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ABSTRACT OF THE DISSERTATION

Design and Synthesis of Plasmonic Core/Shell Nanorods for
Light Trapping in Organic Photo-Voltaics, Non-Linear Optics

and Photo-Thermal Therapy

by

Vladan Jankovi¢
Doctor of Philosophy in Chemical Engineering
University of California, Los Angeles 2014

Professor Jane P. Chang, Chair

Core/shell nanorods based on a plasmonic gold nanorod core with a thin dielectric shell
were designed, synthesized and characterized to demonstrate their potential in
photovoltaics and cancer therapy applications.

For solar cell applications, the light scattering properties of Au nanorods were
combined with an electrically insulating silica (SiOy) shell layer in order to isolate the
conductive metal surface of the gold from the photo-polymers in the active layers of
organic photovoltaic (OPV) devices. Specifically, octadecyltrimethoxysilane (OTMS)-
functionalized Au/SiO, core/shell nanorods were spectrally tailored and incorporated
into the active layer of two OPV polymer systems: poly(3-hexylthiophene):[6,6]-phenyl-
C61-butyric  acid methyl ester (P3HT:PCBgpM) and poly[2,6-4,8-di(5-

ethylhexylthienyl)benzo[1,2-b;3,4-b]dithiophene-alt-5-dibutyloctyl-3,6-bis(5-



bromothiophen-2-yl) pyrrolo[3,4-c]pyrrole-1,4-dione] (PBDTT-DPP:PCgBM). For the
P3HT:PCsBM polymer with a band edge at ~ 670 nm, the incorporation of Au/SiO,
core/shell nanospheres (radius = 20 nm) resulted in a 2.7% improvement in photon
conversion efficiency (PCE) while core/shell nanorods (radius = 10 nm) with an aspect
ratio (AR) ~ 2.5 (extinction peak, Apeak = 670 nm) resulted in a 7.1% improvement in
PCE. For the PBDTT-DPP:PC¢BM polymer with a band edge at ~ 830 nm, the
incorporation of Au/SiO, core/shell nanospheres resulted in a 9.2% improvement, while
that of core/shell nanorods (radius = 8 nm) of AR ~ 4 (extinction peak, Apeax = 830 nm)
resulted in a 14.4% improvement in PCE. The performance enhancements were
corroborated by external quantum efficiency (EQE) measurements.

For cancer therapy applications, the strong light absorption properties of Au
nanorods were combined with the upconverting light emission properties of rare earth
doped-yttria (RE:Y,03) in order to create hybrid plasmonic/fluorescent core/shell
nanorods for dual bio-imaging and photo-thermal therapy applications.  The
plasmonic/fluorescent Au/SiO,/Yb:Er:Y,03 core/shell nanorods showed a unique optical
signature when excited with 980 nm laser irradiation, exhibiting both the broadband
photoluminescence characteristic of Au interband transitions and the sharp emission lines
characteristic of the Er** *Fgs > *I15,, energy transition as well as a 1.81 fold increase in
emission intensity compared to SiO,/Yb:Er:Y,03 nanospheres at 655 nm. Concentrations
of 7mM of core/shell nanorods were found to be effective in inducing selective
hyperthermia in breast cancer cells both in-vitro and in-vivo with 5 and 10 minutes

respectively of 1.7 W/cm? 980 nm laser irradiation.
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CHAPTER 1 INTRODUCTION

Two issues that our society cares deeply about are renewable energy generation
and health care. Renewable energy can allay air pollution and global warming concerns,
while effective medical treatments can increase the longevity and quality of life.
Developments in nanomaterial technology in the past decade has provided scientists,
engineers and medical doctors with new tools and techniques to tackle pressing
technological challenges in these areas.

In the renewable energy sector, nanomaterials have transformed solar technology
in such a radical way that researchers in the area are referring to solar cells that
incorporate nanomaterials as fourth generation photovoltaics (Jayawardena, 2013). First
generation solar cells, developed in the 1960s, based on thick (>200 nm) Si crystalline
films, have high efficiencies (>20%) but the materials and fabrication processes are too
expensive to compete with fossil fuel-based energy. Second generation solar cells,
developed in the 1980s and based on amorphous or polycrystalline silicon (Si), copper
indium gallium (di)selenide (CIGS), and cadmium telluride (CdTe), reduced the high
costs prevalent in first generation cells by diminishing the quality and quantity of the
materials used in the fabrication of devices but the device efficiencies dropped
significantly. Third generation solar cells, developed in the 1990s, took advantage of
scalable materials and manufacturing techniques like organic photovoltaic (OPV) and
dye-sensisitized solar cell (DSCC) technologies to further reduce cost and are becoming
more competitive as their efficiencies keep climbing. Fourth generation solar technology

aims to improve on the efficiency and durability of second and third generation solar cells
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by incorporating nanomaterials into device architectures in the form of more efficient
electron accepting layers, scalable and inexpensive transparent conducting electrodes, or
as light trapping nanostructures (Kao, 2012). Figure 1.1 shows illustrations of the
different generations of solar technology and nanomaterials being considered for fourth
generation solar cell device architectures: quantum dots (QDs), metal oxide nanoparticles
(TiOx, M00O3, V205, Zn0), graphene, carbon nanotubes (CNTs) and metal nanoparticles

(NPs).

Figure 1.1 Timeline of the four generations of photovoltaic devices, with
associated nanomaterial components in the fourth generation devices
(Jayawardena, 2013).



For example, quantum dots (QDs) absorb a useful range of solar spectrum and are
efficient electron acceptors in combination with conjugated polymers, however, the low
electron mobility of QD networks (10 cm?V™s™) currently limits the highest attainable
efficiency by QD/OPV hybrid architectures to ~ 3.2% (Dayal, 2010). Nanostructured
metal oxides have also found use as electron acceptors in combination with conjugated
polymers, but the efficiencies of hybrid metal oxide/OPV devices still lag behind third
generation PV technology at ~ 3% (Liao, 2012; Moon, 2011). Graphene shows promise
as an ultra-thin and inexpensive transparent conductive electrode due to its low sheet
resistance of 280 Q/sq (Kim, 2009) and a transparency greater than 95% at visible
frequencies, but processing technology is currently not compatible with roll to roll
fabrication (Bae, 2010; Park, 2011). Silver nanowire networks are promising candidates
as solution-processable transparent conductors (Zhu, 2011) with sheet resistances of 11
Q/sq and a transparency of 87% at visible frequencies (Sahin, 2013) while carbon
nanotubes (CNTs) show promise as efficient charge transport pathways inside active
layers (Chaudhary, 2007; Dabera, 2012; Li, 2012; Lu, 2013). Finally, metal nanoparticles
(NPs) of various sizes, shapes and configurations have been successfully integrated into
OPV cell architectures in order to tune and enhance, in a wavelength-dependent manner,
the optical absorption of OPV devices (Choi, 2013; Li, 2013; Jankovi¢, 2013; Xu, 2013;
Stratakis, 2013).

It is clear that nanomaterials play a key role in improving both light coupling and
charge extraction in second and third generation solar cell designs and as various
synergies between material properties are discovered, more efficient and more durable

solar cells can be achieved.



Besides revolutionizing the solar industry, nanomaterials are also having an
impact in the health care industry (Menon, 2013). A wide variety of bio-compatible

nanoparticles have been synthesized (Figure 1.2).
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Figure 1.2 Illustrations of diagnostic, carrier, therapeutic and targeting

nanomaterials in medical applications (Menon, 2013).

Nanoparticles for medical applications can be classified into carrier, diagnostic,
targeting or therapeutic agents. Liposomes, dendrimers, emulsions, and other polymers
are used as carrier vehicles of targeting and therapeutic agents for controlled protein and
macromolecule release in the body while inorganic nanomaterials have found use in
diagnostic and therapeutic purposes (Sanvicens, 2008; Huang, 2011). In general,

inorganic nanoparticles have a central core that defines the fluorescent, optical, magnetic,
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and electronic properties of the particle and a protective organic coating or shell on the
surface that protects the inorganic core from degradation in physiological environments
and can form electrostatic or covalent bonds with charged agents and biomolecules that
have basic functional groups such as amines and thiols (Yezhelyev, 2006; de Dios, 2010).

Functionalized quantum dots, for example have been employed as high contrast
probes in optical tumor imaging (Aswathy, 2010; Rogach, 2010; Wang, 2010), while
functionalized magnetic nanoparticles have found utility as contrast agents in magnetic
resonance imaging (MRI) (Lu, 2007; Sotiriou, 2011). Noble metal nanoparticles, on the
other hand, have found utility in photo-thermal therapy due to fact that they radiate heat
when exposed to laser light (Choi, 2011; Dreaden, 2012).

Research in biomedical nanomaterials is now gravitating toward hybrid
nanomaterials. Hybrid nanomaterials combine two or more functionalities within the
same nanoparticle and have demonstrated advantageous properties and novel
functionalities compared to single-component nanoparticles (Timothy, 2007; Sortino,
2012). For example, hybrid plasmonic/magnetic nanomaterials can be guided to the
diseased tissue by an externally applied magnetic field and once in place optically
activated (Peng, 2011; Sotiriou 2011), while plasmonic/fluorescent hybrid nanomaterials
have potential as simultaneous diagnosis and therapy agents (Saha, 2009; Schietinger,
2009; Zhang, 2010; Wang, 2011; Wu, 2011).

In the next section, a historical overview of gold nanoparticle synthesis is
provided followed by a description of the unique properties of gold nanoparticles. In
depth literature reviews of research on gold nanoparticle applications in solar cells and

for cancer photothermal therapy are provided at the end of this chapter.
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1.1 Historical Background of Au Nanoparticle Synthesis Methods

The use of metal nanoparticles can be traced back to the Roman times and the
invention of stained glass. Before understanding the origin, Roman glassmakers
discovered that adding gold powders to a glass melt would impart a deep red or violet
color to the glass and stained glass developed as an art form. It was only in 1850 that
Michael Faraday realized that the color was due to the fact that the gold was present in a
finely dispersed state and was the first to demonstrate synthesis of colored colloids by the
reduction of gold (Au) salts (Faraday, 1857). After the advent of the transmission
electron microscope (TEM) in the early 1950s, the first structural studies of Au
nanoparticles were performed by Turkevich et.al. (Turkevich, 1951).

Researchers continued to develop various techniques of synthesizing Au
nanoparticles. Schmid et.al. showed that phosphine-stabilized Au nanoparticles with ~ 2
nm diameter could be produced from the reduction of chloro(triphenylphosphine)gold(l)
(PPh3AuCl) by diborane in benzene (Schmid, 1981), while Weare et.al. reported that Au
clusters of 2 to 10 nm in diameter could be obtained via a ligand exchange method
(Weare, 2000). Brust et.al. demonstrated synthesis of thiol-stabilized Au clusters using a
two-phase system in which AuCl; was solvated in toluene by way of a phase-transfer
reagent (tetraoctylammonium bromide) (Brust, 1994).

Interest in shape-controlled synthesis of Au nanostructures began in the early
1990’s motivated by advances in nanotechnology and the unique and spectrally tunable
light scattering and absorption properties of ellipsoidal metal nanoparticles predicted by
theoretical calculations (Gans, 1912). Masuda et.al. and Martin et.al. developed the first

techniques to prepare colloidal Au nanorods (~ 30 nm in diameter, 50-100 nm in length)
6
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in solution by the electrochemical reduction of gold chloride (HAuCl,) into nanoporous
aluminum oxide (Al,O3) membranes (Masuda, 1990; Martin, 1991). Yu et.al. later
demonstrated the synthesis of much smaller Au nanorods (~ 10 nm in diameter) by
electrochemical oxidation of an Au plate electrode in the presence of cationic, quaternary
ammonium  surfactants  (cetyltrimethylammonium  bromide @ (CTAB) and
tetraoctylammonium bromide (TOAB)) under ultra-sonication (Yu, 1997).

In 2003, Nikoobakht and EI-Sayed demonstrated a colloidal growth method to
produce monodisperse Au nanorods in high yield based on seeded growth (Nikoobakht,
2003). In their method, single-crystal Au seed nanoparticles of ~ 1.5 nm in diameter,
produced from the reduction of chloroauric acid (HAuCl;) by sodium borohydride
(NaBHy) in the presence of CTAB, are pipetted into an Au(l) growth solution prepared
from the mild reduction of HAuUCI, by ascorbic acid (C¢HgOg) and the addition of silver
nitrate (AgNO3) and CTAB. The protocol produces Au nanorods 10 — 20 nm in diameter
and up to 100 nm in length. The nanorod aspect ratio is controlled by the seed to salt ratio
and by the relative concentration of Ag” additive impurity ions. TEM analysis indicated
that the Au nanorods grow along the [001] direction, which has less stable crystalline
facets along the sides of the rods and more stable crystalline facets at the tips (Wang,
1999).

In the next section, the origin of the unique optical properties of Au nanospheres
and nanorods is discussed.

1.2 Properties of Au Nanoparticles
The unique optical properties of Au nanoparticle colloid solutions arise from the

interaction between light and the Au nanoparticle free electrons. The oscillating
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electromagnetic field of light periodically displaces electrons from their equilibrium
positions in the positive metal ion lattice; at the same time, the positive ions in the metal
lattice exert a restoring force on the electrons. If the electron cloud is confined in
dimensions that are smaller than the wavelength of the incident light (as in the case of a
nanoparticle), the light-resonant displacement of the electrons with respect to the
positively charged lattice gives rise to a charge oscillation, termed the local surface
plasmon resonance (LSPR). At the LSPR frequency, these resonant electron oscillations
lead to strong light absorption and scattering in a fairly narrow wavelength range (~ 100
nm full width half max). The absorbed light is generally dissipated as heat in electron-
phonon collisions, while the scattered light is re-emitted into the environment at the same
frequency as the incident light (Chen, 2013). The LSPR oscillation frequency depends on
the dielectric permittivity, the geometry of the nanoparticle and the dielectric permittivity
of the medium (Lee, 2005). Lower LSPR frequencies result when the electron gas is
confined in larger nanoparticle geometries, while higher LSPR frequencies are the result
of confinement of the electron gas in smaller nanoparticle geometries. For example,
colloids of Au nanorods of diameter 15 nm and length 30 nm exhibit peak light
absorption and scattering at wavelengths of ~ 620 nm, while Au nanorods of diameter 15
nm and length 60 nm exhibit peak absorption and scattering at wavelengths of ~ 800 nm.
Since spectrophotometers typically measure the sum of the absorption and scattering
intensities of a nanoparticle colloid, it is common to refer to the sum of absorption and
scattering as extinction. The relative contributions of absorption versus scattering depend
on the nanoparticle geometry. Smaller nanoparticles (< 30 nm) generally absorb the

majority of incident light while larger nanoparticles (> 30 nm) scatter a greater portion of
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the incident light (EI-Sayed, 2001). Spherical particles tend to absorb a larger proportion
of light than ellipsoidal or rod-shaped nanoparticles (El Sayed, 2007).

