomena has been known as the “lighting rod” effect and is
closely related to the surface curvature of a nanostructure. This
effect can be observed in Ag spheroids or nanorice. These
structures have near-fields that are 1 000 X stronger as compared
with spheres.”*® For this reason, Ag nanostructures with sharp
features are ideal for applications that take advantage of the
enhanced near-fields as in SERS and surface-enhanced fluores-
cence (SEF).** 72! The effect of sharp corners on SERS has
been quantified experimentally by comparing the enhancement
factors of sharp and truncated Ag nanocubes for the detection of
molecules adsorbed onto the surfaces of the particles. At an
excitation wavelength of 514 nm, where the LSPR of both types
of nanocubes had significant overlap with the laser, the sharp
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Figure 12. (A—D) TEM images of Ag triangular nanoplates with
decreasing corner sharpness. The sharp cornered triangular plates in
(A) were rounded until the particles had a circular disk shape (D). (E)
The decreasing corner sharpness is correlated with a blue-shift in the
extinction spectra of the nanoparticles in solution. Reproduced with
permission from ref 246. Copyright 2010 Wiley.

nanocubes had an enhancement factor of 1.26 x 10°, while
the truncated counterparts only had an enhancement factor of
7.45 x 10* (almost a 2x reduction).>*>

Corner sharpness may also play a role in coupling of light to
PSP waveguides. A recent study comparing sharp and blunt ends
of Au nanowires found that sharp tips on a nanowire could
increase the coupling of light into the PSP mode along the
nanowire.”**

4.2.2. Geometrical Shape. In addition to size, the specific
geometry of a Ag nanostructure can have a strong effect on its
LSPR properties.233 Figure 13 shows extinction spectra for Ag
nanostructures with a set of basic geometries (sphere, cube,
octahedron, and right bipyramid) calculated using Mie theory
(for the sphere) and the DDA method (for other geometries),
respectively, together with the spectra acquired experimentally. A
number of general themes can be observed. First of all, the
number of resonances increases as the symmetry of a structure
decreases. For example, the spectrum of the cube contains a
couple of peaks or shoulders beyond the strong dipole peak near
450 nm, whereas the sgectrum of the sphere only shows one
resonance peak.”¥*****> The additional peaks arise because of
the lower symmetry of a cube relative to a sphere, making it
possible to polarize the electrons in more than one way.>>* This
trend is also visible in the spectra for the right bipyramid and
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Figure 13. (A—D) The experimental (black) and calculated (red)
extinction spectra of (A) Ag spheres 40 nm in diameter, (B) cubes
40 nm in edge length, (C) octahedrons 40 nm in edge length, (D) and
right bipyramids 75 nm in edge length. The experimental data were
acquired from aqueous solution measurements, and the calculated data
were derived using Mie theory (spheres) and the DDA method (other
shapes), respectively. (A, B, D) Modified with permission from ref 233.
Copyright 2006 American Chemical Society. (C) Modified with permis-
sion from ref 85. Copyright 2010 American Chemical Society.

octahedron. Both of these structures have multiple resonances.
Although most of these peaks can be attributed to dipole
excitation, quadrupole modes can also be observed with large
structures.”> The experimental extinction spectra were taken
from nanoparticle solutions and are representative of many
nanoparticles, so differences between the experimental and
calculated extinction spectra are most likely due to ensemble
averaging effects as discussed in section 3.1.

The position of the LSPR peak can also change depending on
the geometry. Both spheres and cubes have sharp dipole reso-
nances that dominate the spectra, but the wavelength for cubes is
red-shifted 100 nm relative to that of the spheres. As discussed
above, the sharp corners of the cubic structure allow for a greater
charge separation during the dipole oscillation, resulting in a
reduced restoring force and consequently a longer resonance
wavelength.”** >*® In structures with very high aspect ratios,
such as Ag nanowires, LSPR modes can also be observed,
although they are associated with the short axis.”*” The long axis
of nanowires does not resonate with the visible excitation but can
support PSPs.'7”?*??

Particle symmetry can also affect the scattering and absorption
cross sections.”>* Without the formation of a strong dipole, the
scattering and absorption of a nanoparticle will be low or
negligible. For centrosymmetrical shapes like spheres, cubes,
and octahedrons, a strong dipole can be easily formed. Charge
separation into the corners of a cube will create a dipole because
the corners are on opposite sides of a line of symmetry. Similarly,
for spheres the charge separation occurs in a completely isotropic
environment. However, for nanostructures lacking centrosym-
metry like triangular plates where corners are opposite a face
instead of another corner, no strong dipole can be formed.”>**?
In general, noncentrosymmetric structures can lead to weak

absorption and scattering; however, other factors like size may
play a more prominent role in the magnitude of the scattering
and absorption cross sections of a nanoparticle.

4.3. Control of Internal Structure

4.3.1. Crystallinity. As discussed in section 2, Ag nanostruc-
tures typically take on one of four general structures: single
crystalline, singly twinned, multiply twinned (with a fivefold
axis), or vertically stacked with faults (such as those seen in
plates). The presence of these different structures can possibly
have a significant impact on the plasmonic properties of nano-
structures since the defects at twin boundaries can serve as
scattering centers for conduction electrons in a metal.>>®

The plasmonic properties of both multiply twinned particles
(MTPs) and single-crystalline Ag particles, with very high purity,
have been compared to determine the effect of crystallinity on
the electron—phonon couzpling between crystal lattice vibrations
and the excited electrons.”>® To evaluate these influences, time-
resolved spectroscopy was used to measured the time scale for
the transfer of energy from electrons to the crystal lattice. The
data suggested that the MTPs transferred energy faster. How-
ever, this trend has not been directly measured, and the impact of
crystallinity on plasmonic properties of Ag nanostructures is still
unclear and will most likely be relatively weak. The connection
between crystallinity and LSPR properties has just begun to be
investigated.”*

For PSPs, the effect of crystallinity has already been found to
be more pronounced than for LSPRs. This is primarily because
multicrystalline structures have surface defects (or roughness).
For PSPs on these waveguides, the defects on these structures
can serve as scattering sites where the PSP are radiated as light.”*>
The difference in plasmonic responses for single-crystalline and
polycrystalline Ag nanowire waveguides has recently been in-
vestigated in the context of PSP propagation.”** Figure 14 shows
scattered light spectra for single-crystalline and polycrystalline Ag
nanowires. For the single-crystalline waveguides, the intensity of
scattered light was modulated as a function of wavelength,
indicative of multiple reflections of the PSP, and a long PSP
propagation length. However, no regular signal modulation was
found for the polycrystalline samples. The single crystalline
samples prepared by chemical approaches had lower surface
roughness and fewer defects compared to the polycrystalline
samples obtained by lithographic fabrication. As a result, the
overall propagation loss was much lower in single-crystalline
nanowires. Taken together, it is clear that a highly crystalline
structure is crucial for achieving a greater control over PSPs in Ag
nanowires.

4.3.2. Hollow Versus Solid. Hollowing out a metal nano-
structure is a powerful means to dramatically red-shift the LSPR
peak of the nanostructure while maintaining a compact size.”®"
Although increasing the particle size can also result in a red-shift
for the LSPR, the particles may become too large (e.g., >200 nm
in diameter to obtain LSPR peaks in the NIR) for their intended
application. In contrast, the LSPR peaks of Ag nanoshells can be
tuned to the NIR while maintaining a size below 100 nm.*%*
Hollow nanostructures of Ag are not as prevalent as those of
Au,*® yet the unique optical properties and hollow nature of
these structures could prove useful in sensing and imaging
applications, where the hollow structures can also hold analytes
or contrast agents.”®*

Typically, solid nanoparticles of Ag with a diameter around
40—50 nm have an LSPR peak at ~395 nm and a weak shoulder
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Figure 14. Effects of crystallinity on plasmon propagation in Ag nanowires. Images of (A) chemically prepared and (B) lithographically prepared Ag
nanowires are shown for comparison. Both wires were 3.3 um long and had a diameter of 90 nm. Light was focused on one end of the nanowires to excite
PSP modes, which scattered into space from the opposite end of the nanowire. (C) Spectra of scattered light from the ends of the two types of nanowires.
The scattering spectrum from the polycrystalline nanowire (bottom trace) shows no regular signal modulation, indicating weak plasmon modes on the
nanowire. In contrast, the single-crystalline nanowire shows very strong modulation. Reproduced with permission from ref 244. Copyright 2005 APS.

peak at ~350 nm. In contrast, Ag nanoshells with the same outer
diameter (and inner diameters of 20—30 nm) have an LSPR peak
that is red-shifted to 506 nm.”*® These were synthesized by using
Co particles as a sacrifical template. When Ag nanoshells are
fabricated by depositing thin shells of Ag on the surface of
dielectric cores, they can also have LSPR peaks in the NIR.**°
Their LSPR peaks will blue-shift as the shell thickness is
increased while the dielectric cores are kept at a constant size.
Hollow nanocubes and nanocages have also been studied in
addition to the spherical hollow nanostructures. Solid nanocubes
of Ag displayed an LSPR peak in the range of 320—500 nm
whereas the LSPR peak of Ag nanocages was located at
530 nm.'”> The LSPR peak of the hollow nanocubes was
attenuated in intensity and red-shifted relative to that of solid
nanocubes. These results are consistent with theoretical calcula-
tions, which indicate that a combination of reduction in shell
thickness and increase in dielectric core size would result in a red-
shift 265267

In an effort to lower their total surface energy, hollow
nanostructures of Ag tend to evolve into solid particles due to
the high migration rates of Ag atoms.>*® Therefore, more
synthetic control is needed for these hollow structures in order
to perform robust plasmonic studies and evaluate their practical
applications. A better way to generate Ag-based hollow structures
is to use the galvanic replacement reaction between Ag nano-
particles and other cations (such as Au™, Ad', Pd", and Pt'").>%®
In this case, the Ag nanoparticles can serve as sacrificial templates
to generate hollow nanostructures composed of Ag-based alloys
with other noble metals (see section 4.4).

4.4. Control of Elemental Composition

4.4.1. Alloys. Alloying is an attractive strategy for plasmonic
tuning as nanostructures composed of Ag-based alloys have been
shown to exhibit optical properties distinct from nanoparticles of
pure Ag’® Several ?;pes of A_g—based alloy nanostructures
including Ag—Au,268’2 Ag—Pt,2 97273 and Ag—Pd274’275 have
been synthesized and tested. One popular structure is the
Ag—Au alloy nanocages formed via a galvanic replacement
reaction, whose LSPR peaks can be tuned across the visible
spectrum and into the NIR region, as shown in Figure 1527 The
galvanic replacement reaction can be performed with Ag nano-
cubes (e.g., with an edge length of 45 nm and a strong dipole
resonance at 440 nm) and an aqueous HAuCl, solution.'”>*””

3688

When HAuCl, aqueous solution was continuously titrated into a
suspension of the Ag nanocubes, an Ag—Au alloy shell formed on
the surface of the nanocube as the interior of the structure was
simultaneously dissolved. The molar ratio of Au to Ag in the shell
gradually increased during the titration process, resulting in the
formation of Ag—Au alloy nanoboxes and a significant red-shift
from 440 to ~700 nm for the major LSPR peak, as seen in
Figure 15C. When the volume of added HAuCl, solution was
further increased, the AuCl,  ions would start to attack and
remove Ag atoms from the Ag—Au alloy shell via a dealloyin%
process to generate Au—Ag nanocages, as seen in Figure 15D.">%
As a result, the mole ratio of Au to Ag would continue to increase
as the extinction peak was further red-shifted to 900 nm and
beyond.

