RICE UNIVERSITY

Plasmonic properties and applications of metallic
nanostructures

by

Yurong Zhen

A THESIS SUBMITTED
IN PARTIAL FULFILLMENT OF THE
REQUIREMENTS FOR THE DEGREE

Doctor of Philosophy

APPROVED, THESIS COMMITTEE:

e AN

l{eterv.] AL I\{(/)rdlander, Chair
Professor of Physics and A

I\%'J Halas

Stanley C. Moore Professor of Electrical
and Computer Engineering

Jagbn H. Hafner

Associate Professor of Physics and
Astronomy

Houston, Texas

March, 2013



ABSTRACT

Plasmonic properties and applications of metallic nanostructures

by

Yurong Zhen

Plasmonic properties and the related novel applications are studied on various
types of metallic nano-structures in one, two, or three dimensions. For 1D nanostruc-
ture, the motion of free electrons in a metal-film with nanoscale thickness is confined in
its normal dimension and free in the other two. Describing the free-electron motion at
metal-dielectric surfaces, surface plasmon polariton (SPP) is an elementary excitation
of such motions and is well known. When further perforated with periodic array of
holes, periodicity will introduce degeneracy, incur energy-level splitting, and facilitate
the coupling between free-space photon and SPP. We applied this concept to achieve
a plasmonic perfect absorber. The experimentally observed reflection dip splitting
is qualitatively explained by a perturbation theory based on the above concept. If
confined in 2D, the nanostructures become nanowires that intrigue a broad range of
research interests. We performed various studies on the resonance and propagation
of metal nanowires with different materials, cross-sectional shapes and form factors,
in passive or active medium, in support of corresponding experimental works. Finite-
Difference Time-Domain (FDTD) simulations show that simulated results agrees well
with experiments and makes fundamental mode analysis possible. Confined in 3D,
the electron motions in a single metal nanoparticle (NP) leads to localized surface

plasmon resonance (LSPR) that enables another novel and important application:



plasmon-heating. By exciting the LSPR of a gold particle embedded in liquid, the
excited plasmon will decay into heat in the particle and will heat up the surrounding
liquid eventually. With sufficient exciting optical intensity, the heat transfer from NP
to liquid will undergo an explosive process and make a vapor envelop: nanobubble.
We characterized the size, pressure and temperature of the nanobubble by a sim-
ple model relying on Mie calculations and continuous medium assumption. A novel
effective medium method is also developed to replace the role of Mie calculations.
The characterized temperature is in excellent agreement with that by Raman scat-
tering. If fabricated in an ordered cluster, NPs exhibit double-resonance features and
the double Fano-resonant structure is demonstrated to most enhance the four-wave

mixing efficiency.
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Chapter 1

Introduction

Plasmon, an elementary excitation of free-electron oscillation in metals, has been
a hot research topic [4, 5, 6, 7, 8] over the past decades and has attracted huge
interest in plasmon-related novel applications, such as biomedical treatment [9, 10,
11, 12, 13], perfect transmitter [5, 6, 14, 15, 16] and absorber [17, 18, 19, 20, 21, 22,
23, 24, 25, 26, 27, 1], bubble-generation [10, 28, 29, 30, 31, 32|, metallic nanowires
2, 33, 34, 35, 36, 37, 38, 39, 40, 41], hot-electron harvesting [8, 42, 43, 44], etc.
Basically, three classes of metallic nanostructure can be fabricated. The first one
consists of film-based planar metallic structures embedded in dielectric materials. In
such structures, the electron is confined in the normal dimension of the film. The
second refers to a nanowire (NW) where the electron is confined in two dimensions
and the third to nanoparticle(s) (NPs) in which electron is confined in the all three
spacial dimensions and encompassed by the metal-dielectric surface in all possible
directions. For simplicity, any nanostructure discussed in this thesis are metallic,

other than explicitly stated.



1.1 Planar nanostructure

The excitation of electron oscillations at the planar metal-dielectric surface, are dic-
tated by Maxwell equations which are the root equations for generic electromagnetic
(EM) problems, as well as the material properties of the metal and dielectrics. This
type of oscillation at the surface of a semi-finite metal-dielectric system is character-
ized by surface plasmon polariton (SPP) [45, 46, 47]. Further, the plasmonic prop-
erties of a metal film with finite thickness, originating from the interaction between
the SPPs on the two surfaces, are also well known [45, 46, 47]. However, because
the dispersion relations for SPPs are below the light-line (the reader is encouraged
to refer to Ref. [47] for a recent review of the progress of SPPs), the conservation
of momentum has limited the direct coupling between a free space radiation and a
SPP. Compared with smooth planar metal-dielectric surface, a grating or perforation
on the film introduces discrete translational symmetry which facilitates the coupling
between free-photon and the SPP through lattice momentum addition [6]. Hence, the
grating or periodic perforation has allowed for quite a lot new findings and applica-
tions based on the planar metallic nanostructures, for example, extraordinary unity

transmission [5], perfect absorption [17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 1], etc.

1.2 Nanowire

For a metallic nanowire, a 2D confined nanostructure, the planar metal-dielectric sur-

face no longer exists, so does the planar SPP which has a simple analytical description



[45, 46, 47]. For some special cases with rotational symmetry, for instances, nanowires
with cylindrical shapes, one can still derive analytical solution to the Maxwell equa-
tions because the rotational symmetry explicitly allows a simple description of the
boundary conditions on the metal-dielectric surface. On the other hand, when apply-
ing the transform optics on metallic nanowires with a limited number of cross-sectional
shapes [48, 49, 50, 51|, one can also obtain the analytical descriptions for these wire
structures. However, generally speaking, there is no analytical solutions for nanowire
with arbitrary cross-sectional shape other than some special cases. Instead, we must
seek help from numerical simulations.

In nature, a nanowire is a waveguide that is able to transport energy and signal.
One of the advantages of using metallic nanowire as a waveguide is that the guiding
mechanism is achieved by the excitation of the propagating wire SPP mode, a surface
wave propagating along the wire axis, just similar to the planar SPP. The excited
surface wave due to collective electron oscillation allows the transported energy to
be confined in a narrow cross-sectional area. Therefore, a metallic nanowire is a
promising building block for optical signal processing and energy transporting at
nanoscale. There has been a lot of studies on the plasmonic properties of nanowire
and the derivative novel applications. For example, controllable optical router has
been accomplished by using branched silver nanowires [33].

In the sense of energy transportation, one always favors a small cross-sectional

form factor and a propagation as far as possible. Unfortunately, the non-radiation



(intrinsic) damping of the metal, mainly due to electron-electron scattering, dictates
that an infinite propagation on a metallic NW is impossible. Because of damping
(either radiation or non-radiation), the excited wire SPP experiences an exponential
decay along the wire axis. And a propagation length (PL), defined as the length at
which the magnitude of axially transported energy drops to 1/e, is used to charac-
terized how far a metallic NW can transport energy. Experimental and numerical
techniques have been developed to measure and calculate the PLs of various metallic
NWs [34, 35, 36, 37, 38, 39, 40, 41| with varied operating wavelengths, composed
materials, geometric shapes, etc.

Among different shapes of metallic NWs, nanobelt is a type of NW with rectan-
gular cross section and both rectangular dimensions on the order of nanometers. A
nanobelt has its own advantages over other shapes. The most important one, as is
expected, is that the rectangular cross section can serve as a flat platform on top of
which other nanoparticles (dielectric or metallic, passive or active) can be physically
supported, thus making the nanobelt significantly ideal as a base for further research
on plasmon-based optical signal processing, amplification, and transportation. Al-
though there has been pioneering investigations on rectangular-cross-section NWs
before, especially by Berini et al. [52, 53, 54, 55, 56|, the widths of the reported NWs
are often at the order of microns, limiting subwavelength /nanoscale applications. In
contrast to Berini’s structures, often referred to nanostripes, the recently achieved

experimental fabrication of nanobelts [2] has removed such limitations. Furthermore,



the realization of single-crystalline nanobelt and smooth crystallographic plane as the
edges of the nanobelt [2] has minimized the electron scattering at mis-matched crystal
surfaces, thus indicating a less damped material and a longer PL, which is favored.
As a result, basic understanding of the excited wire SPPs is highly desired, especially
from numerical simulations, from which one can not only justify experimental findings
but also conduct mode analysis and appropriate predictions.

To make the NWSs applicable, one favors PL as large as possible. In this sense,
an active medium can be introduced to compensate the loss of propagating SPP
[57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72| or even to allow a net
gain during the propagation in a gold nanostripe [73]. However, the gold nanostripe
reported in Ref. [73] has a width of 1 pum which is not competitive enough for making
a nano-width device, especially for the case of sub-wavelength dimension for visible-
regime operating wavelength. Therefore, the realization of loss compensation or even

net gain in a NW by using active (gain) medium is still in great need.

1.3 Nanoparticle

As for nanoparticle(s), the electron is localized and confined by the physical bound-
aries of metal-dielectric interfaces. Under proper excitation condition (either by opti-
cal incidence or electron incidence), surface plasmon can be excited at metal-dielectric
interfaces and will experience resonance under resonant frequency. And as a result of

the 3D confinement, there is no allowed propagating direction of such excited surface



plasmon. Therefore, the literature has assigned a term ”localized surface plasmon
resonance (LSPR)” to define such a phenomenon. The simplest example of LSPR is
a dipolar resonance of a nanosphere, for instance a gold nanosphere with radius 50
nm.

Experimentally, LSPR is often characterized by an optical spectroscopy. When
a light beam is incident on an investigated object, the light will be scattered by the
object. If the object is absorptive (true for most metals), the incident light will also
be absorbed by the object. Scattering or absorption cross sections are then used to
quantify the abilities of the object to scatter or absorb light, respectively. The sum of
scattering and absorption cross section is called the ”extinction” cross section, which
measures the object’s ability to make light "extinct” from the forward-propagating
incidence. The product of a cross section for a given term (scattering, absorption,
extinction) and the incident intensity, is a power quantity for the corresponding term,
carrying a unit of Watt.

In theory, just analogous to 2D nanowire, the full vectorial electromagnetic scat-
tering and absorption problem can only be analytically solved for single nanoparticle
with a few geometric shapes. For example, the scattering and absorption of a par-
ticle with spherical symmetry (nanosphere [74, 75, 76], spherical nanoshell [76, 77],
multilayered nanomatryushkas [78, 79]) has been perfectly and analytically solved by
Mie calculation. For a single nanoparticle with irregular shape or a more-than-one

nanoparticle group, which we refer to nanoparticle cluster in this thesis thereafter, one



usually has to seek for numerical simulations. There are quite a few numerical simula-
tion techniques available for full retarded electromagnetic calculation. To name a few,
they are Finite Difference Time Domain (FDTD), Finite Element Method (FEM),
Boundary Element Method (BEM), Discrete Dipole Approximation (DDA).

For a nanoparticle cluster formed by varying number of nanoparticles, there is in
principle no available analytical solution to the EM scattering problem. Numerical
techniques are expected in simulating the experiments and calculating the desired
quantities accordingly. There have been intensive studies on some typical nanocluster:
dimer [80, 81, 82, 83, 84, 85, 86], trimer [87, 88|, quadrumer [87, 89], heptamer [90, 91],
etc. For the heptamer structure, Fano-resonance has been observed [90, 91] in the
optical scattering.

The spectral position and width of the LSPR strongly depends on a lot of factors.
For a single nanoparticle, these factors are typically size, shape, material, ambient
dielectric constant, presence of the substrate, roughness of the surface, etc. For a
nanoparticle cluster, the interparticle distance and the array in which the individual

particles are placed become the most important ones.

1.3.1 Single nanoparticle and nanobubble

A lot of nanoparticle-based plasmonic applications has emerged in recent years. Be-
sides the extensively studied nanosphere [92, 93, 94, 95, 96, 97, 98, 99|, nanodisk

[100, 101, 102, 103, 104, 105, 106, 107, 108] and nanoshell [76, 77, 78, 79], a lot of



nanoparticles with other shapes have also been fabricated and investigated for their
unique plasmonic properties, such as nanostar [109, 110, 111, 112, 113], nanorice
[114, 115, 116], nanocup [117, 118, 119, 120], nanowedge [121], etc.

The nanoparticle-based applications can be simply identified in thermal and op-
tical categories. As it means, thermal application employ the thermal properties
resulted from the plasmonic modes excited in the NP. While the incident light is
absorbed, a majority portion of the absorbed energy is transferred into heat, while
the rest into other channels such as electron-hole pair, phonon coupling.

When heat is generated, the temperature of the nanoparticle will be increased such
that some electrons near the Fermi surface will gain additional kinetic energy that
big enough to release those electrons from the metal surface. The escaped electron
due to plasmon heating, called hot-electron, is then considered a controllable electron
source that can inject electrons into other materials or structures, leading to a lot
of promising electron-participated applications, for instances, photo-detector [8, 43],
graphene- doping-induced optical and transistor [42], accelerated chemical reaction
[44], etc.

Being the ground stone of hot-electron based applications, plasmon heating itself
is a large research area of novel applications. At resonance, the nanoparticle has
maximum absorption ability and thus becomes a nanoscale heat source which has
been applied in various disciplines.One example is cancer treatment. By attaching

nanoparticles to tumor cells and exciting the LSPR by proper illumination, one can



heat up the nanoparticles thus kill the tumor cell. Such a practice has been proved
a breakthrough in cancer therapy [122, 9, 11, 12, 13]. Another example is bubble
generation. When embedded in liquid and excited under sufficient incident intensity,
the plasmon-induced heating power is so high that the surrounding liquid can quickly
vaporize and experience an explosive process. After the initial explosion, a bubble
can be formed once the vapor pressure is balanced by the curvature-induced surface
tension at liquid-vapor surface in addition to the internal liquid pressure. This type
of phenomena has been widely observed in experiments where pulsed laser is used to
excite the LSPR of the nanoparticle. Recently, a macroscopic experiment further indi-
cated bubbles can be generated when nanoparticles are immersed in water and under
focused solar illumination [32], showing an attractive potential of using nanoparticles
for solar energy harvesting which has been a hot research area [25, 123, 124, 23], as
well as massive and highly efficient water-steam production. The latter is essential to
large scale medical, industrial, commercial and residential usages, such as sanitation,
distillation, water heating and cleaning.

Another important category of application is achieved by utilization of optical
properties of the LSPR. The optical properties are often signatured by optical scat-
tering spectra as well as near-field field enhancement (The calculated field intensity
|E|? under unity incident intensity). One important example is derived from the
strong dependence of LSPR on ambient dielectric constant: when a spectral shift of

the LSPR is sensed, it is usually inferred that the dielectric of the surrounding ma-
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terial has been changed, if other factors can be reasonably deemed unchanged. The
shift of LSPR is generally quite sensitive to a small change of the ambient dielectric
constant, so by turn the shift of the LSPR can be used to sense a tiny dielectric
change in the surrounding environment of the studied particle. One can also uti-
lize field related properties of the nanoparticle plasmon for optical applications, such
as Surface-Enhanced Raman Spectroscopy (SERS) [125] and particle-trapping [126]

where field enhancement and field-gradient are exploited respectively.

1.3.2 Nanocluster

Similar to SERS, Four-Wave Mixing (FWM) can also benefit from the strong field
enhancement often associated with LSPR. Plasmonic nanoclusters, an ordered group
of metallic nanoparticles intercoupled to each other, can exhibit Fano resonances (FR)
[90, 91] originated from the intercoupling between their subradiant and superradiant
plasmon modes. In the spectral position of Fano resonance, highly localized, intense
near fields arises from strongly enhanced absorption, giving the potential to enhance
nonlinear optical processes [120]. Furthermore, a double resonant structure tuned at

operating frequencies is desired for a highly efficient FWM.

1.4 Outline

In this thesis we present several studies on the plasmonic properties and relevant

applications of metallic nanostructures with different confinement dimensionalities.
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In Chapter 2, we report a perfect absorber designed as a hybrid layered structures
featuring a silver nanofilm perforated by a periodic array of holes with varying radii.
This absorber exhibits wide-angle near-unity absorbance in the visible regime. The
periodicity of the structure enables excitation of SPPs, and results in a splitting of
the absorbing peaks between which the gap is dependent on the hole radius. An
analytical formalism based on perturbation theory was developed to provide results
in excellent agreement with experimental data and showed how the absorption peak
can be potentially tuned with hole geometry, periodicity and material parameters.
Being extendable to more complex hybrid structures, our result is important for the
development of photon harvesting devices and thermal emitters.

In Chapter 3, we present several studies on the nanowires with various cross-
sectional shapes, materials (gold or silver), and ambient medium. Basic plasmonic
properties, such as resonances, propagation lengths, and induced charge distributions
of different excited plasmonic propagating modes are investigated accordingly. In Sec-
tion 3.1, we report that a gold nanobelt with rectangular cross section of nanoscale
height and width, under epi-bright illumination, exhibits a tunable resonant wave-
length that approximately linearly redshifts with increasing aspect ratio. In Section
3.2, for a nanobelt of cross section of 125 x 40 nm? and at 850 nm maximum emission
intensity, we further show the propagation properties of the two modes excited by
longitudinal (m = 0) and transverse (m = 1) polarizations with respect to the belt

length. In FDTD simulations, a cross over of the m = 0 and 1 mode intensities is
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predicted at around 7.6 pum, which is verified by experimental results at ~7.7 pum.
Although higher mode confinement often indicates a trade off in propagation length,

2 associated with a propagation length of 17.5

we report a mode area of ~2400 nm
pm, leading to a figure of merit (FOM), introduced by Buckley et al. [127], as high as
~1300. This FOM may have been the highest one for a sub-wavelength guiding struc-
ture made of a bare metallic nanowire and operated near infrared regime. In Section
3.3, we report an observed stimulated emission of SPP (SESPP) in a sub-wavelength
silver nanowire supported by a gain (active) medium. The SESPP was found to com-
pensate the intrinsic loss of the dominant propagating mode and thus increase the
propagation length from 6.3 to 7.0 pum, as simulated in FDTD calculations.