Besides resonantly enhanced extinction, resonant electron oscillations at the
LSPR frequency also lead to a highly enhanced electromagnetic field in the vicinity of
the metal nanoparticle, termed the near field. The near field increases the probability of
electronic transitions from the d band to the sp band in Au, generating electron-hole pairs
whose subsequent recombination results in luminescence. (Boyd, 1984; Mohamed, 2000;
El-Sayed, 2001; Beversluis, 2003; Bouhelier, 2003; Dulkeith, 2004). A schematic
diagram of the dipole oscillations induced in a metal nanoparticle under illumination and
the three energy pathways available to the incident energy (scattering, absorption and
luminescence) is shown in Figure 1.3 (a). The extinction spectra of Au nanorod solutions
of different aspect ratios and the relative contributions of absorption and light scattering

as a function of aspect ratio are shown in Figure 1.3(b).
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Figure 1.3 (a) An illustration of various photo- phy5|cal processes in Au
nanoparticles. An irradiation induces the excitation of a plasmon
resonance mode, resulting in strong light extinction at the local surface
plasmon resonance (LSPR) frequency (extinction = scattering +
absorption). The optical energy absorbed by the nanoparticle is generally
dissipated as heat in electron-phonon collisions or electronic transitions
from the d-band to sp-band, generating electron-hole pairs; recombination
of separated charges results in luminescence; (b) (i) Photograph of
colloidal solutions of Au nanorods of aspect ratios (AR) of ~2.4 to ~5.7;
(if) Corresponding solution extinction spectra; (iii) Discrete dipole
approximation simulation of the optical properties of Au nanorods of
different diameters; (iv) The dependence of the LSPR wavelength on the
aspect ratio (top) and the dependence of scattering quantum yield
(scattering efficiency/absorption efficiency) on the aspect ratio (bottom),
adapted from (Lee, 2005).

The dielectric permittivity of the medium also affects the location of the LSPR
peak frequency. Since the resonance condition of coated metal nanoparticles depends on
the dielectric permittivities of both the metal and the surrounding medium, nanoparticles
in the medium with a higher refractive index medium have LSPR peak extinction
wavelengths that are red-shifted as compared to the LSPR peak wavelengths of

nanoparticles in a lower refractive index medium (El-Sayed, 2001; Pastoriza-Santos,

2004). For example, Figure 1.4 shows the LSPR peak shift caused by coating Au
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nanorods with a thin silica shell (changing the refractive index of the Au nanoparticle

surrounding medium from water to silica) (Li, 2010).
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Figure 1.4 (a) UV-visible absorbance spectra of Au nanorods with LSPR

peaks at 600, 650 and 730 nm are shown as solid curves. UV-visible

absorbance spectra of Au nanorods coated with 13 nm-thick silica with

LSPR peaks at 615 nm, 665 nm, and 750 nm are shown as dashed curves;

(b)-(d) TEM images of 600 nm-resonant Au nanorods, 600 nm-resonant

Au nanorods coated with 8 nm silica; (e)-(g) TEM images of 650 nm- Au

nanorods, 650 nm- Au nanorods coated with 13 nm silica, adapted from

(Li, 2010).

In the following sections, a review of some technological applications of noble
metal nanoparticles is given. The sections are organized according to the physical
properties of Au nanorods that are exploited in the application. For example, for solar cell
applications, it is the light scattering properties of noble metal nanoparticle that has
attracted the interest of researchers in the field (Atwater, 2010); for cancer photothermal
therapy applications on the other hand, the light absorption and optical to thermal energy
conversion properties of Au nanoparticles are of interest (Dreaden, 2012); for three

dimensional in-vivo bio-imaging applications, the luminescent properties, and more

specifically, the two-photon luminescence (TPL) properties of Au nanorods are of
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interest (Tong, 2009); for chemical and biological sensing, the LSPR peak sensitivity to
the dielectric environment is utilized for detection (Sotiriou, 2013); for amplification of
optical frequency signals such as surface enhanced Raman scattering (SERS) and surface
plasmon amplification by stimulated emission of radiation (SPASER), it is the highly

enhanced electromagnetic fields in the near field that are utilized (Noginov, 2009).

1.2.1 Light Scattering by Au Nanoparticles

Au nanoparticles of diameters between 10 to 50 nm have scattering cross sections
that are 10° times greater than the emission cross sections of fluorescent dyes (El-Sayed,
2001). Coupled with their small size, Au nanoparticles are very attractive for bio-imaging
applications and more recently have found application as a novel way to trap light and
increase solar cell efficiencies in ultra-thin solar cells (Yablonovitch, 1982; Heine, 1995;
Kiess, 1995). Plasmonic photovoltaic designs usually incorporate noble metal
nanoparticles on the front or back surface of a solar cell. The nanoparticles leads to
preferential scattering of the incident light into the semiconductor active layer over an

increased angular range, thereby enhancing the optical path length and the probability of
photon absorption (Ferry, 2010). A schematic of light trapping by plasmonic

nanoparticles is shown in Figure 1.5 (a) while current-voltage curves of amorphous
silicon photovoltaic devices patterned with plasmonic nanostructures is shown in Figure

1.5 (b).
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Figure 1.5 (a) A schematic illustration of light trapping by Au
nanoparticles, adapted from (Atwater 2010); (b) Current characteristic of
solar cells without and with gold nanoparticles. Four closely spaced curves

represent four separate solar cells with and without nanoparticles,
respectively (the cells are shown in the inset), adapted from (Poh, 2011).

1.2.2 Light Absorption by Au Nanoparticles

Due to their large absorption cross sections at the LSPR frequency (10° times
greater than the absorption cross sections of fluorescent dyes), Au nanostructures can
become highly localized heat sources when irradiated with a laser through the
photothermal effect (Jain, 2008). This generated heat can be used in hyperthermal cancer
therapy and/or to trigger drug release for chemotherapeutics. Thus, there is a possibility
to realize imaging, chemotherapeutics, and hyperthermia within a single Au
nanostructure platform for cancer treatments (Huang, 2007; Choi 2011). A schematic of a
Au nanorod-based multifunctional theranostic system is shown in Figure 1.6 (a) while the
results of Au nanorod-based plasmonic photothermal therapy study on HeLa cells (the
HeLa cell line was derived from cervical cancer cells taken on February 8, 1951 from

patient Henrietta Lacks) is shown in Figure 1.6 (b).
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Figure 1.6 (a) A schematic illustration of Au nanorod-based photo-
thermal therapy cancer treatment (Zhang, 2012); (b) (i) Viability of the
HelLa cells treated with polyethyleneglycol coated Au nanoparticles at
various concentrations with (red) or without (green) irradiation using an
Ar* laser (514.5 nm) at a fluence of 26 W cm 2 for 5 min (7.8 kJ cm™2).
(i) Fluorescence microscope images of Hela cells treated with the Au
nanoparticles at various concentrations with irradiation using Ar" laser.
The living and dead cells emit green and red fluorescence, respectively,
adapted from (Nakamura, 2010).

1.2.3 Luminescence of Au Nanoparticles

Luminescence from noble metals was first reported in 1969 by Mooradia
(Mooradia, 1969) and later observed as a broad background in surface-enhanced Raman
scattering (Moskovits, 1985). Single-photon luminescence from metals has been
described as a three-step process: (a) excitation of electrons from the d to the sp band to
generate electron—hole pairs, (b) scattering of electrons and holes on the picosecond
timescale with partial energy transfer to the phonon lattice, and (c) electron—hole
recombination resulting in photon emission. Two-photon luminescence (TPL) was
characterized by Boyd et.al. (Boyd, 1986) and is considered to be produced by a similar
mechanism as single-photon luminescence. The TPL signal can be amplified by several

orders of magnitude when produced from roughened metal substrates. This amplification
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IS due to a resonant coupling with localized surface plasmons, which are well known to
enhance a variety of linear and nonlinear optical properties (Chen, 1981; Sanchez, 1999;
Dickson, 2000). The benefits of TPL imaging are: (i) multi-photon processes have a
nonlinear dependence on excitation intensity and can be resolved in the axial direction to
provide three-dimensional (3D) spatial resolution; (ii) TPL can be excited at NIR
frequencies between 800 and 1300 nm, the window of greatest transmittance through
biological tissue; (iii) TPL can be spectrally separated from tissue auto-fluorescence
using short-pass optical filters. Figure 1.7 (a) shows TPL imaging of Au nanorods in live
cells, Figure 1.7 (b) shows 3-dimensional tracking of Au nanorods (van den Broek, 2013)
while Figure 1.7 (c) shows the correlation of the linear absorption spectrum of Au
nanorods to their TPL excitation spectrum (Wang, 2005).
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Figure 1.7 (a) The TPL image of Au nanorods (blue) in live U20S cells
superimposed on a transmission image (gray scale); (b) Typical 30 min
trajectories of single Au nanorods in a live HeLa cell. Adapted from (van
den Broek 2013) (c) Linear absorption of the Au nanorods (solid line)
compared with the TPL excitation spectrum (solid circles with error bars).
The peak at 820 nm corresponds to the longitudinal plasmon mode. The
same power (0.17 mW) was used for all excitation wavelengths, adapted
from (Wang, 2005).
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1.2.4 Sensitivity of Au Nanoparticles to Dielectric Environment

The sensitivity of Au nanoparticles to changes in the local dielectric environment
(eg. the solvent or surface bound molecules) has been applied to the detection and
monitoring of biological and chemical reactions. LSPR-based assays rely on the shift of
the LSPR wavelength in response to changes in the local refractive index that surrounds a
plasmonic nanoparticle. For example, when a protein (n = 1.35-1.6) is adsorbed to the
surface of a nanoparticle dispersed in aqueous solution (n = 1.3), a red shift of the
plasmon resonance wavelength is observed (Dreaden, 2012). Several examples of LSPR-
based sensing have been reported in literature (Nath, 2001; Frederix, 2003; Yonzon,
2004; Dahlin, 2005; Larsson, 2007). Notably, Engelbieme et.al. utilized the red shift in
the LSPR wavelength of colloidal Au particles coated with a monoclonal antibody to
detect the interaction of the antibody with its specific ligand (Englebienne, 1998) while
Sannomiya et.al. detected single binding events of nanoparticle-labeled DNA strands as
stepwise peak shifts in the nanoparticle LSPR frequency (Sannomiya, 2008). Figure 1.8

shows a schematic diagram of LSPR-based biosensing.
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Figure 1.8 A schematic representation of the response of LSPR biosensors
based on refractive index changes: (a) a substrate is chosen, (b) metal
nanoparticles are attached to it by means of chemical linkers or
nanolithography, (c) the metal particles are modified with the sensor
moiety, (d) the analyte are attached specifically onto the recognition
function on the particles, causing a change in the refractive index around
the particle and an LSPR shift in (e), adapted from (Sepulveda, 2009).
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1.2.5 Light Amplification by Au Nanoparticles

At the LSPR peak wavelength, charge accumulation at the edges of the metal
nanoparticle leads to a greatly enhanced optical field in the vicinity of the nanoparticle.
Field intensity enhancement factors of up to 5 orders of magnitude at visible and near-
infrared (Vis—NIR) frequencies translate into an increase in electronic transition
probabilities of atoms or molecules exposed to these electromagnetic fields (Moskovits,
2005). Surface enhanced Raman scattering (SERS) starts with an excitation, followed by
inelastic coupling to internal vibrational levels of the molecule and a subsequent radiative
decay, thus involving two electronic transitions. If the frequency band of the surface
plasmon field is broad enough to cover both excitation and emission, it enhances both the
incident photons and the inelastically scattered, Raman-shifted photons and can thus
amplify the Raman signal by up to 10 orders of magnitude (Rodriguez-Lorenzo, 2009).
Since the first report dealing with SERS on Au colloids by Creighton et.al. (Creighton,
1979), there have been numerous demonstrations of SERS-based biological and chemical
sensing (Huang, 2006; Cyrankiewicz, 2007; Rodriguez-Lorenzo, 2009). Xu et.al.
demonstrated the detection of molecular vibrations in single hemoglobin (Hb) protein
molecules attached to isolated and immobilized silver nanoparticles (Xu, 1999); Liz-
Marzan et.al. showed that Au nanostars can be used to detect a wide variety of
chemisorbing and non-chemisorbing analytes (biomarkers) at zeptomolar detection limits
by sandwiching a drop-cast thin film of the analyte solution between a Au film and a
subsequently drop-cast film of Au nanostars (Rodriguez-Lorenzo, 2009); Kniep et. al.
used Au nanostructures as SERS labels for in vivo detection for the study of interior

organelles and the composition of prokaryotic and eukaryotic micro-organisms (Kneipp,
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2006) while Huang et. al. showed that head and neck cancer cells can be differentiated
from normal cells by using sharp, highly polarized, and well-resolved Raman signals of
Raman reporter molecules attached to Au nanorods on the surfaces of cancer cells

(Huang, 2007; Vigderman, 2012) as shown in Figure 1.9.
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Figure 1.9 SERS detection of cancer cells using immunolabeled Au
nanorods. (a) SERS spectra of normal HaCaT cells incubated with anti-
EGFR antibody conjugated Au nanorods; (b) SERS spectra of HSC cancer
cells incubated with anti-EGFR antibody conjugated Au nanorods. Cancer
cells in (b) show stronger, sharper and better resolved SERS signals than
normal cells in (a) due to the specific binding of immunolabeled Au
nanorods with receptors on the cancer cell surface, suggesting that SERS
may serve as a clinical diagnostic tool. The sharper and stronger Raman
signals in (b) result from electromagnetic field enhancement due to
interparticle coupling between immunolabeled nanorods and their
alignment along the cellular membrane surface, adapted from (Huang,
2007).