In a related study, we substituted AuCl,  with AuCl,
generating a different morphology for the final product: nano-
frames vs nanocages made of Au—Ag alloys.”’***" The LSPR
properties of a Au—Ag alloy nanoframe depend strongly on the
ratio between the outer edge length and the ridge thickness
(analogous to the wall thickness of a Au—Ag nanocage) of the
nanoframe. For a fixed composition of 89% Au and 11% Ag,
DDA calculations revealed that the LSPR peak position was red-
shifted while the peak intensity increased slightly as the ratio
between the outer edge length and the ridge thickness was
increased. However, the nanoframes have larger pores on the
surface than the nanocages, showing a somewhat different shift in
LSPR peak position even though the mole ratios of Au to Ag were
similar for those two types of nanostructures. For the Ag—Au
nanoframes, the LSPR peak could only be tuned to ~700 nm, not
as far as the nanocages.

The LSPR properties of Au—Ag alloy nanoboxes can also be
tuned by removing Ag atoms from the walls with a wet etchant
other than AuCl, ~.*®" In this case, no Au atoms will be generated
during the dealloying process, making it possible to fine-tune and
control the wall thickness. In addition to the composition of Au
and Ag in the nanostructure, the shape may also change during
the dealloying process. Both Fe(NO;); and NH,OH, two
commonly used wet etchants for pure Ag, have been tested for
this purpose.”®” When either of the two was introduced into a
suspension of Au—Ag alloy nanoboxes, a dealloying process
would transform the nanoboxes into nanocages and then cubic
nanoframes. During this process, the LSPR peak was continu-
ously red-shifted from the visible to the NIR region.”® In
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Figure 15. (A) SEM image of the sacrificial templates, Ag nanocubes,
and (B—D) SEM images of the Ag—Au nanoboxes and nanocages
obtained from sequential stages of a galvanic replacement reaction.
Insets of (B) and (C) are microtomed TEM samples showing the hollow
interior, and the inset of (A) is an electron diffraction pattern. The
100 nm scale bar applies to all SEM images. Reproduced with permission
from ref 278. Copyright 2004 American Chemical Society. (E, top
panel) Vials containing Au nanoboxes and nanocages prepared by
reacting S mL of a 0.2 nM Ag nanocube (edge length ~ 40 nm)
suspension with different volumes of a 0.1 mM HAuCl, solution. (E,
lower panel) Corresponding UV—vis spectra of Ag nanocubes and
Au—Ag nanoboxes/nanocages. Reproduced with permission from ref
195. Copyright 2007 Nature.

addition, H,O, can also remove some of the Ag atoms in Ag—Au
alloy nanoboxes to reduce the wall thickness. When Ag—Au
nanoboxes were treated with excess H,0O,, the LSPR peaks red-
shifted due to the increase in Au/Ag molar ratio and the
reduction in wall thickness.”** The peak intensity also dropped
as the walls became increasingly thinner and more porous.
However, since H,O, is a weaker etchant than Fe(NO;); or

NH,OH, it could not be used to transform the Ag—Au nano-
boxes into nanoframes.

Galvanic replacement of Ag nanocubes with either Pd or Pt
salts can also produce nanoboxes with extinction peaks tunable
across the visible spectrum.275 For the Pd salt, Na,PdCly, the
electrochemical potential is not sufficiently different from that of
the alloy nanostructure to enable dealloying after the nanobox
stage. The LSPR peak of the nanostructures could be red-shifted
in a predictable manner by controlling the mole ratio of
Na,PdCl; to Ag. This peak was red-shifted from 440 to
732 nm during the formation of Pd—Ag alloyed nanoboxes.
Similarly, through controlled addition of Na,PtCly, the extinc-
tion peaks of Pt—Ag alloy nanoboxes could be tuned continu-
ously to 670 nm.”® However, because their outer walls were
relatively rough and polycrystalline instead being composed of a
single crystalline alloy, Pt—Ag nanoboxes could not evolve into
the nanocage morphology observed for the Au—Ag system.

These Ag-based alloy nanostructures have many interesting
applications. For example, hollow Au—Ag nanostructures with a
LSPR in the NIR region are hi§hly favorable for biomedical
applications, including imaging,”* therapy,”®” and controlled
release.”®* These structures can also be used as a new platform for
chemical detection. For example, Ag—Au alloy nanoboxes have
been employed to detect H,O, with a linear readout in the
concentration range from 5 X 10 >downto 5 x 1077 M.>**

4.4.2. Core—Shell Structure. The LSPR properties of
bimetal core—shell nanostructures are often different from a
mixture of nanoparticles made of the pure metals. For example, a
mixture of Au and Ag nanoparticles had two distinct LSPR peaks
associated with each type of particle (Au at 520 nm and Ag at
400 nm).”*® However, for Ag@Au (with Au on the outside)
core—shell nanostructures, only one strong peak at ~500 nm
was found, together with a broad shoulder at ~400 nm.”®
Applying a coating of a different material can also protect the
core from extraneous chemical and physical changes, and in the
case of Ag, eliminate the reactivity and toxicity of Ag.***~*** To
date, a variety of Ag-based, bimetal core—shell nanostructures have
been reported, including Ag@Au, > Au@Ag,''*??* 3
Ag@Ni,*” A§@Pd,304 Ag@Pt,*”® Cu@Ag,****"” and Ag@Cu
systems.S’OS’30

Among the Ag-based core—shell nanostructures, the Au@Ag
system is probably the most extensively studied and well
established. The typical LSPR peak for Au nanoparticles is in
the range of 500—600 nm. The formation of a Ag shell on a Au
nanoparticle can screen the LSPR excitation of the Au core.*'
Whereas the intensity of peak associated with Ag increases in
proportion to the thickness of Ag shell,**'*'* the intensity of
peak associated with Au can be almost completely masked,
because the LSPR peak for Au appears blue-shifted in Au@Ag
structures.®">*'® Mirkin and co-workers synthesized triangular
Au@Ag core—shell bifrustums and found that the LSPR peak
blue-shifted as the thickness of the Ag shell was increased.'”’
Other structures, such as Au@Ag core—shell nanorods, also
experienced a significant blue shift, in addition to enhancement
in the magnitude and sharpness for the LSPR. 063177319

Core—shell nanostructures with nontherical shapes exhibit a
much greater range of LSPR tunability.'°® For example, dumb-
bell-shaped Au@Ag core—shell nanostructures can be prepared
with three different geometries by depositing Ag on Au
nanorods.’'® The different geometries could be formed by
controlling the amount of Ag deposited on the surface of Au
nanorod seeds. The Ag shell resulted in a blue shift for the
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Figure 16. Effects of plasmonic coupling between two closely spaced nanostructures. (A) Energy level diagram illustrating the bonding and antibonding
plasmon hybridization modes for the dipole plasmon of nanospheres with a 2 nm (blue dotted line) and 10 nm (red solid line) gap width (g). Spectra are
also shown to demonstrate how the LSPR will shift upon hybridization and its sensitivity to gap width. In (B) the local field enhancements of a metal
bow-tie structure are mapped using FDTD simulations. The polarization of the incident laser is parallel to the x—z plane along the structure's
interparticle axis. The maximum intensity enhancement factor was calculated to be 2.5 x 10* at the tip of each triangle and was ~100 within 50 nm of the

gap. Reproduced with permission from ref 333. Copyright 2008 Nature.

longitudinal LSPR. The transverse LSPR band did not shift
significantly. The intensities of both the transverse and long-
itudinal LSPR modes could be enhanced as the thickness of the
Ag shell increased, similar to other reported results.>*

5. ENGINEERING THE GAPS IN DIMERS AND LARGER
ASSEMBLIES OF NANOSTRUCTURES

Although individual nanostructures have many fascinating
plasmonic properties, controlling their assembly into dimers
and larger structures and thus manipulating the collective proper-
ties has also emerﬁed as an attractive approach to plasmonic
engineering.”**>**" One of the applications of assembled struc-
tures is in metamaterials, where materials will be assembled from
plasmonic nanostructures to control light in three dimensions at
scales well below optical wavelengths.”*’ However, even the
simplest assembly of nanostructures such as a dimer can have
novel plasmonic features due to a strong SP coupling between
the nanostructures. While seemingly a byproduct of assembly,
the gaps or void spaces between constituent nanostructures can
concentrate light to exceedingly small volumes and thus create
huge near-field enhancements. Experimentally, controlling the
gaps between nanostructures is not trivial, so this simple
approach to concentrate light has become the focus of many
chemical strategies,”*****! fundamental studies,>>">!?3236322
and theories.””**** Plasmonics has already gained considerably
from advances in our control over the assembly of nanostruc-
tures, especially in sensing applications. In this section, we discuss
why gaps formed between nanostructures are important and how
they can be formed and controlled, with an emphasis on the
simplest nanostructure with a gap, a dimer.