In Chapter 4, we report a practical thermal application enabled by nanoparticles,
i. e. the plasmon-heated bubble generation. In Section 4.1, we report a study on the
characterization of observed nanobubble out of a plasmon-heated gold nanosphere
under the illumination of continuous-wave laser. The size, pressure and temperature
of the bubble are characterized using a simple model which incorporates the bubble-
induced spectral blueshift and continuum medium model. We also performed surface
Raman spectroscopy to measure the surface temperature of the gold nanosphere and
the measured temperature well agreed with the characterized one in our model. Fur-
ther, in Section 4.2, a local-field weighted effective medium method (LFWEMM) is
proposed, developed and applied to in the characterization (determining the size,

pressure and temperature, etc.) of the nanobubble generated by the LSPR of gold
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nanosphere. A benchmark test with other effective medium methods (EMMs) was
performed and it is shown that LEFWEMM exceeds the boundary of traditional EMM
and delivers more accurate results of bubble radius, while conserving a virtue of mean
field theory and a concise mathematical description. The pressure and temperature
of nanobubble, together with the nanoscale thermal conductance of gold-steam and
steam-water interfaces, were therefore calculated using a classical heat equilibrium
theory, revealing that the saturated steam at nanoscale behave as an ideal thermal
conductor. Our study of the LFWEMM demonstrates the importance and significance
of including near-field patterns in effective medium method in a field-localized sce-
nario, and thus has bridged the gap between the highly localized plasmonic field and
averaging-based EMM, indicating further potential applications of this LEFWEMM in
other scenarios with highly localized field.

In Chapter 5, a gold nanocluster supporting two distinct FRs is designed and
fabricated. We show that the optical Four-Wave Mixing (FWM) process taken in
this structure exhibit a higher efficiency, than in other double-resonant plasmonic
clusters that lack this specific property. A model that explains the observed FWM
features is proposed, based on the numerically simulated intense local fields at the
nanocluster surfaces. This model is generally applicable to any third-order processes
in plasmonic nanostructures. Having a larger effective susceptibility x® relative to
existing nonlinear optical materials, this double FR nanocluster open a new area of

high-performance third-order nonlinear optical media designed with plasmonic nan-



ocluster.
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Chapter 2

Nanofilm based perfect absorber

2.1 Motivation

The collective oscillations of free electrons at dielectric-metal interfaces constitute
propagating modes referred to as surface plasmon polaritons (SPPs). The discovery
of extraordinary transmission of light through a periodically perforated metallic film
[5] has largely contributed to defining an emerging research area of anomalous light-
metal interactions [6, 17, 18]. Being complementary to the extraordinary transmission
phenomenon, the concept of plasmonic perfect absorber (PPA) [19, 20, 21] has stim-
ulated a new research field of clear relevance for solar energy harvesting applications
(25, 123, 124, 23]. SPP excitation has been shown to account for a wide range of
resonant phenomena in perforated metallic structures, both in the optical and tera-
hertz regime [7]. The perforated hole array play a crucial role in designer SPPs [7]
in the terahertz regime where the metal is essentially a perfect electric conductor. In
the visible regime, the shape and size of the subwavelength hole array have strong
influences on the extraordinary resonant phenomena [14, 15, 16]. The periodicity in-
troduced in SPP systems, can induce two distinct effects: (I) a significantly enlarged

density of states (DOS) above the light line, both for localized surface plasmon scat-
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terers [128, 129] and in SPP systems [6, 130, 131, 132]; (II) a photonic band gap
(PBG) effect [6, 130, 133], where the increased density of leaky modes above the light
line makes wide-angle coupling from incident light to leaky Bloch modes possible.
An alternative Bloch mode based description has also been reported by P. Lalanne
et al. [134, 135] A subsequent coupling from Bloch modes to highly confined SPP
modes, whose planar momentum differs by a reciprocal lattice vector G, finally leads
to the perfect absorbing phenomenon. For a perfect absorber to be useful in typical
photon-absorbing applications/thermal emitters, it is often desired to exhibit unity
absorption/zero reflectance for a broad range of incident angles [20, 22, 23], broad-
or multi-band near unity absorption [23, 24] or zero reflectance [22], and wavelength
tunable absorption characteristics. While significant progress in developing such a
device has recently been made [19, 20, 21, 25, 23, 26, 27|, the underlying interact-
ing physical modes are yet to be better elaborated. Moreover, since the knowledge
in the relation between hole size and resonant energy shift is limited [15], a further
investigation of the hole size effect would be necessary.

In this chapter, we report the development of a PPA which possesses several of
these desired characteristics [1]. We present experimental measurements (Section 2.2)
and an analytical theoretical analysis (Section 2.3) of a metallic hole array based
structure that exhibit near unity absorbance in the visible for a wide range of inci-
dent angles and also exhibit tunable absorption characteristics. Most interestingly, a

splitting of the absorption peak is observed resulting in two absorption peaks with
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energy difference that oscillates with the hole radius of the array, i.e. direct evidence
of the tunability of the device. This splitting can be explained using an analytical
model based on degenerate perturbation theory. This general theoretical model pro-
vides a simple understanding of the physics underlying the PPA phenomenon and,
most importantly, provide the framework for a systematic design of PPA based on
metallic hole arrays of different materials and structures with desired absorption char-

acteristics of relevance in light harvesting applications.

2.2 Experimental measurements

The Fourier transform infrared spectroscopy (FTIR) setup is shown in Fig. 2.1(a).
The incoming light is split by a beam splitter and then reflected by a concave mirror
which focuses the light onto the sample PPA. The heterostructural geometry of the
PPA is shown in Fig. 2.1(b) and consists of three layers with a thick Ag mirror
(hs = 80 nm) at bottom, and a thin Ag film at top (h; = 20 nm). The middle SiO,
dielectric spacer (hy = 40 nm) functions as a bridge to couple the SPPs on the two
Ag films. This triple-layer plasmonic structure was fabricated by using electron beam
evaporation. Focused ion beam (FIB) milling (Nava 200, FEI Co.) was then used
to generate a periodic array of circular holes on the top Ag film. The sample has
a structural footprint of 100 x 100 pgm. The period in both z and y directions is
L = 240 nm, and the hole radius (R) is varied from 40 to 90 nm.

The measured reflectances (R) under slightly oblique incidence (as shown in



18

Figure 2.1 : Schematic of the experimental configuration (a) and the perfect absorber
structure (b). Inset is the SEM image for the hole array. [1] (©2012 APS

Fig. 2.1(a)) are plotted in Fig. 2.2(a) for hole radii R changing from 30 to 80 nm
in 10 nm steps. The measurements were performed using FTIR, with in-plane mag-
netic field polarization (TM) as illustrated in Fig. 2.1. The transmittance of the
structure is totally eliminated (T = 0) in the visible regime due to the small penetra-
tion depth (~20 nm at these frequencies) relative to the thickness of the bottom Ag
mirror. A narrow-band of perfect absorbance A =1 — T — R is observed around 646
nm for R=30~50 nm. When the hole radius is larger than 50 nm, a clear splitting of
the reflectance dip is observed. Neither of the split dips are non-zero for 70 and 80
nm radius but still exhibit a high level absorbance. The splitting that appears for 60
nm radius demonstrates that it is able to expand the narrow dip into a broader one,
which shows the potential of this structure for realizing broad- and multi-band PPA
functionality. In Fig. 2.2(b) we show how the absorption depends on the incident
angle. The data shows that the absorbance remains higher than 89% over a wide

incident angular range around 90° It was also experimentally found that the optimal
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Figure 2.2 : (a) Experimental reflectance for hole radius changing from 30 to 80 nm.
A perfect absorber ( 99% absorbance) is realized when the hole radius is 50 nm and
an clear spectral splitting is observed for radius 60~80 nm. (b) Measured reflectance
for different angles of incidence for a hole radius 50 nm. All the spectra in (a) were
collected under slightly oblique incidence as shown in Fig. 2.1(a). [1] ©2012 APS

thickness of the top Ag layer is about 20 nm for the presence of the perfect absorption
band.

Further, it is worth mentioning that because this work is motivated by perfect
photon-absorbing applications such as the optical black body/thermal emitters, we
are interested in a system where all the absorbed energy is dissipated into heat in the
metal, and no unwanted losses is expected. As a result, we choose SiO5 as the middle
spacer for our visible regime perfect absorber. In contrast, if the SiOy was replaced
with Si, there would be some loss due to the interband transitions in Si, which is

unwanted.
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2.3 Theoretical description

In the theoretical modeling of this work, our aim is not to at providing direct com-
parison with the experimental spectrum, which can be done by performing numer-
ical calculations of the reflection, transmission or absorption spectrum by employ-
ing efficient S-matrix methods [136, 137, 138], also known as Fourier modal method
[14, 16, 20] or rigorous coupled-wave analysis [135], as well as other available commer-
cial packages such as finite-integration time-domain [21], finite-difference time-domain
23, 139, 22], etc. Instead, we’d like to introduce a simple coupling mechanism be-
tween incident wave and the excited SPPs followed by a detail analytical modeling
based on degenerate perturbation concept, in order to explain the observed split of

the perfect-absorbing, which has not been reported to our knowledge.

2.3.1 Coupling mechanism

Figure 2.3(a) illustrates the PPA mechanism in which the coupling of incident light
into highly confined SPP is enhanced by employing leaky Bloch modes, possessing
increased DOS (PBG effect) as an efficient bridge. In reciprocal space, the states
at the highly symmetric points of the Brillouin Zone (BZ) are degenerate because
the difference with each other is a multiple of reciprocal lattice constant 27w/L. The
periodic perforation, thus leads to interaction of these states and the formation of
hybridized states consisting of linear combinations of the unperturbed states (PBG

effect). This effect accounts for the energy splitting near symmetric points of BZ.
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Figure 2.3 : (a) Excitation mechanism of the SPP responsible for perfect absorption in
our device. (b). BZ schematics. Incident light with small in-plane wave vectors (inside
blue circle) excites the Bloch mode; the latter then acquires crystal momentum to
excite the SPP with corresponding in-plane wave vector (within orange dash circles).
(c). Lateral magnetic field of the unperturbed state. See text for parameters. [1]
©2012 APS

Due to the periodicity of the structure, the incident light with its small transverse

momentum can couple to states with k-vectors [6], as indicated in Fig. 2.3(b).

2.3.2 A perturbative approach

We now develop a perturbative approach for describing the hybridized states. Since
the unperforated hybrid structure has been extensively studied with rigorous fully

retarded approaches [46, 45], we use this solution as the zero-order unperturbed so-
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lution. We then consider the perforations as perturbations and derive the first order
corrections using degenerate perturbation theory. Because the unperforated struc-
ture was considered as an infinitely large planar heterolayered structure, it does not

support TE modes, but only TM modes with spatial components

HO(K) = Hy f(2)e™I 79K, (2.1)

and time dependences of e~“ot,

By assuming an infinitely thick bottom Ag layer, the lateral distribution of the

field has the form

2

eS1? 0<z

cosh(Syz) + %;’f sinh(S2z)  0<z<Mh

f(z) = . (22)
Ccosh(S3(z — h1)) + Dsinh(S3(z — hy))  hy <z < hy + hy

[Ccosh(Sshy) + Dsinh(Sshg)]e™51z=h=h2) 2> ) 4 hy

\

where k| = k,2 + k,g is the in-plane wave vector of the SPP’s, p is the field point
vector projected on z — y plane with r = p + z2. The quantities S; = , /kﬁ — w3 /c?
are the wave vectors normal to the interfaces in regions ¢ = (1, 2, 3,4) (See Fig. 2.1(a)),
Hj is a constant complex amplitude, and %RII is a unit vector rotated from 1A<|| by 7/2
clockwise, with 2R denoting the rotation operator. The coefficients in Eq. (2.2) are

determined by the continuity of the tangential magnetic field at the interfaces:

C' = cosh(Sa2hy) + %sinh(Sth), (2.3)
2

D = [kgsinh(Sahy) + Kicosh(Sahy)]/ ks, (2.4)
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Figure 2.4 : Dispersion relation diagram of the hybridized surface plasmon polariton
in the unperturbed heterostructure. The absolute value of the left hand side of Eq. 2.5
as a function of wavevector k and wavelength is plotted and the dispersion relation
is then indicated by the black curve where such value vanishes. [1] (©2012 APS

with r; = S;/e;;i = (1,2,3,4). The parameters e = €4 = ¢, are the relative
permittivity of the metal. The dispersion relation w(R||) is obtained from
Clkstanh(Sshy) + ka] + D|ks + katanh(Sshs)] = 0, (2.5)

and is shown as the black curve in Fig. 2.4. Notice that for the wavevector of k = 27 /L

the resonant wavelength is ~560 nm, as read from the dispersion diagram, having
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around ~15% difference from the experimental value of 646 nm.
In order to develop a perturbative approach, we need to find an operator for
which the plasmon modes are eigenstates. A simple choice for such an operator is

O =V x (67 'Vx) [140]. In each region we have,

2 2
O,HO® — _lvzH(o) _ k_H(O) — ﬂH(O), (2.6)

€ € c?
where k = k& + k,y — iS;2, and wj = ¢*k?/e;. Thus the operator O plays the same
role as the Hamiltonian operator in quantum mechanics, and standard degenerate

perturbative theory can be applied [140] with the unperturbed energies being equal

to wg/c*. The perturbation resulting from the holes is thus described by a term

1 1

O =Vx [(em + Ae(r) €

)V x|, (2.7)

where Ae(r) is the permittivity change due to the perforation, and the total operator
is © =0y + ©'. To make the operator © Hermitian, ¢; must be real. While this
model can take into account the dispersion in metal permittivity by substituting €, =
1 —wf, Jw? where w, is the bulk plasma frequency of the metal, for silver in our narrow
frequency range we use €, = —19 and for layers 1 and 3 we use ¢; = 1,e3 = 2.25.
The imaginary part of €, is here neglected because it is much smaller than the real
part in the visible regime and we focus on the mode energies instead of dissipation.
By referring to the optical constants of silver in literature [141], we confirmed that
the magnitude ratio of the imaginary part to real part of silver permittivity, i. e.

abs(Im(eay)/Re(eay)), is less than 5% for free space wavelength 400~800 nm.
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As illustrated in Fig. 2.3(b), no matter how large the incident angle is, the in-
plane incident wave vector is always small (within the blue solid circle) compared
with the reciprocal lattice constant 27 /L. As result, any excited SPP always carries
an approximate momentum as G/2 (within the orange dashed circle), determined
by conservation of crystal momentum. After perforation, the four states with in-
plane wave vectors of k; = (+27/L, £27/L) are degenerate because they are on the
vertices of the 2nd BZ which are equivalent points separated in k space by G. These
four states are numbered in Fig. 2.3(b) and will be referred to below. The lateral
distribution of the magnetic field of unperturbed state calculated from Eq. (2.2) is
plotted in Fig. 2.3(¢), showing a strong field confinement consistent with findings from
previous studies of similar systems [142; 21]. The lateral penetration depth 1/S55 of
these states is ~20 nm, which is much smaller than the 80 nm thickness of the bottom
Ag layer thus rendering the approximation of an infinitely thick bottom layer valid.
For instance, at the dielectric-metal surface of the bottom Ag layer (z = 60" nm), the
magnitude reads 8.84, while at about one penetration depth away from such surface
(z = 80 nm) it reads 2.92, showing approximately 1/e decay and thus supporting a
penetration depth of ~20nm. At the far end surface of the Ag layer (z = 140 nm),
the magnitude has decayed into a negligible value of 0.11 or 1.2% of the value at
z = 60 nm.

The hybridization and energy splitting due to the perturbation can be found by

expanding the perturbed states in the unperturbed degenerate states Eq. (2.1), as
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in conventional degenerate perturbation theory. The secular equation takes the form

(See detailed derivation in Appendix A of Ref. [1]),

Ql - A(JJ2/W8 QQ Qg QQ
QQ Ql - sz/wg QQ Qg
det =0, (2.8)
Qg QQ Ql — Auﬂ/wg QQ
QQ Qg QQ Ql — Aw2/wg
where
€m i R?
= (o2
h (61 ) FyL?
€m F3RJ,(2v27R/ L)
QQ = (_ - 1) )
€1 F02\/§7TL
€m FQRJ1(47TR/L)
Q3 = (—-—-1 2.9
s = g FoArL (2:9)

are determined by the interaction matrix elements (H® (k;), @ H® (k;)) with i, j €

{1,2,3,4}, as well as by the normalization condition (H©® (k;), H® (k;)) = 1. The F;

coefficients are functionals of f(z) which is described by Eq.(2.2)) and can be written

as (See Appendix A of Ref.

1),

(2.10)
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The eigenenergies of Eq. (2.6) are readily obtained as

Aw?
( 2 ) - Ql - Q37
Wy /12

A2
( ‘”) — Oy — 20, + Qs
Wo /3

2
0

2
(A“ ) — Oy 20 + O, (2.11)
4

w
where the eigenstates 1 and 2 are degenerate. The corresponding eigenvectors and

spatial field patterns of these modes are

2

Vi= (0,—-1,0,1)%, Hocsin%y;

T . 2w
Vo= (-1,0,1,0)", Hocsm—L :

T . x-l—y . r—y
Vs= (-1,1,—-1,1)", Hxsinm sinT :

L L

Vi=  (1,1,1,1D)7T, Hoccosms Z Y cosnZ Z Y (2.12)

In Fig. 2.5(a)-(c), the magnetic field patterns of eigenstates 1,3,4 are plotted. After
perforation by small holes such that J,(2v/27R/L) > 0, the energy of state 3, as
in Fig. 2.5(b), is higher than that of state 4 as in Fig. 2.5(c). This is because the
lower energy state tends to have more electromagnetic energy stored in region of high
permittivity to be more stable [140]. As is shown in Fig. 2.5(c), the lower energy
state 4 has intensity maximum in the center of the holes where the permittivity is
higher than that of silver; in contrast, the state 3 in Fig. 2.5(b) experiences field nodes
in the hole center resulting in higher energy. For the state 1 shown in Fig. 2.5(a),
since the spatial modulation of field is not as violent as in state 3 and 4, the energy

is even lower.
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Figure 2.5 : (a-c) Magnetic field (H) patterns of the three unperturbed eigenstates
described in the text. The green circles indicates the holes. (d) The dependence
of the absorption peak splitting on hole radius. The normalized theoretical result

(black line) represents a same oscillation trend as the experimental data (red dots).
1] ©2012 APS

There are three possible energy gaps in this system. By using the approximation
V1+ A a1+ A/2 and writing the perturbed mode energies w; in terms of Aw?, we

have w; = wp [1 + 0.5 (Aw?/w?),] and hence the possible gaps are

5(4.}(1) = |(,U3 — LU4| ~ 2&)0|QQ|,(5A(1) ~ 2)\0|QQ|7
ow? = lws — w1 zw0|§22—93|,5)\(2) ~ Aol — Qsl;
dw® = |wy — wi| & wolQ + Qal, AE) & N[ 4+ Q).