When the LSPR resonant modes of a metallic nanoparticle are coupled to a strong
light emitter, the resonant energy transfer can support resonant cavity modes and lead to
subwavelength lasing (Noginov, 2009). Just like a conventional laser, a surface plasmon

amplification by stimulated emission of radiation (spacers) is comprised of three

principle components: a gain medium, a resonator and a pump. However, in contrast to
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other lasers, the resonator of a spaser provides feedback for LSPR modes rather than

optical modes (Gather, 2012). Figure 1.10 shows a diagram, TEM images and optical

characteristics of the world’s first nanolaser (Noginov, 2009).
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Figure 1.10 (a) (i) Diagram of the hybrid nanoparticle architecture (not to
scale), indicating dye molecules throughout the silica shell. (ii)
Transmission electron microscope image of Au core. (iii), Scanning electron
microscope image of Au/silica/dye core—shell nanoparticles. (iv) Spaser
mode (in false color), with A=525 nm and Q = 14.8; the inner and the outer
circles represent the 14 nm core and the 44 nm shell, respectively. The field
strength color scheme is shown on the right; (b) Normalized extinction (1),
excitation (2), spontaneous emission (3), and stimulated emission (4) spectra
of Aufsilica/dye nanoparticles. The peak extinction cross-section of the
nanoparticles is 102 cm? The emission and excitation spectra were
measured in a spectrofluorometer at low fluence; adapted from (Noginov,
2009).
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In order to extend the technological applications of Au nanoparticles, it is often of

interest to coat them with a thin layer of another material such as a polymer (Hu, 2011) or

silica (Sotiriou, 2011) to form core/shell nanoparticles with enhanced colloidal or thermal

stability (Pérez-Juste, 2004; Pastoriza-Santos, 2006; Chen, 2010), better biocompatibility

(Gittins, 2001; Sharma, 2006) or electrically insulating properties (Qiaogiang, 2012).

Two applications that benefit from core/shell architectures studied in this work are
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plasmonic light trapping (PLT) for organic photovoltaics (OPVs) and plasmonic photo-
thermal therapy (PPTT) for cancer treatment.

In both applications, coating the Au nanorods with a shell of a different material
is advantageous. In PLT, in order to achieve maximum light trapping, Au nanorods
should be placed as close as possible to the semiconductor active layer. However, in
order to incorporate light trapping Au nanorods into the active layer, a dielectric shell is
necessary in order to ensure that the Au nanorods are electrically insulating otherwise
serving as exciton recombination sites which degrade OPV device performance. In PPTT,
an insulating shell allows faster heat dissipation, imparts higher photo-thermal stability
and also provides a flexible surface for coating with secondary shells with further
functionality (Sotiriou, 2013).

Besides coating, the ability to spectrally tune the peak extinction wavelength of
the Au nanoparticles is key for optimizing their efficacy for specific applications. In PLT,
optimal light trapping should be achieved across the entire absorption spectrum of a
photovoltaic material, while optimal PPTT requires that photo-thermal sensitizers absorb
light in spectral regions where tissue absorbs light poorly. For these purposes, Au
nanorods have several advantages over the more commonly employed Au nanospheres.
Unlike Au nanospheres, Au nanorods have two distinct LSPR bands: a transverse and a
longitudinal band. The former (located from ~ 520 nm to ~ 540 nm, depending on the
nanorod radius) corresponds to light absorption and scattering along the short axis of the
Au nanorod. The longitudinal LSPR bands correspond to light absorption and scattering
along the long axis; this band is much stronger and tunable from the visible to near

infrared (NIR) region with increasing aspect ratio of the nanorod (Murphy, 2005). Au
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nanorods has several advantages over Au nanospheres: (1) an LSPR extinction
wavelength band consistent with the transparent window of human tissue facilitates bio-
photonics applications; (2) the stronger LSPR band makes Au nanorods more sensitive to
changes in their size, shape, and nano-environment as well as interparticle distance; (3)
LSPR tunability can improve the efficiency of fluorescence quenching and enhancement
through resonant energy transfer; (4) LSPR tunability of two-photon luminescence
(TPL).

In this work, Au/SiO, core/shell nanospheres and nanorods were synthesized,
characterized and incorporated into the active layers of OPV devices to enhance light
absorption through PLT. The peak extinction wavelength of the Au/SiO, core/shell
nanorods was designed to coincide with the wavelength region of the OPV band edge in
order to ensure that light trapping was occurring at wavelengths of poor absorption. For
PPTT applications, a second shell consisting of ytterbium, erbium doped yttria
(Yb:Er:Y,03) was deposited onto the Au/SiO, core/shell nanorods. In this case, the
extinction peak of the Au/SiO, core/shell nanorods was designed to coincide with the
emission peak of the erbium “Fg, > “*lis;, energy transition in order to increase the
spontaneous emission rate at that wavelength by taking advantage of the Purcell effect.
Figure 1.11 shows schematic illustrations of PLT using spectrally tuned, active layer
incorporated AuU/SiO, core/shell nanorods and PPTT wusing spectrally tuned

gold/silica/rare earth doped yttria core/shell nanorods.
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Figure 1.11 (a) A schematic illustration of light scattering by active layer

incorporated, spectrally tuned Auf/silica core/shell nanorods for PLT in

OPVs. (b) A schematic illustration of light absorption, heat dissipation and

rare earth light emission by spectrally tuned plasmonic/fluorescent

Aul/silica/rare earth doped yttria core/shell nanorods for cancer PPTT.

In Section 1.3, a brief literature review of OPVs is provided, the concept of PLT
is introduced and some recent publications on PLT with Au and Ag nanoparticles in OPV
devices are discussed. Finally, the motivation behind our approach of incorporating
spectrally tailored gold/silica (Au/SiO;) core/shell nanorods into the active layer of OPV
devices is provided.

In Section 1.4, a brief literature review of PPTT is provided. Recent publications
on nanoparticles that combine more than one functionality in a single nanoparticle such
as plasmonic/magnetic (Sotiriou, 2013) and plasmonic/fluorescent (Jin, 2009)
nanoparticles are briefly discussed and the motivation behind the approach of using

spectrally tuned Au/silica/ytterbium erbium co-doped vyttria (Au/SiO,/Yb:Er:Y,03)

core/shell nanorods is introduced.
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1.3 Au/SiO; Core/Shell Nanorods for Plasmonic Light Trapping

In this section, the physics behind solar cell operation is first introduced, followed
by a historical perspective of OPVs and a literature review of plasmonic light trapping.
Finally, the approach of incorporating spectrally tuned Au/silica core/shell nanorods into
the active layer of OPVs is motivated and described.

Light incident upon a semiconductor material excites valence electrons localized
at specific atomic lattice sites to higher energy levels where they are free to move about
the lattice and conduct electricity. These excited electrons are called free or conduction
electrons while the atomic lattice position that gave up the valence electron during this
excitation process is called a hole. This is shown schematically in Figure 1.12. Holes are
also mobile entities because valence electrons in neighboring atoms can move into these
vacant orbitals in random thermal motion. Thus, current conduction in semiconductors
can be thought of as occurring at two energy levels in parallel: positively charged holes
conduct current in the lower (valence) energy level while free electrons conduct

electricity in the higher (conduction) energy level, as shown in Figure 1.12.
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Figure 1.12 (a) Photon induced ionization through excitation of a bound
(valence) electron to a higher energy state. (b) Current conduction
mechanism in semiconductor materials.

23



The photon induced generation of these electron-hole pairs is a key mechanism in
solar cell function, but not all incident photons have enough energy to ionize the
semiconductor crystal and create the electron-hole pairs necessary for electric current
generation. The energy required for current generation to occur is called the band gap
energy. The band gap is an intrinsic property of the bulk material and arises as a
consequence of the interaction between wavefunctions of atoms in the lattice. In an
isolated atom, electrons are restricted to sets of discrete energy levels (orbitals) and large
gaps exist in the energy scale at which no energy states are available. In a similar fashion,
electrons in bulk solids are restricted to certain energy levels, but in the case of a solid,
the electron has a range or band of available energies. The discrete energy levels of the
isolated atom spread into bands of energies in the solid because the wave functions of
electrons in neighboring atoms overlap and the electron is not necessarily localized at a
particular atom (Sze, 1969). This in turn affects the potential energy term and boundary
conditions in the Schrodinger equation and gives rise to shifting and splitting of energy

states into energy bands as shown in Figure 1.13.
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Figure 1.13 An illustration of energy levels for electrons showing
evolution from discrete atomic energies to bands of allowed states
separated by forbidden gaps as the atoms are brought together into a lattice
(Sze, 1969).
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The magnitude of the energy band gap determines the absorption spectrum of a
material since photons with energies lower than the band gap are not able to excite
valence electrons into the conduction band.

The absorption of a photon alone is not sufficient to generate electric power. Once
an electron-hole pair is created, recombination needs to occur in a circuit outside the
semiconductor crystal so that their transport results in powering electric devices. This can
be encouraged by placing the semiconductor material in an electric field. In this case,
electrons move toward the positive electrode and holes move toward the negative
electrode. This type of device is a photoconductor since it changes its conductivity in
response to light intensity but needs an external electric power source to provide the
electric field. In order to create a solar cell, the electric field needs to be incorporated into
the material so that the device can provide electric power when illuminated without the
need for an external power source. Incorporating an electric field into a semiconductor is
achievable by dissolving certain impurities or dopants into specific areas of the
semiconductor, so that one part accumulates electrons and another part accumulates
holes. The impurity or doping materials that are incorporated into the semiconductor are
selected so that their valence state is lower than the semiconductor (in order to
accumulate electrons) or higher (in order to accumulate holes) than the host material.
Dopant materials with valence states lower than the host material are called p-type
(because the majority carriers are positively charged) while those with valence states
higher than the host semiconductor are called n-type (because the majority carriers are

negatively charged). For a group 1V elemental semiconductor, such as silicon, doping the
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material with a group 111 element such as boron creates a p-type region, while doping the
material with a group V element such as phosphorus creates an n-type region.

When a p-type region is brought into contact with an n-type region, electrons
diffuse from the electron rich n-region across the p-n junction to the p-type region and
recombine with holes. This process results in charge build up on either side of the
junction and the creation of the required inherent electric field at the junction between the
p and n type material. This distributed space-charge region is called the depletion region,
so named because in the junction area all mobile charges are swept out by the electric
field leaving behind an electrostatic gradient (potential or voltage) across the depletion
region. Any electron-hole pair ionized in this region is immediately swept up by the

electric field. The one-dimensional, steady state continuity equations for a p-n junction

are:
G, — Mo 1dn_, (L1)
Ty q dx
Gp_ Pn — Pno +l%: 0 (1-2)
Tp q dx
where:

G, : generation of carriers in n-region (s™)

Gp : generation of carriers in p-region s

pn : number density of holes in n region under illumination (cm™)

Pno : NUMber density of holes in n region under no illumination (cm™)
np : number density of electrons in p region under illumination (cm™®)

Npo : NUMber density of electrons in p region under no illumination (cm™®)
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The current-density equations are:

dn, (1.3)
" dx

Jp = quppnE +qD, d—;

In = quanyE + gD

where:
Jn(%) : charge flux or photocurrent density in n-type region (C:cm™?s™or A-cm™)
Jo(%) : charge flux or photocurrent density in p-type region (C-cm?s™or A-cm™)
pn  : minority carrier (hole) mobility in n-type region (cm™)
Mp : minority carrier (electron) mobility in p-type region (cm™®)
E :electric field (V/cm)
D» : minority carrier (hole) diffusion coefficient in n-type region (cm?/s)
D, : minority carrier (electron) diffusion coefficient in p-type region (cm?/s)
For an abrupt vertical p-n junction solar cell with constant doping on each side of the

junction, there are no electric fields outside the depletion region and the expression for

the top side (n-side) of the junction is:

D, % + aF (1 — R)e~ax — Pn " Pro ;pp”" =0 (1.9)
where:

o :absorption coefficient (cm™)

F : number of incident photons/cm™/s™ per unit bandwidth

R - fraction of incident photons reflected from surface (au)

1, . carrier diffusion lifetime (s)
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The general solution is:
X _ X aF(1-R)t, ___ (1.6)
Pn — Pno = Acosh E + Bsinh E —me
where L,, = \/D,T,, is the minority carrier (hole) diffusion length (cm).
There are two boundary conditions. At the surface of the solar cell, the surface
recombination velocity provides one of the boundary conditions:

D d(pn - pno) (1'7)

D dx = Sp(pn - pno) at x=0

At the depletion edge, the excess carrier density is negligible because the electric field in
the depletion region sweeps out any excess carriers:
Pn—Pno =0 at x=x; (1.8)

The hole density with these boundary conditions is:

=i = Ty w9)
oty )sms o= )+ G () o) )
{k (%) sinh (ZC—;) + cosh (f—i}) ¢ )}

and the resulting hole photocurrent density at the depletion edge, collected from the front

side of an n-on-p junction solar cell is:

]p = _qu(dpn/dx)xj = (110)
SpLyp —ax; (Splp Xj - Xj
qaF(1 = R)L, ( D, + aLp) —e ( D, cosh (E) + sinh (E» .
272 _ S I ; ) p
(a Ly -1 ) ( E’)pp) sinh (zc_;) + cosh (f—;)