5.1. Why Are the Gaps between Plasmonic Nanostructures
Important?

When nanostructures approach one another, their far- and
near-field properties can be dramatically altered. These changes
are a result of the strong coupling between the LSPs of the
nanostructures during excitation. When separated by a small

distance, the interaction can be viewed as a hybridization
between the LSPs of the nanostructures to form gap plasmons,
analogous to the hybridization of atomic orbitals in a
molecule,'®19>32932¢ Thig hybridization concept can provide,
in the simplest case, an intuitive depiction of the important
features of gap plasmons. For a dimer of nanoparticles with
dipolar plasmons, the gap plasmons can be defined using a linear
combination of the dipolar plasmons of the individual
particles.'” Figure 16A shows a schematic of an energy diagram
for the SP coupling between two Ag nanospheres and shows an
example of the antibonding (high-energy) and bonding (low-
energy) SP modes of a dimer. The bonding mode is more
important than the antibonding mode because it can concentrate
the E-field in the gap, resulting in a highly localized, giant
E-field enhancement commonly known as the hot-spot
phenomenon.*”” This strong enhancement can be seen in
Figure 16B, where FDTD simulations of near-fields are plotted
around two closely spaced triangular nanoplates. In the gap
region, the near-fields are enhanced by an additional 1 000. It is
important to note that the enhancement of a dimer structure is
much stronger than what is obtained by simply adding together
the contributions from the individual particles. The dimer
structure is often called an “antenna” or “plasmonic antenna”
because of its ability to collect light and convert it into E-fields.>*®

To obtain the highest enhancement with dimers and larger
assemblies, it is important to control the polarization of the
excitation.*”” Only when the excitation is polarized along the axis
connecting two particles will there be a strong SP coupling and,
thus, the associated red-shift in LSPR peak position and large
E-field enhancement near the dimer. If the excitation is not
polarized along the particle axis, little coupling occurs between
the nanostructures and a weak, slightly blue-shifted gap SP (with
weak near-field enhancement) is formed, as shown in Figure 17
parts A and B. Experimentally, these couplings have been
observed for a number of dimer nanostructures, including

59,330 214,331 . .
spheres, cubes, triangular plates (the bow-tie
332,333 334 256,327 . 244,335

structure), octahedrons,”” rods, and wires.
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Figure 17. (A, B) Two Ag dimers with different gap widths (left) and
their corresponding scattering spectra (right) as a function of energy
(eV). The dimers were excited with light polarized along the inter-
particle axis (red) and perpendicular to it (green). Reproduced with
permission from ref 378. Copyright 2010 American Chemical Society.
(C) Images of the lattice structure of Ag octahedrons made by
Langmuir—Blodgett assembly and the scattering intensity of the lattice
at different surface pressures (IT). Increasing the surface pressure
reduced the interparticle spacing between the icosahedrons in the lattice.
At higher surface pressures, the strong coupling between nanostructures
dominates over coupling across the lattice, and new peaks associated
with the collective charge polarizations of localized aggregates appear at
longer wavelengths. At the highest surface pressures, the spectrum
becomes a continuum. Reproduced with permission from ref 364.
Copyright 2008 American Chemical Society.

The size of the gap between the two nanostructures must also be
controlled. The E-field enhancement is very sensitive to gap
width and is typically maximized when the structures are
incredibly close (~1 nm) to each other.*****” There is also a
direct correlation between the area of a hot spot and its
enhancement. The regions with the highest enhancement occur
over an area nearly the size of individual molecules.>*®

One of the interesting results of SP coupling is that funda-
mentally different LSP modes are produced with unique charge
distributions and resonances. As shown in Figure 16A, the gap SP
mode is red-shifted compared to a single nanosphere’s LSPR.
The extent of the red-shift decays as the gap width (g) between
the edges of the nanostructures is increased, approximately as an
exponential function, and becomes negligible at larger distances
(~10 nm).>*’ The exponential relationship makes the gap width

an important handle for controlling the LSPs of a dimer of
plasmonic nanostructures. In contrast to dimers, more compli-
cated assemblies, like trimers and linear chains, may have
complex optical properties like Fano resonances, magnetic dipole
modes, and higher-order multipole plasmons.***

One of the reasons why so much attention has been paid to
gap plasmons is that the strongly confined fields can profoundly
alter the light-emission properties of nearby molecules and
optical emitters in interesting ways. For fluorescent molecules,
nanostructures can increase the optical absorption rate by pE?,
where p is the dipole moment of the molecule and E is the
enhanced E-field near the nanostructure, increasing photolumi-
nescence intensity.”> Similarly, for Raman spectroscopy, the
enhancement associated with a molecule in the vicinity of a hot
spot can be on the order of E*** These nanostructures can also
affect the relaxation of excited molecules back to their ground
states by introducing new electromagnetic decay pathways and
thus increasing the decay rate. The decay rate increases drama-
tically when the molecule’s emission frequency matches the
LSPR of the nanostructure.’*' The polarization of the light
emitted from the molecules can also be controlled, regardless
of the orientation of the molecule.**” A number of ways that
these interactions can be harnessed for specific applications will
be discussed in section 6.2.

In summary, the most important features of gap SPs are (i) a
significant red-shift in terms of resonance wavelength, (ii) large
E-field enhancement in the gap, (iii) extreme localization of the
near-field (hot spot), and (iv) extreme sensitivity of the far-field
and near-field properties to the size of the gap. We will now
discuss some of the methods for fabricating such gap structures.

5.2. Gaps Generated by Assembly Methods

The strong dependence of SPs and the near-field enhance-
ments on the details of the gaps between particles makes it an
important and challenging froblem to control the assembly of
plasmonic nanostructures.”*>** Ultimately, the assembly meth-
ods should be efficient, precise, and reproducible. The initial
focus in this field has been on dimers, as the simplicity of this
structure makes it possible to study a single gap at a time.
Consequently, dimer structures have played an important role
as model nanoantennas and have served as plasmonic substrates
in many fundamental studies of near-field enhancement and light
harvesting.344’345 However, assembling nanostructures into even
slightly more complex structures can also create new far- and
near-field properties that are of fundamental and practical
interest.”**>%*73% Eor this reason, techniques that have been
developed for assembling nanoparticles are diverse and are
driven by the desired application or fundamental question being
asked. In general, assembly techniques aim to control the number
of constituent particles, their orientation, and their separation.
These three aspects will be discussed below in the context of
three different assembly techniques.

Although there are a number of different ways to organize and
discuss the self-assembly of nanoparticles,”**” these techniques
can be broadly understood in terms of the types of interactions
between nanoparticles during an assembly process: (i) Are the
interactions isotropic or anisotropic? (ii) Are the interactions
reversible or irreversible? Isotropic interactions are dominated
by electrostatic and capillary forces, often between nano-
particles that have not been specially modified for any assembly
purposes (i.e., all the surfaces are more or less equivalent).
Anisotropic interactions are typically created by modifying the
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Table 3. Strategies for Creating Small Gaps between Metal Nanostructures

Strategy Example

Pro Con

Electostatic and
capillary forces

Polymer or SAM-
mediated inter-
actions

Bond formation

Lithography

Little modification Structures are often
of nanostructures is | isotropic and
needed; difficult to control;
Large crystal Templates are often
assemblies are needed.

possible;

Dimers and trimers
can be formed.

Nanostructures
must be modified
significantly for
assembly.

Interactions are
anisotropic;
Unigue structures
can be formed in
solution.

Particle spacing Interactions are

can be finely tuned; | often isotropic
Bonds formed are resulting in
automatically in areas| symmetric structures.
of high enhancement;
Structures can be
formed in solution.

Complex structures | Limited resolution
and patterns are and scalability;
possible with known | Only possible with
sizes, locations and | polycrystalline
orientations. materials.

“In row one, interactions between nanostructures are isotropic and structures are often assembled on surfaces during dewetting, like the aligned Ag
nanowires shown in (A). Reproduced with permission from ref 248. Copyright 2005 IOP. (B) More sophisticated methods use electrostatic interactions
to form Ag nanosphere dimers in solution. Reproduced with permission from ref 358. Copyright 2008 American Chemical Society. (C) In row two, the
interactions between nanostructures are anisotropic and can form a variety of structures like an array of Ag nanocubes. Reproduced with permission from
ref 371. Copyright 2008 Wiley. (D) Nanorod dimers can also be formed by anisotropic interactions. Reproduced with permission from ref 372.
Copyright 2007 Nature. In row three, the nanostructures form bonds between each other. In (E) DNA is used to form a Janus cluster. Reproduced with
permission from ref 379. Copyright 2009 Nature. (F) A linear chain of nanoparticles are formed using an amide bond between nanoparticles.
Reproduced with permission from ref 353. Copyright 2007 Science. In row four, nanostructures made from lithography can form (G) bow-tie structures.
Reproduced with permission from ref 333. Copyright 2008 Nature. (H) Layered strips with unique optical properties formed by lithography could not
be formed with current self-assembly techniques. Reproduced with permission from ref 9. Copyright 2007 Nature.

nanostructure’s surface with different molecules localized to
specific regions, impartin(g directionality to the interactions
between nanostructures.*****' Reversible interactions allow the
nanostructures to potentially interact and separate many times
before the lowest free energy state is reached. Irreversible
interactions between nanostructures typically involve the forma-
tion of a chemical bond.***"*** This section discusses the
assembly of plasmonic nanostructures using these general meth-
ods, focusing on electrostatic and capillary interactions, molecu-
larly mediated interactions, and bond formation between
nanostructures, as shown in Table 3. Both dimers and larger
assemblies are discussed, although the plasmonic properties of
trimers and larger assemblies are not as well understood.

5.2.1. Assembly with Electrostatic or Capillary Interac-
tions The simplest and most commonly used assembly techni-
ques rely on isotropic interactions and are capable of creating
both dimers and larger assemblies of nanoscale building
blocks.>>* In a typical approach, capillary and electrostatic forces
are used to assemble nanostructures on a substrate.’*® For
example, the simple drying of an aqueous suspension of
nanoparticles on a substrate generates a number of dimer
structures through capillary forces. This technique has been used

extensively in SERS studies as well as many other fundamental
studies of LSP modes associated with dimers, trimers, and other
aggregates.*”'” However, the yields of such aggregates are often
very low, and differentiating between different types of structures
and determining their geometry with respect to the excitation
polarization, while possible,>'* is not simple or common with far-
field spectroscopy techniques. A notable exception is Ag nano-
wires that can form oriented sheets or rafts via capillary and
electrostatic interactions (Table 3A), which can be seen under an
optical microscope.23’47’335’357

Recently, we have reported the synthesis of dimers consisting
of single-crystalline Ag spheres <30 nm in diameter with a yield >
50% based on the polyol synthesis, in which growth and
dimerization of Ag nanospheres were accomplished at the same
time due to electrostatic interactions, as seen in Table 3B.>%®
Another similar method, based on wet etching with Fe(NO3)s,
could also form well-defined dimers of Ag nanospheres with a
range of different sizes.**” The etching reaction was performed at
room temperature in ethanol with the help of PVP. When an
aqueous suspension of Ag nanocubes was mixed with a small
amount of aqueous Fe(NO3); solution in ethanol, the corners
and edges of the cubes were truncated to generate spheres, which
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were also induced to dimerize at the same time. Individual dimers
consisting of Ag spheres 40, 63, and 80 nm in diameter have been
made in this way, and their SERS properties were measured with
the largest enhancement factor approaching 10%.°®

More complex methods have also been used to form 1D and
2D lattices of nanostructures via capillary and electrostatic
forces.>>” By manipulating the wetting and speed at which the
substrate was withdrawn from a suspension of nanoparticles,
capillary forces could assemble Ag nanoparticles into linear
chains over large areas.****®' Macroscopic 2D lattices of large
Ag nanocubes, truncated nanocubes and octahedrons have
also been formed using the Langmuir—Blodgett (LB) techni-
que, followed by transfer to various substrates.>*® A lattice of
octahedrons fabricated using this method is shown in
Figure 17C. While the particles assemble with simple isotropic
interactions, their interparticle spacing and packing density
can be controlled by particle concentration or presence of
molecules on the particle surface. Films composed of trun-
cated cubes and octahedrons display reflectance peaks at
480 and 710 nm, respectively, corresponding to the coupled
quadrupolar modes of the ordered films. Despite their
similar packing arrangement and interparticle spacing, each
film exhibits a distinct optical response due to the shape
dependence for the plasmonic properties of individual
nanoparticles.**

Large 3D lattices assembled through isotropic interactions
have typically used very small nanoparticles (1—S nm), which are
not well-suited for plasmonic applications.****** Recently, how-
ever, large Ag octahedrons (~150 nm in edge length) have been
used to form large plasmonic lattices with a frequency-selective
response in the visible wavelengths.‘?’é4 These materials formed
plasmonic bandgap structures, which could be tuned by changing
the periodicity of the nanocrystal and the crystal density. How-
ever, the nearest-neighbor LSP coupling within the lattice was
found to be the dominant parameter in determining the optical
response, which could be controlled by varying the extent of
particle sedimentation.