(2.13)

Noting that it is hard to tell the sign of the splitting from the experiment, we
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use the absolute values in the above expressions for the shift. Since the calculated
F3/Fy = 0.028, is much smaller than Fy/Fy = —0.52, the observed splitting should
be dominated by A\g|€23]. In Fig. 2.5(d) we compare the calculated splitting A\g|€23|
with the measured split of the absorption peaks for different hole radii. The results
agree qualitatively and shows that the magnitude of peak split exhibit an oscilla-
tory behavior with the hole radius. As seen in Fig. 2.2(a) and Fig. 2.5(d), for small
radii, the splitting is small but still discernible for radii in the range 30~50nm. As
the radius increases, the split decreases and then become large for radii 60~80 nm,
and then decreases again. This oscillation of the peak splitting originates from the
perforation-induced two-dimensional periodicity. A close inspection of the theoretical
result reveals that the splitting depends on a number of factors, including the hole
radius, array period and the geometry of the hybrid structure. Such information, for
instance the layer thicknesses and material permittivities, is contained in the function
f(2) in Eq. (2.2). Our simple theoretical model can thus straightforwardly be used for
the design and optimization of the PPA. Moreover, since the unperturbed states are
the SPP modes of a hetero-layered structure, our approach can readily be extended

to more complicated layered structures, including more layers and different materials.

2.4 Conclusion

In conclusion, we have experimentally realized and characterized a hetero-layered

hole array structure that exhibit wide-angle perfect absorbing capability in the visi-
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ble region of the spectrum. We suggest that this ability is attributed to an increased
photonic density of states (flat band) above the light line, which is a feature of cou-
pled periodic plasmonic system. This increased density of states mediates a coupling
between the incident light with its small in-plane momentum and surface plasmon
polaritons at high symmetry points of the two dimensional Brillouin zone boundary.
A spectral splitting of the reflectance dip (absorption peak) is clearly observed in
the experiments and may be important for future multi-band or broadband energy
harvesting applications. A simple model based on degenerate perturbation theory
provides a qualitative description of the phenomenon and can be used to further opti-
mize the device. This model can straightforwardly be extended to more complicated
periodic structures and serve as a design tool for the development of perfect absorbers

exhibiting multi-band or broadband absorption.
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Chapter 3

Plasmonic properties of nanowires

3.1 Surface plasmon resonance of nanobelt
3.1.1 Introduction

Noble metal nanostructures with sub-wavelength dimensions exhibit localized sur-
face plasmon resonances when excited by light. These resonances lead to strong
absorption, scattering, and near field enhancement at frequencies that depend on the
nanoparticle size and shape [143]. Over the past decade, a wide variety of plasmonic
gold and silver structures have been fabricated to manipulate light at the nanometer
scale where they are pursued for novel applications and basic research [144, 145]. For
example, plasmon resonant optical absorption enables molecularly targeted heating
for applications in nanomedicine such as photothermal therapy and drug delivery
(146, 147]. Larger plasmonic nanostructures exhibit bright plasmon resonant scatter-
ing which may prove useful for microscopic imaging contrast and particle tracking
(148, 149] Nanoparticles with sharp tips and gaps between nanoparticles create re-
gions of highly enhanced electromagnetic fields which amplify powerful spectroscopies
for sensing applications [150]. Plasmonic nanoparticles can be coupled to fluorescent

dyes or quantum dots to manipulate radiative decay rates and directions, thus fun-
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damentally manipulating optical emission [151, 152]. All of these applications rely
to some extent on the ability to tune nanoparticle plasmon resonances to match a
biological window of tissue transparency, to coincide with an emitter excitation, or
simply to match a laser source. The capability to tune the plasmon resonance has
played a crucial role in stimulating the current interest in plasmonics. Plasmonic
effects are also studied in extended structures where they may be used to transport
optical information at the nanometer scale. For example, light can be coupled into
surface plasmon polaritons in two dimensional films, and its propagation can be ma-
nipulated by nanostructures within the film [153, 6] Recently there has been interest
in plasmon propagation in one dimensional plasmonic nanowires [124]. Here light can
be coupled into and out of the nanowires through symmetry broken sites such as tips,
kinks, or nanoparticle-nanowire junctions [154, 155]. The coupling between propa-
gating nanowire plasmons and nearby quantum dots could enable the integration of
plasmonic structures into nanometer scale optoelectronic devices [156, 157, 158, 159].
Nanowire propagating plasmon modes have been studied largely with silver nanowires
that have cross-sectional diameters of hundreds of nanometers [154, 39, 41, 160].
While these efficiently couple, transport, and emit light, their large size leads to
transport based on a mixture of higher order plasmonic modes and may limit the
strength of interactions with nearby emitters and other plasmonic structures [34].
Here we describe the optical properties of gold nanowires with rectangular cross

sections referred to as gold nanobelts [161]. Their sub-100 nm cross-sectional di-
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mensions and extended lengths (larger than 10 pm) combine the tunability and
sharp resonances of sub-wavelength sized nanoparticles with the extended structure

of nanowires. The detail of the synthesis of the gold nanobelt can be found in Ref.

[2].

3.1.2 Sharp resonance
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Figure 3.1 : Dark field micrographs (left) and corresponding single nanobelt spectra
(right). The given dimensions and aspect ratio were determined by atomic force
microscopy. The blue spectra are polarized transverse to the nanobelt, and the red
spectra are polarized parallel to the nanobelt. [2] ©2011 ACS
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As seen in Figure 3.1, the nanobelts exhibit a range of colors covering the visible
spectrum from green to red. These same nanobelts were imaged by atomic force mi-
croscopy (AFM) to determine their height and width, also provided in Figure 3.1 (see
the Supporting Information for AFM images and analysis of Ref. [2]). Here we define
the cross-sectional aspect ratio, x-AR, as the nanobelt width divided by the height.
Since these nanobelts are very long, we do not consider the length to width aspect
ratio that has been addressed in previous studies [162, 163]. As seen in the dark-
field images, the existence of a tunable plasmon resonance is apparent, as nanobelts
with low cross-sectional aspect ratio appear green and those with higher aspect ratio
appear red. The nanobelt scattering spectra were recorded from the center of each
belt by an imaging spectrograph and CCD camera. White light was incident through
the annular dark field objective and was unpolarized. A polarizer behind the objec-
tive analyzed the scattered light. As seen in Figure 3.1, the measurements reveal a
plasmon mode polarized perpendicular to the nanobelt length which redshifts with
increasing cross sectional aspect ratio. Also shown are scattering spectra polarized

parallel to the nanobelts, which were relatively featureless.

3.1.3 Simulation

To understand the nature of the observed nanobelt plasmon resonance, finite-difference
time-domain (FDTD) calculations were carried out for the nanobelt geometry using a

measured dielectric function for gold [141]. The simulation geometry, shown schemat-
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Figure 3.2 : (a) Gold nanobelt simulation geometry and (b) resulting spectra for cross-
sectional aspect ratios that match Figure 3.1. (c¢) The calculated charge distribution
of the scattering mode. [2] ©2011 ACS

ically in Figure 3.2a, was designed to match the experimental dark field spectroscopy
measurements. Illumination was incident at 45 degrees to the nanobelt long axis (as
in the experiment) and the total scattering cross section for an infinitely long nanobelt
was calculated. The infinite nanobelt was simulated by extending it through perfectly
matched layer boundary conditions that minimize reflections [164]. With the incident

k-vector along the nanobelt length and TE polarization across the nanobelt as shown
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in Figure 3.2a, a scattering resonance was found (Figure 3.2b) that shifts with aspect
ratio in a manner similar to the experimental measurement. Analysis of the charge
and field distributions showed that the bright scattering resonance is a plasmon mode
with antisymmetric charge alignment across the nanobelt width as depicted by the
charge distribution plot in Figure 3.2c. This mode is analogous to the propagating
HE; plasmon mode for nanowires of cylindrical cross section [165]. Note that the
simulation results in Figure 3.2 do not include the substrate. However, a simulation
for a finite nanobelt of cross-sectional aspect ratio 3.3 was run that included a glass
substrate and it was found to have little effect, causing only an 18 nm redshift in
the scattering peak (see Supporting Information in Ref. [2]). To more closely match
the experimental measurement, FDTD simulations were also carried out for a finite
nanobelt and the differential scattering cross section was calculated. Due to com-
putational complexity, these simulations were performed on a nanobelt of only 0.4
micron length, which resulted in strong Fabry-Perot resonances that do not occur in
our experiment because the nanobelt lengths are greater than 10 microns. We there-
fore chose to compare the experimental data to the total cross sections calculated for

infinite nanobelts.

3.1.4 Discussion

Other plasmon modes were found in the simulations that were not evident in the

experiments. For instance, for TM polarization, the calculations revealed an an-
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Figure 3.3 : The calculated charge distribution of the zig-zag mode at 624 nm excited
by incident TM illumination. [2] ©2011 ACS

tisymmetric mode, with its dipole moment oriented in a zigzag pattern along the
nanobelt length (Figure 3.3). This peculiar orientation of the dipole moment is due
to an admixture of symmetric and antisymmetric plasmon modes on the upper and
lower surfaces of the nanobelt [165]. The zigzag mode was found to predominantly
scatter in a direction outside the numerical aperture of the microscope objective, so
it was not observed.

The measured spectra of the high cross-sectional aspect ratio nanobelts appear
to have some structure as though they are made up of multiple peaks. While such
peaks can be attributed to substrate interactions [166], here they are artifacts of
the data analysis. Different choices of the background subtraction parameters cause
somewhat different spectral shapes in Figure 3.1, although they do not affect the

overall tunability. In addition, the measured line widths given in Table 1 of Ref. [2]
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are similar to the homogeneous line widths of single gold nanoparticles [167].
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Figure 3.4 : The dependence of the plasmon resonance peak on cross-sectional aspect
ratio in the experiments (o) and simulations (o) [2]. (©2011 ACS

Spectral scattering peaks for both the experiments and simulations were fitted to
analyze the tunability of the transverse plasmon resonance in the nanobelt structure.
The results, plotted in Figure 3.4, agree well and reveal an approximately linear
relationship between the cross-sectional aspect ratio and resonance wavelength, which
is very similar to the behavior for elongated nanoparticles such as gold nanorods [143].

Interestingly, the nanobelt structure has a lower sensitivity to the cross-sectional
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aspect ratio, shifting only 100 nm (~525 nm to ~625 nm) with cross-sectional aspect
ratio increasing from 1 to 5. In contrast, gold nanorods (with their aspect ratio
defined as the ratio of the length and width) shift over a similar spectral range with
an aspect ratio change of only 1 to 2.5 [168]. An additional increase in the nanobelt
cross-sectional aspect ratio through synthesis may enable the plasmon resonance to
be further tuned to the near infrared.

The results presented here describe a simple synthetic route towards an extended
structure which exhibits sharp plasmon resonances for antisymmetric excitation across
the nanobelt width. The nanobelts are single crystal structures with smooth surfaces
which should minimize loss in plasmon propagation [41]. These propagating modes
may be important in plasmonic waveguide applications. Since their energies are well
defined it may be possible to optimize in- and out-coupling antennas for efficient light-
to-plasmon conversion [169] enabling both efficient sub-wavelength waveguides and
remote plasmon-enhanced spectroscopies such as surface-enhanced Raman scattering
[170, 171]. These structures may also find applications as sub-wavelength plasmonic
bandpass filters, only allowing light of specific wavelengths determined by the cross
sectional geometry to be transmitted. A more detailed investigation of the propa-
gation losses and the potential applications of these structures in plasmonics circuit
applications is in progress. Furthermore, gold nanobelts may be considered for bio-
logical applications that currently employ tunable nanoparticles. The larger size of

the nanobelts will provide a larger scattering cross section for imaging contrast or
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detection, and nanobelts may offer unique interactions with cells and tissues due to

their size and shape.

3.1.5 Conclusion

In conclusion, we have developed an efficient chemical synthesis method for the fab-
rication of gold nanobelts with cross sectional dimensions smaller than 100 nm. We
showed that the transverse plasmon modes of these extended structures are remark-
ably narrow and depend sensitively on the cross-sectional aspect ratio. These nanos-

tructures may find applications in plasmonic circuits or nanomedicine.

3.2 Propagation and electromagnetic confinement in nanobelt
3.2.1 Introduction

The continued miniaturization of optical devices requires manipulation of light at the
nanometer scale. Gold and silver nanostructures have been actively investigated for
this purpose since they localize light to deep sub-wavelength dimensions through the
formation of surface plasmons [151]. Surface plasmons can be described classically as
the electromagnetic surface modes of metal nanostructures. Gold and silver nanopar-
ticles exhibit localized surface plasmon resonances which lead to strong scattering and
absorption at visible frequencies. Extended gold and silver nanowires support surface
plasmons that propagate along their length. These propagating plasmons may serve

as interconnects in future nanophotonic circuitry, where light is coupled into one end
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of a nanowire and emitted at the other [39, 172, 173, 41, 6]. Looking beyond the clas-
sical description, propagating plasmons in nanowires are quasiparticles that retain the
quantum information of the photons that generate them [174, 175, 176, 177]. Intrigu-
ing device architectures have been considered based on strong interactions between
quantum emitters and plasmonic nanowires, including all optical transistors and sin-
gle photon sources [178, 157]. However, the intrinsic losses in gold and silver at optical
frequencies limit the propagation distances to several microns. Recent attention has
therefore focused on characterizing the propagating modes, and how the propagation
lengths depend on nanowire geometry, wavelength, dielectric environment, substrate,
and metal crystallinity [41, 34, 179, 38, 35, 36, 180, 160, 40, 181].

Silver exhibits lower intrinsic losses than gold, and has been the focus on of most
work on plasmon propagation in nanowires [41, 175, 180, 160, 40, 181, 182, 183]. The
propagation can be directly measured with far field optics by focusing light at one end
of the nanowire and observing emission at the other end. Chemically synthesized silver
nanowires yield the longest propagation lengths, while lithographically fabricated
wires offer the opportunity to investigate complex nanowire architectures. Reflections
of surface plasmons at nanowire ends result in Fabry-Perot resonances within the
nanowire which can be probed to extrapolate the wavelength and decay length of
propagating plasmons [41, 38, 36, 180, 40, 181, 183]. Experimental results are in
good agreement with both analytical solutions and numerical simulations using the

measured dielectric function of silver.
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There is much interest in thinner nanowires with a higher level of confinement
to explore strong interactions between propagating plasmons and nearby quantum
emitters [159]. However, smaller diameter nanowires also have shorter propagation
lengths and weaker emission signals. In addition, gold nanowires may be preferred
to silver for improved chemical stability and ease of functionalization, but the higher
intrinsic loss in gold again leads to shorter propagation lengths. Plasmon propaga-
tion in the gold nanowires is therefore difficult to study with far field optics since
the emitting nanowire end will be dim and imaged very close to the brightly scat-
tering excitation end. Recent reports have found alternative methods to study gold
nanowire propagation. Through excitation by total internal reflection at the surface
of a prism, emission from lithographically fabricated gold nanowires was observed and
spectrally analyzed. A Fabry-Perot model yielded a decay length of 2 to 4 um de-
pending on frequency, although the Fabry-Perot fringes were not as clear as those for
silver nanowires [38]. Propagation in gold nanowires has been observed by near field
excitation of fluorophores. Fluorescence images of Coumarin 30 near the nanowires
yields propagation lengths of 2.4 to 3.6 pm [36]. Also, a method has been developed
based on the near field bleaching of flourophores and monitoring their recovery. This
yields propagation lengths of 1.8 +/- 0.4 ym at a wavelength of 532 nm [34] and 7.5
+/- 2.0 pm at 785 nm [35]. With this method, the fundamental propagating mode
(m=0) is quenched by the fluorophore layer. The longer measured propagation length

in these experiments was found to be due to a higher-order propagating mode (m=1)
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which decays much slower than the fundamental propagating mode. All of these re-
sults are in reasonable agreement with theory, but each is either indirect or relies on
models with some assumptions (such as reflectance coefficients of the nanowire ends)

or some ambiguity regarding the propagating mode.

3.2.2 Propagation length measurements

Here we describe plasmon propagation in chemically synthesized gold nanobelts,
which are gold nanowires with rectangular cross sections that are 25 150 nm in
width and only 17 45 nm in height. The synthesized nanobelts range from 1 to 100
pm in length [2], but usually display geometric defects or tapering if the nanobelts
are much longer than 5m. Gold nanobelts are attractive structures for plasmon prop-
agation due to their single crystal gold structure, their relatively small cross-sectional
size for strong confinement, and their elongated cross-sections, which may strengthen
interactions with nearby emitters. Synthesis details can be found in Ref. [2], in which
we recently reported the colorful plasmon resonances observed in these structures by
dark-field microscopy that are due to an asymmetric excitation across the nanobelt
width, which is tunable with cross sectional aspect ratio [2]. Both dark field and
scanning electron microscope (SEM) images of nanobelts are displayed in Figure 3.5.

For plasmon propagation experiments, the nanobelts were imaged with an oil
immersion 100X/NA=1.25 objective under epi-brightfield illumination with a white

light emitting diode (LED). To observe plasmon propagation, a separate 850 nm LED
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Figure 3.5 : Gold nanobelts deposited on a substrate and imaged a) by dark-field
optical microscopy, and b) by scanning electron microscopy.

was positioned approximately 1 meter behind the objective lens and coupled in with
a pellicle to produce a tightly focused spot in the object plane. The focused light was
placed at one end of the nanobelt and light emission was observed at the other end,
as seen for two short nanobelts in Figure 3.6. Efforts to generate propagation images
with focused laser spot were unsuccessful due to the background of interference fringes
and speckle patterns inherent to high coherence illumination, as we show in Figure
3.6. With low coherence LED illumination, the background is smooth and easily
subtracted. To compare our measurements with previous reports on silver nanowires,
the experiments were performed with 100 nm diameter silver nanowires synthesized
following the extensive parametric polyol synthesis study by Coskun et al. [184]
The propagation length is defined here as the 1/e decay length of the electromag-

netic intensity inside the nanowire. It can be determined from measurements on gold
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Figure 3.6 : Two gold nanobelts imaged with (a,b) epi-bright field illumination and
(c,d) focused illumination to display propagation. The left nanobelt (a,c) is 1.6 ym
in length and the right nanobelt (b,d) is 1.8 um. The illumination wavelength is 850
nm.

nanobelts and silver nanowires with different lengths, assuming that the light emitted
at the end is proportional to the intensity at that point. However, the data must be
corrected for different nanowire diameters and nanobelt heights and widths since the
size affects the quantity of light absorbed and re-emitted. Rather than correct the
data with microscopic size measurements, we considered how three relevant processes
scale with size for a cylindrical nanowire of radius r, as illustrated in Figure 3.7a.