The boundary conditions for the p-type base are:

Np—MNpo =0 at x=x+W (1.11)

and
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d(n, —n 1.12
—Dn% = Sn(np - npo) at x = x¢ ( )
X
yielding an expression for the electron distribution in a uniformly doped p-type base:
Np — Npo
_ aF(1—-R)t, —a(xj+w) X=X = w —(a(x—x-—W))
= (CZZL%——Ue J cosh (—n> —e J
Snln . —axi. o Xtn -
~ ( ’[‘)nn) [cosh(x,/Ly) — e *%i] Smh(Ln) + al,e”%*th . <x —x; — W)
SnL . Xin Xth L
(—Bnn) sinh (ﬁ) + cosh (ﬁ) n
(1.13)
The photocurrent due to electrons collected at the depletion edge, x=x;+W, is:
Jn = an(dpn/dx)xj (114)
_qaF(1-R)L, g
(a2l% —1)
X Xi
Gt [eosn () o] (snn (5)) e
a n - S L X X
. jth jth
(—’Z)nn) sinh (H) + cosh (E)

Some photocurrent generation takes place within the depletion region. The electric field
in this region is generally high so that photogenerated carriers are accelerated out of the
depletion region before they can recombine. Hence the photocurrent per unit bandwidth
is considered to be equal to the number of photons absorbed:

Jar = qF(1 = R)e™™ (1 — e~™W) (1.15)
The total photocurrent at a given wavelength /s () that can be extracted from the incident

solar flux is the sum of currents in the depletion, p- and n- regions:

Jst Q) = Jar(D) + Jp (D) + Jn (D) (1.16)
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The spectral response of a solar cell is the total photocurrent extracted by the

semiconductor divided by qF(L) (elementary charge times incident solar flux):

Jss (D) (1.17)
qF (1)

SR(A) =

There are two key parameters that determine the device spectral response: the absorption
coefficient (o) and the minority carrier diffusion length (L, = \/m). The absorption
coefficient is a measure of the optical response of the device while the minority carrier
diffusion length determines the carrier collection efficiency (electrical response). The
carrier diffusion length can be thought of as a measure of the distance an ionized
electron-hole pair can travel independent of each other before recombining. Materials of
high quality (such as c-Si) have large minority carrier diffusion lengths (on the order of
hundreds of microns) thus allowing the design of optically thick solar cells, i.e., devices
that are thick enough to absorb the majority of the incident light. The carrier mobility of
electrons and holes in OPVs is much smaller (in the order of 10 cm?/Vs or less) and the
active layers of these materials need to have a thickness of less than 100 nm for efficient
carrier extraction (Park, 2009). Typical minority carrier diffusion lengths for Si are given
in Table 1.1. A typical absorption spectrum and spectral response for a 260-micron c-Si
substrate and a 2-micron a-Si solar cell are compared in Figure 1.14.

Table 1.1 Typical minority carrier diffusion lengths for c-Si, a-Si (Sze, 1969)

Parameter Crystalline Si Amorphous Si
n carrier diffusion length in p-type (L) 196 pm 132 nm
p carrier diffusion length in n-type (L) 68 um 69 nm
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Figure 1.14 Incident solar spectrum and portion absorbed with the
corresponding spectral response showing relative contribution of each area
from (a-b) 260-micron crystalline silicon and (c-d) 2-micron amorphous
silicon.

Inorganic semiconductors are limited by their intrinsic material properties. First,
the processing of inorganic solar cells is expensive because silicon-based technology
requires sophisticated clean room environment and complicated processing steps.
Second, it is not possible to produce inorganic solar cells on flexible substrates with

scalable manufacturing technology such as roll to roll processing. Given that its active
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layer is amenable to simple solution processing, organic photovoltaic (OPV) technology
IS an inexpensive, flexible and lightweight option for solar energy conversion.

Early research in organic solar cells focused on the Schottky junction with low
work-function metals or p-n junctions with inorganic n-type semiconductors, since most
organic pigments behave as p-type semiconductors (Morel, 1978; Loutfy, 1979; Kirihata,
1981; Yokoyama, 1981; Wagner, 1982; Yokoyama, 1982; Hiramoto, 1991). Research in
the area intensified after Tang et. al. demonstrated an organic photovoltaic device in 1986
cell with 0.95% efficiency using a blend of copper phthalocyanine and perylene
tetracarboxylic (Tang, 1986). The key point of this structure is the innovative
heterojunction concept which employs two organic materials (one donor material and one
acceptor material) with different ionization potentials and electron affinities. The band
offset at the donor/acceptor interface induces a strong electric field which can dissociate
photogenerated excitons (Peumans, 2000).

Another breakthrough in photovoltaic technology came with the use of
buckminsterfullerene (Ceo). Ceo and its derivatives such as [6,6]-phenyl-C60-butyric acid
methyl ester (PCBM) are excellent n-type organic materials, capable of accepting as
many as six electrons (Sariciftci, 1993). They also possess high solubility, high electron
mobility, and, most importantly, the ability to achieve ultrafast charge transfer from
conjugated polymers (as fast as 45 fs) (Sariciftci, 1992).

The next step forward in OPV technology was realized with the development of
bulk heterojunction (BHJ) by Hiramoto et al. in 1992 (Hiramoto, 1992). BHJ technology
addressed some of the limitations of planar cell architectures, such as the small surface

area between the donor—acceptor interfaces and the requirement of long carrier lifetime to
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ensure that the electrons and holes reach their respective electrodes. In the BHJ
architecture, the bi-continuous network of donor/acceptor heterojunctions increases the
donor/acceptor interfacial area so that charge transfer occurs rapidly. Seminal BHJ OPV
papers using poly(2-methoxy-5(20-ethylhexyloxy)-1,4-phenylenevinylene (MEH-PPV)
as the donor molecule and PCBM as the acceptor molecule were reported by the Heeger

(Yu, 1995) and Friend (Marks, 1994) groups, independently (Figure 1.15).
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Figure 1.15 (a) Polymer/fullerene BHJ OPVs by Heeger group, adapted
from (Yu 1995) (b) polymer/polymer BHJ OPVs by Friend group, and

(c) Device response of MEH-PPV-CN-PPV BHJ OPV, adapted from
(Marks, 1994).

Further studies revealed that the nanoscale morphology of the active layer plays
an essential role and many strategies have been explored for morphology optimization

(Goetzberger, 2003). Solvent selection (Duong, 2012), thermal annealing (Ma, 2005) or
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incorporation of various additives (Li, 2011) have led to improved active layer
morphologies and further improvements in photon conversion efficiency (PCEs) (Brady,
2011). Novel polymer blends such as poly(3-hexylthiphene) (P3HT) (Padinger, 2003),
with its high hole mobility or low-bandgap polymers such as poly[2,6-4,8-di(5-
ethylhexylthienyl)benzo[1,2-b;3,4-b]dithiophene-alt-5-dibutyloctyl-3,6-bis(5-
bromothiophen-2-yl) pyrrolo[3,4-c]pyrrole-1,4-dione] (PBDTT) whose absorption
extends up to A ~ 900 nm have also led to improvements. Currently, a PCE of over 9%
for single-junction OPVs has been achieved by Mitsubishi Chemical (Service, 2011) and
an NREL-certified PCE of 10.6% has been obtained for tandem cells by Li et. al. (Li,
2012). Despite impressive progress, further improvements are needed for this technology
to compete with Si-based solar energy.

The energy conversion efficiency of an OPV device is determined by the nature
of charge photo-generation and transport in the constituent organic materials. Photons
absorbed by molecules lead to current generation only if they are generated near donor—
acceptor interfaces such that dissociation occurs prior to dissipative recombination (Li,
2012). However, since the carrier mobility of electrons and holes is often small in photo-
active polymers (on the order of 10™ cm?/Vs, or less), it is common to use rather thin
films in order to compromise between optical absorption and carrier collection. In solar
cells using recently developed organic bulk heterojunctions, the active layer is in the
range of 100nm or less for efficient carrier extraction (Park, 2009). The use of such thin
layers means many photons remain unharvested and there are significant research
activities focused on developing better light trapping designs to enhance photon

absorption. From a ray-optics perspective, conventional light trapping employs total
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internal reflection by patterning the entrance interface and randomizing the light
propagation direction inside the active material. This leads to a longer interaction
distance between the photon and the material and hence an absorption enhancement
(Deckman, 1983). In thick crystalline Si solar cells, light trapping is typically achieved
with the use of patterned structures that have features on the scale of the wavelength of
light. The active layers in organic cells, however, have thicknesses that are far smaller
than the wavelength of light and hence the relative large-scale geometries used in
traditional light trapping designs are not suitable for thin-film cells (Atwater, 2010).
Hence, for OPV applications, it is of interest to develop light trapping techniques that rely
on structures that are compatible with the scale of OPV films, i.e. less than 100nm
(Qiaogiang, 2012). One light trapping method that is suitable for OPV applications and
has garnered attention recently involves the use of Au nanoparticles due to their strong
light scattering and absorption properties at optical frequencies, further detailed in
Section 2.1 .

Plasmonic light trapping for OPVs has been demonstrated by various groups. For
instance, by incorporating Au nanospheres (~ 45 nm) into the PEDOT:PSS buffer layer
of an P3HT:PCgBM OPV device, Morfa et. al. increased the PCE from 1.3% to 2.2%
(Morfa, 2008). Au nanoparticles (15 nm) introduced in the PEDOT:PSS layer of an OPV
device using poly(2-methoxy-5(20-ethylhexyloxy)-1,4-phenylenevinylene (MEH-PPV)
as the active layer led to an enhancement in PCE from 1.99% to 2.36% (Qiao, 2011). Wu
et. al. demonstrated that incorporating 45 nm Au nanoparticles into the anodic buffer
layer of a P3HT:PCBM OPV device improved the PCE to 4.24% from a value of 3.57%

for the device fabricated without Au nanoparticles (Wu, 2011). More recently, Au
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nanoparticles (72 nm) were deposited in the interconnecting layer of an inverted tandem
polymer solar cell consisting of a cell based on poly[(4,4’-bis(2-ethylhexyl)dithieno[3,2-
b:2’,3’-d]silole)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-4,7-diyl]:  [6,6]-phenyl-Ceo-butyric
acidmethyl ester (PSBTBT: PCeBM) cell, and resulted in a 20% increase in PCE from
5.22% to 6.24% (Yang, 2011). The results of these studies are summarized in Table 1.2.

Table 1.2 Summary of Plasmonic Light Trapping in OPV devices

Au Nanosphere Reference  Plasmonic Cell

Size OPV Polymer Cell PCE PCE Reference
45 nm P3HT:PCsBM 1.3% 2.2% (Morfa, 2008)
15 nm MEH-PPV 1.99% 2.36% (Qiao, 2011)
45 nm P3HT:PCBM 3.57% 4.24% (Wu, 2011)

PSBTBT:
72 nm PCooBM 5.22% 6.24% (Yang, 2011)

P3HT:PCgBM = poly(3-hexylthiphene): [6,6]-phenyl-C60-butyric acidmethyl ester
MEH-PPV = poly(2-methoxy-5(20-ethylhexyloxy)-1,4-phenylenevinylene
PSBTBT:PCgBM = poly[(4,4’-bis(2-ethylhexyl)dithieno[3,2-b:2°,3’-d]silole)-2,6-diyl-alt-(2,1,3-
benzothiadiazole)-4,7-diyl]:[6,6]-phenyl-C60-butyric acidmethyl ester
In all of these reports, nanoparticles are located relatively far from the active

organic layers and the absorption enhancement arises from light scattering from
nanoparticles rather than near-field enhanced LSPR modes. Embedding metallic
nanoparticles into the active layers of OPVs can make full use of the enhanced LSPR
near field (Qiaogiang, 2012).

Currently, there are only a few reports documenting incorporation of plasmonic
materials into OPV active layers. Szeremeta et. al. showed that Cu nanoparticles (20 nm)
embedded inside P3HT layers enhanced the dissociation of excitons without increasing

the P3HT optical absorption (Szeremeta, 2011). Wang et. al. demonstrated improved

PCEs in three different polymer systems resulting from incorporation of Au nanoparticles
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in the active layer but the observed external quantum efficiency (EQE) enhancements

were broadband, indicating that the enhancements were due to light scattering and not

due to the narrow band LSPR near field (Wang, 2011). Mei et. al. incorporated 20nm

dodecanethiol-functionalized Ag nanoparticles into the active layer of a P3HT:PCgBM

OPV device and found that while their addition into the active layer significantly

enhanced carrier mobility, it decreased the total extracted carrier density as shown in

Figure 1.16 (Mei, 2011).
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Figure 1.16 (a) Photo-charge extraction by linearly induced voltage
(PCELIV) current transients, collected at different values of tew. for a
P3HT:PCBM BHJ solar cell with and without Ag nanoparticles. The
inset shows the solar cell device efficiency and the charge-carrier
mobility for hybrid cells with different concentrations of Ag
nanoparticles. The mobility strongly increases with increasing
concentration of Ag nanoparticles. (b) Current voltage curves of
reference and plasmonic solar cells with various ratios of P3HT:Ag
nanoparticles, adapted from (Mei, 2011).

They hypothesized that carriers leave the organic phase and move to an

aggregated subnetwork of Ag nanoparticles. The decreased carrier extraction was
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attributed to the fact that Ag nanoparticles act as carrier traps, leading to significantly
enhanced recombination and thus lower overall net efficiency. In order to circumvent this
issue, coating noble metal nanoparticles with a thin insulating layer would render their
surfaces insulating yet still retain their attractive optical properties.