The interparticle spacing can also be tuned by functionalizing
the surfaces of the constituent nanostructures. For example, by
using self-assembled monolayers (SAMs) of alkanethiolates with
different chain lengths, it is fI))ossible to effectively manipulate the
interparticle spacings.**>*® Molecules that react to heat have
also been used to create dynamic gaps whose distance can change
with temperature.**’” Additionally, by performing isotropic as-
sembly on an elastomeric substrate, it is possible to physically
manipulate the interparticle spacing by stretching or compres-
sing the substrate.’*®

5.2.2. Assembly with Molecular Interactions. Assemblies
of nanostructures have also been formed in solutions with high
yields by using molecularly mediated anisotropic inter-
ations.*>"**3% These techniques are possible due to more
advanced synthetic methods for producing uniform Ag nanos-
tructures with well-defined facets and better control over the
binding of a variety of molecules to nanostructure surfaces. The
binding of molecules to nanostructures will not always be uni-
form as the surface of an anisotropic nanostructure will typically
be enclosed by different types of crystal facets, each with a
different surface energy. These differences in surface energy can
sometimes lead to preferential binding of specific molecules on
one type of facet. For example, as discussed in the synthesis
section, PVP preferentially binds to {100} facets and citrate
preferentially binds to {111} facets of Ag.**

Thiols are an important class of molecules that can bind
strongly to the surface of coinage metal nanostructures and form
SAMs that cover their surfaces.””® These monolayers change the
surface chemistry of the nanostructure and can impart direction-
ality to its interactions if the coating is not the same on all facets.
The use of alkanethiolate SAMs to selectively assemble Ag
nanostructures is shown in Table 3C. For Ag nanocubes,
different cube faces could be selectively functionalized with either
a hydrophobic or hydrophilic SAM by functionalizing a single
layer of cubes dried on a substrate and then releasing them into
solution with sonication.””* The cubes would then assemble in
water via hydrophobic forces to minimize the number of hydro-
phobic faces in contact with the surrounding water. The resultant
structures assembled so that their hydrophobic faces were in
contact. Similarly, Au rods have been shown to preferentially
bind polystyrene at their tips, resulting in a hgdrophilic rod with
tethered hydrophobic chains at the ends.’”* When water was
added into the solution containing the rods, they began to
assemble end-to-end to form chains due to polystyrene’s un-
favorable interaction with the water. When the solvent was
hydrophobic, clusters formed instead, as seen in Table 3D. Linear
chains of Ag nanoparticles assembled using this technique
reported SERS intensities that were several orders of magnitude
greater than single nanoparticles.*”®

Other unique structures can be formed using reversible,
anisotropic interactions that are more complex than the simple
lattices formed through isotropic interactions.*****! Using am-
phiphilic Ag nanoparticles, tubelike nanoarrays ~100 nm in
length, 20 nm in diameter, and with an interparticle gap of 3 nm
could be assembled in water. Bioinspired templates, like viruses
and micelles, can also provide scaffolds in solution that are well-
suited for the reversible assembly of metal nanoparticles.”*" In
general, anisotropic assembly is ideal for creating nanostructures
with unique suprastructures in solutions at high yields. In terms
of plasmonic applications, these assemblies are often studied as
proof-of-concept systems as they have unique and novel optical
properties.””> However, more research is required for these
structures to find practical applications.

5.2.3. Assembly Involving Bond Formation. When chem-
ical bonds are used to form assemblies, the bonds that form
between the constituent nanoparticles increase the stability of the
structure (though increasing the temperature or introducing
other molecules could potentially break them). This type of
assembly often relies on the binding of complementary strands of
DNA#?3237%375 DNA is a particularly useful molecule
for assembly because of its availability and well-understood
interactions. Also, as a biomolecule, it is compatible with sophisti-
cated pre-existing biomolecules (e.g., proteins) that can change
interparticle spacings or cleave the DNA linkage between
structures using different enzymes.*’® However, other methods,
such as those that utilize photoswitchable molecules,>* and
streptavidin—biotin>”” can also be used to create bonds between
nanoparticles. The benefit of this type of assembly is the high
degree of control that can be achieved, as well as the complex
assembly schemes that are possible due to the specificity of the
molecules used to form bonds between nanostructures.

A number of structures have been formed from the hybridiza-
tion of complementary strands of DNA from dimers to 3D crystal
lattices. For plasmonic applications, DNA is particularly useful
because its length can be fine-tuned to create interparticle gaps
that would not be possible using other techniques. This can be
seen in Figure 17, where Ag dimers were formed with gap widths
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of 1—25 nm via DNA assembly.>”® In Figure 17A and B, the SP
energy (eV) was directly compared to the gap width and the laser
polarization. As the interparticle gap was decreased, the gap SP
red-shifted (to lower energies), indicating a stronger coupling
between the particles.

The “coded” nature of DNA can also generate interesting
structures as seen in Table 3E. This Janus cluster, a large spherical
nanoparticle with smaller nanoparticles assembled on one side of
the structure, was made using different DNA codes. The large
particle was functionalized with the smaller nanoparticles on a
substrate to protect one side of the large particle from
functionalization.>” Such heterostructures are promising for
near-field studies as their properties are different from the
dimeric counterparts.'****

One drawback with DNA-programmed assemblies is that the
location of the DNA molecule on a nanoparticle’s surface cannot
be easily controlled. In contrast, thiolate SAMs can sometimes
spontaneously form nonuniform domains on the surface of a
nanoparticle.”® When packing SAMS onto a spherical metal
nanoparticle, unstable domains form at opposing ends of the
nanoparticle’s surface due to unavoidable defect regions in the
crystalline packing of molecules on a spherical substrate. These
defect regions can be functionalized with reactive molecules
capable of forming a covalent bond upon activation.*> Such
functionalized nanoparticles can be assembled into linear chains,
as shown in Table 3F. The self-organization of the thiolate
ligands into patterns and stripes with a wide variety of spacings
on metal nanoparticles has also been demonstrated and may be
used in the future for anisotropic assembly of isotropic metal
nanoparticles.”>**** Potential limitations of structures synthe-
sized with bond formation are that the molecular linkers that
bridge adjacent nanoparticles can prevent other molecules from
entering the gap region (i.e., hot spot), or these linker molecules
can interfere with signals needed for sensing and imaging
applications.

5.3. Gaps Fabricated Using Lithographic Methods

Lithography is also an important tool for generating nano-
structures with controllable gaps.*®***® These structures are
typically well-defined and can be produced over large areas
(cm®) and in multiple copies. Particularly, many fundamental
studies have used the lithographically generated bow-tie struc-
tures for mapping and understanding near-field enhan-
cement.”*** In general, it would be very difficult or
impossible to use other methods to fabricate the patterned arrays
of metal strips, gratin§s, and holes essential to plasmonic
waveguides and lenses.”>***> However, in comparison to assem-
bly, lithography is not as good at producing gaps controlled
below 10 nm. Lithography also can only produce planar, thin-film
architectures. Three general types of gap structures are prevalent
in lithography: (i) periodic arrays of nanoparticles of the same
shape and size; (ii) nanoparticle clusters that create nanoscale
gaps of different shapes and sizes; and finally (iii) nanoscale
gratings that provide long, one-dimensional gaps of varying
depth and width. The methods discussed in section 2.3 (EBL,
FIB, and NSL) are often used to create these structures, and
many modified versions have been created to improve the
controlled formation of gaps.

One of the challenges with using lithographic techniques to
generate gap structures is the difficulty of patterning features only
afew nanometers apart.'®® For EBL and FIB, damage to the resist
as well as ineffective liftoff at such small sizes can disrupt the

uniformity of nanoparticle arrays and the shape of the particles,
though direct EBL can eliminate many of these defects. For
periodic arrays of nanoparticles generated using EBL, the gap size
is limited to about 50 nm.**® FIB milling can also be used to
generate gaps as narrow as 10—20 nm. This technique takes
advantage of the destructive nature of bombarding a surface with
ions and can be used to carve out a nanostructured substrate with
high resolution. First, a layer of Ag is deposited on a Si substrate,
the thickness of which can be controlled by traditional PVD,
typically 60—100 nm. Next, metal pillars are milled using a FIB
according to a predetermined pattern. Examples of shapes that
easily generate small gaps are square pillars in a checkerboard
pattern, in which 20 nm gaps can be formed between diagonal
corners of the pillars.*®” More complicated structures, such as
multipointed stars, are milled to maximize the number of gaps
formed between the sharp points. The patterning of stars was
shown to produce gaps as small as 10 nm.

In traditional NSL, the gap sizes are typically too large for
plasmonic applications. However, modified versions of this
method have been developed to solve these problems. For
example, angle-resolved NSL (AR NSL) was developed to
produce smaller gaps between nanoparticles by simply rotating
the colloidal mask between Ag depositions.”® The first round of
deposition is performed at an angle, which is measured as the
angle between the deposition beam and the normal to the
colloidal mask. To generate gaps, the substrate is then rotated
to shift the projection of the gaps between spheres onto the
substrate. A larger rotation will increase the size of the gap until
the projection is blocked by the spheres themselves. Gaps as
small as 4 nm have been fabricated this way.'%®

In addition to regular arrays of discrete particles, lithographic
techniques can also be used to generate clusters of nanostruc-
tures and thin films of Ag with discrete holes. In these ap-
proaches, the geometry of the gap (or hole) is typically the focus,
and the hole pattern will define the shape of Ag structures.'*>**’
One method that has been demonstrated for creating these
structures is fabricating polymer pillars with EBL and then
depositing Ag via PVD. This technique produced a variety of
morphologies including star-shaped clusters of elongated nano-
pillars, which resulted in an array of pentagonal or hexagonal
holes.**® As with arrays of nanoparticles generated by regular
EBL, the interparticle gaps could be controlled as small as 50 nm,
which depended on the resist and the thickness of the Ag layer.>*

Nanoimprint lithography (NIL) has also been used to make
nanoscale gaps, specifically, nanoscale grooves (1D gaps).*”***
However, the width of these gaps is still limited by the resolution
of photolithography or EBL, as these techniques are used to
generate the mold. Recently, novel variations on this technique
have made it possible to generate grooves that are <10 nm
wide.*** In the first step, deep UV (DUV) was used to generate
arrays of Si nanowires. Because DUV uses wavelengths of
~190 nm, it can fabricate smaller features (~50 nm) on Si
wafers than traditional photolithography. A layer of HfO, was
then deposited to reduce the spacing between the wires from 100
to ~50 nm or less. Finally, Ag film deposition yielded 10 nm
gaps. Controlling the thickness of the Ag layer and the size and
spacing of the Si nanowires were two ways to tune the plasmonic
properties of the substrate.*®

Both solution-phase methods and lithographic techniques
remain important to the assembly of nanostructures and the
control over interparticle gaps. Future advances will likely take

advantage of both types of methods depending on the desired
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application.® One interesting aspect of the gaps between
nanostructures that has not been thoroughly investigated is that,
even though gaps generated with lithographic and solution-phase
methods can have the same shape, they may have different
plasmonic properties due to the difference in crystallinity and
surface roughness.’” A direct comparison between similar
structures made by lithography and synthesis methods is needed
to determine how the plasmonic properties of these materials are
affected by their fabrication processes. Some of the factors that
may cause differences are the limited coupling between thin-film
nanostructures defined within the same plane and the effects of
surface roughness and crystallinity.