At the illuminated end the absorption of light will scale as r® (roughly treating the
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Figure 3.7 : The plasmon propagation length of gold nanobelts and silver nanowires.
(a) A schematic that illustrates the scaling rationale. (b) Emission/excitation rates for
gold nanobelts (o) and silver nanowires (M), with the exponential decay fits resulting
in 0.94 and 8 um propagation lengths, respectively.

nanowire end as a sphere). Emission at the distal end will also scale approximately

3

as 1. Taken together, the entire process will scale as 1r°

. Direct scattering at the
illuminated end also scales as 1° (again approximating the end as a sphere) and can
be measured from the experimental images. We therefore scale the count rate of the
emission by the count rate of the scattering from the excitation end for each nanobelt
or nanowire. The ratio is plotted versus nanowire length in Figure 3.7 for both silver
nanowires and gold nanobelts. Uncertainties were taken as the square root of the
total counts for tip images and the nearby backgrounds. The data were fit to simple
exponential decay by nonlinear least squares regression, weighting each data point by

its uncertainty. The resulting propagation lengths were 8.0 yum for silver nanowires
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(with a 3.6 to 35 um 95% confidence interval) and 0.94 pm for the gold nanobelts
(with a 0.61 to 2.1 pm 95% confidence interval).

Even using the emission/excitation ratio to account for different nanowire and
nanobelt sizes, there is still significant scatter in the data and significant uncertainty
in the resulting propagation lengths. Since each point in Figure 3.7 corresponds to a
nanowire or nanobelt of different size, each point also corresponds to a different plas-
mon propagation length, and the resulting fit is therefore an average. The expected
propagation lengths for thin cylindrical gold nanowires were calculated by solving the
electromagnetic wave equation for an infinitely long right circular cylinder following
Chang et al.[159] The resulting imaginary part of the wave vector gives the prop-
agation length. The range of measured gold nanobelt propagation lengths are well
matched to calculated propagation lengths of gold nanowires of similar cross sectional

size.

3.2.3 Simulated properties of propagating modes
Propagation intensity and length

The gold nanobelt presented in Figure 3.8 was subject to detailed structural analysis
by atomic force microscopy (AFM), and found to be 40 nm tall, 125 nm wide, and
5.5 pm long. Figure 3.8a and Figure 3.8b show its dark-field and propagation im-
ages, respectively. Based on the nanobelt size and previous reports on propagating

nanowire modes [35, 36], we expect two dominant propagating modes. The AFM



48

measurement of this particular belt is shown in Figure 3.8c. Figure 3.8d shows the
calculated charge distribution for this nanobelt (top view) corresponding to both the
fundamental m = 0 mode and the higher-order m = 1 mode. Only the fundamental
mode exists for all nanowire diameters and is the strongest propagation mode for
thinner nanowires [?, 185]. Figure 3.8e shows the FDTD-calculated magnitude of the
plasmon Poynting vector along the length on a logarithmic scale. This directional
energy flux is proportional to the emission that would take place if the belt were to
terminate at that given length. The linearity of the logarithmic Poynting vector as a
function of propagated distance shows that no Fabry-Perot resonances is present in
the belt, as expected, since the simulated nanobelt is semi-infinite long. The prop-
agation length, the reciprocal of the absolute slope of the straight line of Poynting
vector, is fitted to be 1.9 and 17.5 um.The simulations also predict that light couples
strongest to the m = 0 mode, but that it decays more rapidly along the length than
the m = 1 mode. This leaves the m = 1 mode stronger at longer lengths. For this
nanobelt geometry, the cross-over occurs at ~7.6 pm.

FDTD calculations show that for this experimental geometry, the m = 0 mode
results in emission at the nanobelt tip that is polarised parallel to the belt length
and the m = 1 mode emission is polarised transverse to the belt, which makes sense
based on the charge distribution in both cases. To identify the propagation modes
experimentally, a calcite beam displacer was placed in the imaging path. This element

spatially separates the two polarizations of the signal. The displacer was rotated to
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Figure 3.8 : (a) Dark-field image of 5.5 pum long, 125 nm wide, 40 nm tall gold
nanobelt. (b) Plasmon propagation image of the same nanobelt, illuminated at one
end with an 850 nm LED. (¢) AFM of the nanobelt cross section. (d) Calculated
charge distribution for the fundamental m=0 mode and the higher-order m=1 mode
(scale bar = 100 nm). (e) Calculated logarithmic of Poynting vector for two propagat-
ing modes along a 125nm x 40nm nanobelt. For the m = 0(1) mode, the polarization
of the incident illumination is parallel (perpendicular) to the belt length, with sym-
metric (antisymmetric) induced surface charge across the belt width.

the orientation of the nanobelt on the sample so that the resulting images were light
polarized parallel and perpendicular to the nanobelt. Figure 3.9a and Figure 3.9b
show displaced propagation images for 2.4 ym and 5.8 pum long gold nanobelts. For
the short nanobelt (Figure 3.9a), there is strong m = 0 emission (polarized along
the nanobelt), while the m = 1 emission (polarized perpendicular to the nanobelt)
is present but barely detectable. For the longer nanobelt (Figure 3.9b) the m = 0
emission is still strong, but the m = 1 emission is a larger fraction of the total. This
behavior follows the calculated prediction in Figure 3.8e. Highly uniform nanobelts of

this length are difficult to find, but a comparison of the m = 0 and m = 1 signals from
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Figure 3.9 : Plasmon propagation through a 2.4 um long (a) and a 5.8 pm long (b)
gold nanobelt for polarizations perpendicular (blue) and parallel (red) to the belt.
(scale bar = 1m) (c) The ratio of the parallel to perpendicular components of the
emission for several nanobelts.

nanobelts at several lengths reveals that the ratio of parallel to perpendicular light
emitted at the nanobelt tip decreases exponentially as predicted by the simulations
(Figure 3.9c). An exponential fit of these data give a cross-over length of 7.7 pm,

which is in good agreement with the simulations.

Mode pattern

For further insight into the propagation lengths of the m = 0 and m = 1 modes, we
investigated their cross-sectional field intensity and corresponding heat distribution
which were then calculated using FDTD (Figure 3.10). The m = 0 mode generates
higher intensity fields than the m = 1 mode, but most of the field intensity exists out-

side the nanobelt in the dielectric medium. The loss is mostly due to heat generation
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due to the field just inside the metal, which can be difficult to predict based on static
charge distributions like Figure 3.8d. However, the heat plots in Figure 3.10 make it
clear that the m = 0 mode also has higher losses, especially in the thin metal surface
layers where the field intensity are much more significant than deep inside the body,

which is why it has a shorter propagation length than the m = 1 mode.

E?2 Heat

Figure 3.10 : Cross-sections of normalized field and heat intensity (arbitrary units)
in a 125 x 40 nm gold nanobelt for both the m=0 and m=1 modes. Scale bar = 20
nm.

For plasmonic waveguides there is a trade-off between high field confinement,
which strengthens interactions with nearby emitters, and propagation length, which
is important for transmitting information [186]. As the cross-sectional diameter de-
creases, the quantum confinement increases due to tighter localization of the electro-
magnetic field, but the propagation length decreases due to an increased fraction of

the field inside the metal. For 2D strip waveguides a figure of merit (FOM) was pro-
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posed by Buckley et al that accounts for both confinement and propagation length:

[127]

M =9 /L (3.1)

A Crror

where the mode area A, is defined as the area bounded by the closed 1/e field
magnitude contour relative to the electric field maximum, and the L, is propagation
length. In favor of a high FOM, the m = 1 mode outperforms the m = 0 mode for
the studied gold nanobelt, because the former has a Lprop of ~17.5 pum, about 9
times as large as the latters, while they have comparable mode areas. The calculated
figure of merit for m = 1 mode is ~1300, better than those reported (around 300) for
strip waveguides at the wavelength of our interest (850 nm). The strip waveguides
were microns in width, so they have longer plasmon propagation lengths, but lower
confinement. When strong coupling interactions are desired, the mode area is of
primary importance. The mode area for the 125 x 40 nm nanobelt is calculated
to be around 2400 nm?, which is only 48% of its cross section area and is roughly
two orders of magnitude smaller than the mode area of the larger strip waveguides.
Our calculations also show that a 100 nm diameter cylindrical silver nanowire, as a
comparison, has a mode area of around 10,300 nm? (131% of its cross section area), a
propagation length of ~9.5 ym, and a resulted FOM of 335. Such an improved strong
confinement achieved with gold nanobelts may be useful for studying interactions

between plasmons and quantum emitters bridging the gap between plasmonic and
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quantum systems.

3.2.4 Conclusion

In summary, we have directly observed plasmon propagation in thin gold nanobelts
by focusing light at one end and imaging the emission from the other. Problems with
imaging short propagation lengths and weak emission signals were overcome through
the use of low coherence LED illumination. Emission measurements from multiple
nanobelts were scaled for different sizes to yield a fitted propagation length of 0.94
pm at a wavelength of 850 nm. The calculations and experiments also demonstrate
that with increasing nanobelt length, a higher-order mode takes over due to its longer
propagation length. Evidence of this cross over was seen in analysis of the emission
polarization. The emission was also found to strongly favor near infrared frequen-
cies, agreeing with an analytical model of a cylindrical gold nanowire. The high
confinement factor, with Figure-of-Merit as high as around 1300, for these structures
represent an important step towards studying strong interactions of propagating plas-
mons with nearby quantum emitters, given the reduced cross-sectional size and the

facile surface chemistry of gold nanobelts.
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3.3 Stimulated emission of SPP in nanowire: dye-assisted
propagation length enhancement
3.3.1 Introduction

Subwavelength confinement, control and manipulation of light is essential for realiza-
tion of integrated nanophotonic and optoelectronic applications [187, 188, 6]. To this
effect, noble metal nanowires (NWs) offer excellent solution as transport vehicle for
subwavelength-confined optical signal [38, 33, 41, 180, 189], owing to their ability to
support surface plasmon polaritons (SPPs) [190], which are collective oscillations of
conduction band electrons on the metal surface. However, SPP propagation suffers
substantial intrinsic (Ohmic) and extrinsic (e.g., radiative) losses that seriously limit
the application potential of these nanostructures [38]. Although there have been some
important efforts to loss compensation and amplification of SPPs in planar waveguide
structures [73, 191, 192, 193, 57], no such attempt have been made, so far, to achieve
gain of SPPs propagating in a subwavelength nano-waveguide. Here, we report the
first demonstration of gain into SPP modes in chemically prepared silver nanowires,
obtained by optical pumping of a dye-doped polymer acting as dipolar gain medium.
An obvious compensation of the subwavelength propagation losses was achieved in
this study, which is an important stepping stone towards low-loss subwavelength plas-
monics.

The lossy propagation in various plasmonic waveguides poses a major challenge
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for their application in integrated photonic and other devices, and therefore, there
has been a considerable recent interest in the SPP amplification and compensation
of the propagation losses [191, 192, 193, 57, 194, 195, 58]. Amplification and stim-
ulated emission of weakly confined SPP modes supported on metal surface of thin
film wavegiudes were demonstrated in attenuated total-reflection setups by prism-
decoupling techniques [57, 194, 195, 58]. For a quantum-dot-doped polymer-loaded
gold film, Grandidier et al. showed a significant enhancement in propagation length
of SPPs excited in the IR region (1550 nm), by optically pumping the quantum dots
using a 532 nm laser [192]. In another study, the net optical gain was estimated
by measuring amplified spontaneous emission for a metallic thin film embedded in a
fluorescent polymer [193]. Amplification of ultra-confined plasmonic or hybrid modes
in nanoscale cavity and subsequent laser-like emission were demonstrated in metal-
semiconductor [196] or metal-dielectric nanostructures [197], and recently, in bowtie
nano-antenna [198].

Most demonstrations of SPP gain were either based on indirect techniques like
prism decoupling, amplified spontaneous emission etc [193, 57, 194] or through some
laser-like behavior of nanoscale cavity modes [196, 197, 198]. A direct measurement
of net amplification of long-range SPPs propagating in a thin gold stripe has been
demonstrated De Leon and Berini [73], where they were able to fully compensate the
SPP propagation losses and record an amplified signal at the output end. However,

so far there has been no such effort to demonstrate SPP amplification or gain in the
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metallic NWs, neither any literature on SPP stimulated emission in these waveguides,
despite the fact that plasmon waveguiding in silver and gold NWs is well-documented
(38, 33, 41, 180, 189, 36, 35, 34].

Although silver and gold nanowires (NWs) are attractive candidates for subwave-
length waveguiding [38, 33, 41, 36, 35, 34], the SPP propagation is also significantly
lossy in these nanostructures. For example, recent estimation of SPP propagation
length by fluorescence-based mapping techniques [36, 35, 34] have revealed that the
plasmonic field intensity decays to 1/3 of its initial value for a 10 ym long propagation
in a silver NW [36], and almost 20 times in a gold NW for comparable propagation
[34]. Thus, SPP gain will be crucial for the use of these NWs in integrated pho-
tonic applications or building nanoscale optical components. Also, as silver NWs can
demonstrate Fabry-Perot type resonance [41, 180, 189], a net amplification of SPPs
can potentially lead to the realization of subwavelength plasmonic laser with NW

acting as a laser cavity.

3.3.2 Experiment

In this work we report a straightforward demonstration of gain-assisted propagation
of confined SPP modes in single silver NWs, by optically pumping the associated dye-
doped polymer acting as gain medium. The experimental design of the excitation of
SPPs for individual NWs, with and without pumping the dye, and estimation of SPP

gain is schematically described in Figure 3.11. Detailed measurement protocol has
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been delineated in Methods section. Briefly, chemically prepared silver NWs were
deposited on Rhodamine 640 (R640) -doped PMMA layer (gain medium) coated on
clean glass coverslip, and the sample was excited from bottom, as shown in Figure
3.11. The SPPs were launched by exciting one end of a NW with 633 nm laser and
the optical output due to decoupling of SPPs into light emission/scattering from the
opposite (output) end of the wire was monitored (Figure 3.11A). The measurement
was then repeated by combining SPP excitation at 633 nm with optical pumping of
the dye layer by 514 nm laser (pump laser), where the former was focused on NW-end
and the latter (pump laser) in the middle of the NW. The gain into the SPP modes
was achieved by high power (0.1 ~ 0.8 kW /cm?) pumping of the dye layer with 514
nm laser, and estimated by measuring and comparing the output signal intensities
with and without pumping the dye.

A direct experimental manifestation of optical gain into the SPP modes has been
illustrated in Figure 3.12, which summarizes the result of a representative gain exper-
iment. Figure 3.12A shows the NW image recorded in CCD under optical excitation
at the left-end with red (633 nm) laser at low power (15 W/cm?). Figure 3.12B shows
the image of the same NW, which is now illuminated in the middle with the green
(514 nm) laser at a high power (0.35 kW /cm?). Here, both ends of the NW lights up
due to outcoupling of the spontaneous emission of the dye. A third image, whence
both red and green (pump) lasers were on, was recorded (Figure 3.12C) using similar

conditions (integration time, laser powers etc) as before and a much brighter output
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Figure 3.11 : Schematic description of the gain experiment: (A) The SPP in a silver
NW, placed on top of a gain medium (a dye-doped polymer), is excited by 633 nm
laser at left end and the output from the opposite end (right end) is monitored. (B)
An additional laser at 514 nm, now focused in the middle of the NW, optically pumps
the gain layer below the NW, resulting in a significant enhancement of output signal
from the right end.

signal is observed in this case of combined excitation compared to the previous cases
of individual red or green excitations. The enhanced output signal for combined ex-
citation is a direct outcome of dye-assisted gain into propagating SPP modes of the
NW.

A 20% enhancement of the optical output signal solely due to the SPP modes

was observed for the above NW, as estimated from the intensity cross-sections of
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Figure 3.12 : A representative gain experiment: (A) A CCD image of a silver NW
exciting at left end by 633 nm CW laser at 15 W/cm? (integration time 0.3 s). (B)
The same NW imaged by exciting with CW 514 nm (pump) laser at 0.38 kW /cm? in
the middle. The optical output from both ends of the NW reveals outcoupling of dye
spontaneous emission. (C) Combined excitation with both 633 nm (SPP excitation)
and 514 nm (pump) lasers, with same power and integration time as before. A strong
output emission is observed in this case. (D) The plot of intensity cross sections,
shown by dashed lines in AC, of the output signal for the respective images: Ig33,
I514 and I, correspond to (A) 633 nm, (B) 514 nm and (C) combined excitations,
respectively. Inset shows that I;,; — I514 > Ig33, signifying enhancement of output
signal corresponding to SPP modes, thereby revealing gain into SPP modes. (E)
Pump power (irradiance) dependence of the gain factor, g, with linear fit to the region
g>1. Inset: The threshold gain behavior is depicted more clearly by highlighting the
region of low pump irradiance (dotted box).

the output signal (Figure 3.12D) through the maximum intensity channel for each
of three cases shown in Figures 3.12A C. It should be noted here that the output
intensity corresponding to combined excitation with red and green laser (I;;) has the
contribution from the spontaneous emission noise (I514) in it (Figure 3.12D), which
means that net output of the SPP modes under pumping = I;,; — I514. Thus the

condition for gain is I;,; — I514 > Ig33, as revealed in inset to Figure 3.12D, which
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substantiates the fact that gain is provided by the optically pumped dye layer in
terms of stimulated emission into the SPPs modes. So, we define the relative gain

factor as

[max _ [max

— tot 514 7 (32)

max
1633

where the superscript max to each term in the right-hand side Eqn. 3.2 stands for the
corresponding maximum value of respective parameter. From Eqn. 3.2 it is obvious
that when g = 1, we have I,,; — I514 = Ig33, i.e., no net gain into propagating SPPs.

Further evidence of the gain due to stimulated emission into the SPP modes was
obtained from the linear dependence of the gain factor, g, on pump laser power
(irradiance), as shown in Figure 3.12E. The value of g at each given pump power
was estimated by averaging the individual g values for 8~10 NWs. A clear threshold
corresponding to the pump irradiance = 0.05 kW/cm? for the onset of gain, given
by the condition g>1, is observed from Figure 3.12E and more clearly depicted in
the inset. The observation of a threshold point and a linear gain behavior above the
threshold (when g>1) is the signatures of stimulated emission [73, 192, 57], which is

consistent with our assignment.