Several synthesis protocols have been reported to coat Au and Ag nanoparticles
with insulating shells. For example, Wang et.al. developed a procedure to coat Au
nanoparticles with ZrO, (Wang, 2011), while Klopfer et. al. used atomic layer deposited
Al,O3 to coat a monolayer of Au nanoparticles for SERS applications, and demonstrated
that the ultrathin coating keeps the nanoparticles from agglomerating, separates them
from direct contact with the probed material and allows the nanoparticles to conform to
different contours of substrates (Klopfer, 2011). A silica coating is very well suited for
the purpose of incorporating Au nanoparticles into the active layer of OPVs because
silica provides a colloidally stable and versatile surface that organic ligands like
octadecyltrimethoxyosilane (OTMS) can be attached to a silica surface through silane
chemistry (Pastoriza-Santos, 2006). Another important consideration in optimizing OPV
device performance is to take into account the absorption frequency range of the polymer
and design the light trapping nanoparticles to resonantly scatter light across the entire
OPV polymer absorption frequency range but especially near the polymer band edge.
This is because at the band edge, the polymer absorbs light very poorly and it is in this
region that the OPV device can benefit the most from the incorporation of light trapping
schemes. Shown in Figure 1.17 is a solar spectrum along with the maximum wavelengths

of absorption of 3 common polymer systems.
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Figure 1.17 Maximum attainable values of current density (red) for Si,

P3HT, PTB7 and PCPDTBT with an AM 1.5G photon flux (black). The

inset summarizes the band gap, maximum wavelength of absorption and

maximum attainable photocurrent density for these materials. Adapted

from (Chen, 2013)

Since noble metal nanospheres have fairly narrow extinction wavelength bands
centered at ~ 530 nm (Catchpole, 2008), they have limited utility for light trapping in
OPCs since most OPV systems absorb light fairly efficiently in this wavelength regime.
In Au nanorods, on the other hand, free electrons oscillate along both the long and short
axes of the rod, resulting in two resonance bands: a band at ~ 530 nm resulting from
electron oscillations along the short axis and a stronger band of wavelengths resulting
from electron oscillations along the long axis. The peak longitudinal resonance
wavelength of Au nanorods can be controlled between ~ 570 nm to ~ 930 nm by varying
the nanorod aspect ratio (AR) (Huang, 2007). Nanorods can thus be designed to
spectrally match the band edge of most OPV polymer systems, a spectral region where

OPV polymers have poor light absorption. Shown in Figure 1.18 (a) is a schematic of an

Au nanosphere and an Au nanorod of AR ~ 4 inside the active layer of an OPV material
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demonstrating light scattering of wavelengths resonant with the nanoparticle. In Figure
1.18 (b), the extinction spectra of Au nanospheres and Au nanorods of AR ~ 4 are shown

along with the EQE spectrum of PBDTT-DPP:PCgBM polymer.
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Figure 1.18 (a) Schematic illustration of light scattering by spectrally-tuned

gold/silica core/shell nanospheres and nanorods (b) EQE of an OPV

polymer and extinction spectra of Au nanospheres and nanorods of AR ~ 4

showing spectral overlap between OPV polymer and Au nanoparticles

Light

In this work, poly(3-hexylthiophene):[6,6]-phenyl-Cgo-butyric acid methyl ester
(P3HT:PCBgM) with a band edge of ~ 670 nm and poly[2,6-4,8-di(5-
ethylhexylthienyl)benzo[1,2-b;3,4-b]dithiophene-alt-5-dibutyloctyl-3,6-bis(5-
bromothiophen-2-yl)  pyrrolo[3,4-c]pyrrole-1,4-dione]:[6,6]-phenyl-Cgo-butyric  acid
methyl ester (PBDTT-DPP:PCgBM) with a band edge of ~ 830 nm were chosen for the
OPV device in order to demonstrate the versatility of Au/SiO, nanorods for spectrally

tuned plasmonic light trapping.
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1.4 Au/SiOy/Yb:Er:Y,03; Core/Shell Nanorods for Plasmonic Photothermal Therapy
Photo-thermal therapy (PTT) is a cancer treatment technique in which
hyperthermia (a tissue temperature of > 43°C for > 10 minutes) is induced in the diseased
tissue by irradiation with light (usually laser light). In PTT, a photosensitive material is
injected in the diseased tissue and subsequently exposed to laser light of frequency that is
resonant with the peak absorption frequency of the photosensitizer. The treatment relies
on creating a difference in thermal relaxation times of the target tissue compared to
healthy surrounding tissue (tissue without embedded sensitizer material). This quantity is
dependent on the excitation wavelength and is modulated by various factors: the optical
absorption, the thermal conductivity, the specific heat and the density of both the medium
and the photosensitizer (Dreaden, 2012). Exogenous dyes such as naphthalocyanines and
metal porphyrins have been commonly used as photosensitizers but they suffer photo-
bleaching under laser irradiation, which is a serious drawback (Dougherty, 1987). Au
nanoparticles have recently emerged as superior photo-sensitizers because they have high
light-to-heat conversion rates, and superb photo-stability. Plasmonic photothermal
therapy (PPTT) using Au nanoparticles was first demonstrated in vitro by Pitsillides et.
al. (Pitsillides, 2003). In their work, spherical Au nanoparticles were conjugated to 1gG
antibodies which targeted CD8 receptors on peripheral blood lymphocyte cells. Using
nanosecond pulsed visible laser exposure, 95% of cells containing as few as 500
nanoparticles cell were rendered non-functional (versus 5-8% in sham treatments) due to
membrane disruption. Breast carcinoma cells specifically labeled with polyethylene
glycol (PEG)-coated Au/SiO, core/shell nanospheres were efficiently destroyed by

continuous wave near infra-red (NIR) laser exposure (7 min, 35 W cm 2, 810nm laser
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frequency, 5 mm laser spot diameter). The SiO, core, PEGylated Au shell nanostructures
were later injected into the tumor interstitium of mice bearing sarcoma xenografts. Using
magnetic resonance imaging (MRI), NIR laser exposure was directed at the tumor site (4
W cm %, 5 mm spot diameter, <6 min) and based on the temperature-dependent MRI
frequency shift of protons in the tissues, intra-tumoral temperature changes were three
dimensionally mapped in real time and showed an average temperature increase of 37.4 +
6.6 °C in Au nanoshell-based PPTT. NIR PPTT using systemically administered SiO,/Au
nanoshells was later demonstrated using a colon cancer model. PEGylated Au nanoshells
were intravenously injected in carcinoma-bearing nude mice and their tumors were
exposed to NIR laser radiation after 6 h accumulation (4 W/cm?, 3 min, 5.5 mm spot dia).
Tumors in SiO,/Au nanoshell- treated mice were completely ablated after a single PPTT
treatment and the animals appeared healthy and tumor free >90 days post treatment. In
contrast, tumors in control and sham-treated animal groups continued to grow, with
nearly 50% mortality at day 10 (Huang, 2011).

Compared with Au nanospheres and SiO,/Au nanoshells, Au nanorods have an
advantage in that their peak absorption wavelength can be designed to fall within the
range of wavelengths where tissue absorbs poorly and light has its maximum depth of
penetration in tissue (Huang, 2007). Unfortunately, the critical micelle concentration of
the surfactant used to prepare Au nanorods, CTAB, is much higher (~ 1 mM) than the
reported threshold for cytotoxicity (~ 0.2 uM), raising issues of maintaining stable
nanorod dispersions without causing collateral injury to healthy cells or tissues (Cortesi,
1996; Huff, 2007).  Furthermore, the introduction of improperly passivated Au

nanorods into the body results in their rapid clearance by the reticuloendothelial system
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(Tong, 2009). The complete removal of CTAB, followed by a robust method of surface
modification is required to produce stable Au nanorod suspensions with long circulation
lifetimes and specific targeting to diseased cells. At least three methods have been
reported to reduce the amount of CTAB to below cytotoxic levels without severely
compromising dispersion stability:

One involves simple surfactant exchange: CTAB can be partitioned into
chloroform and gradually exchanged with phosphatidylcholine (PC), resulting in
markedly lower cytotoxicity toward HeLa cells (Tong, 2009).

Another approach involves the displacement of CTAB by sterically stabilizing
surfactants, particularly nonionic polymers such as PEG chains terminating in
chemisorptive groups such as thiols or dithiocarbamates (DTC) (Niidome, 2006; Huang,
2007). Several polyelectrolytes have been examined for their effects on cell uptake and
toxicity (Hauck, 2008). For detoxification of Au nanorods on a larger scale, it has been
shown that polystyrenesulfonate (PSS) can serve as a mild detergent and enable the
removal of CTAB by ultrafiltration and surfactant exchange, to the extent that no
significant toxicity is observed at NR concentrations as high as 85 pg/ml (Tong, 2009).

A third approach involves replacing the CTAB with an SiO; shell. This approach
reduces Au nanorod colloidal solution cytotoxicity, while simultaneously imparting
thermal stability under laser illumination (Chen, 2010). This is particularly important for
imaging and therapeutic modes that involve laser irradiation at high intensity or over
extended periods, such as photoacoustic tomography, photothermal therapy, multiphoton
microscopy, and optically modulated drug release (Dickerson, 2012). When irradiated

with high-intensity femtosecond or nanosecond lasers matching their plasmon resonance
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bands, Au nanorods not only melt and change shape to spherical nanoparticles, but also
fragment over certain energy thresholds (Link, 1999). This poor photothermal stability is
undesirable because the reshaped Au nanorods have significantly reduced absorbance.
Chen et. al. were the first to show that replacing the CTAB coating layer with a silica
shell provided the Au nanorods with the mechanical stability necessary to preclude
deformation while minimizing photon absorption and scattering within itself (Chen,
2010). When subjected to exposures of 21.2mJ/cm?, their TEM studies revealed that a
significant fraction of the bare Au nanorods had deformed into rounder, lower aspect
ratio entities, while Au/SiO; core/shell nanorods did not exhibit such behavior at these
levels of irradiation, maintaining their original morphology and absorption spectra as

shown in Figure 1.19.
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Figure 1.19 (a) An illustration and corresponding TEM images of the
effect of laser irradiation on Au nanorods (top) and Au/silica core/shell
nanorods (bottom) Adapted from (Hu 2011) (b) TEM images bare Au
nanorods and Au/SiO, core/shell nanorods along with optical absorption
spectra for bare Au nanorods and Au/SiO; core/shell nanorods before and
after exposure with 21.20 mJem? of 785 nm laser irradiation (Chen,
2010).
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While significant challenges remain, several groups have demonstrated in-vivo
tumor therapy using Au nanorods, shown in Table 1.3. Recently, nanoparticles that
combine plasmonic properties with other functionalities such as magnetism or
fluorescence have been realized and have demonstrated some novel features and
advantageous properties compared to single function nanoparticles (Timothy 2007;
Sortino, 2012). For example, hybrid plasmonic/magnetic nanomaterials can be guided to
the diseased tissue by an externally applied magnetic field and once in place, optically
activated (Sotiriou, 2011), while plasmonic/fluorescent hybrid nanomaterials have
potential application for simultaneous diagnosis and therapy (Nabika, 2003; Lakowicz,
2005; Matsuura, 2005; Song, 2005; Liu, 2006; Mertens, 2006; Schneider, 2006; Rai,
2008; Wu, 2011). For example, Jin et. al. synthesized Au/quantum dot(QD) hybrid
nanorods and observed plasmon-enhanced luminescence from the QD emitters as a
function of distance between the Au and the QD (Jin 2009). A factor impeding the
biomedical application of quantum dots is the fact that they contain toxic elements (e.qg.,
cadmium, selenium, and lead) and the light emission is not temporally continuous
(termed blinking) (Sharma 2006). Using high-energy excitation photons always has
serious drawbacks: significant autofluorescence from biological samples resulting in low
signal-to-background ratio and considerable absorption and scattering effects for visible
light, inducing short penetration depth in biological tissues. Near-infrared (NIR) light on
the other hand allows deeper penetration depth for in vivo bioimaging and can efficiently

suppress autofluorescence and light scattering.
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Table 1.3 Summary of Au nanorod-based photo-thermal therapy results

Nanorod Nanorod
Animal diameter Resonant
model: (d) & Wavelength Laser
cancer length(l) (nm) power
type (nm) (W cm™?) PhotoTherapy Results
Mice: d =10£2 750 4.15 20% of the injected dose
SCC | = 3515 accumulated in the tumor. Complete
resorption of the tumor was
achieved (Choi, 2011).
Mice: d=13+2 810 1.7 Resorption of >57% of tumors
squamo | =50%5 treated with direct injection of
us cell nanoparticles to the tumor site
tumor versus 25% of the intravenously-
treated tumors (Dickerson, 2008)
Mice: d=11+43 800 2 Circulation time = 17 hour. 7% of
MDA- | =4745 the injected dose in the tumor site.
MB-435 Temperature at the tumor tissue
human reached 70 °C. Single intravenous.
tumors injection of Au nanorods coupled

with laser irradiation eliminated all
the induced tumor in mice (von
Maltzahn, 2009)

Upconverting (UC) nanoparticles have recently shown promise as imaging probes
due to their ability to convert low-energy near-infrared (NIR) radiation into higher-
energy visible luminescence (Heer, 2004). Unlike Stokes-shifted luminescence from
organic fluorophores (Weiss, 1999), or semiconductor quantum dots (Alivisatos, 2005),
this anti-Stokes luminescence circumvents competition from auto-fluorescent background
signals in biological systems. The NIR-to-visible upconversion is based on sequential
energy transfers between lanthanide dopants or excited-state absorption involving their
real metastable-excited states with lifetimes as long as several milliseconds, a process
orders of magnitude more efficient than the 2-photon absorption process typically used in

multiphoton microscopy (Auzel, 2003). This permits the use of a continuous wave (CW)
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laser to generate the upconverted luminescence, resulting in virtually zero 2-photon
photoluminescence background from biomolecules, since powerful pulsed-laser
excitation is generally required for generating measurable multiphoton absorption. The
use of NIR excitation also minimizes the possible photo-damage in biological systems
and permits deeper tissue penetration in whole-animal imaging. Figure 1.20 (a) shows a
schematic illustration of a UC process involving Yb*" and Er®". In the upconversion
process, 980nm light is absorbed by the Yb®" ion and the energy is transferred to the Er®*
ion. Upon relaxation from the higher energy manifolds, visible light emission occurs.