5.4. Engineering Plasmonic Interactions between Nanopar-
ticles and Substrates

Depositing nanoparticles onto substrates is often a necessity as
this imparts a fixed location and orientation to the nanostructure
with respect to its environment, which is needed to identify and
study single nanoparticles effectively."” A nanoparticle depos-
ited on a substrate will have different pro}operties compared with
the same nanoparticle in a solution."””'***%” The extreme
sensitivity of plasmonic nanostructures to the refractive index
of their environment is one reason why substrates can affect a
nanoparticle’s optical properties. The other is that a nanoparticle
on a substrate will experience an anisotropic environment. One
side of the nanoparticle faces the substrate, and one side does not.
This can have unusual effects on the plasmonic properties of a
nanoparticle that are not seen in isotropic environments.””” The
substrate effect on a nanoparticle has onlz recently been inves-
tigated in terms of LSPR peak shifting®”> and splitting,**® and
currently little is understood about how substrates effect the
near-field pro;)ertles (spatial distribution, strength, etc.) of a
nanoparticle.?°**%” A better understanding of particle—sub-
strate interactions could have enormous benefits, as this config-
uration is ubiquitous in plasmonic research and easy to create.
However, controlling the physical properties of a supporting
substrate for plasmonic applications is still in its infancy.

When a nanoparticle approaches a dielectric substrate, the
environmental symmetry of the nanoparticle is broken and
degenerate LSPR modes (ie., different LSPR modes with the
same energy) can be differentiated. LSPR modes that are in
proximity to the substrate can interact with the substrate and will
have new properties. This interaction can have a significant effect
on the nanoparticle’s scattering spectra, which is typically
observed as a red-shift of the LSPR as a nanoparticle approaches
a substrate."”® For a Ag nanocube approaching a glass substrate,
as seen in Figure 8, the LSPR red-shifts and splits into two
peaks.”® From FDTD calculations, the peaks are assigned to
LSPR modes with near-fields facing away (peak 1 at 430 nm) or
toward (peak 2 at S50 nm) the glass substrate. Interestingly, the
LSPR peak facing away from the substrate (peak 1) was found to
be much more sensitive to changes in the local environment
compared to LSPR peaks of Ag nanocubes in a solution.

The reduced symmetry of a nanoparticle on a substrate can
also cause the dipole LSPR mode of a nanoparticle to split into
two modes: one oscillating parallel to the substrate and one
oscillating perpendicular to the substrate.””” These LSPR modes
can be separately excited by controlling the polarization of the
incident light with respect to the supporting substrate.'”"**” The
permittivity of the substrate will also affect the formation and
strength of LSPR modes. The higher the permittivity, the greater
is the interaction between the nanostructure and the substrate,
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Figure 18. (A) FDTD calculated E-field enhancements (|E|2) of a Au
nanowire on a Au film and Si substrate, respectively. The near-field
intensities are larger for the nanowires on the metallic film. (B) SERS
measurements of the molecule benzenethiol (BT) from a single Au
nanowire on a Au film (blue line) and on a Si substrate (green line).
Reproduced with permission from ref 47. Copyright 2008 American
Chemical Society.

and larger shifts in the LSPR are often observed.**” The distance
between the nanoparticle and substrate will also determine the
strength of their interactions.

In contrast to dielectric substrates, the interactions between a
metal substrate and a metal nanoparticle are more complicated
and potentially much more interesting. Metal substrates (like
evaporated thin films, 10—200 nm in thickness) can support
PSPs, which can interact with metal nanopartlcles, creating a
strongly coupled plasmonic system.*®® The hybridization be-
tween a metal nanoparticle and metal substrate can fundamen-
tally change the LSP modes supported by the nanoparticle. This
can have profound effects on the near-fields of the nanoparticle,
which may prove beneficial to surface-enhanced spectroscopies
like SERS and SEF. In Figure 18, SERS enhancements from a
single nanowires were found to be 10X larger when the
nanostructure was on a metal film compared to a Si substrate.”’
In fact, without the use of a metal film, no SERS spectra could be
detected from the molecule benzenethiol (BT), as shown in
Figure 18B. When either Ag or Au films were used, the SERS
enhancement was more sensitive to the composition of the
nanowire. Single Ag nanowires had larger SERS enhancements
compared with Au nanowires on a metal substrate by a factor of
2x. Metal substrate effects are also sensitive to the distance
between the nanoparticle and the substrate,>”* but relatively little
is known about the effects of metal substrates on the plasmonic
properties of nanoparticles. Although several theoretical studies
focus on the plasmonic interactions between a metal nanoparti-
cle and a substrate,'"”***” additional studies are required to
determine if metal substrates can be used to effectively control
the plasmonic properties of supported nanoparticles.

6. PLASMONIC APPLICATIONS OF SILVER
NANOSTRUCTURES

Plasmonics encompasses a fundamental light—matter inter-
action; consequently, there are many scientific fields that stand to
benefit from it. Already, many applications of plasmonics have
emerged in past decades like SERS, near-field optical microscopy,
and LSPR-based sensing. Despite this wide range of research
activities, current applications of plasmonic nanostructures can
generally be categorized into three thrusts: (i) LSPR sensing and
detection, (ii) concentration of light to enhance or manipulate
the optical response of nearby molecules, and (iii) manipulation
of light with plasmonic circuitry. The first thrust area takes
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advantage of the sensitivity of a nanostructure’s LSPR properties
toward its surroundings. The second exploits the intense E-fields
and highly directional nature of LSPRs supported by nanostruc-
tures (in this context, they are often called nanoantennas) to
enhance molecular scattering or emission cross sections and,
in some cases, control the directionality of light propagation.
Finally, the third thrust encompasses the guiding and mani-
pulation of PSP modes in one-dimensional nanostructures.
Below, we discuss some recent applications in the thrusts noted
above, as well as emerging applications and future directions of
plasmonics.

6.1. Surface Plasmon Resonance Sensing and Detection

Some of the first, and most successful, applications of plas-
monic structures were in the detection of molecules. This
technique has been commercialized for PSPs on continuous
metal films.**® The films are chemically functionalized to selec-
tively bind target molecules like DNA strands or proteins. Upon
binding of the target molecule, the dielectric environment near
the surface of the metal film is altered. Consequently, binding can
be monitored by measuring the change in coupling geometry
(i.e., the angle) between the metal film and the excitation source
required to generate PSPs.>*” This technique remains important,
and a number of commercially available instruments are widely
used today in the biological sciences.

This technique has been extended to LSPR sensing with
nanoparticles. Analogous to the change in coupling geometry
for the metal film, when the dielectric environment around a
plasmonic nanoparticle changes because of the introduction of
analyte molecules, the resonance frequency of the LSPR will
shift.>>?**394% Thjs is the foundation of LSPR sensing, and by
carefully preparing the nanostructures to interact only with
specific molecules, molecular binding affinities, reaction rates,
conformational changes, and complex interactions can all be
monitored with this technique. There are several excellent
reviews of this e of chemical sensing for further
reading, 1920401402

While the examples so far all involve LSPR-based sensing of
molecules, other changes can also be detected via LSPR techni-
ques. Recently, the structural changes of a nanoparticle, typically
associated with aging and minimization of its surface energy,l31
have been used to develop a novel class of colorimetric indicators
for time and the average temperature over extended time
frames.**® For example, the sharp corners of triangular Ag
nanoplates in solution will round and become truncated over
time, resulting in a large shift in the LSPR. This rounding process
was found to be sensitive to temperature. At higher temperatures,
the rounding process proceeded faster. These variables (time and
temperature) could be calibrated to the LSPR shift of the Ag
nanoplates. The color change that accompanies this rounding
can be seen with the naked eye, making this new system well
suited as time and temperature indicators. When placed on the
outside of a product’s packing, the time and temperature
information about the product can be easily determined.

More recent advances in LSPR sensing and detection have
focused on increasing the LSPR sensitivity of metal nanostruc-
tures. For example, coupling a resonant molecule to the reso-
nance frequency of a nanostructure can increase the magnitude
of the nanostructure’s LSPR peak shift dramatically.*>*%¢
Strong resonance coupling between a molecule and a nanostruc-
ture can occur when there is a spectral overla;) between the LSPR
and a molecular electronic resonance.*”” This coupling is

sensitive to the electronic structure of the adsorbate and can
create a large spectral shift compared to nonresonant molecules.
This new technique allows for LSPR detection of a small number
of molecules that would not be able to significantly change the
surrounding refractive index of the metal nanostructure for
appreciable LSPR shifts. Instead these molecules can interact
with the bound resonant molecules on the nanostructure and
change their electronic structure. In one study, the electronic
structure of the heme-containing cytochrome P450 protein
(adsorbed on Ag nanostructures) was altered by the binding of
camphor. LSPR shifts as large as 67 nm were observed, corre-
sponding to a shift of 0.07 nm per camphor molecule.*** This
technique has the potential to make LSPR sensing sensitive
enough for single-molecule detection. However, the fundamental
interaction between the resonant molecule and the nanostruc-
ture requires further study before this technique is fully
optimized.

Another method to increase the sensitivity of LSPR sensing
takes advanta§e of the distance-dependent coupling between
nanoparticles.”’**** % As described in section S, the SP
hybridization between nanostructures can result in a fundamen-
tally new SP mode, which is typically red-shifted (up to 70 nm)
relative to those of the constituent structures, and the shift is very
sensitive to the gap width between the structures (~10 nm for
every 1 nm in distance). By modifying nanoparticles with
proteins and ligands that will induce aggregation when they
bind, molecular interactions can be inferred from these gap-
dependent LSPR shifts. The number of molecules trapped in the
gap region is typically very small, and the resulting spectral shifts
are very significant. The shifts can be seen with the naked eye for
suspensions of nanoparticles or with a microscope for single
dimers.