3.3.3 Simulation

Electromagnetic simulation was performed using finite difference time domain (FDTD)

method. The simulation assumed a silver nanowire with 12 m length and 100 nm
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diameter, placed on a 250 nm thick dielectric layer with permittivity of &’ = 2.25, that
was illuminated by a 633 nm Gaussian beam with 300 nm width, which was transmit-
ted through the dielectric layer and focused on one end of the NW. For the dielectric
function of silver, the tabulated values by Johnson and Christy were used [141]. The
emitted energy flow from the opposite end (output end) of the NW was simulated
as a distribution surrounding the output end of the NW and at the bottom of the
NW/ i.e., the interface between gain layer and the dielectric layer to faithfully repro-
duce the experimental configuration. To represent the experimental gain medium,
an imposed imaginary part (£”) of the permittivity was introduced into the aforesaid
dielectric layer and the E-field intensity, as well as the energy flow, around the out-
put end was calculated with and without such gain medium. Using this model the
relative enhancement of output signal with respect to zero gain condition (¢” = 0.0)
was calculated for a number of ” values of increasing magnitude.

The enhancement of output signal intensity due to optical gain is shown in Figure
3.13. For a silver NW lying on top of a gain layer that assumes an effective dielectric
function with small negative imaginary part, and, the energy flux and E-field intensity
distribution surrounding its output end was simulated by illuminating the NW at one
(input) end with 633 nm Gaussian beam. A stronger field enhancement in presence of
a gain layer with imaginary permittivity, €” = —0.003 than that in a simple dielectric,
for which &” = 0, was observed from the both top-view (Figure 3.13A,B) and cross-

sectional (Figure 3.13C,D) plots, predicting a 20% amplification over the output signal
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Figure 3.13 : FDTD simulation of SPP gain for a 12 ym x 100 nm silver NW lying
on top of a dielectric/gain layer with real permittivity, ¢’ = 2.25. (A) Top-view of
energy flux (normal to the substrate) distribution around the output-end of a silver
NW under 633 nm laser excitation at input end (not shown) when there is no gain, i.e.,
imaginary permittivity, €’ = 0 and (B) the same with a gain medium corresponding
to e” = —0.003. (C) The E-field intensity from the cross-sectional view of the NW-
end without gain (¢” = 0) and (D) with gain (¢” = —0.003). Here the dashed line
indicates the upper boundary of the gain medium. Stronger E-field enhancement with
the gain layer is visible from both pictures. (E) Decay of SPP field intensity along the
long NW axis and associated propagation lengths without and with the gain medium.
The inset shows the E-field intensity cross-sections without (black) with (red) gain
layer, revealing a 20% enhancement of output intensity for the given (¢” = —0.003)
gain medium.

without gain (inset to Figure 3.13E). The simulation also demonstrates a subsequent
enhancement of SPP propagation length due to the aforesaid gain (Figure 3.13E),

suggesting gain-assisted compensation of SPP propagation losses.
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3.3.4 Conclusion

In summary, we have successfully demonstrated the gain-assisted propagation of SPPs
in single silver NWs where the optical gain into SPP modes was provided by a laser-
pumped dye layer. Our result shows that as much as half of the SPP propagation
losses are compensated using simple dye-based gain medium. With further improve-
ments like minimizing the dye photobleaching by using a circulating dye solution
instead of a dye-doped polymer etc and/or some optimization of the gain medium,
like using a lossless dielectric host etc, it might be possible to achieve a net loss com-
pensation or even amplification SPP in these nanowires. This achievement will be
crucial for development of nanoscale plasmonic amplifiers and subwavelength lasers,
among other applications, and for ultimate realization of low-loss plasmonic nanoma-

terials for all-optical miniaturized devices.
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Chapter 4

Plasmon-heated bubble generation

4.1 Experimental characterization

4.1.1 Motivation

Recently an ensemble of nanoparticles has been employed in a macroscopic-scale solar
energy harvesting and steam generation which has promising future applications in
medical treatment, sanitation, distillation and industrial usage [32]. The achievement
of relatively high efficiency (24%) of solar energy transferring into heat-up steam, as
well as a low-threshold incident light intensity (~ 1061/m?), has inevitably intrigued
a fundamental scientific interest in understanding the physical bubble-generating pro-
cess further at microscopic scale, i. e. the evolution of the light-induced vapor gener-
ated out of single nanoparticle into the formation of bubbles of larger scale.

When an Au nanoparticle in a liquid medium is illuminated with resonant light of
sufficient intensity, a nanometer scale envelope of vapor -a nanobubble- surrounding
the particle, is formed [31, 199, 200, 201, 202]. This is the nanoscale onset of the
well-known process of liquid boiling, occurring at a single nanoparticle nucleation
site, resulting from the photothermal response of the nanoparticle. Here we examine

steam generation at an individual metallic nanoparticle in detail. Incipient nanobub-
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ble formation is observed by monitoring the plasmon resonance shift of an individual,
illuminated Au nanoparticle, when its local environment changes from liquid to va-
por. The temperature on the nanoparticle surface is monitored during this process
(203, 204, 205, 125], where a dramatic temperature jump is observed as the nanoscale
vapor layer thermally decouples the nanoparticle from the surrounding liquid. The
subsequent formation of freely diffusing macroscopic bubbles results from the coales-
cence of the individual, nanoparticle-bound vapor envelopes into larger, micron-scale
bubbles: the contributions of incident light intensity and nanoparticle density to this
process are quantified. These studies provide the first direct and quantitative analysis
of the evolution of light-induced steam generation by nanoparticles from the nanoscale
to the macroscale, a process that is of fundamental interest for a growing number of
applications [201, 206, 207, 208, 209, 210, 211, 212].

Noble metal nanoparticles, when illuminated at a wavelength corresponding to
their plasmon resonance, can serve as highly efficient localized heat sources at the
nanometer length scale [202, 213, 214, 215|. This is a unique property that enables
numerous applications across a range of fields including energy [25, 216, 217], chemical
catalysis [201, 206], macroscopic steam generation [207, 208], protein imaging [209,
210], and biomedicine [211, 212|. Several aspects of this general property have been
studied, including vapor formation in a large ensemble of metallic nanoparticles under
CW and pulsed laser excitation, as well as single bubble formation and superheating

[31, 202, 214]. However, it is a significant experimental challenge to determine the
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precise properties of the liquid-vapor phase transition at the nanoparticle surface, such
as the temperature, internal pressure, and size of the vapor envelope —the nanobubble—
formed upon resonant laser excitation. Quantifying these properties at the single
nanoparticle level, for direct comparison with a theoretical picture that takes into
account the energy distribution in the illuminated nanoparticle-fluid-vapor system, is
crucial to provide an accurate picture of precisely how this process occurs.

In the present section, we scrutinize the process of plasmon-induced steam gen-
eration, from generation of a vapor nanobubble at an individual nanoparticle surface
to the formation of a microscopic bubbles. We examine the localized surface plas-
mon resonance (LSPR) and the surface-enhanced Raman scattering (SERS) spectrum
of para-mercaptoaniline adsorbate molecules on an individual Au nanoparticle, per-
formed during controlled resonant laser excitation both below and above the threshold
required to induce local vapor formation. This combination of local optical measure-
ments allows us to determine the key microscopic parameters of this system, such as
the nanobubble radius around the nanoparticle surface, the internal nanobubble pres-
sure, the nanoparticle surface temperature, and their dependence on incident light
intensity. The transition from local, nanoparticle-bound vapor layers to free-floating,
micron-scale bubbles is also studied. The formation of macroscopic bubbles results
from the coalescence of nanobubbles that form at the individual nanoparticle sites.
Here we quantify the energetics of macroscopic bubble formation based on the inci-

dent laser power and the areal density of nanoparticle nucleation sites. This series of
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experiments provides a detailed picture of the multistage steam formation process by
resonant excitation of metallic nanoparticles which will be useful for the development

of applications, both at the nano- and macroscale, of this unique phenomenon.

4.1.2 Experimental evidences of formed nanobubble

Gold nanoparticles were chemically synthesized, then immobilized with an ultrathin
layer of poly(4-vinyl pyridine)(PVP) onto a transparent dielectric substrate at the
bottom of a microchamber (Fig. 4.1a). These nanoparticles were dispersed onto the
substrate surface at a very dilute areal coverage, nominally 1 nanoparticle/100 m?
(Figure 4.1b shows a SEM image of a sample of deposited nanoparticles at significantly
higher areal density, for visualization purposes; more details in the Methods section).
The microchamber was designed to be optically probed by dark field microscopy
(for LSPR spectroscopy) during simultaneous illumination by a CW heating laser
beam. Alternatively, the CW resonant heating laser also served as the Raman pump
laser for SERS studies of heating at the nanoparticle surface, from which an effective
temperature at the nanoparticle surface could be monitored. The chamber could be
evacuated for studies in ambient air, or filled with DI water (total fluid volume = 6
em?).

Dark-field optical microspectroscopy [218, 219] was used to detect changes in the
single nanoparticle LSPR scattering spectrum upon resonant laser illumination (Fig.

4.1c). The measured LSPR spectrum in air was found to peak at 563 nm. When
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Figure 4.1 : Light-induced generation of a nanobubble at a single nanoparticle sur-
face. (a) Schematic showing illumination and plasmonic heating of an individual Au
nanoparticle on the transparent glass substrate floor of our fluidic microchamber. (b)
Scanning electron microscope (SEM) images of a sample with a dense coverage of Au
nanoparticles randomly distributed on the glass substrate, and a typical nanoparti-
cle (inset). (c) Scattering intensities of a single 100-nm diameter nanoparticle in air
(black), water (blue), and an envelope of water vapor produced by laser illumination
(red). The blueshift corresponds to formation of a finite vapor envelope of nanome-
ter scale thickness around the nanoparticle. Spectra are shifted vertically for clarity.
(d) Dependence of nanobubble-induced LSPR blueshift on Au nanoparticle diameter,
with a maximum shift observed for a nanoparticle diameter of 100 nm. The error bars
represent the nanoparticle-to-nanoparticle variation observed in the LSPR blueshift.

the microchamber was filled with DI water with a temperature of 20 °C the LSPR
was observed to redshift to 598 nm. The redshift of 35 nm is in good agreement
with the redshift obtained from a Mie calculation for the same particle embedded
in air compared to that in water at 20 °C (¢=1.778). When a 532 nm excitation
laser beam with 25 mW power, focused to a 1 um? beam spot, was incident on a
nanoparticle, the LSPR was observed to blueshift to 581 nm. This incident intensity
level (~ 2.5 x 10' W/m?) corresponded to the threshold intensity for the observed
shift. It is worth knowing that there is a difference of a few orders of magnitude for the
incident light intensity between the reported nanoparticle-ensemble experiment [32]

and our single-particle experiment. Possible reasons accounting for such a difference
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may include the multiple-scattering effect absent in the single-particle experiment, as
well as the infrared absorption of water molecules. The observed blueshift implies a
decreased refractive index of the medium directly surrounding the nanoparticle, which
we interpret as corresponding to the formation of a water vapor envelope surrounding
the nanoparticle.

When illuminated by a CW laser, an Au nanoparticle is heated due to nonradiative
plasmon decay into inelastic electron collisions. For low incident laser power, heat
from the nanoparticle is transferred into the surrounding solution, resulting in a
steady-state thermal gradient.3 At higher incident powers (25 mW and above), a
thin layer of surrounding water vaporizes and forms a nanobubble which provides
a transient thermal barrier, reducing subsequent heat transfer into the surrounding
solution. The size of the nanobubble will be determined by energy balance: it expands
until the energy dissipation into the liquid becomes equal to the energy absorbed by
the nanoparticle from the incident laser light. The observed blueshift is far too large
to be consistent with merely heating the liquid surrounding the nanoparticle: for a
gold nanoparticle of equivalent size immersed in 100 °C water ambient, only a 3 nm
blueshift would be observed (Fig. S1, Supporting Information in Ref. [3]).

The rate of plasmon-induced heat generation in a nanoparticle is proportional
to its optical absorption cross-section multiplied by the incident optical intensity
[31, 201]. Since the absorption efficiency (absorption cross-section divided by the

nanoparticle cross-section R4 ) varies with nanoparticle size, the dependence of the
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blueshift on nanoparticle size was also investigated (Fig. 4.1d). A maximum blueshift
of 18 nm was detected for Au nanoparticles of 100 nm, decreasing quite strongly for
both smaller and larger nanoparticles. This trend clearly shows an optimal nanopar-
ticle size for steam generation that corresponds to maximum absorption efficiency at
532 nm (See Fig. S2, Supporting Information in Ref. [3]). For a single gold NS. the
optimal size of around 100 nm diameter corresponds to a single-particle heating power
of ~ 5 x 10~* W. The reason for the decreased blueshift for large nanoparticle radii
is the redshift of their LSPR with increasing size. The error bars reflect variations
in the resonance blue-shift measured for different particles with the same nominal
size, which we attribute to the size and shape variation of chemically synthesized
Au nanoparticles in each size range, indicating a sensitivity of the steam nucleation
threshold to details of nanoparticle morphology.

A second evidence of the presence of the nanobubble is obtained by direct mea-
surements of the temperature at the nanoparticle surface when steam generated. We
performed SERS on individual 100 nm diameter Au nanoparticles. The nanoparticles
were functionalized with a monolayer of para-mercaptoaniline (pMA, 0.3 nm thick),
shown previously to yield a robust SERS signal from individual nanoparticles un-
der resonant laser pumping [125]. The SERS measurements were performed in the
water-filled microchamber.

Optical vibrational pumping was observed, showing an evolution of the Raman

response of the system as a function of incident laser power (Fig. 4.2). While several
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Figure 4.2 : Temperature at the Au nanoparticle surface during the steam generation
process. (a) Power dependence of the Au-S Stokes (black dots) and anti-Stokes (blue
squares) mode amplitudes at —390— cm™! for a pMA-coated single Au NP (100 nm
diameter) as a function of incident laser power. (b) Temperature obtained from the
mode amplitudes in a and Eqn. 4.1, as a function of incident pump laser power. Error
bars in panels a and b indicate the uncertainty in the signal due to the low anti-Stokes
signal levels in this range of incident laser intensities. (¢) Time dependence of Stokes
(black dots) and anti-Stokes (blue squares) signals with 25 mW laser excitation. A
large intensity jump occurs after 60 s of laser excitation. (d) Temperature jump
obtained from the mode amplitudes shown in ¢ and Eqn. 1 occurring after 60 s of 25
mW laser excitation.

spectral peaks were observed in the Stokes spectrum, our analysis focused on the
390 cm~! mode, corresponding to the Au-S stretching mode associated directly with
chemical bond between the adsorbate molecules and the Au nanoparticle surface.
A quadratic dependence of the anti-Stokes intensity on incident power is observed,
as expected in the optical pumping regime (Fig. 4.2b) [220]. A temperature was
extracted from the ratio of the Stokes and anti-Stokes intensities for this vibrational

mode using [203, 205, 125]

I Ey+ E E
o (e ), (1)

— 4 J——
s - N =g, T

where [45 and Ig are the anti-Stokes and Stokes Raman intensities for the mode, and
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Ey, E,, is the energy of photon and phonon respectively. A is a correction factor that
accounts for the ratio of cross-sections for Stokes and anti-Stokes Raman scattering.

At low incident laser power (1 mW), the temperature obtained, assuming A = 1,
was 289 K, corresponding very closely to the ambient temperature of the water prior
to laser illumination (290 K). We therefore assumed that the cross-sections for Stokes
and anti-Stokes scattering are similar, and set A = 1 for our subsequent analysis.
Stokes and anti-Stokes spectra were obtained from the nanoparticle as incident laser
power was increased, and the integrated areas of the 390 cm™! mode peaks were
converted to effective temperatures using Eqn. 1 (Fig. 4.2b). As the incident laser
power was increased, the temperature at the nanoparticle surface obtained in this
manner was observed to increase smoothly and reversibly from 289 K to 379 K (420
K). This reversibility implies that for this temperature range, corresponding to the
nanoparticle surface temperature ranging between its initial ambient value and the
boiling point of water (~373 K), the nanoparticle surface responds directly to the
incident power, without any delay effects that would indicate a dramatic change
such as the formation of a vapor envelope around the nanoparticle, or a change in
nanoparticle morphology or surface chemistry.

When the incident laser power was increased to 25 mW, however, corresponding
to the earlier observed threshold interpreted as nanobubble formation, the Raman
spectra exhibited large changes in intensity. Both the Stokes and Anti-Stokes inten-

sities for the 390 cm™! vibrational mode exhibit a dramatic jump after 60 seconds
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of illumination at this power level (Fig. 4.2c). From the Stokes and anti-Stokes
data and Eqn. 4.1, we see that the observed spectral changes correspond to a rapid
temperature increase from 400 K to 465 K (£3K) (in this regime of higher pump
power levels, the error bars are within the symbols used to plot the data). Since this
incident power regime is consistent with our interpretation of nanobubble formation
observed in the LSPR measurements, we interpret this rapid temperature increase
as a further heating of the Au nanoparticle surface within the nanobubble, due to
the decrease in heat transfer between the nanoparticle and the liquid medium after
nanobubble formation. The final steady-state temperature of 465 K observed is deter-
mined by an energy balance between the incident power and the heat transfer across
the nanobubble/water interface, and likely corresponds, within uncertainties, to the

Au nanoparticle surface temperature within the nanobubble.

4.1.3 Theoretical analysis

A scheme of bubble generation is shown in Fig. 4.3a. When the surface plasmon of the
nanoparticle is excited by a laser, some of the incident energy dissipates elastically,
into scattered photons. The dominant portion of the remaining energy is absorbed
by the nanoparticle, causing inelastic electron collisions, resulting in heating. The
calculated heat source density, that is, the generated Joule heating power per unit
volume for a 100 nm diameter Au nanoparticle, immersed in water and illuminated

by a linearly polarized plane wave with the incident E field along the y axis, is shown



74

in Fig. 4.3b. The hottest regions occur at the north and south poles where the
wave-vector enters and leaves the sphere. This is quite distinct from the regions of
the nanoparticle surface with the largest plasmon-induced field enhancements, which
occur on the sides of the sphere aligned with the incident E field (Fig. 4.3c). The
origin of this discrepancy is two-fold. First, the surface current driven by the tan-
gential electric field is largest at the north and south poles of the particle due to the
dipolar-like electric field distribution. Second, the electric field is normal to the parti-
cle surface at its east and west sides, and is decreased by a factor of 1/e4, inside the
metal because of the requirement of electric displacement continuity at the particle
surface. Based on a concentric geometry where the effect of the dielectric substrate
is neglected (Fig. 4.3a, inset), our Au nanosphere with radius Ryp is assumed to be
surrounded by a concentric water vapor bubble of radius Rp.