Figure 1.20 (b) shows an example of the use of Yb:Er:NaYF, nanoparticles for live cell

bioimaging.
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Figure 1.20 (a) Energy scheme with the relevant processes of energy
transfer UC in Yb*'/Er*" codoped materials: energy transfers, radiative,
multiphonon processes, and cross-relaxation are depicted in dashed, full,
dotted, and curly lines, respectively. The high efficiency in the upconverter
is achieved by the absorption of the photons by the Yb** ions followed by
the transfer of the excitation to the Er**(Schietinger 2009) (b) Live-cell
imaging of Yb:Er:NaYF, in NIH 3T3 murine fibroblasts. (i) Brightfield
image of a cell with endocytosed Yb:Er:NaYF,, (ii) upconverted
luminescence following 980-nm excitation, and (iii) overlay of (i) and (ii).
(iv) Brightfield image of a cell without Yb:Er:NaYF,, (v) upconverted
luminescence following 980-nm excitation, and (vi) cellular
autofluorescence following 532-nm excitation. All images are shown on
the same intensity scale (Scale bar, 10 um), adapted from (Wu, 2009)
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Photoluminescent (PL) probes for deep tissue in vivo imaging should have PL
emission in the spectral range favorable for penetration of light through thick tissues due
to minimal light scattering and tissue autofluorescence (Chen, 2012). The 800 nm energy
transition of Tm* (*H, — °Hg) is especially well suited for biological applications
because it falls in a wavelength region where tissue absorbs light poorly. Figure 1.21(a)
shows a schematic illustration of a UC process involving Yb** and Tm*, while Figure

1.21(b) shows an example of bioimaging using energy transitions of Tm** (Zhou, 2011).
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Figure 1.21 (a) An illustration of energy transitions involved in
upconversion using Yb®" as a sensitizer and Tm®" as the emitter (Zhang,
2010). (b) In-vitro bioimaging of photosensitizer: colloidal NCs in HelLa
cells. HeLa cells were incubated with (at 37 °C (i) or at 4 °C (ii)) and
without (ii) Yb:Tm:NaYF,; NCs. All the concentration of photo-sensitizer
colloidal NCs was 10 pgmL * and the incubation time was 3 h. The four
panels from left to right in each line (a—c) are the false-colored fluorescent
images of Hoechst 33258, wisible (400—-700nm) and NIR
(720 — 880 nm) UC emission of Yb:Tm:NaYF; NCs, and the merged
images, respectively, adapted from (Zhou, 2011).

However, as nonlinear optical materials, UC nanocrystals usually need high

excitation power densities, which might damage biological tissues in applications (Liu,
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2011). Therefore, the desired UC nanocrystals for such applications should be of low
pumping threshold in power density and show high efficiency for UC emissions. The
higher local field intensity caused by the plasmon resonance positively influences the UC
efficiency because of the non-linear nature of upconversion (Paudel, 2011; Fischer,
2012). Klopfer et. al. enhanced UC emissions of Yb:Er:NaYF, nanocrystals by factors of
about 2.3 and 3.7 for green and red UC emissions of Er** ions, respectively by combining
them with Ag nanoparticles (Klopfer, 2011). Schietinger et. al. demonstrated plasmon-
enhanced UC emissions in single Yb:Er:NaYF, co-doped nanocrystals and their overall
emission intensity was increased by a factor of 3.8 (Schietinger, 2009). Zhang et. al.
synthesized silver/silica/erbium-doped yttria core/shell nanospheres (Zhang, 2010). They
demonstrated that plasmonic enhancement of two prominent emission bands of Er** ions
centered at 535nm (*Sz — *lis2) and 645nm (“Fo, — *l1512) Was a function of distance
between the fluorescent (Er*") and the plasmonic (Ag) component of the hybrid

nanosphere as shown in Figure 1.22.
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Figure 1.22 Upconversion spectra of Ag-core/SiO,-spacer/20 nm-Y,03 (a)
Ag-50nm/SiO2-30nm/Er:Y,05; (b) No Ag, Er:Y,03 (c) Ag-50nm/SiO,-
70nm/Er:Y,03 (d) Ag-130nm/Er:Y,03 (e) Ag-50nm/Er:Y,03 and (f) Ag-
20nm/Er:Y,03 (c) Enhancement factors (EF) (d)eraged between 550 and
650 nm for the uiree Ag sizes, and (black trace) normalized integrated
green to red intensity ratio (Band Ratio) for Ag-50nm/SiO,-30nm/Y,03:Er
as a function of the SiO, spacer thickness. (c) Band ratio versus EF at 550
nm for the three Ag cores/spacers with an EF less than or equal to the
maximum. (d) Prostate cancer cell imaging after overnight incubation with
particles and cell viability graph as inset, adapted from (Zhang, 2010).

The plasmonic and fluorescent components of the Ag/SiO,/Yb:Er:Y,03; however
were not spectrally matched as shown in Figure 1.23, thus energy transfer between the

two components was not optimal.
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Figure 1.23 UV-vis-NIR absorption spectra of (a) Er:Y203 hollow
nanospheres; (b) Ag-50nm/Er:Y203 hollow nanospheres; (c) Ag-
50nm/SiO2-30nm/Er:Y203 hollow nanosphere; (d) Ag-50nm/SiOz2-
70nm/Er:Y203 nanospheres; (e) Ag-50nm/SiO2 nanospheres and (f) 50

nm Ag nanoparticles, adapted from (Zhang, 2010).

Additionally, the SiO, spacer layer thicknesses were great than 50 nm, meaning
that the electromagnetic near field intensity experienced by the rare earth ion emitters
was significantly decayed compared to the plasmonically enhanced near field at the Au
nanoparticle surface. Priyam et. al. reported Au nanoshell encapsulation of silica-coated
Yb:Er:NaYF, upconversion nanoparticles in which they tuned the LSPR peaks in a wide
wavelength range by controlling the gold shell thickness, as show in
Figure 1.24, but the plasmon spectral width of the gold shell is broader than the emission

line widths of the rare earth ions and hence energy transfer between the two components

is not optimal.

51



(@) (b)
580 650 820 900
980

Absorbance (a.u.)
Intensity (a.u.)

400 500 600 700 800 900 1000 1100
Wavelength (nm)

20004 — Without Au

:

g

0 S - =3
400 450 500 550 600 650
Wavelength (nm)

Figure 1.24 (a) Absorption spectra of Au-shell encapsulated silica coated
Yb:Er:NaYF,; (b) Fluorescence spectra of silica coated Yb:Er:NaYF,
before and after encapsulation with Au nanoshells with different thickness

and SPR peaks. For all the fluorescence

measurements, the concentration

was fixed at 20 uM NaYF, nanocrystals and the laser excitation density

was 35 mWem 2. Adapted from (Priyam,

2012).
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AU/SiO/Yb:Er:Y,03; and Au/SiO,/Yb:Tm:Y,03 core/shell nanorods in which the

Au nanorod extinction peak is spectrally matched to the emission peaks of Er** and Tm®*

and the ions are placed in the nanorod near field region have not been demonstrated. This

nanostructure optimizes the energy transfer between the plasmonic and the fluorescent

component because the plasmonic mode of an Au nanorod has a narrower linewidth than

SiO,/Au core/shell nanospheres and can be tuned more precisely to the emission

wavelengths of rare earth ion emitters. A schematic illustration of the proposed

AU/SIO,/Yb:ErY,03 and Au/SiOy/Yb:Tm:Y,03 core/shell nanorods is shown in Figure

1.25 (a). The normalized extinction and emission spectra of the plasmonic/fluorescent

core/shell nanorods along with the normalized absorption spectra of blood, fat and water

(principle optically absorbing components of tissue) are shown in Figure 1.25(b).
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Figure 1.25 (a) A schematic illustration of light absorption, heat
dissipation and rare earth light emission by spectrally tuned
plasmonic/fluorescent gold/silica/rare earth doped yttria core/shell
nanorods for cancer photothermal therapy and bioimaging (b) Normalized
absorption spectra of blood, fat and water along with experimentally
measured emission spectra of “Fon — *lisp energy transition of Ert
(655nm)

In order to spectrally match the 655nm Er®* energy transition (*Fgr2 — *l155), Au
nanorods of aspect ratio ~ 2.5 are needed, while in order to match the 800nm Tm?3*
energy transition (*H; — ®Hsg), Au nanorods of aspect ratio ~ 4 are needed. In order to
maximize the energy transfer between the plasmonic and fluorescent components of the
hybrid core/shell nanoparticle, the silica spacer layer should be thin and between 0.5nm
and 2nm. The Yb**, Er*" and Tm** ion compositions that result in the highest emission
intensities depend on the host material. Jing et. al determined that the optimal
concentration of Tm* is about 1at% for a Yb* concentration of 10at% for the blue
upconverted emission using 980nm excitation in Yb:Tm:NaY(WO,), (Jing, 2006).
Tikhomirov et. al. found that the most intense green emission band at 545 nm was
observed for a 3:1 Yb:Er ratio in oxyfluoride glasses
((Si102)9(AlO1 5)32(CdF2)22(PbF2)4.0(ZNnF2):X(ErF3):z(YbF3)) where x and z were varied in

the study to determine the optimum ratio. In their study, they found that when the total
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content of Er** and Yb®" dopants increased up to 10 and more mol%, the intensity of up-
conversion luminescence bands decreased substantially. They attributed this to energy
migration amongst Yb®" ions with eventual transfer to luminescence traps (Tikhomirov,
2012). Melkumov et. al. found that the optimal Yb®" concentration for lasing from
phosphosilicate glasses was between 6-8wt% and the optimal Er** concentration was
between 0.1-0.4wt% (Melkumov, 2010). Hirai et. al. synthesized Yb:Er:Y,0;
nanoparticles and found that the 662nm emission peak reached a maximum intensity for
an 8:1 Yb:Er ratio (Hirai, 2002).

When the LSPR frequency of the Au nanorod is tuned to a specific energy
transition, it can increase its transition probability by providing a higher local density of
photonic states and hence lead to higher emission rates or preferential emission from a
specified frequency (Noginova, 2009). Additionally, through energy transfer from the
fluorescent ion to the plasmonic component, hybrid plasmonic/fluorescent nanorods may
be able to achieve higher heating rates compared to plasmonic nanorods.

This thesis focuses on the design, simulation, synthesis and characterization of
spectrally tailored plasmonic core/shell nanorods as light trapping agents in organic

photo-voltaics and for photo-thermal tumor therapy.
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Figure 1.26 (a) A schematic illustration of light scattering by active layer
incorporated, spectrally tuned Au/SiO, core/shell nanorods for OPV light
trapping (b) A schematic illustration of light absorption, heat dissipation
and rare earth ion light emission by spectrally tuned
AU/SIO,/Yb:Er:-Tm:Y,03 core/shell nanorods for photo-thermal tumor
therapy.
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CHAPTER 2 SIMULATION, SYNTHESIS, CHARACTERIZATION

Theoretical simulations were combined with experiments in order to realize
AU/SIO, and AU/SIO,/Yb:Er:Y,03 core/shell nanospheres and nanorods with optical
properties tailored for two technological applications: solar cells and cancer therapy.

For solar cell applications, organosilane-functionalized Au/SiO, core/shell
nanorods with spectrally light scattering properties were incorporated in the active layers
of two OPV polymers: P3HT:PC¢BM and PBDTT-DPP:PCgBM. In order to make the
most effective use of light-trapping, the peak LSPR extinction wavelength of the Au/SiO,
nanorods embedded in the active layers was tailored to match wavelength regions in
which the OPV device has low photon conversion efficiency (PCE), for example, near
the band edge.

For the tumor  therapy  application,  Au/SiO,/Yb:Er:Y,O3; and
AU/SiO,/Yb:Tm:Y,03 plasmonic/fluorescent core/shell nanorod-based photosensitizer in
which the Au nanorod LSPR frequency was matched to the *Forn — *ly5, emission line of
Er®* (~ 660nm) and the *Hs — °Hg emission line of Tm** (~ 800 nm) were synthesized,
characterized and applied to both in-vivo and in-vitro cancer therapy. In order to
maximize tissue penetration, photo-thermal sensitizers are designed to absorb and emit
light in spectral regions where tissue absorbs light poorly, i.e. within the biologically
transparent window. The hybrid plasmonic/fluorescent core/shell nanorod-based
photosensitizers proposed in this work have an additional requirement that the extinction
frequency of the plasmonic component (the Au nanorod) is resonant with the emission

frequency of the fluorescent component (Er** and Tm*").
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2.1 Simulation to Tailor Optical Properties of Au Nanorods
The response of a material to an electric field is expressed in a succinct format by

Maxwell’s equation:

VXH=];+0E + iweE (2.1)

where

¢ : conductivity (™)

m

. electric field (V/m)

¢ . dielectric permittivity (F/m)

E : electric field (V/m)

Ji : external current density (A/m°)

V x H : gradient of magnetic field (A/m°)
The conductivity is a measure of the response of the free charge to an electric field while
the dielectric permittivity is a measure of the response of the bound charge or polarization
of the material due to: (a) molecules arranged in such a way as to exhibit an imbalance of
charge, (b) ions with inherently oppositely charged parts, and (c) field-induced electron
cloud position shift relative to the nucleus. The dielectric permittivity also depends on
frequency, due to the fact that a material's polarization does not respond instantaneously
to an applied field. The response is causal (arising after the applied field) and can
therefore be represented by a phase difference. In the complex domain:

e(w) = &'(w) + ie"(w) (2.2)
where:

¢’ : real part of the permittivity (F/m)

¢’ : imaginary part of the permittivity (F/m)
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Dielectric dispersion, the dependence of the permittivity of a dielectric material
on the frequency of an applied electric field, occurs because there is always a lag between
changes in polarization and changes in an electric field. Dipolar polarization cannot
follow the electric field at microwave frequencies (around 1010 Hz); in the infrared or
far-infrared region (around 1013 Hz); ionic polarization and molecular distortion
polarization lose the response to the electric field; and electronic polarization loses its
response in the ultraviolet region (around 1015 Hz). In the frequency region above
ultraviolet, permittivity approaches the permittivity of the free space. Figure 2.1 shows a
schematic diagram of the real and imaginary components of dielectric permittivity as a
function of frequency as well as the frequency regimes of dipolar, ionic, atomic and

electronic material polarization.
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Figure 2.1 Dielectric permittivity as a function of frequency. &' and &”
denote the real and the imaginary part of the permittivity, respectively.
Adapted from (Johnson, 1972).
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Equation (2.1) can be rewritten in terms of the real and imaginary components of
the dielectric permittivity as:

! 2.
” i) @9

gl

VXH=]i+iwe’<1—i

The term o/(we') describes loss due to collisions of electrons with other electrons and
atoms, while /& describes how much energy supplied by an external electric field is
dissipated. Dielectrics are associated with lossless or low-loss materials and o/(we’) << 1.
A perfect dielectric is a material that has no conductivity, thus exhibiting only a
displacement current. If o/(we’) >> 1, the material is a good conductor. An electric field
cannot exist inside a good conductor such as a metal, because the electrons compensate
the field. At optical frequencies, light is reflected (giving metals their shiny appearance)
only up to certain frequency (the metal plasma frequency). Above the metal plasma
frequency, the external field oscillates too fast for the electrons to follow and metals lose
their reflectivity.