LSPR sensing using distance-dependent coupling was first
accomplished by forming large aggregates via DNA.*''~*'
These experiments were first monitored by observing the color
change of the solution (colorimetric detection), and this con-
tinues to be an effective way to monitor a number of different
processes like enzymatic activity*'* and to detect heavy metal
ions such as Hg.*"* These techniques measure the interactions of
many millions of nanoparticles. In contrast, more recent studies
have focused on single dimers or “plasmon rulers” by calibrating
LSPR shifts to the width of the gap within a dimer,**' monitoring
the changes in scattering intensity due to dimerization (there can
be a Sx increase), and monitoring the optical polarization
dependence for the dimer structure.*’**'®*!” The most innova-
tive studies have used the gap width dependence to monitor
dynamic changes in the separation between nanoparticles
(typically a dimer structure) and the associated molecules.*”**'®
These plasmon rulers can be monitored over long periods of
time, and gap distances from a few nanometers up to 70 nm can
be determined. Both capabilities represent significant improve-
ments over systems based on molecular dyes.*'” In addition,
DNA bending*’® and cleavage®”®*"” can both be monitored this
way, as well as any enzyme that can modify the length of DNA.

These plasmon rulers have also been used in vitro to probe
cellular mechanisms.*#*2%*! n Figure 19, Ag dimers connected
by DNA were used to probe the compartmentalization dynamics
of a cellular membrane in a novel techniﬂue called polarization-
resolved plasmon coupling microscopy.*'® The rotational and
translational motion as well as gap width (g) within a dimer were
monitored in real time for many individual dimers deposited on a
cell surface (see Figure 19B). As confinement increased, the
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Figure 19. (A) Dimers of Ag nanoparticles can serve as probes in
polarized resolved plasmon coupled spectroscopy, which probes the
dynamics of cell surfaces. (B) The dark-field scattering images of
plasmonic rulers on a HeLa cell at two different scattering polarizations
are shown. The red box corresponds to scattering from one dimer, which
is tracked over time on the cell surface. (C) Spatial analysis of
interparticle gap width (g) of plasmonic rulers on a cell. Confinement
on the cell surface is expected to decrease g. The map shows three
regions (C1—C3) on the cell membrane where the plasmonic rulers
were confined, and these regions also have smaller interparticle spacings.
Reproduced with permission from ref 418. Copyright 2010 American
Chemical Society.

particle separation decreased and there was less mobility.
Figure 19C shows a spatial map of g values where the shortest
interparticle spacing was confined to three well-defined regions
(C-1, C-2, and C-3). A reduced rotational movement (deter-
mined from polarization measurements) was also correlated with
these regions. These observations show that confinement to an
area on a cell membrane does affect rotational motion and the
average interparticle spacing of the plasmon rulers. These areas
were consistent with length scales of cell compartmentalization,
confirming that organizational heterogeneity in a cell membrane
occurs at scales well below the diffraction limit. The “dance” of
plasmon rulers confined to the cell membrane is an ideal
technique for studying the ebb and flow of the cellular surface
at resolutions much higher than can be achieved with traditional
particle tracking.*'®

6.2. Focusing and Concentrating Light with Nanostructures

In contrast to LSPR sensing, the enhanced E-fields near a
nanostructure’s surface provide a relatively simple route to
single-molecule detection*>******* and control over the optical
properties of molecules. In general, the strongly confined fields
near a metal nanostructure can tremendously alter the light-
emission, excitation, and collection efficiency of nearby mol-
ecules and optical emitters like quantum dots (QDs).® The
measurable parameters include the intensity of the emitted
light,zso’ﬁg’3 4423424 3o directionality,344’425’426 and even its
polarization.”””**” Nanostructures that are engineered to focus
and manipulate light are often called nanoantennas and are
typically nanostructures with sharp features or dimer structures
with engineered sizes and gap widths.

6.2.1. Surface-Enhanced Raman Scattering. In SERS, the
enhanced E-fields of a plasmonic nanostructure can increase the
Raman scattering of molecules in their vicinity by a factor of
E* 248390927 ©feasured enhancements range from 10* to 10"°,
and even single molecules have been detected with dimers of
nanoparticles and larger aggregates.®**3%*>#2842% GERS pro-
vides the unique vibrational spectrum of a molecule, a Raman
fingerprint, and does not require labels or other markers
(although these are often used). It also does not just infer the
presence of a molecule through spectral shifts but can directly
identify its structure based on the spectroscopic fingerprint. For
these reasons, SERS is a direct and sensitive technique, and its use
has been actively explored over the past decades.”*>*%*!

The enormous enhancement in SERS can be attributed to two
mechanisms. The first is a result of electromagnetic enhancement
that arises due to the LSPR modes, which can focus light into
nanosized volumes, drastically increasing the E-field intensity
near the nanoparticle.>********* The second is chemical en-
hancement, which is thought to arise from interactions between
the molecule and the nanoparticle as a result of changes to the
molecular electronic states. This leads to resonant enhancement
from molecular excitations or charge transfers between the
molecule and the nanoparticle.”**** The electromagnetic me-
chanism is typically thought to contribute most of the enhance-
ment (10°—10%), and the chemical enhancement contributes
much less (10—10?); however, this remains an active area of
research.>>*** The larger contribution of the electromagnetic
mechanism has made this a favorite handle for engineering SERS,
and many synthetic methods now exist to create plasmonic
nanostructures than focus light into tiny volumes for electro-
magnetic enhancements. Dimers of nanoparticles and sharp
features on nanostructures are excellent examples of attempts
to focus light for SERS applications.

Because of the sensitivity of SERS and the extreme localization of
enhanced E-fields, much of the work with SERS is an attempt to
create nanostructures with reproducible and controllable
enhancements.'””** Correlating the physical structure (size, shape,
morphology, and composition) with SERS enhancements has
advanced both the understanding of SERS and the techniques
used to control the assembly of nanostructures,>353454357437
Characterization of single particles or dimers has shown that shape,
size, composition (Ag vs Au), and excitation polarization all affect
SERS enhancements.””****~*? More recent studies have at-
tempted to probe the hot spot (the region with the highest E-field
enhancement) in single particles and dimers in an attempt to detect
single molecules or determine the relative contribution of the
hot spot to the SERS enhancement factor,%20>331:335,338,358,422,443

From an application standpoint, SERS typically uses two
strategies. In the first strategy, people attempt to capture and
identify molecules in the local environment for ultrasensitive
detection.****~* The second strategy relies on the use of
predetermined molecules to create SERS “tags” or Raman
molecules with unique and strong SERS signals."*"~*° These
molecules have unique SERS spectra and, because of the nar-
row widths of Raman bands, are ideal for identifying and
imaging numerous different tags in the same spectrum, a
technique commonly known as multiplexing.***~**° An example
of this technique is shown in Figure 20A and B, where SERS tags
are used for in vivo cancer imaging.**' Silver nanoparticles are
functionalized with dye molecules that serve as the SERS tags and
antibodies that preferentially bind to the receptors on tumor
cells. Using excitation in the NIR, penetration depths up to a few
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Figure 20. (A) Photograph of a mouse with a tumor that has been labeled with SERS tags for noninvasive tumor detection with SERS. A laser is focused
onto the tumor site, and the SERS signal from the tumor is recorded. (B) The SERS signal from the tumor and liver of the mouse. The SERS signal from
the tumor is representative of the SERS tag used to target the tumor; in contrast, there is little signal from the liver. Reproduced with permission from ref
451. Copyright 2008 Nature. In (C) nanoparticles functionalized with pH sensitive molecules are introduced into cells. The pH can be determined by
monitoring the SERS bands (at 1423 and 1076 cm ™) from the nanostructures, and subendosomal resolution of the pH inside a cell can be achieved in
real time. Reproduced with permission from ref 452. Copyright 2010 American Chemical Society.

centimeters were possible and small (~0.03 cm?) tumors could
be identified and located noninvasively using a Raman system.

In Figure 20C, the rich spectral information, high spatial
resolution, and sensitivity to changes in the probe molecules of
SERS have been combined to map the pH inside living cells at
subendosomal resolution.**> Silver nanoparticles with special
SERS probe molecules attached were taken up by living cells. The
cells were then scanned with a Raman microscope, and two
bands in the SERS spectra were used to determine the pH across
different regions in the cell over time. The SERS probe molecules
were nonresonant with the excitation so there was no photo-
decomposition for the probe molecule, and a broad range of
excitation wavelengths could be used. Because the pH was
derived from two Raman lines, no subtraction of background
signals was required. This technique, therefore, offers significant
advantages over fluorescence-based methods. The SERS pH
measurements were consistent with the current understanding
of the endocytotic pathway of metal nanoparticles and present a
novel way to probe intercellular processes.*’

6.2.2. Surface-Enhanced Fluorescence. The emission of
resonant molecules in the vicinity of a plasmonic nanostructure
can also be enhanced through a process known as surface-
enhanced fluorescence (SEF).****3%* SEF occurs primarily
as a result of the interactions between the excited state of a
fluorophore with the near-fields of an excited metal nanostruc-
ture, increasing the optical excitation rate and the decay rate
(both radiative and nonradiative) for the molecule. Plasmonic
nanostructures can increase the emission intensity by pEz.454
Enhancement factors vary from 2 to 1000 and are extremely
sensitive to experimental parameters, makin% comparisons be-
tween different experiments difficult.”**3%*

Metal nanostructures can also alter both the radiative and
nonradiative decay rates of nearby fluorophores, thereby changin§
their fluorescence lifetimes and quantum yields53*3#4456=4°
Figure 21A shows a comparison of the lifetime images of two
fluorescently stained cells grown on either a glass coverslip or a
Ag nanoparticle island film (i.e., Ag nanoparticles deposited on a
glass coverslip).*® The fluorescence from the stained mem-
branes of the cells on the Ag film had a lifetime that was 2.0 ns
shorter and had a 3x larger photostability due to SEF. This
shorter lifetime allowed for more emission cycles prior to
photobleaching, and the cell images are consequently brighter
and more detailed. In a related study, the cell nucleus was stained
(instead of the cell membranes) and deposited on a Ag island
film. In this case, the fluorescence images did not show any
significant lifetime reduction or emission enhancement. This was
attributed to the larger distance between the cell nucleus and the
underlying Ag substrate as compared to the cell membrane,
which was adjacent to the substrate. SEF could have a large
impact on fluorescence imaging, but many variables like the
distance between the flourophore and the nanostructure and its
effect on excitation rate and fluorescence require further
study,339460-462