Since the observed blueshift of the nanoparticle surface plasmon is less than that
for an infinite embedding medium of water vapor, we can use this information to
estimate the bubble radius Rg. Within an electrostatic dipole model [221, 222],
the redshift of the dipolar surface plasmon resonance is proportional to the relative
permittivity change:

AXp _ Ae%ff _ 6%” — Eair

= 4.2
Ay, Ae,, Ew — Eair (42)

where A\ is the experimental redshift of the plasmon resonance for a nanoparticle
in a finite nanobubble, A\, is the redshift of the plasmon resonance in water rel-

ative to its value in air, As%ff is the permittivity increase for a finite nanobubble
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Figure 4.3 : Nanobubble theoretical modeling. (a) Schematic of nanobubble formation
around a nanoparticle under 532 nm resonant laser illumination. Inset: geometry of
our model where the nanobubble is a dielectric spacer layer of outer radius Rz between
the nanoparticle surface (with radius Ryp) and the surrounding water medium. (b)
Simulated heat-source density for an illuminated 100 nm diameter Au nanoparticle
immersed in water. (c¢) Near-field intensity enhancement for a 100 nm diameter Au
nanoparticle in water, relative to incident field intensity. The polarization of the
incident E-field is along the y-axis, with the wave vector k along the z-axis. (d)
Mie calculation of the scattering cross- sections for a 100 nm diameter Au NP in air
(black), surrounded by a steam bubble with outer radium Rp= 60 nm (red), and
in water (blue). The simulation for the steam layer is in good agreement with the
experimental observations in Fig. 4.1c.
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relative to air ambient, and Ae,, is the permittivity increase for water relative to air
ambient. The superscript eff denotes the effective permittivity change experienced
by the nanosphere. Assuming the geometry depicted in Fig. 4.3a, and adopting
the values of ¢ = 1.0 for steam (verified below) and ¢ = 1.77 for water at room
temperature, we performed Mie calculations [75, 74] to obtain theoretical scattering
spectra for different values of the bubble radius. From comparison of the measured
value of AAg/AN,=0.51 (Fig. 4.1c) to the calculated spectra, we deduce that the
thickness of the vapour shell around a single Au nanoparticle is nominally 6.5 nm

(Rp = 56.5 nm) (See Supporting Information, Figure S4 in Ref. [3]). The LSPR
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measurement provides strong and consistent evidence that a nanosize bubble is gen-
erated. The spectral shift, calculated from Mie theory, agrees with the experimental
scattering spectra using the concentric steam-water shell model where Rg = 56.5 nm
(Fig. 4.3d).

With the nanobubble radius determined, the temperature and pressure of the
confined steam within the nanobubble can be estimated as follows. We assume that
the system reaches steady state after bubble formation, as suggested in Fig. 4.2¢ and
4.2d. At equilibrium, the Laplace pressure due to the surface tension at the water-
steam interface is balanced by the vapor pressure of the steam, which is a function of

temperature given by the Clausius-Clapeyron Relation (CCR). Hence, we have

Cerp(-—) = po + 27(T5)/ R, (4.3)

h
kpT,
where C' is a constant, h is the enthalpy of water evaporation, kg is Boltzmann
constant, T is the temperature of saturated steam inside the bubble, py is the atmo-
spheric pressure (1 atm), and 7 is the surface tension coefficient (See Section 4.3).
The calculated steam temperature T within the nanobubble is 464K, with a corre-
sponding internal pressure of 1.49 MPa (14.7 atm). At this pressure and temperature,
the permittivity of steam is close to 1.0, confirming the previous assumption made in
the determination of the steam layer thickness.

The energy-conservation law must be observed when the system spatially within
R.¢s is steady, meaning that the absorbed power must be equal to the dissipated

power. By applying this law as well as the Fouriers law of heat transfer, we obtain
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the temperature difference (Typ — Ts) estimated to be approximately 72 K (See Sup-
porting Information Text S1 in Ref. [3] for the detailed calculation), resulting in an
estimated nanoparticle surface temperature of Thp=536 K. The estimated average
temperature of the molecular layer at the gold-vapor interface was found to be nom-
inally 500 K, which is close to the experimental value of 465 K obtained from our

SERS measurements.

4.1.4 From nanobubble to microbubble

To study the transition from discrete nanobubbles localized onto their parent nanopar-
ticles to macroscopic, freely-floating bubbles, several types of measurements were per-
formed for Au nanoparticle samples of varying interparticle distances under 532 nm
laser illumination. A time series of images under these conditions resulting in the
formation of a 10 pm bubble is shown in Figure 4.4a. After illumination (t=10.6
sec), a 1 pm bright spot (bubble) appears in the image, and after t=13.0 sec it has
expanded to a bubble of 10 um diameter. Energetically, the size of the bubble should
saturate when heat dissipation through the vapor/water interface is equal to the heat
generated by nanoparticle absorption. The origin of these macroscopic bubbles ap-
pears to be the coalescence of nanobubbles initially produced at the individual Au
nanoparticles. A proposed process for macroscopic bubble formation is illustrated in
Fig. 4.4b. At high incident powers, nanobubbles are generated around individual

nanoparticles. If the interparticle spacing is sufficiently small, the nanobubbles ap-
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pear to attract each other and rapidly coalesce, resulting in the formation of a stable
micron-sized bubble. Similar attraction-and-coalescence has also been observed for

the macroscopic bubbles studied.
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Figure 4.4 : Coalescence of nanobubbles into micron-sized bubbles. (a) Time series
of microbubble generation. The nanoparticle areal density is 3 x 108 cm™2 (average
NP-NP separation ~0.5 pum) and the incident laser power is 75 mW with a beam
spot diameter of 5 um. (b) Schematics depicting microbubble formation due to the
coalescence of neighboring nanobubbles produced on individual Au nanoparticles. (c)
Experimental diagram of the dependence of final bubble size and formation time on
incident laser power and average nanoparticle separation, where the white contours
represent the formation time, and the colors indicate final bubble diameter. (d)
The influence of nanoparticle areal density on generated bubble size with an incident
power of 75 mW. (e) Bubble formation time versus water/ethanol ratio (with 100 nm
Au nanoparticles, black squares), and nanoparticle size (blue triangles) for the water
only. The incident laser power is 75 mW with a spot size of 5 ym. Error bars of (d)
and (e) indicate uncertainty induced by variations in nanoparticle morphology and
nanoparticle separation distances.

Both the final size of the bubble and the formation time (the interval between
the turn on of the laser and the micron-sized bubble being observed) are functions of
both incident power and nanoparticle separation. This is shown in the contour plot

in Figure 4.4c, where the line represents the formation time, and the color mapping
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represents the final bubble size (with a 5 pm incident laser spot diameter). Generally,
higher incident powers (> 400 mW) and shorter interparticle separations (< 0.4
pum) result in a shorter formation time and a larger bubble size, as illustrated in
Region 1 of Fig. 4.4c. In Region 2, with lower power ( < 300 mW) or longer
interparticle separation (for instance > 0.4 pym) than Region 1, stable microbubbles
can also be observed, but a significantly longer time is needed for the bubble to
expand to an observable size, and its final size is smaller than for the Region 1
parameters. Nanobubbles generated with even lower incident power levels may be
less likely to form, or may form as only partial vapor envelopes around the individual
nanoparticles, which may explain the power dependence of the formation time (j1s)
from Region 1 to Region 2, even for the smallest interparticle separations. The power
required for microbubble formation in the small interparticle separation regime is
between 300 to 500 mW, agreeing well with our theoretical estimate of 450 mW
for this process (See Supporting Information, Text S2 in Ref. [3]). For very long
interparticle separations ( 0.8 um, Region 3), no microbubble is generated even at
the highest incident power level, because nanobubble coalescence is inhibited for such
large interparticle distances.

The size of a microbubble is controlled by the nanoparticle areal density and
the incident laser power. For an incident power level of 75 mW, the dependence of
microbubble diameter on nanoparticle density increases linearly (Fig. 4.4d), a mea-

surement that agrees with our theoretical prediction (see Supporting Information,
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Text S2 in Ref. [3]). The essential reason is that for a fixed laser spot diameter (5
pum), the total heat generated within a microbubble is proportional to the nanoparti-
cle density, while the heat dissipation across the vapor/water interface is proportional
to the bubble radius Rp , not the bubble area R%. A larger bubble is thus generated
when the total energy absorbed by the nanoparticle ensemble is increased. The exper-
imental deviation from the theoretically predicted linear trend, for large bubbles, may
be explained by small contributions of collective effects, such as multiple scattering,
or changes in nanoparticle absorption efficiency due to microbubble formation.

For a more general perspective on microbubble coalescence, we also examined this
process in a water-ethanol mixture instead of pure water, as a function of relative
ethanol concentration and nanoparticle diameter. The incident laser power was 75
mW with a spot size of 5 um. We observed that the microbubble formation time is
approximately linear with increasing water/ethanol ratio. However, it is significantly
enhanced for small (~50 nm diameter) nanoparticles (Fig. 4.4e). For water/ethanol
ratios < 1, the nanobubble is generated more easily because the ethanol decreases
the boiling point of the liquid mixture, resulting in more rapid microbubble forma-
tion. The reason why small Au nanoparticles exhibit a long bubble formation time
is that, for a given nanoparticle surface density, the interparticle separation of 30 nm
nanoparticles is larger than that for 200 nm nanoparticles, resulting in a decreased

nanobubble coalescence efficiency as previously discussed.
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4.2 Local field weighted effective medium method
4.2.1 Introduction

As discussed previously, plasmon-heating has been a hot research topic in recent years
28, 29, 30, 31], because it provides an energy-transfer path into heat at nanoscale,
by exciting plasmonic modes in noble metals which decay largely into Joule heating.
Various applications of plasmon-heating have been proposed, such as photodetection
8], cancer treatment [79, 9, 11, 12, 13], and the generation of nanobubbles [28, 29, 30,
31, 32]. In these applications, nanobubble generation has been investigated widely,
since the generated bubble is a promising material for medical surgery [10], electricity
generation from solar-energy, water cleaning [32], etc.

Discussed in the previous section, characterizing the steam bubble generated at
nanoscale has been a long time fundamental challenge to the nano-science community.
While various techniques, such as pulsed laser [28], X-ray diffraction [30] etc., have
been applied in the study and characterization of the heating dynamics of nanobub-
bles based on transient heat transfer process, our have developed and discussed a
novel characterization approach of the plasmon-heated nanobubble originated from
continuous heat transfer in Section 4.1. In this approach, first of all, the source of
exciting the plasmon on the nanoparticle (NP) is a continuous-wave (CW) laser which
allows the establishment of meta-stable state in which the size and location of the
generated nanobubble are meta-stable and the heat due to excitation of plasmon is

dissipated through the thin bubble layer in equilibrium. Such meta-stable state al-



82

lows for a dark-field single-particle back-scattering measurement [2, 223] which can
last for tens of seconds. Next, from the optical-spectra measured for gold nanospheres
(NS) embedded in air, in water without bubble and in water with surrounding bub-
ble respectively, the size of generated nanobubble is determined from the change of
peak positions of plasmonic resonances of the metal NS (Section 4.1). Such changes
indicate changes of local dielectric environment around the NP and hence serve as a
convincing evidence of the formation of nanobubbles. Furthermore, the bubble radius
can be determined by matching the relative peak shifts. Such peak position shifts can
be simulated in rigorous Mie [74, 75] or brutal-force Finite-Difference Time-Domain
(FDTD) calculations where the bubble radius is varied until perfect match. Finally,
upon the calculation of bubble radius, the pressure and temperature inside the bubble
can be derived according to a classical heat equilibrium theory.

The merit of an effective medium method (EMM) is important within this ap-
proach. Although the brutal force calculations, such as Mie, FDTD or other applica-
ble numerical methods for solving dynamic Maxwell equations, are deemed accurate
and sufficient enough for obtaining the bubble size, they have inborn drawbacks: the
bubble radius is a prerequisite input in the calculations and the searching of optimal
bubble radius for matching the peak shift is in fact a parameter-sweeping optimiza-
tion. This optimization, no matter how fast and automatic it is, represents a tedious
indirect solving process which hinders conceptual understanding of the interplay be-

tween the surface plasmon and the whole surrounding dielectric environment. By
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contrast, as we will show below, by treating the ambient dielectric environment as a
whole averaged one, the merit of an EMM, and by employing the dipolar approxima-
tion, we greatly simplify the relation between peak shift and the bubble size which
then becomes directly solvable. Therefore, a clear picture of the interplay among
surface plasmon, local field and ambient dielectrics results.

In this section, we present an EMM based semi-analytical modeling to solve the
bubble radius directly rather than parameter-sweeping as we did by using Mie calcula-
tions. Unsatisfied with the accuracy of conventional EMM in our scenario, we propose
a local-field weighted effective medium method (LFWEMM) which incorporates the
weights of the local electric field in volumetric averaging of the local dielectric re-
sponses. We will show that as a derivative of the conventional mean field theory,
the LFWEMM is more accurate than other EMMs when benchmarked with rigorous
Mie calculations, suggesting that the inclusion of near-field weighting is beneficial
and promising when applying EMM in a field-localized scenario, commonly seen near

excited surface plasmon.

4.2.2 Results and discussion

Plasmon heating has been applied to generate bubbles. When a metal NP is illumi-
nated by a light source, for example, pulsed or CW source, a collective oscillation of
electron cloud, or as known as plasmon, can be excited. Upon the excitation, the

plasmon can lose its energy by radiation, as well as dissipation through electron scat-



84

tering. These two energy-losing mechanisms are characterized as radiative damping
and intrinsic damping respectively. The latter mechanism determines that the en-
ergy dissipated is transferred into the Joule heat, and the temperature of the NP is
increased as a result. Within linear response regime, the power of heating, i.e. the
absorbed power by the NP, is proportional to the intensity of the illumination, by a
factor of the absorption cross section of the NP. It is also well known that when a NP
is immersed in liquid, e.g. water in this paper, and is illuminated by a light source
with strong enough intensity, the heating power will be high enough to increase the
temperature of the NP to a level that evaporate the liquid surrounding the NP.

It is worth mentioning that intuitively, while strong enough intensity is a requisite
condition, an efficient bubble formation is also dependent on geometric factors. A
sphere-like heat source density distribution, combined with a spherical shape of the
NP, is favorable to bubble formation. Therefore, here we mainly discuss the bubble
formation through the excitation of dipolar resonances of gold NS which is expected
to be most favorable to the bubble formation.

As we showed in Fig. 4.1 in Section 4.1, with the peak well separated from those
of the other two, the observed spectrum for bubble indicates that the bubble is of
medium size, neither too large nor too small. Otherwise it would be too close to
the left or the right one to be distinguishable. It is also worth to mention that the
blueshift of the spectrum for bubble with respect to that for water is not caused by

heated-up water surrounding the NS, which is illustrated in the inset of Fig. 4.5. By
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Figure 4.5 : Experimental optical spectra for a gold nanosphere (NS) with 50 nm
radius when embedded in air (grey), steam (green), water (blue). This is essentially
the normalized version of Fig. 4.1c for better peak positioning. Inset shows the
Mie-calculated blueshift due to water temperature of 100 °C (red) compared with 20
°C (black). The resonance peak of the NS in 100 °C water has a ~3 nm blueshift
compared with the one in 20 °C water.

ruling out such a possibility, it is safe to attribute the spectral blueshift with respect
to water ambience to the formation of bubble.

Determined from the optical spectrum, the redshift in wavelength of the dipolar
peak for a specific dielectric ambience with respect to air ambience is theoretically
proportional to the difference between the two permittivities, according to plasmon

hybridization theory [224, 4] or dipolar coupling models [221, 222]. For a dielectric
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ambience of bubble which is not too large to completely isolate the NP from water,
the NP should see an effective permittivity which is averaged from the contribution
of water and steam. This effective permittivity is described by Eq. 4.2.

To employ an EMM, we next introduce a sphere with cut-off radius R.s¢, by
knowing the interaction between excited plasmon and ambient dielectric is short-
range. Outside the cut-off radius R.s, the dielectric material is assumed to have
no interaction with the NP plasmon. To determine R.f; , we performed a set of
Mie (or FDTD) calculations in which the bubble radius Rp is increasing from the
NP radius Ryp until a critical value was met. At such critical Rp, the scattering
spectrum obtained should have the same peak position as the one for NP embedded
in air. Thus the R.sf is calibrated as this critical Rp. Figure 4.6 schematically shows
the model we used and corresponding notations, and also exemplifies the calculated
scattered electric near-field distribution around the gold NP with radius 50 nm when

illuminated by a linear-polarized plane wave near resonance.

Characterization of bubble size by LEFWEMM: local field is important

To start the characterization process, we next applied an EMM in the finite spherical
volume, defined by R.ff. In such a volume, only two materials are present: water
and steam. In a typical EMM, water (or steam) is assigned a weight for averaging
the permittivity and such weight is hence definitely related to the peak shifts due

to the existence of a bubble. Please refer to Methods for details of insertion of a
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Figure 4.6 : Schematics and simulated scattered electric field intensity (|Esc|?) of a
plasmon-heated nanobubble around a gold nanosphere and its ambience. The nota-
tions are explained in the main text. The incident field is polarized along x axis and
propagates along z axis. The field intensity is for Rg=60 nm and Ryp=50 nm.

typical EMM in our model. Different averaging schemes, i. e. the way the averaged
permittivity is contributed from different constitutions, are the signatures of differ-
ent EMMs, while the weights of different constitutions are overwhelmingly just the
simple volume fraction of that constitution in various EMM. Quite a few EMMs have
already been proposed in literature (See Methods) [225, 226, 227, 228]. To be spe-
cific, the EMMs to be discussed are zero screening (ZS), maximum screening (MS),

Lorentz-Lorenz/Maxwell-Garnett (LL/MG), Bruggeman, and Lichtenecker. The for-
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mer four were discussed in Ref. [225] and the latter in Ref. [226, 227]. Unfortunately,
below we will show that none of them deliver satisfactory result, and this is because
we used the volume fraction as the weights. Hence, it strongly indicated a poor
strategy of weighting in a field-localized scenario. Although there have been various
modifications to the conventional EMMs, for instance, by Spanier et al. [229] and by
Myroshnychenko et al., [230], and the awareness of the inefficiency of conventional
EMM when dealing with intense local field has been brought up (See Fig. 7 in Ref.
[230] and the corresponding discussion), an explicit inclusion of the weight of the field
in the EMM is still absent to our best knowledge.