This frequency-dependent reflectivity of metals can be modeled with the Drude
free electron model. The Drude model is classical in its approach that considers the
material to be a ‘gas’ of free electrons interspersed among some arrangement of relatively
heavy positive ions. The combination of these positive ionic cores and the ‘gas’ of
electrons is neutral overall and is called a plasma while the collective oscillations of these
free electrons under the influence of an external electric field are called plasmons. These

free electrons may be treated as classical particles according to:

d
m——+b—+kx =qE (2.4)
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X : electron displacement (m)
m: mass of electron (9.109-10'kg)
b : radiation damping (due to inelastic collisions) (Ns)
k : restoring force (N)
E : electric field felt by oscillator (V/m)
If the motion of the perturbed electrons in response to the electromagnetic field is

periodic in time, the solution to equation (2.4) is:

(4)E (25)

m
w3 — w? —iyw

X =

where w,= k/m and y = b/m. The electric polarization P (dipole moment per unit volume)
is the product of the displacement of the electrons times the charge and can be expressed
in terms the dielectric permittivity:

wpEoE (2.6)

P =Np = Ngx =
p > w3 — w? —iyw

Hence the real and imaginary components of the dielectric permittivity can be written as:

2

w;
N = 2.7
gl@=1 w? + iwy @.7)
wp
" = ° 2.8
£'(@) w(w? +vy2?) (28)
where:

wyp : metal plasma frequency (/Ng?/me,).
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Figure 2.2(a) shows reflectance spectra of silver and gold, Figure 2.2 (b) shows the real
and imaginary dielectric permittivities of the two metals obtained by ellipsometry from a

100 nm thin film, while Figure 2.3 shows the Drude model for silver and measured data.
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Figure 2.2 (a) Real (¢’) and imaginary (¢”) dielectric permittivity functions of
Au and Ag. (b) Reflectivity of Au and Ag as a function of frequency.
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Figure 2.3 Experimentally obtained values (symbols) of real & and
imaginary €” dielectric permittivity from a 100nm thin Au film and the
Drude model (lines).
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In the same way as the energy of electron waves becomes quantized by
confinement in a nanostructure, plasmons are affected by the boundary conditions in a
thin film or a nanoparticle. Their resonance energy and color depend strongly on their
size, analogous to the color change induced in semiconductor quantum dotsby
confinement of electrons. In both cases, smaller particles have higher resonance
frequency. Using a simple dipole model, it is possible to analytically calculate the light
absorption and scattering of Au nanoparticles with simple geometries such as spheres and

rods. For a subwavelength particle in an electrostatic field:

E1 = _Vd)l; EZ = _Vd)z (29)

(2.10)
V20, = 0; V2@, =0

where:
&, : potential inside nanoparticle (V)
&, : potential outside nanoparticle (V)
E;. : electric field inside nanoparticle (\V/m)

E, : electric field outside nanoparticle (\V/m)

At the interface between the nanoparticle and the medium, the potentials must satisfy:
O, =P, (2.11)

do,  do,

&1 W =& W (212)

For a sub-wavelength size sphere, equations (2.9) and (2.10) with boundary conditions

(2.11) and (2.12) are satisfied by:

62



3em
& +2&,

®, = E,rcos6@ (2.13)

&—&y cosO

&, = —E,rcosf + a’E, (2.14)

€1+ 2em 12
where:
a : nanosphere radius (a<<A) (m)
1 . dielectric permittivity of noble metal nanosphere (F/m)
em . dielectric permittivity of medium (F/m)
r : radial distance from dipole (m)
From equation (2.14), it follows that the field outside the sphere is the superposition of
the applied field and the field of an ideal dipole with moment, p:

E1—&m

=A4me, r3 ——
p ™o+ 2g, °

(2.15)

Thus the applied field induces a dipole moment proportional to the field. The ease with

which the sphere is polarized is specified by the polarizability o

&1~ &

a = 4nrd ———
& + 2¢,

(2.16)

Changing the shape of the particle modifies the coupling strength between the
electron and the ionic core of the particle and alters the plasmon resonance energies. For
non-spherical particles, multiple resonances appear under unpolarized light, due to the
difference in the size of allowed surface modes in different directions. Ellipsoidal
particles are the simplest example of this type of polarization-dependent scatterer. The
polarizability of an ellipsoid is obtained in a similar fashion. In the case of a prolate (rod

or cigar shaped) ellipsoid, the potential outside the particle is:
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abce; — gy,

Eocos0 "3 g,
D, = = ; (e —2.) (r>a) (2.17)
L —
m

where a : ellipsoid transverse radius (a<<i) (m)
b : ellipsoid longitudinal radius (b<<i) (m)
¢ : ellipsoid length (c<<i) (m)
L3 : geometric parameter (au)

The dipole moment is:

&1~ &m

= —4 E
p mE abc 36 T 3Ly (em —2,) 0 (2.18)
and the polarizability is:
&g — €
a = —4mabc Lo (2.19)

3eo +3L3(em — &)

A metal particle attenuates a beam of light in which it is placed, partly by
absorption, and partly by scattering. For a spherical nanoparticle that is much smaller
than the wavelength of the incident light, its response to the oscillating electric field can
be described by the so-called dipole approximation of Mie theory. In this approximation
the wavelength-dependent extinction cross section of a single particle, Cex(4), Which
defines the energy losses in the direction of propagation of the incident light due to both
scattering and absorption by the particle, is described in terms of the polarizability. The
efficiencies of absorption and scattering are characterized by their respective cross-
sections, Cscat and Caps. In the limit of particles with size comparable to the wavelength,

the cross-sections are given by the expressions:
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k* 8m3 Em—Eo \2
C. = 2 _ 6( m—Eo ) 2.20
seat = e lal® = 22 m e e, (220)
Caps =k Im (a) (2.21)

The scattering cross-section of a particle of radius r is much smaller than the
wavelength of the light and varies as r°, while its absorption cross-section varies as r*.
Therefore, for very small particles, absorption is more important than scattering, while
scattering becomes more important than absorption when the circumference of the
particle is comparable to the wavelength of light. Calculated scattering and absorption

cross sections for Au nanospheres of different sizes are shown in Figure 2.4.
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Figure 2.4 Calculated absorption and scattering cross-sections of gold
nanospheres in water as a function of diameter (El-Sayed, 2001).
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Besides the greatly enhanced light scattering and absorption, the induced
collective electron oscillations associated with the surface plasmon resonance also give
rise to local electric fields near the nanoparticle surface. The induced electric field
originating from the charge separation in the nanoparticle during the plasmon resonance
oscillations is very large at very small distances from the surface. For silver
nanoparticles, the value of the induced field can be tens of times larger than the incident
electric field value but quickly drops to smaller values as the distance from the surface
increases (Campbell, 2012). The electromagnetic field intensities in the vicinity of
plasmonic nanoparticles can be calculated using a finite difference time domain (FDTD)
method. The FDTD algorithm employs second-order central differences in which space

and time are discretized so that the electric and magnetic fields are staggered (Figure 2.5).
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Figure 2.5 The arrangement of electric and magnetic field nodes in space
and time. The electric field nodes are shown as circles and the magnetic
field nodes are shown as triangles. The indicated point is expanded to
obtain an update equation for Hy
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Finite differences are utilized as approximations to both the spatial and temporal
derivatives that appear in Maxwell’s equations, specifically Faraday’s and Ampere’s law.
For example, considering a one-dimensional space where there are only variations in the

x-direction, for an electric field with only a z component, Faraday’s law can be written:

ay a4y, a, (2.22)
dH—VxE— 0 L
Kae = Tl 0 0T %%k
0 0 E,

Thus Hy must be the only non-zero component of the magnetic field which is time
varying (the magnetic field may have non-zero components in the x and z directions but

they must be static). Knowing this, Ampere’s law can be written:

a, a4, a (2.23)
dE_VxH_ 0 _ 0H,
gdt == = a 0 0 =da, x

0 H, 0

The two scalar equations obtained from (2.22) and (2.23) are:

oH, 0E, (2.24)
ot~ ox

0E, OH, (2.25)
ot T ox

Equation (2.22) describes the temporal derivative of the magnetic field in terms of the
spatial derivative of the electric field while equation (2.23) describes the temporal
derivative of the electric field in terms of the spatial derivative of the magnetic field.
After replacing the derivatives in (2.24) and (2.25) with finite differences, the first
equation is used to advance the magnetic field in time while the second is used to

advance the electric field. The resulting difference equations are solved to obtain update
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equations that express the (unknown) future fields in terms of previously computed
fields.

In this work, simulations using a commercial FDTD code (Lumerical) were used
to optimize the far field (extinction peak) and near field (local field enhancement)
characteristics of Au/SiO, core/shell nanorod geometry for the targeted application.

For light trapping applications, simulations were used to determine the optimal
AU/SiO, geometries that produce peak extinction wavelengths to match P3HT and
PBDTT:DPP polymer band edges and also had strong light scattering at that frequency.
For cancer therapy applications, simulations were wused to determine the
AU/SIO,/RE:Y,03 core/shell nanorod geometries that produce peak extinction
wavelengths that match the *Fg;, — *l15/2 energy transition of Er®** (~ 655 nm) and the *H,
— 3Hg energy transition of Tm** (~ 800 nm) and also have strong absorption at the
frequencies of interest.

Figure 2.6 (a) shows simulated absorption and scattering cross section spectra for
AU/SIiO; core/shell ellipsoids of varying aspect ratios. The transverse diameter of the Au
ellipsoid was the same in each simulation (10 nm), while the longitudinal diameter was
varied from 20 nm to 40 nm yielding ellipsoids of aspect ratios from 2 to 4 with
resonance wavelengths from 650nm to 800nm. The SiO; shell was 5 nm thick in each
simulation. Figure 2.6(b) and (c) show the results of absorption and scattering simulations
of Au/SiO, core/shell ellipsoids that all have the same aspect ratio (2.5) but different
geometries (ellipsoid transverse diameters ranged from 10 nm to 20 nm, in accordance
with experimentally obtainable geometries). Figure 2.6 (d) shows simulated absorption

cross sections of Au/SiO, core/shell nanorods of 12 nm diameter, 30 nm length, 10 nm
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thick SiO; shell (12 x 30, 10 nm), Au/SiO, core/shell nanorods of 10 nm diameter, 40 nm

length with a 5 nm thick SiO, shell (10 x 25, 5 nm ) and experimental emission cross

section spectra of the *Fg, — 1152 energy transition of Er** (~ 655 nm) and the °H, —

®He energy transition of Tm** (~ 805 nm) (Watekar, 2008; Wang 2011).
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Figure 2.6 (a) Simulated absorption and scattering cross sections of Au/SiO,
ellipsoids of different aspect ratios (transverse ellipsoid diameter is each
spectrum is 10nm). Simulated (b) absorption and (c) scattering cross
sections of Au/SiO; ellipsoids of aspect ratio 2.5 but with different
(transverse ellipsoid diameter is shown next to absorption cross section) (d)
Absorption sections of Au/SiO, core/shell nanorods (aspect ratios 2.5 and 4,
SiO, shell thickness 10 nm) along with emission cross sections of the *Fqp
— 115, energy transition of an Er** ion (peak at 655nm) and the *Hs — *He
energy transition of a Tm** ion (peak at 805nm)
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Simulations indicate that the most important consideration in the design of
AU/SiO, and Au/SiO./RE:Y,03 core/shell nanorods is the aspect ratio (AR) since it
dictates the peak plasmon resonance.

For tumor therapy and bioimaging applications, in order to match the peak
extinction wavelength of the Au nanorod to the peak emission wavelength of “Fg, —
*l15/2 energy transition of Er** (~ 655 nm) nanorods of AR=2.5 are needed, while in order
to match the peak extinction wavelength to the peak emission wavelength of *H, — Hg
energy transition of Tm®" (~ 800 nm), Au nanorods of aspect ratio 4 are needed.

For light trapping applications, ideal Au/SiO; core/shell nanorods should have
light scattering peaks resonant at OPV band edges and be incorporated into the OPV
polymer active layer. For the P3HT:PCgBM polymer with a band edge of ~ 670 nm, the
addition of the core/shell nanorods with an aspect ratio (AR) ~ 2.5 should result in an
improvement in photon conversion efficiency (PCE), while for the PBDTT-DPP:PCgBM
polymer with a band edge of ~ 830 nm, the addition of core/shell nanorods of AR ~ 4
should result in an improvement in PCE.