Just like in SERS, the distance of the molecules from the
plasmonic nanostructures can also affect the SEF experiments
drastically due to the rapid decay of near-fields on the nano-
structure and interactions between the molecule and metal
nanoparticle itself.**>**** Current studies suggest that the fluo-
rophore must be within ~30 nm of the metal nanostructure to
benefit from the enhanced near-fields of the nanostructure.***
However, when a fluorophore is located too close (e.g., a few
nanometers) to the metal nanoparticle, nonradiative relaxation
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Figure 21. Controlling radiative emission with plasmonic nanostructures. (A) Cells were seeded on glass coverslips (top) and on Ag nanoparticle island
films (bottom), and fluorescence lifetime images were taken. The longer lifetime corresponded to enhanced fluorescence emission and was a result of the
plasmonic Ag films. Reproduced with permission from ref 459. Copyright 2008 American Chemical Society. (B) Nanoparticle aggregates (top dimer,
bottom trimer) and corresponding plots of depolarization ratios with $83 (red line) and 555 (black line) nm excitation. For the dimer, the polarization of
emitted light is along the interparticle axis, as expected. Breaking the symmetry of the dimer and forming a trimer results in polarization that is
wavelength-dependent and is rotated due to the third particle. Reproduced with permission from ref 329. Copyright 2008 PNAS. (C) A quantum dot
(QD) is placed near a Ag nanowire to generate a guided single PSP (shown in red) along the nanowire, where I',,q and I’ are the emission rates into free
space or guided plasmon modes, respectively. (D) A fluorescence microscope image showing the excited QD (red circle) and Ag nanowire (not visible)
whose ends radiated excited plasmons (blue circle). Reproduced with permission from ref 489. Copyright 2007 Nature.

rates can dominate and quenching arises, which can eliminate the
benefits of LSPR excitation.***~**>*> While SERS and SEF have
many similarities, they are very different,**® and unlike SERS,
fundamental studies of SEF have only begun to unfold in probing
this interesting and useful phenomenon.**"

6.2.3. Control of Light with Plasmonic Antennas. An-
tennas, like radio antennas, can collect and transmit electro-
magnetic waves. Similarly plasmonic antennas can collect
electromagnetic waves and transmit them, but at optical frequen-
cies. Also similar to radio antennas, the directionality of the
transmitted electromagnetic wave near a plasmonic nanostruc-
ture can be controlled."*>**¢*” Unlike typical antennas though,
plasmonic antennas can also control the emission of nearby
molecules. For example, the angular emission of a single mole-
cule coupled to a single plasmonic antenna will be determined by
the direction of the main SP mode of the antenna regardless of
the molecule’s orientation.**® As such, a one-dimensional array
of metal nanoparticle antennas can modify the spatial radiation
pattern and the direct emissions to a single direction.****”°

More complex arrangements of plasmonic nanostructures can
also control the polarization of the emitted light, as seen in
Figure 21B.%*" For dimers of Ag nanoparticles, the depolarization
ratio (the intensity ratio between the perpendicular and parallel
components of the scattered light), p(0), is typically wavelength-
independent.*’”" Figure 21B (top-right graph) shows that the
highest intensity of scattered light from a nanoparticle dimer
occurs along the interparticle axis, which is expected. The

addition of a third particle, as shown in the bottom image of
Figure 21B, breaks the symmetry associated with the gap SP
mode of the dimer. Consequently, the trimer exhibits wave-
length-dependent rotation of the polarization. The depolariza-
tion ratio for two excitation wavelengths are shown in Figure 21B
(bottom-right graph), with 555 nm in black squares and 583 nm
in red circles, and they are shifted from one another. In the trimer
system, polarization of the scattered light was also affected by the
size, shape, and composition of the additional nanoparticle, as
well as its distance from the dimer.>*” When a small nanoparticle
was added to a dimer made of larger nanoparticles, its effect on
changing the polarization of the scattered light was minimal. For
a more pronounced effect on the polarization, the third particle
needed to be larger than the nanoparticles in the dimer and close
(~1 nm) to them. Trimers (and higher-order structures) clearly
have unique properties ideal for light modulation and control,
and more complex structures continue to be developed.***”*
Plasmonic nanostructures can also control emission from
hybrid structures consisting of both semiconductor emitters
and metal nanostructures.*’>”*”7 These hybrid structures are
characterized by plasmon—exciton interactions and typically
involve a QD and a plasmonic nanostructure. Enhancement of
QD emission can result from the intense E-field enhancement
near the nanostructure, and quenching can result from energy
transfer from the QD to the metal nanostructure.*’® Both are
beneficial: increasing the emission and reducing decay lifetimes
of QDs are both important to improve QD efficiencies for
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Figure 22. Plasmonic waveguides based on Ag nanowires. (A) A near-field image of a propagating surface plasmon along a Ag nanowire. At the end of
the nanowire, the plasmon radiates into space. The inset shows a 2 um section of the scattering intensity. Reproduced with permission from ref 244.
Copyright 2005 APS. (B) Branched Ag nanowires can be used to route plasmons. By controlling the polarization of light (red arrow), the plasmons can
be routed to different nanowire branches as seen in the optical image (top). The same structure is shown in the bottom SEM image, with the inset
showing the nanobranch junction. Reproduced with permission from ref 357. Copyright 2010 American Chemical Society. In (C) a polymer waveguide
(white line running diagonally across the image) and Ag nanowires are illuminated with white light (left image). In the right image, the same area is
shown, but with the waveguide illuminating the nanowires. The three labeled nanowires clearly show nanoscale guiding of light from the center of the
waveguide to outside it. Reproduced with permission from ref 17. Copyright 2008 Nature. (D) The plasmons from a Ag nanowire detected using a field-
effect transistor. In the reflection image (with color overlay indicating electrical current (I)), the violet circle (I;) indicates the detected signal
corresponding to the QD emission into the nanowire. The blue circles correspond to detection of PSPs launched by excitation from the laser at the ends
of the nanowire. The green circle corresponds to a QD away from the Ag nanowire. In the adjacent graph, the current from the excitation of the QD (1)
and the nanowire (I,) is measured as a function of wavelength. The peak at 655 nm in I, (violet line in graph) represents the electrical detection of the
emission from the QD. Reproduced with permission from ref 181. Copyright 2009 Nature.

applications in sensing,*””*"*** solid-state lighting,**' and

imaging.**>***> Energy transfer from a QD to a plasmonic
structure can also result in highly coherent PSP modes (with
single frequencies), which have potential applications in
lasers, 84485 lasmonic transistors,486 and  quantum
computing.'***"** In Figure 21C, a CdSe QD couples with a
Ag nanowire to generate a single PSP mode at an optical
frequency. The plasmon—exciton conversion was nearly 50%,
and a single PSP mode was generated from an optically excited
QD, which was then emitted at the distal end of the nanowire
(Figure 21D).* The size, shape, and arrangement of metal and
semiconductor nanostructures can all affect plasmon—exciton
interactions.””®****! For example, the nanowire radius will
affect the coupling efficiency between the emission of QD and
the PSP modes of the nanowire.*’® These interactions have also
been used to detect DNA and proteins based on fluorescence
quenching, primarily by changing the distance between the
exciton and plasmon.*””~*%

6.3. Plasmonic Circuitry

Integrating optical and electronic circuits could make it
possible to greatly increase the speed and reduce the size of
microprocessors.'>*”> Currently, integration of optical intercon-
nects into electronic circuits is not feasible due to the large size of
optical components (1000X larger than electronic compo-
nents). However, plasmonic nanostructures can carry optical
signals at sizes comparable to those of the state-of-the-art
transistors (<50 nm). Plasmonic circuits can also route electric
currents, which may be useful in some applications.

Metal nanostructures that support PSPs are ideal for plasmo-
nic circuitry. Unlike metal thin films, nanostructures inherently

guide at scales below optical wavelengths** and are well-suited
for integration (i.e., coupling) with other components. The main
challenges in the use of chemically synthesized nanostructures
are the difficulty in controlling their locations on a chip with
accuracy at the nanometer scale and the dissipative losses of the
PSPs (a problem with all plasmonic waveguides).**** Therefore,
lithographic techniques are commonly used to generate plasmo-
nic circuitry,”>*%**5 which can eliminate the difficulties
associated with nanowires in terms of control over their location,
orientation, and geometry with respect to the environment.
However, nanowires and other structures made from solution-
phase synthesis techniques have unique features (e.g, high
crystallinity and smooth surface) not found in lithographic
structures and will continue to play an important role in PSP
waveguiding, as is evident by their presence in the most recent
breakthroughs in plasmonic circuitry,'”?%>%182357,458:489,495,496

Several types of nanostructures have been used as waveguides,
including nanowires®****** and “chains” of metal nanopar-
ticles.*””**® Figure 22A shows a near-field scanning optical
microscopy image of PSP modes supported by a Ag nanowire.
The wire was excited on one end (not shown), and PSP modes
were emitted at the opposite end of the nanowire. The modula-
tion of the PSP can be seen in the image, and the main PSP
wavelength was 414 nm under 785 nm excitation.”** Many
experiments have used Ag nanowires as waveguides and found
that resistive heating within nanowires can limit the PSP
propagation length. For example, recent studies with Ag nano-
wires (25 nm in diameter and SO u#m long) showed that the
maximum length of prc;pagation, as visualized by fluorescent
markers, was ~15 um.**” Solutions to attenuate energetic losses
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Figure 23. Emerging applications of plasmonic nanostructures. (A) Metal nanoparticles (dark circles) embedded in a solar cell effectively trap light in
the semiconductor, increasing the cross section and creating electron—hole pairs near the P—N junction. Reproduced with permission from ref 14.
Copyright 2010 Nature. (B) A nanostructured laser based on plasmonics, surface plasmon amplification by stimulated emission of radiation (SPASER),
emits coherent light at 531 nm (red line, labeled 4) with excitation at 488 nm (blue line, 2). The SPASER generates stimulated emission of surface
plasmons in resonating metal nanostructures adjacent to a gain medium. The normal extinction spectrum (green line, 1) and the spontaneous emission
(black line, 3) are much broader compared to stimulated spectra. Reproduced with permission from ref 484. Copyright 2009 Nature. (C) In active
plasmonics, resonant molecules can couple with the LSPR of nanostructures, allowing for active control over resonance conditions that change the
optical properties of the nanostructure. Reproduced with permission from ref 406. Copyright 2010 American Chemical Society. (D) Metal nanorods are
organized to create a proposed superlens that can transfer color images of nanometer-sized objects to the far field for observation. Reproduced with

permission from ref 510. Copyright 2008 Nature.

are needed for propagation distances on the millimeter scale.
Chains of Ag nanoparticles represent one proposed solution, as
they have a reduced metal volume and the resonant structure of
the nanoparticles can be used to guide the light.*** 5%

Routing and manipulating the propagation direction of PSPs is
also important for realization of integrated plasmonic circuits.
There is a basic need for information carried by a plasmonic
structure to be moved to different locations of a circuit.**">%*
Fortunately, PSP propagation is not limited to straight lines, and
PSP modes within a nanowire can be bent and split.”* In
Figure 22B, the PSP propagating down a “branched” Ag nano-
wire coupled to, and continued to propagate along, the branch as
well as the main wire. Not only can these structures effectively
split the PSP, but the PSP can be directed to either the main or
branch wire by controlling the excitation polarization and/or
wavelength.357 The routing was eflicient, and switching ratios
(how well the PSP can be routed to different coupled nanowires)
between the main and branched wire were close to 8. The
switching and routing behaviors of the branched Ag nanowires
can work simultaneously and independently for multiple wave-
lengths, providing a flexible handle for controlling PSP
propagation.