To improve the weighting strategy of the water (steam) w,, (ws), we propose the
LFWEMM. In this method, w,, is proportional not only to the volume filling factor of
water, as commonly seen in literature [225], but also to a coefficient representing the
exponential decay nature of radial distribution of the local plasmon-induced electric
field. For a given Rp, the actual local field is not spherical symmetric (Fig. 4.6); and
the radial distribution is dependent on the bubble radius. For simplicity, we have
made two approximations. First, the local field is approximated to be spherically
symmetric so that we ignore the angular variation of the field. Second, the radial
intensity distribution taken into account in the weighting is approximated to be the
one without bubble presented (Rp = Ryp). Thus, the normalized w,, as a function

of Rp, is then described by

R o
[t dr'Amrer e

wy(Rp) = =2 , 4.4
2 f;;ff dr'dmr’2e—r' /o (44)
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where « is the radial decay length (a parameter to be determined) of the electric field
intensity |E|?. We then have an equation relating Ry to the experimentally measured

peak shift ratio as (See Methods for detail derivation)

e Soet? dr'dmre 1o
AV f]f;g dr'dmr2e="'/

(4.5)

To justify our claim of bubble formation and our model quality, we take an example
by using the experimental data AAg and A),, 18 nm and 35 nm respectively, as
determined from Fig. 4.5. As a result, Eq. 4.2 yields an effective permittivity of
1.400 within the bubble. Because this number is larger than £,, = 1.00 but less
than €, = 1.778, the Rp is expected to be smaller than R.;s and thus both water
and steam will be present within R.s; as illustrated in Fig. 4.6. Next, R.sy and «
are calibrated to be 80 nm and 15 nm respectively for gold NS with Ryp=50 nm,
using the definitions aforementioned. Further, considering the fact that the actual
permittivity of steam e4 can be safely set to be 1.00 [231] under our experimental
condition (pressure, temperature), we conclude that the difference between e, and
eI/ reflects a stratified mixture of steam and water in the vicinity of the nanosphere.

By employing the proposed LEFWEMM, we can calculate the bubble radius from
Eq. 4.5 to be Rg=60 nm. Further confirmed by Mie scattering calculations, this
radius corresponds to a A\g/A\, value of 0.40, in good agreement with the experi-

mental value of 0.51.
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Physical origin

Important to know, the physical origin of our weighting function Eq. 4.4 still follows
the general concept of effective medium, and our approach is nothing but an analogy
to the mean-field based averaging in conventional EMM (See Eq. (2) in Ref. [229]).
In conventional EMM, the field is varying slowly so that as a good approximation it
can be extracted out of the summation or integral over different constitutions and
be normalized out. By contrast, in our LEFWEMM, the field is rapidly decaying so
that the probability of finding a material with constant field in conventional EMM
is naturally in analogous to the probability of finding an infinitesimal volume with
constant field in LFWEMM. As a result, the integration for LEFWEMM is then taken
over infinitesimal volume instead of constitutions (Eq. (2) in Ref. [229]), with the

field expression kept in integrand.

4.2.3 Benchmark test

The advantage of the proposed LFWEMM is the inclusion of decaying nature of the
local field, which other EMMs in literature do not consider. To justify such advantage
for bubble characterization purpose, we performed a benchmark test on a gold NS with
50 nm radius, by comparing the result from LEFWEMM with those from rigorous Mie
calculations, FDTD simulations, and popularly used EMMs in literature [225, 226].
For a given peak shift ratio AAg/A\,, the procedure of solving the radius from

different EMM is essentially the same despite different averaging scheme. An example
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of solving Rp using different EMMs for AAg/AN,=0.51 is given in Methods, where
the averaging strategy for a specific EMM is also presented. The Rp as a function
of the shift ratio was further calculated using the mentioned EMMs as well as our
LFWEMM. To obtain a benchmark for comparison, we also performed calculations

using Mie and FDTD. The results are presented in Figure 4.7.
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Figure 4.7 : Calculated bubble radius as a function of peak shift ratio. The Mie
calculation is accepted to be most accurate; the LFWEMM and FDTD (mesh size=1
nm) have comparable accuracy over a broad range of argument; the LL/MG, Lichte-
necker, and Bruggman lie within two boundaries represented by zero-screening (ZS)
and maximum screening (MS).

As we can see in Fig. 4.7, LFWEMM has the best accuracy over other EMMs in
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determining Rp. The results from ZS are overestimated, compared with those from
LEFWEMM. This is because the ZS only considers the volume fraction of water as the
contributing weight to the effective medium, thus requiring that the field strengths
inside the two constituent materials be comparable on average. However, this is not
true in our investigated model since the local near field outside the gold NS is decaying
exponentially. By ignoring the significant field strength difference between the two
constituent materials, this model has to exaggerate the Rp to account for the same
contributing weight of steam in LEFWEMM. The results from MS are better than ZS
but still worse than LEWEMM.

It is commonly accepted that the ZS and MS represent two boundaries of various
EMMs. We observed again this behavior in Fig. 4.7 where the curves from LL/MG,
Lichtenecker, and Bruggeman all lie within those two from ZS and MS. While volume-
fraction weighting is the essence of a traditional EMM, the large error of the resulted
bubble layer thickness indicates that using only volume fraction in weights (Eq. (11)
in Methods), is insufficient when a highly localized near field pattern is involved.
Therefore, a simple and intuitive extension of a traditional EMM should include of
the nature of decaying field strength in the weights. As a result, by associating the
decaying field pattern to the ZS EMM, the LFWEMM is such a physically-favorable
analytical approach that it delivers results much closer to rigorous Mie calculations.
As shown in Fig. 4.7, the fact that the LFWEMM curve not lying between ZS and

MS also indicates that LEFWEMM has broken the boundary of traditional EMMs,
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while it still possesses a mathematical conciseness.

4.2.4 Methods
Mie and FDTD calculations

All Mie and FDTD calculations were carried out under plane wave excitation and
the used dielectric function of gold was by Johnson and Christy [141]. For Mie, it is
accepted to be the most accurate method for a spherical object and the details can
be found in Ref. [74, 75]; the maximal orbital momentum 1=20 was used. For FDTD,

we used a mesh size of 1 nm where the results were confirmed to have been converged.

Application of a typical EMM in bubble radius calculation

In a typical effective medium method, the overall permittivity of the water-steam

mixture is determined by

el = wee, + W€ w—hot » (4.6)

where €,,_por is the permittivity of surrounding hot water within R.;; at assumed
temperature of 373K, and w, and w,, are weights of the steam and water respectively,
which should satisfy

ws + wy, = 1. (4.7)

Plugging Eq. 4.7 into Eq. 4.6 yields e/ — g4, = (1 — Wy)es — Eair + WwEw—hot, and

by using €, = €4 = 1 we have
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gl —1
_— = ) 4.8
Ew—hot — 1 o ( )

By comparing Eq. 4.8 to Eq. 4.2 and noting €., = 1, we obtain

A\p
AN,

W, (4.9)

where 7 = (g4, — 1)/(€w—not — 1) is the correction coefficient for water temperature
difference and is calculated as 1.05, since €y pot = 12, = 1.740 (ny_pot = 1.319)
and &, = 1.778 [231]. To insert into our model an EMM with a same averaging
scheme (described by Eq. 4.6) but different weighting function, i. e. w,, we just
replace the right hand side of Equation 4.9 with specific weighting function of water
of that EMM. For an EMM with a different averaging scheme from Eq. 4.6, see the

examples below.

Bubble radius from different traditional EMMs

The solving process for different traditional EMMs is essentially the same: calcu-
late the effective permittivity from Eq. 4.2 first; then solve the bubble radius from
permittivity-averaging equation when using a volume fraction for the water weight.
Let us use AAg/AN,=0.51 for example. The effective permittivity in ZS method is

described by Eq. 4.6 with a weight of water

R, — R,
wy(Rp) = —LL——F (4.10)
Rpy — Rp
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This ZS method, simply yields Rz=68 nm. For the MS method, we have

1 Wy Wy

cell ~ ¢

(4.11)

s Ew—hot ’
with also the weighting function as Eq. 4.10. Following similar derivation from Eq.

4.6 to 4.8, we obtained
1/l —1

s Ty, 4.12
1/5w—h0t -1 v ( )

To replace the £¢// by an experimentally observable quantity AXz/AM,, we combine

Eq. 4.12 and 4.2 and have

NEwW—hot
—w,. 413
fw — 1+ (Ag/Ar)1 Y (4.13)

Further combination of Eq. 4.13 and 4.10 gives Rg=63 nm. Lichtenecker equation
(226, 227] yields (remembering £,=1)

loge®!f

[0gEw—hot - )
which together with Eq. 4.2, 4.10 gives an Rg=65 nm.

In our investigated model as illustrated in Fig. 4.6, if we consider the steam as
the hosting dielectric, the Lorentz-Lorenz (LL) method is equivalent with Maxwell-

Garnett (MG) method [225], i. e.

eeff —1 g, —1 Ew_hot — 1
=,
eeff +2 €s+2 Ew—hot + 2

(4.15)

because ,=1. Following a similar calculation, Eq. 4.15 and 4.10 yield an Rg =66

nm. Bruggeman method is given by (Ref. [225])

s — et/ o Swmhor elt
Wg—————— Wyy——————————————= .
“eo + 2eelf Y w—hot + 2e¢ff

(4.16)
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Having known that £%//=1.40, we solved w,,=0.58 from Eq. (17). Plugging w,,=0.58

into Eq. 4.10 also yields Rp=66 nm.

4.3 Determination of bubble pressure and temperature

For calculating the temperature inside the nanobubble, the steam generated inside
the bubble is assumed saturated. Hence the pressure of the saturated steam is ac-
tually the vapor pressure of water as a function of temperature. In addition, once
formed, the nanobubble is assumed in steady-state and the system in thermal equi-
librium such that the steam pressure is equal to the Laplace pressure due to surface
tension at the water-steam interface. We then use the Clausius-Clapeyron Relation
(CCR), Eq. 4.3, to represent the relation between the vapor pressure of water and the
temperature. In Equation 4.3, the left hand side is the CCR and the right hand side
is the Laplace pressure. The surface tension coefficient is a function of temperature:
Y(T) = —0.2222T + 142.2 mN/m [232]. The parameters in the CCR for water are
C =95 GPa and h = 7082 x 107%° J. By plugging in Rp=60 nm, we solved Ts from
Eq. 4.3 to be 462 K which corresponds to a steam pressure 1.42 MPa. It is worth to
reemphasize that at such pressure and temperature, the refractive index of steam is
determined to be n=1.002 at a source wavelength of 532 nm, according to Eq. Al in
Ref. [231] as well as the reference therein. It is important to mention that this value
of n is self-consistent with our previous assumption in which the refractive index of

steam is 1, a crucial value in the analysis of the steam shell thickness.
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4.4 Analysis of nanosphere surface temperature

The energy-conservation must be obeyed in any energy exchange process. In our case,
when the system spatially within sy is steady, the absorbed power must be totally
dissipated and we assume 100% transfer rate into Joule heat. Fouriers law for heat

transfer at the Gold-steam interface is expressed as

Pabs - Gg,sSNP(TNP - Ts)7 (417)

where Py, is the power absorbed by the Au NP, G ; is the effective interfacial thermal
boundary conductance, Syp = 47w R%p is the surface area of the nanoparticle, and

Tnp is the NP surface temperature. Similarly, at the steam-water interface, we have

Pabs - Gs,wSB(Ts - Tw)» (418)

where G, is the effective thermal boundary conductance at the steam-water inter-
face, Sp = 4w R% is the outer surface area of the nanobubble, and T, is the tempera-
ture of the surrounding hot water within R.;s, assumed to be the water boiling point
373 K. The power by the Gold NS is determined as P,s = 0P,./A, where o is the
effective absorption cross section of the Gold NS after nanobubble formation, P, is
the incident power of the laser, and A = wD?/4 is the laser spot area with a diameter
D =1 pym. We obtain P,, = 0.59 mW for a single Gold NP with 100 nm diameter,
given that P/ . = 24 mW (a 25mW input power multiplied by 96% transmission of

the glass cover slide), and o = 0.0192 p m? as calculated by Mie method.
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By inserting P,ps = 0.59 mW, Rp = 60 nm, T = 462 K, T}, = 373 K into Eq. 4.18,
we have G ,,= 146 MW /(m?K). This value is comparable to the nanoscale gold-water
(105 MW/(m?K)) [30] and platinum-water (130 MW /(m?K)) [233] values. Noting
that the effective steam-water interfacial thermal conductance (ITC) is within the
same order as the metal-water [TCs, we argue that such a high thermal conductance
may be a result of condensation-evaporation balance at steam-water interface where
saturated steam meet the water. Unlike an unsaturated steam layer that is a thermal
insulator, the saturated steam layer is surprised to behave like an excellent thermal
conductor. For explanation of the large Gj,,, while it seems beyond the limit of
traditional description of ITC employing acoustic mismatch and phonon scattering,
we believe that it is essential for a successful heat transfer theory to include the
interfacial phase-transition dynamics at nanoscale.

We propose two different methods to estimate the effective gold-steam I'TC. On
one hand, first, we can assume a stronger phonon coupling at the Gold-steam inter-
face than at steam-water interface, by knowing that solids usually have well-defined
densities of states of phonons compared with liquids; next, we can assign a moder-
ate enhancement G, = 2G,,, = 292 MW/(m?K). On the other hand, the second
method features a common hypothesis that the interfacial heat transfer is in analo-
gous to serial resistances in an electrical circuit. We can write 1/G,, = 1/G, +1/G,
, where the z, y can be any combination of s, w, and g, simply denoting the bulk

(at nanoscale) contributions to the ITC from steam, water and gold. The saturated
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steam is further assumed to possess ideal thermal conducting and interfacial coupling
properties, leading to an infinite G,. Then G,, = Gy, = 146 MW/(m?K) results,
leading to G, s = G, = (1/G,.w—1/G,) "' = 373 MW/(m?K) . Both estimated value
of G, s are close to each other, and the lesser value G, s = 292 MW /(m?K) is chosen
to reflect an imperfect interface. Finally, from Eq. 4.17, Txp = 526 K is calculated

given Ryp = 50 nm, P, = 0.59 mW, and T, = 462 K.

4.5 Conclusion

The studies we report here of plasmon-induced heating and steam generation nu-
cleated by individual nanoparticles are among the first direct measurements that
allow specific tests of theoretical modeling of thermal dissipation at the nanoscale.
Our approaches for characterizing bubble formation at both the nanoscale and the
macroscale may pave the way for the use of this type of localized remote heating in
applications such as catalysis and other chemical or material processing, and biomedi-
cal applications that may include remote, intracellular diagnostic, delivery or therapy
systems [206, 216, 126].

A novel effective medium method (EMM) for describing the near-field interac-
tion between localized surface plasmon resonance and ambient dielectric material has
been proposed. It has been applied in characterizing the plasmon-heated nanobub-
ble around a gold nanosphere under CW excitation. Generally, the formation of

nanobubble around a metal nanosphere decreases the average permittivity in local
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dielectric and thus blueshifts the dipolar resonance, with respect to the pure water
ambience. The bubble size is thus characterized by using an effective medium method
to relate the peak shift to the existence of the bubble. To justify this approach, we
plugged in observable shift and the bubble radius as a function of the shift ratio re-
sulted from various EMM agrees qualitatively well with that from Mie calculations.
In comparison with other conventional EMMs where the weighting function is only
the volume fraction, our LFWEMM yields better results by benchmark testing with
Mie calculations and exceeds the existing limit dictated by maximum screening EMM.
It indicates that the inclusion of exponentially decaying nature of the local field in
the weighting function is essential for describing the near-field interaction between
surface plasmon, the origin of drastically changing field near the metal surface, and
environmental dielectrics. Overall, our LFWEMM is shown to exceed the limits of
conventional EMMs and may inspire further work of incorporating near field pattern
into an EMM.

The pressure and temperature of the nanobubble were also determined by employ-
ing Clausius-Clapeyron Relation and surface-tension induced Laplace pressure. The
surface temperature of the nanosphere was also analyzed. The hypothetically calcu-
lated result indicates that the saturated steam serves as an ideal thermal conductor

at nanoscale.
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Chapter 5

Four-wave mixing in nanocluster

5.1 Introduction

Plasmonic nanoclusters, an ordered assembly of coupled metallic nanoparticles, sup-
port unique spectral features known as Fano resonances (FR) [234, 91, 235, 236] due
to the coupling between their subradiant and superradiant plasmon modes. Within
the Fano resonance, absorption is significantly enhanced, giving rise to highly lo-
calized, intense near fields with the potential to enhance nonlinear optical processes
[237, 238]. Here we report a structure supporting the coherent oscillation of two
distinct FRs within an individual plasmonic nanocluster. We show how this coher-
ence enhances the optical Four-Wave Mixing (FWM) process, in comparison to other
double-resonant plasmonic clusters that lack this specific property. A model that
explains the observed FWM features is proposed, based on the intense local fields at
the nanocluster surfaces, which is generally applicable to any third-order processes
in plasmonic nanostructures. With a larger effective susceptibility x©) relative to
existing nonlinear optical materials, this coherent double-resonant nanocluster offers
a new strategy for designing high-performance third-order nonlinear optical media.

Traditionally, nonlinear optical phenomena have relied on crystalline media that
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combine material susceptibilities and phase matching to optimize the nonlinear op-
tical process. It has recently been shown that certain plasmonic nanostructures
can produce an enhanced nonlinear response when excited at their resonant fre-
quency [239, 120]. Phase-matching requirements [240, 241, 242] for nonlinear op-
tics in macroscopic media are usually optimally fulfilled at nanoscale dimensions
(sinc®*(Akz/2) ~ 1 for small z, where z is the propagation distance through the
medium). For plasmonic nanostructures, the most important property for the en-
hancement of nonlinear properties is their increased local fields at their resonances,
which can provide larger effective susceptibilities than their intrinsic material suscep-
tibility.

In the third-order nonlinear process of four-wave mixing (FWM), two external
fields Ey(wq) and Ey(ws) are simultaneously incident on the nanostructure, inducing
local fields F(w;) and E(ws); absorbing two wy and one w; photons and emitting a
photon at wpwy = 2ws — wy (Fig. 5.1a). The electromagnetic FWM enhancement
Grwy = |E(ws)/Eo(wa)|* - |E(w1)/Fo(wy)]? thus depends on the field enhancements
at the input frequencies. Fano-resonant structures can exhibit very large local field
enhancements1,5, making these structures prime candidates for nonlinear frequency
generation through this third-order process. While previous studies of nonlinear
plasmonics employed nanostructures with a single dipolar resonance [243, 244], in
a multi-input process such as FWM, the conversion efficiency is expected to be fur-

ther enhanced if the plasmon modes of the nanostructure are resonant with both
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Figure 5.1 : FWM configuration and characterization of the double Fano resonant
plasmonic nanocluster. (a) FWM configuration in a single nanocluster, where two
coherent inputs at frequencies w; and wy generate a plasmon-enhanced FWM sig-
nal wpwy = 2wy — wy. (b) Experimental (black) and calculated (green) dark-field
scattering spectra of the nanocluster obtained with horizontal (x-) polarization. Two
prominent minima at 800 and 670 nm are labeled by brown and orange dashed lines.
The inset shows an SEM image of the nanocluster. Scale bar, 100 nm. All disk
diameters are 120 nm with 50 nm heights and ~18 nm gaps. Superimposed yellow
dashed lines denote the central disk, inner and outer disk rings of the nanocluster.
Red arrow indicates the incident polarization. (c,d) Snapshots of simulated charge
densities p(r,t) on the top surface of the nanocluster for the 800 and 670 nm FRs at
t =0 (c), and for the coherent state at 3 different times (d). Black arrows correspond
to local E-field directions.

input frequencies [245].

In this study, we demonstrate highly efficient FWM from a plasmonic nanocluster
that supports two distinct FRs. When excited by a coherent source, the FRs oscillate
collectively, in a mixed frequency analog to a two-state quantum system, where the

electric fields from the two modes add coherently, resulting in strong field enhance-
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ments. In comparison, plasmonic nanostructures with resonances at the same two
frequencies that lack coherence are found to give rise to significantly lower FWM

efficiencies, although providing similar linear optical properties.

5.2 Double Fano-resonance structure

The geometry of the nanocluster was designed such that its FRs were tuned to the two
excitation frequencies needed for FWM. The nanocluster, composed of a central disk,
an inner ring of disks and a degenerate outer ring of disks (Fig. 5.1b, inset), belongs
to the Dg;, symmetry group3. Measured and calculated linear scattering spectra (Fig.
5.1b) reveal two prominent scattering minima. The origin of these spectral dips can
be understood by examining the charge densities (r, t) at the spectral minima (Fig.
5.1c), where the structure supports oscillations of the central disk and the inner and
outer rings of disks. At the 800 nm minimum, the center particle dipole oscillates
out-of-phase with both the inner and outer collective ring oscillations. However, at
the 670 nm minimum, the center particle dipole oscillates out-of-phase with the inner
ring but in-phase with the outer ring.

When both FRs of the nanocluster are excited simultaneously (by two coherent
beams), the plasmons oscillate in a mixed frequency coherent state. In this mode,
the charge oscillation of the central disk switches rapidly between an in-phase and
out-of-phase motion with respect to the outer ring, in each case corresponding to

the oscillatory behavior of one of the FRs (Fig. 5.1d ). By performing a discrete
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Fourier transform [246] on the time series of charge densities p(r,t) at each position
r, this coherent state, with a period T, perent ~13.35 fs, can be decomposed into two
discrete FR eigenmodes with p(r,t) at 800 (77 ~2.67 fs) and 670 nm ( Ty ~2.23 fs).
The coherent mode has a period equal to the time when the two discrete FRs have
the same phase (T operent =~ D11 ~ 675), undergoing ~ 15 periods during the pulse
duration used in the experiment (~200 fs). For the coherent state, enhanced local
fields at multiple resonant frequencies overlap not only in time but also in space,

contributing to the nonlinear optical wave-mixing.

5.3 FWM measurements

FWM measurements on individual nanoclusters were performed using a specially
designed optical microscope with a high-precision positioning stage that facilitates
focusing. Two linearly (x-) polarized, collinear and coherent pulse trains (along the z
direction) at A;=800 nm and A\;=670 nm, resonant with both FRs were focused onto
an individual nanocluster (in the x-y plane), resulting in a spot size of ~1 ym. The
scattered radiation was collected by another focusing objective in transmission and
analyzed with a CCD-coupled spectrometer. Only the case where both lasers were
x-polarized was investigated, since this configuration generated the strongest FWM
signal. The total average applied power ranged from 1~3 pW (peak intensities of
0.13—0.4 GW cm™?), and measurements were performed on 6 different nanoclusters

to ensure statistical validity. All nanoclusters underwent a pulsed laser annealing
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procedure using 3.8 uW total power for 4 minutes to stabilize the nanostructure prior

to data collection.
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Figure 5.2 : FWM Experiments by individual nanoclusters. (a) Spectra of the two
input laser beams (red), and a FWM output signal generated by P, = 1 uW and P,
= 1.9 uW (green). The small spectral feature at ~ 615 nm is the edge of the short
pass filter used to block the excitation beams. (b) Normalized FWM power versus
normalized total input power Ptot (black squares), P, only (red circles) and P; only
(blue triangles) on a log-log scale. Dashed lines are linear fits of the experimental
data. FError bars represent the standard deviations of signals from six individual
nanoclusters, arising mainly from fabrication irregularities. (c¢) Polar plots show the
measured (black circles) and calculated (green curve) FWM polarization by two x-
polarized lasers. The latter is calculated based on Fig. 5.3c.

A characteristic output spectrum consists of a sharply peaked FWM signal cen-
tered at Apwas = 576 nm with AXpypy = 5.3 nm, on top of a significantly weaker,
broadband multiphoton luminescence (MPL) signal [247] (Fig. 5.2a, green). The
Gaussian line shape FWHM of the incident beams was measured to be A\; = 5.3 nm
and AXy = 5.5 nm (Fig. 5.2a, red). Additionally, we observed another FWM signal
centered at Apyw o = 993 nm, due to the complementary wgy pre = 2wy — Wy process.
Since this signal lies at the limit of our CCD detection range, we focused on the 576
nm FWM signal only.

The FWM power was observed to follow a cubic power law behavior as a function
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of total input power (Ptot = 1.05 2.9 uW, using P, : P, = 1:2) (Fig. 5.2b). This
response scales quadratically with the P, input power (0.84~1.9 pW, with P, fixed at
1.1 puW), and linearly with P; (0.4~1 uW, with P, fixed at 1.9 pW). All data points
in this regime follow a simple power law behavior, indicating that we are NOT in a
regime of plasmon saturation [248]. Increasing the input power further causes optical
damage: when this occurs, the FWM signal gradually and irreversibly decreases. We
calculated the nonlinear cross section for the nanocluster to be 03 = 1.41 x 1072
cm?, and its effective susceptibility 3 is 4.65 x107'> m? V=2 (3.35 times 1077 esu),
taking into account the instrument efficiency9. This value is much larger than that of
nonresonant dielectrics [240] (10722 ~10~'® m? V~2), semiconductors [249] (~10~'?
esu) or nonlinear crystals [250] (107! ~107!3 esu), and among the highest reported
for metallic nanoparticles [251, 252, 253, 254] (10712 ~1077 esu), which we attribute
to the enhancement provided by the coherently coupled FRs in the nanostructure.
The polarization dependence of the FWM signal has an unusual butterfly-like profile,
with its maximum intensities near 20° and 160° (Fig. 5.2c, black circles). The FWM
light has a nonzero y-component, despite the fact that both pump lasers are purely
x-polarized. These results are distinct from previous studies [244, 255] where the

FWM was linearly polarized for either parallel or oblique incidence.
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5.4 FDTD-assisted modelling

We have developed a simple model to explain the origin and characteristics of FWM
on a plasmonic nanocluster. In degenerate FWM, the two local fields E (r,wq,t) and

E(r,ws,t) induce a nonlinear polarization

PO (r,wrwar) = cox® (—wpmwar; wa, wa, w1 ) B(r, ws ) E(r, ws)E*(r, wy), (5.1)

where E(r,w,t) = E(r,w)e”™" is the harmonic oscillating instant field with ampli-
tude E(r,w); the susceptibility tensor W accounts for the intrinsic third-order non-
linear response of the material(s), and in turn gives rise to a FWM field E(r, wpw ) =
PO (r,wpwar)/con®(wrwar) radiating at wpy s = 2ws —wi. When both incident fre-
quencies are at FRs, enhanced local fields spatially overlap (with same r) at the
nanocluster gap regions (Fig. 5.3a). These intense fields give rise to a large effective
NE) [243, 248]. At optical frequencies, plasmon-enhanced local fields are confined
within a thin layer on each metal-dielectric surface, in the direction of the surface
normal [120] with a dominant surface nonlinearity [256, 257], thus equation 5.1 can

be transformed into the surface coordinate system where only the normal component

is considered:

Esn(Wrwar) = Xapmmn Eep(@2) Bon(w1) /0 (Wrwr), (5.2)

where x2,  is assumed to be a constant over the metal surfaces for simplicity.
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Figure 5.3 : FDTD calculated near-field maps of the nanocluster. (a) The field
enhancement intensity (E?) evaluated at mid-height of the nanocluster at A\; = 800
nm (left) and Ay = 670 nm (right). (b) Time-averaged FWM fields generated on the

Au nanocluster surfaces. The color scales assume unity incident fields and ng) /n?.
Most prominent hotspots reside on disk sides. Top and bottom disk surfaces exhibit
minimal field enhancements. In (a) and (b), the overlaid disk indices are guides to
the eye; 1, ii and iii points to three hotspots. (c¢) Time-averaged x- (left) and y- (right)
components of the FWM fields on the nanocluster surfaces.

Because the generated FWM field oscillates rapidly with time, the measured signal
is the time-averaged intensity I(wpwas) o< E*(wrwar). A generalized formula is

obtained for FWM fields enhanced by plasmonic nanostructures (Fig. 5.3b):

1

T
< Esjn(wFWM,t) > = [T/ Ein(wFWM)COS2(wFWMt)dt]1/2
0

V2 5
= — E? k., . 5.3
2 (wF ]W) Xsnnnnt’sn (wQ) ) (wl) ( )

Polarization of each FWM photon is perpendicular to the Au side walls (in the
x-y plane), providing that the photon polarization is the same as its local fields. The

FWM field map can be decomposed into x- and y- components (Fig. 5.3c), and then
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the far field FWM polarization is obtained by integrating over the Au surfaces,
Trwar(0) o / [< E(wrwar, t) > |cosO|+ < Ey(wpwar, t) > |sind|?ds  (5.4)

where 6 is the angle between the output polarizer and the z-axis. The calculated
FWM polarization polar plot (Fig. 5.2¢c, green curve) has a small y-component at
6 = 90° and a big x-component that is slightly reduced at § = 0°. The degree of
polarization, Py = |1, — I,|/(I, + I,) = 0.64 , is consistent with experimental results.
Such unusual polarization behavior is because some FWM hotspot polarization are
not parallel to either the x- or y-axis (e.g. i, ii and iii in Fig. 5.3b) and therefore

contribute partially to each of the orthogonal components of the emitted light.

5.5 Control experiments

To further investigate the advantages of coherent FRs on the enhancement of optical
FWM, two nanocluster controls with double-resonance feature were designed. (1) one
with two coherent bright modes, where charges oscillate in dipole-dipole (antibonding)
and dipole-quadrupole modes (Fig. 5.4a,c), and (2) one with incoherent (spatially
decoupled) oscillations of a subradiant heptamer dark mode and a dipole bright mode
supported by the corner disks (Fig. 5.4b,d). The plasmon resonant features were
designed to correspond to the two FWM input frequencies. All structures are designed
with the same volume of Au. The gap sizes [243, 245, 258] were also made identical
in all three cases, except for the ~80 nm decoupling spacing in case 2 (Fig. 5.4a and

5.4b, insets). Fig. 5.4e shows the time-averaged FWM fields. By integrating the
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square modulus of the FWM field over the disk surfaces shown in Fig. 5.3b or 5.4e,
relative FWM cross sections (o< conversion efficiencies) can be calculated for these 3
structures, which agree well with the measured FWM intensities by P, = 1 W and
P, = 1.9 uW (Fig. 5.4f). The structure supporting two coherent FRs provides the
highest FWM enhancement among these three types of double-resonant structures,
due to the reduced light scattering and intense local fields of the coherently coupled
(spatially overlapping) FRs. Control (2), where the two resonances are spatially

decoupled, has the lowest FWM enhancement.

5.6 Conclusion

In conclusion, we have demonstrated for the first time a plasmonic nanocluster sup-
ports two FRs in a coherent state, a temporal evolution of two excited subradiant
states in interference. Time-resolved field investigations reveal the ultrafast dynamics
of this coherent state, suggesting that dynamical studies may lead to a greater un-
derstanding of coherence in plasmonic nanocomplexes. We have also shown that this
nanostructure provides an outstanding resonant enhancement of optical four-wave
mixing, providing significantly greater enhancement of this process than similarly
sized nanoclusters with double resonances of different types. The extremely large ef-
fective x® for this nanocluster strongly suggests its use in high-performance synthetic
nonlinear optical materials, which would provide new strategies for optical informa-

tion processing, sensors and detectors, and new types of optoelectronic devices.
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Figure 5.4 : FWM control experiments. (a,b) Experimental (black) and calculated
(green) dark-field scattering spectra of two nanoclusters for control experiments, ob-
tained with horizontal (x-) polarization. Both structures have double resonances,
indicated by the brown (800 nm) and orange (670 nm) dashed lines. Insets are SEM
images of these nanoclusters. Scale bars, 100 nm. Red arrows indicate the incident
polarization. In a, all disk diameters are 144 nm with ~18 nm gaps. In (b), the nan-
ocluster is formed by a heptamer surrounded by four corner disks. Heptamer disks
are 135 nm in diameters with ~18 nm gap; corner disks are 124 nm with ~80nm
spacing from heptamer disks along x direction. (c,d) Simulated charge distributions
(left) and field enhancement intensities £? (right) for two control cases at A\; = 800
nm (brown dashed box) and Ay = 670 nm (orange dashed box). Black arrows indi-
cate local E-field directions. e, Time-averaged FWM fields on nanocluster surfaces.
The color scales assume unity incident fields and ng) /n?. In c, d and e, the overlaid
disk indexes are guides to the eye. f, Measured FWM intensities (error bars) and
calculated FWM crossection (green bars) for all 3 structures.
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Chapter 6

Conclusions

Several studies on the plasmonic properties and the relevant promising applications of
various types of metallic nano-structures in one, two, or three dimensions have been
presented. For 1D nanostructure, a near unity absorber operating at visible regime
is realized on a hetero-layered nanofilm-based sandwich structure perforated by a
periodic array of holes. The coupling mechanism from free space photon to SPP are
studied. A theoretical perturbation approach is applied to explain the experimentally
observed absorption peak splitting which is dependent on the hole size. Qualitative
agreement is achieved between experiment and theory.

For 2D nanowires, a type of nanobelt having rectangular cross section and nanoscale
width and height has recently been synthesized. The gold nanobelt, under epi-bright
white-light illumination, exhibits a LSPR in the visible regime. The resonant wave-
length redshifts with increasing aspect ratio approximately linearly. This dependence
of LSPR on the aspect ratio is confirmed in FDTD simulations in excellent agreement,
indicating a strong tunability of the LSPR by a 2D nanostructures which is a natural
candidate for transporting energy and signal. The mode confinement and propagation
is further investigated for the gold nanobelts. A cross-over of the propagating inten-

sities of the m=0 and m=1 modes has been predicted in simulations and observed
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in experiment. A Figure-of-Merit (FOM), which favors long propagation and strong
confinement, is calculated to be around 1300 for the m=1 mode propagating on a
gold nanobelt with 125 x 40 nm? dimensions. To the author’s best knowledge, this
FOM has exceeded the performance of peer nanowire candidates with sub-wavelength
form-factor that operate in visible or near infrared regime. This strong confinement
while preserving the long propagation feature will benefit the future research, such as
interaction between quantum emitter and nanobelt, localized energy transportation,
etc.

In 3D nanostructures, electrons are further confined thus enabling another type
of application: localized heat generater. The plasmon-heating-enabled nanobubble
generation from an individual gold nanosphere has been investigated. When illu-
minated by a laser, a gold nanosphere is heated significantly by plasmon-induced
electron-electron scattering, serving as a local heat source. The liquid surround-
ing the nanosphere is then heated up. At sufficient incident power that exceeds the
threshold the heating power is so high that the surrounding water fails to conduct the
heat outwards in time. The only consequence is that the surrounding liquid experi-
ences an explosive phase transition and form a vapor bubble where the internal vapor
pressure must be balanced out by the pressure outside the bubble, in addition to the
surface-tension induced pressure, in a steady-sate. Nanobubble generation by gold
nanosphere embedded in water under laser illumination is evidenced by significant

shift observed in optical spectra which can not be explained without bubble gener-
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ated. Mie calculations are performed to search the bubble size that best matches the
measured relative shift. A bubble layer thickness of 6.5 nm is resulted. On the other
hand, effective medium methods (EMMs) are also employed for solving the bubble
radius directly by using the measure shift as an input. A novel local field weighted
effective medium method (LEWEMM) is proposed to include the exponentially decay-
ing nature of the near field distribution. It is found that this LEFWEMM outperforms
other existing conventional EMMs by using Mie calculations as benchmark. The ad-
vantage of the LFWEMM over other EMMs indicates a new strategy of including the
local field contribution into the weights of components in an EMM, so as to account
for the effect of highly localized near field. After the bubble size is determined, under
classical thermal equilibrium assumption, Clausius-Clapeyron Relation and surface
tension at water-vapor interface are equalized to determine the vapor temperature
and pressure. The further derived temperature of gold nanosphere surface agrees well
with that from Raman spectroscopy. The evolution from nanobubble to microbub-
ble is also investigated. An approximate linear dependence of the formed-bubble
radius and the incident power is observed and explained. Our study has enriched
the understanding of the nanoscale heat transfer process taken between nanoparticle
and surrounding material, and can serve as the ground stone for future nanobubble
research based on microscopic theory, such as molecular dynamics.

Plasmonic nanoclusters, an ordered assembly of coupled metallic nanoparticles,

support unique spectral features known as Fano resonances (FR)[1-4] due to the cou-
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pling between their subradiant and superradiant plasmon modes. Within the Fano
resonance, absorption is significantly enhanced, giving rise to highly localized, in-
tense near fields with the potential to enhance nonlinear optical processes [5,6]. A
structure supporting the coherent oscillation of two distinct FRs within an individual
plasmonic nanocluster has been reported. We show how this coherence enhances the
optical Four-Wave Mixing (FWM) process, in comparison to other double-resonant
plasmonic clusters that lack this specific property. A model that explains the ob-
served FWM features is proposed, based on the intense local fields at the nanoclus-
ter surfaces, which is generally applicable to any third-order processes in plasmonic
nanostructures. With a larger effective susceptibility ) relative to existing nonlin-
ear optical materials, this coherent double-resonant nanocluster offers a new strategy

for designing high-performance third-order nonlinear optical media.
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