The efficient coupling of input radiation into a nanoscale
waveguide is also challenging because of mode mismatch and
(for nanowires) polarization requirements. Typically, a laser
beam is focused with a dielectric lens onto one end of a nanowire,
and if the laser is polarized along the wire’s long axis then the laser

will excite the PSP modes of the nanowire. Focusing light in the
center of the nanowire, or at the ends with polarization per}zaen—
dicular to the wire’s long axis, does not result in coupling.”® A
better approach is shown in Figure 22C, where a polymer
waveguide (orientated perpendicular to the nanowire’s long axis)
can excite PSP modes of several Ag nanowires at once.'” The
optical waveguide effectively coupled to the Ag nanowires and
directed the PSP far beyond the region of the nanowires
embedded in the polymer. The coupling could also be controlled
by the excitation polarization (coupling occurred when light was
polarized parallel to the nanowires), and coupling to multiple
nanowires could be achieved as long as they had one end close to
the polymer waveguide.

A simple plasmonic circuit is shown in Figure 22D, illustrating
efficient exciton—plasmon—electronic coupling using both a Ag
nanowire and a QD."®* The plasmons were detected by a Ge
nanowire field-effect transistor and detected as current (I) with
~0.1 electrons per plasmon. The electrical detection of plasmons
is an important step in the creation of plasmonic circuits without
optical components (lenses for example) and may allow for
detection of SP modes that cannot be detected optically due to
suppression by symmetry.'”> With advancements in electrically
driven SP sources,** plasmonic circuits could also be engineered
without the need for far-field radiation or detection techniques.
In Figure 22D (right panel), the ability of the QD to couple
with the nanowire was measured as current (I), which had a
peak at 655 nm, indicative of a highly coherent PSP mode.
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Single-plasmon emitters are important components of plasmonic
circuits, and many applications (like single-photon transistors'")
stand to be realized with better understanding of their
properties.504

6.4. Emerging Applications

Although the ability of plasmonic nanostructures to concen-
trate and direct light has already made them powerful materials
for the applications discussed above, new applications are
emerging in a broad range of areas, which are a testament to
the recent advancements in the synthesis and assembly of Ag
nanostructures.'#*>7723%3% Some of the most exciting examples
are in areas, or devices, such as photovoltaics,m’50 597 active
plasmonics,**>%% superlenses,**>'" and lasers.**+*>512513

One of the primary challenges in photovoltaic cells is to
efficiently harvest light energy across the solar spectrum. For
this reason, implementing light-harvesting nanostructures at
specific locations to trap more light and/or localize it for the
optimal generation of electrical energy is an interesting and
important area of research.'#*'*7%'¢ Both LSPs and PSPs can be
employed for these purposes. In one approach, metal nanopar-
ticles were used as subwavelength antennas, where the near-fields
of the nanoparticles were coupled to the semiconductor layer,
generating electron—hole pairs and increasing the absorption
cross section (Figure 23A).14 Studies using Ag nanoparticles
embedded in organic solar cells were found to have enhanced
efficiencies using this technique.**® In QD-based solar cells,
where the bandgap can be easily tuned by changing the QD’s
size, thick QD layers are necessary for effective light absorption,
making carrier transport problematic. When light harvested from
plasmonic nanostructures is coupled to the QDs, it is possible to
reduce the thickness of the cell and thus enhance the
efficiency.”"”

Another potential application of plasmonics deals with the
creation of tiny lasers based on metal nanoparticles and a gain
medium.”*® In conventional lasers, a photon interacts with an
electron, resulting in its transition to a lower energy level and
creating another photon that is identical to the original. If these
photons are reflected repeatedly in the gain medium, then a
cascading effect is produced. This is known as stimulated
emission and is the principle on which lasers function.”'® The
nanoplasmonic equivalent to conventional lasers is the surface
plasmon amplification by stimulated emission of radiation
(SPASER). In a SPASER, the LSPR modes provide the feedback
needed for stimulated emission of dye molecules in the presence
of metal nanoparticles. SPASER represents a new way of con-
trolling plasmon emission from nanostructures.>'>>!>319732!
These structures can actively generate coherent LSPRs when
excited through a gain medium. Figure 23B shows a recent
example based on a Au nanoparticle inside a dye-doped silica
shell. Pumping at 488 nm resulted in stimulated emission from
the nanoparticle at 530 nm. Although a gold nanoparticle was
used in this example, simulations suggest that Ag may be a better
candidate, as less gain may be needed to overcome the loss
intrinsic to metal nanostructures.”’” A SPASER can excite a
single LSPR mode in a nanoparticle, something nearly impos-
sible with external optical fields, and the LSPR emission could be
tuned to nearly any wavelength (below optical wavelengths),
ideal for photolithography below the diffraction limit. Further-
more, dark modes (SP modes that cannot be excited by optical
means) can be excited in a SPASER, producing a nonradiative,

background-free light source and opening up a new arena of SP
modes for manipulation and study.>

A third emerging area of plasmonics is active plasmonics
where plasmons can be “turned on” or modified by
molecules,**>*° phase-changing materials,”** and polymers.***
The ability to actively control plasmons is needed for plasmonic
modulators®>*"” and switches,**® which will be integral compo-
nents of any plasmonic circuit. For sensing applications, the
ability to enhance plasmons or selectively turn them on can also
aid in selective detection. In one recent example, a supramole-
cular chromophore generated via the complexation of two
molecules (known as host—guest binding) was coupled with
the LSPR of a metal nanostructure. The host molecule was
immobilized on the surface of the metal nanostructure, and when
the guest molecule binded, together they created a chromophore
engineered to be in resonance with the LSPR of the nanostruc-
ture and the excitation wavelength. The strong interaction
between the nanostructure and the supramolecular chromo-
phore changed the LSPR properties dramatically, increasing
the absorbance intensity and %enerating resonant conditions
ideal for SERS (Figure 23C).* ® Upon removal of the guest
molecules, the nanostructure retained its previous properties.
Similarly, molecular motors can also be used to actively change
and control LSPRs by chansging their electronic transitions to
match LSPR frequencies.*”> Using molecules, polymers, and
other related materials to control plasmons will likely become an
integral part of the toolbox for engineering plasmonic responses.

Plasmonic nanostructures have also been used to fabricate
superlenses, which can create images of structures below optical
wavelengths (~60 nm).>>** The ability to “see” DNA and
other objects well below the wavelength of visible light is a
tantalizing prospect that grows closer to reality. In a super-
lens, evanescent waves are enhanced with surface plasmons and
gain magnification to produce images of subwavelength
features.>>** Silver films were used as the first example of
superlenses, which exhibited resolutions $x better than typical
optical lenses.**%**2%**” pProblems with previously reported
superlenses include their ability to operate only at a single
frequency, their high losses (in terms of SP energy), and finally
the fact that the image is not detectable in the far field. The last
problem requires that a photoresist must be used to develop the
image, which is then visualized with techniques like atomic force
microscopy. New designs of superlenses, however, may soon
solve these problems. For example, Ag nanowire and nanobar
arrays may be able to image in color and in the far field.>'*>*®
Figure 23D shows such a structure with nanorods as a key feature.
Short nanorods, as opposed to Ag films, for example, are needed
as they support strong LSPR modes at optical frequencies and
thereby allow for color imaging. Furthermore, by tapering the
stacked layers of rods outward from the object plane, the image
plane can have a large pixel-to-pixel distance, and can potentially
be seen with the naked eye.’'® These new designs, when
implemented, would be a significant improvement over past
superlenses and may allow for imaging below optical wavelengths
in configurations consistent with current microscopy.

7. CONCLUDING REMARKS

The extensive research into plasmonic nanostructures in
recent years has proven them to be a powerful platform for the
manipulation of light. Because of its strong optical response and
low cost, Ag has been the metal of choice for much of this work.
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Many of the advances in this field have been made possible due to
progress in both the synthesis and assembly of Ag nanostructures.
Through solution-phase methods, lithographic techniques, and
combinations of the two, a large number of nanostructures (both
simple and complex) can be produced. This long list includes large-
scale syntheses of fundamental geometries (such as spheres, cubes,
octahedrons, and triangular plates) with precisely controlled sizes
and high uniformity, nanostructures with sharp features to create
regions of high field enhancement, and hybrid structures containing
more than one material. Importantly, detailed investigations into
the growth mechanisms in these syntheses have illuminated a
number of critical factors that determine the final geometry, such as
twinning, oxidative etching, and surface capping. These insights
should enable even greater control over Ag nanostructures in terms
of size and morphology in the future.

One of the reasons that so much attention has been focused on
the synthesis of novel Ag nanostructures is that physical features
such as size and shape are some of the most powerful handles for
controlling and manipulating the plasmonic response of these
materials. The corner sharpness, crystallinity, size, and overall
structure (internal and external) play some of the key roles in
determining the positions and the number of LSPR resonance
modes, as well as the properties of PSPs. A number of experi-
mental techniques and theoretical models have been developed
to predict and characterize both the resulting far- and near-field
phenomena.

By controlling the interaction between Ag nanoparticles
through careful placement on a surface or formation of “chem-
ical” bonds between particles in solution, it is possible to generate
complex structures with plasmonic properties even more favor-
able than are possible with single particles for some applications.
Particular attention has been paid to controlling the gaps
between particles with nanometer precision, as separations on
this length scale can lead to regions of high E-field enhancement
due to a strong coupling between the plasmons of the individual
particles. Such gaps have been achieved and engineered with
random and directed self-assembly, lithographic fabrication, and
combined techniques. Further improvements upon these tech-
niques will require more sophisticated characterization of the
assembly processes, including quantitative assessments of the
assembled structures, and understanding of kinetic factors, phase
diagrams, and thermodynamic parameters.

Aside from interest in plasmonic nanostructures from a
fundamental science angle, scientists are also motivated by the
ability of these materials to guide PSPs and to efliciently
concentrate light into nanosized volumes. These properties make
plasmonic nanostructures ideal candidates for future optical
circuits and for any detection technique that relies on localized
E-fields. Some of the most prominent applications at the current
time are in sensing and imaging techniques such as SERS, though
new applications are rapidly being developed.

Plasmonics is in the process of evolving from a relatively new
field of study to a central theme in nanoscale science and
technology research. The rapid development in this field is a
testament to both the promise of plasmonics in the next
generation of ultrasmall and ultrafast devices and the many
important fundamental questions remaining in this field.
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