While the nanorod aspect ratio determines the peak wavelength, the Au nanorod
size determines the absorption and scattering cross sections. In general, larger Au
nanorods have higher absorption and scattering cross sections than smaller ones.
According to simulation results, an Au nanorod with a 20 nm diameter and 50 nm length
has absorption and scattering cross sections that are approximately an order of magnitude
higher than those of an Au nanorod with a 10 nm diameter and 25 nm length (Figure 2.6
(c)). For light trapping applications, high light scattering cross sections are desirable but

the disruption of OPV active layer morphology has to be taken into account in the design.
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This is not an issue if Au nanorods are incorporated in one of the passive layers
(eg. PEDOT:PSS hole trapping layer). For laser therapy applications, high absorption
cross sections are desirable but again the optimal geometry for the application has to take
into account the interaction of the Au/SiO2/RE:Y,03 core/shell nanorods with cells. In
general, cancer cells uptake smaller nanorods at faster rates than larger ones.

The spatial distribution of the enhanced electromagnetic near field at the LSPR
frequency is another important consideration. The enhanced local electromagnetic fields
in the nanostructure near field can be utilized to modify rates of field-dependent
processes such as spontaneous emission (Purcell, 1946).  The first work on
enhancement and suppression of spontaneous emission, sometimes called radiative decay
engineering was performed by Drexhage and Kleppner at microwave frequencies
(Kleppner, 1981), but has since been confirmed in different experimental settings such as
close to plane interfaces (Anger, 2006), in optical cavities (Lodahl, 2004), and close to
metallic nanoparticles (Bian, 1995; Dulkeith 2004; Rogobete, 2007; Noginov 2009; Saha
2009; Schietinger 2009; Gather, 2012; Priyam 2012; Pustovit, 2012; Saboktakin, 2012;
Yorulmaz, 2012).

Radiative decay engineering is possible because the rate of spontaneous emission
depends on two factors: an ‘atomic part', which describes the internal structure of the light
source (strength of a transition between two states in terms of transition moments) and a
field part', which describes the density of electromagnetic modes of the environment. In a
homogeneous medium, such as free space, the rate of spontaneous emission in the dipole

approximation is given by:
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where,

&12 : transition dipole moment from state 1 to state 2 (C-m)

® : emission frequency (Hz)

n : index of refraction (au)

& . vacuum permittivity (F/m)

i . reduced Planck constant (J/K)

¢ :vacuum speed of light (m/s)
The spontaneous emission rate of a dipole into a resonant cavity mode at a given point r
follows from the Fermi golden rule:

2 i o .
eaw W) = 23 (d1z - E0)p(@0) (2.27)

where,

E(r) :electric field at point r (V/m)

p(we): density of electromagnetic modes (m™)
The averaging of the dipolar matrix element is performed over the various modes seen by
the emitter.  The spontaneous emission rate enhancement of an emitter placed in
modified electromagnetic environment (such as a mono-mode optical cavity or in
proximity to an optical antenna) with respect to its free space emission rate is called the

Purcell factor (PF) and can be written as:
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where
Q : quality factor of the cavity (W/Awg)

[e()E2(r)d3r
(e(r)E2(r))max

Vi : effective mode volume ( ) describes how efficiently the

cavity concentrates the electromagnetic field in a restricted space.

Optimal nanocavity design in the case of an Au/SiO,/Yb:Er:Y,03 nanorod
involves maximizing the cavity quality factor Q (through single crystal Au nanorod
synthesis) and minimizing the effective mode volume (by maximizing the overlap
between emitter ions and regions of high photonic density of states).

Figures 2.7 — 2.10 show the spatial EM field distributions of Au/SiO, core/shell
nanorods of two different aspect ratios (2.5 and 4) and two different SiO, shell

thicknesses (5 and 10nm).
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Figure 2.7 Simulation of Au/SiO; core/shell nanorods with Au cores of 12
nm and 30 nm in length (AR=2.5) and a 10 nm thick SiO; shell. The left
column are off resonance (850 nm) near field simulation results for (a) ZY
(c) ZX (e) YX orientations. The right column are on-resonance (655 nm)
near field simulation results for (b) ZY (d) ZX (f) YX orientations.
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Figure 2.8 Simulation of Au/SiO, core/shell nanorods with Au cores of 12
nm and 30 nm in length (AR=2.5) and a 5 nm thick SiO, shell. The left
column are off resonance (850 nm) near field simulation results for (a) ZY
(c) ZX (e) YX orientations. The right column are on-resonance (655 nm)
near field simulation results for (b) ZY (d) ZX (f) YX orientations
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Figure 2.9 Simulation of Au/SiO, core/shell nanorods with Au cores of 12
nm diameter and 48 nm in length (AR=4) and a 10 nm thick SiO; shell.
The left column are off resonance (555 nm) near field simulation results
for (a) ZY (c) ZX (e) YX orientations. The right column are on-resonance
(800 nm) near field simulation results for (b) ZY (d) zX (f) YX

orientations.
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Figure 2.10 Simulation of Au/SiO, core/shell nanorods with Au cores of
12 nm diameter and 48 nm in length (AR=4) and a 5 nm thick SiO; shell.
The left column are off resonance (555 nm) near field simulation results
for (a) ZY (c) ZX (e) YX orientations. The right column are on-resonance

(800 nm) near field simulation results for (b) ZY (d) zX (f) YX
orientations.
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The absorption and emission cross sections of Er’* in SiO, are quite small,
typically on the order of 10 cm? for silica-based hosts (Miniscalco, 1991; Mertens,
2005). At above 1x10'® cm™, Er*" in silica segregates to form platelets, 10-30 nm in
diameter, and only a small fraction of Er** was optically active (Eaglesham, 1991). The
low solubility of Er**in SiO, is attributed to its rigid structure (Arai, 1986). In pure silica,
the tetrahedron (SiO4)* units are tightly bonded together through the bridging oxygen
atoms. Erbium ions are incorporated into the small gaps in the rigid SiO, network and are
coordinated by non-bridging oxygen atoms. At high concentrations, Er** ions tend to
cluster around the limited non-bridging O to screen their electric charge, and in this way
form precipitates and become optically inactive.

In contrast to SiO,, metal oxides such as In,O3, Sc,03; and Y,0; have identical
crystal structures to that of Er,O3 (Lide, 2001). Among these, Y,03 is the ideal candidate
due to its very similar lattice constant to Er,O5 and good ionic size match between Y**
and Er¥* (0.90 A versus 0.89 A). By having the same valence states, bonding and
coordination characteristics between the substituted cations, typical problems
encountered in doped materials, such as lattice distortion and vacancy formation due to
charge compensation, can essentially be eliminated. For comparison, a silica waveguide
amplifier with an erbium concentration of ~ 4x10"° cm™ showed a 0.6 dB/cm gain at a
1.54 um wavelength and 264 mW pump power (Hattori, 1994). In contrast, a waveguide
amplifier fabricated with Y,O3 can host up to 1.3x10%® cm™ of Er, and showed a gain of
1.4 dB/cm at 1.54 pm and at a significantly lower pump power of only 12 mW (Kik,

2000).

78



The higher gain value obtained with the Y,O3 optical amplifier is derived from the
higher fraction of optically active Er** in YY,O3 due to the higher emission cross section of
Er*" in Y,0; compared to Er** in a SiO; host.

In the case of plasmonic nanocavities, a high concentration of optically active
Er® is necessary to overcome optical losses associated with surface bound plasmon
modes. Additionally, the emitter ions should be located in regions where the
electromagnetic field is the most intense, in close proximity to the Au nanorod surface
but not in contact with the metal. Based on the simulation results, an ideal
AU/SiO»/Yb:Er:Y,0; core/shell nanorod optical cavity should have:

1. Single crystal Au nanorods of aspect ratio ~2.5 (plasmon resonance ~ 650 nm)
and relatively large geometries (eg. 20 nm diameter x 50 nm length rods) in order to
maximize the Au nanorod absorption cross section for optimal photo-thermal energy
transduction.

2. A very thin SiO; shell (~ 1nm) to provide an oxide surface for the deposition of
Yb:Er:Y,03 and to mitigate the effects of luminescence quenching due to free electrons
in the metal.

3. A 10 nm thick Yb:Er:Y,O3 with at least a 10 cm™ Er®" ion concentration in
the shell in order to provide sufficient gain to overcome optical losses associated with
plasmon resonant electron oscillations at A = 650 nm. This represents 5 x 10* Er** ions in
a 10 nm Y03 shell around a 20x50nm Au nanorod, at a concentration of 102 cm™.

An ideal Au/SiO,/Yb:Tm:Y,03 core/shell nanorod optical cavity should have:

1. Single crystal Au nanorods of aspect ratio ~ 4 (plasmon resonance ~ 800 nm)

(eg. 10 nm diameter x 40 nm length rods)
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2. A very thin SiO; shell (~ 1nm) to provide an oxide surface for the deposition of
Yb:Er:Y,03 and to mitigate the effects of luminescence quenching due to free electrons
in the metal.

3. A 10 nm thick Yb:Tm:Y,03 with at least a 10 cm™ Tm*" ion concentration in
the shell in order to provide sufficient gain to overcome optical losses associated with
plasmon resonant electron oscillations at A = 800 nm. This represents 5 x 10* Tm** ions

in a 10 nm Y,03 shell around a 20x50nm Au nanorod, at a concentration of 102° cm,

2.2 Synthesis of Au/SiO, and Au/SiO,/Yb:Er:Y,03; Core/Shell Nanorods

The next few sections describe the synthesis and characterization of spectrally
tuned Au nanorods, Au/SiO; core/shell nanorods and Au/SiO,/Yb:Er:Y,03 core/shell
nanorods. The synthesis of Au nanorods is first discussed with a focus on the role of cetyl
ammonium trimethyl bromide (CTAB). Transmission electron microscopy (TEM) and
optical spectroscopy characterization techniques are introduced in Sections 2.2.2 and
2.2.3. The correlation between the Au nanorod aspect ratio and the peak extinction
wavelength of an Au nanorod colloidal solution is clarified. In Section 2.2.4, a layer by
layer polyelectrolyte deposition process used to treat the Au nanorod surface in order to
make it amenable to SiO, coating and the conditions required to deposit a thin SiO; shell
are described. In Section 2.2.5, the protocol used to deposit a third layer consisting of
Yb:Er:Y,03 is discussed. In Section 2.2.6, characterization techniques including
photoluminescence, radiative lifetime, photothermal measurement and external quantum

efficiency measurements are described.
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2.2.1 Au nanorod synthesis

Preparation of Au nanorods relies on the reduction of the Au precursor (HAUCIs)
preferentially on the [111] Au crystal lattice face through the use of a surfactant, cetyl tri-
methyl ammonium bromide (CTAB) (Huang, 2009). CTAB is a micelle molecule with an
ammonium trimethyl bromide hydrophyllic head group and a 16-carbon chain
hydrophobic end and forms a chemisorbed bilayer on the surface of Au nanorods. Figure
2.11 (a) shows a schematic of an Au nanorod with a CTAB bilayer attached to the surface
(Sau, 2005). The surfaces of CTAB-stabilized Au nanorods possess a positive surface
charge due to the cationic head groups facing the solvent. This surface charge in turn
affects the distribution of ions in the surrounding interfacial region, resulting in an
increased concentration of counter ions (ions of opposite charge to that of the particle)
close to the surface and leads to the formation of an electrical double layer around each
particle. The liquid layer surrounding the particle exists as two parts; an inner region,
called the Stern layer, where the ions are strongly bound and an outer, diffuse, region

where they are less firmly attached as shown in Figure 2.11(b).
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Figure 2.11 (a) Hllustration of an Au nanorod with a CTAB bilayer attached
(Alkilany, 2012) (b) Hlustration of an Au nanoparticle in solution showing
how counterions arrange themselves in response to a charged particle and
the potential difference as a function of distance in the solution from the

charged particle.
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Within the diffuse layer there is a notional boundary inside which the ions and
particles form a stable entity. When a particle moves (e.g. due to gravity), ions within the
boundary move with it, but any ions beyond the boundary do not travel with the particle.
This boundary is called the surface of hydrodynamic shear or slipping plane. The
potential that exists at this boundary is known as the zeta potential. The magnitude of the
zeta potential gives an indication of the potential stability of the colloidal system. If all
the particles in suspension have a large negative or positive zeta potential then they tend
to repel each other and there is no tendency to flocculate. However, if the particles have
low zeta potential values then there is no force to prevent the particles coming together
and flocculating. The general dividing line between stable and unstable suspensions is
generally taken at either +15 mV or -15 mV. Particles with zeta potentials more positive
than +15 mV or more negative than -15 mV are considered stable.

The synthesis of stable Au nanorod colloids relies on the high zeta potential of the
CTAB surfactant. The protocol was first developed by Nikoobakht et.al.(Nikoobakht,
2003) and requires preparation of two solutions: a seed and a growth solution. In a typical
synthesis, an Au seed solution is prepared by mixing 5 ml, 0.25 mM HAuCl4, 5 ml, 0.1M
CTAB, and 0.6 ml, 0.1 M ice cold NaBH, to produce <5nm CTAB-capped Au
nanospheres. In the second phase, a growth solution is prepared by mixing 0.1 mi, 0.01 M
AgNO3, 20 ml, 0.5 mM HAuUCl4, 19.2 ml, 0.1M CTAB, and 0.7 ml, 0.77 M CgHgOg. In
order to synthesize the Au nanorods, 16 ul of the seed solution was added to the growth
solution. After five minutes, the colorless growth solution transforms to a deep purple

color indicating the presence of Au nanorods. In order to synthesize Au nanorods with
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larger aspect ratios, different volumes of AgNO; are added to the growth solution ranging
from around 0.2 ml to about 1.4 ml.

The rate of growth of the Au seeds in the presence of CTAB is controlled by the
flux of Au-laden, cationic micelles to the CTAB-capped Au particles. When the
surfactant-capped seed is introduced into the solution, the Au diffuses into the soft
template while the surfactant becomes a part of the soft template. The template size and
shape are functions of surfactant concentration and ionic strength of the solution. Au
nanorods have four [110] facets that nanospheres do not. The CTAB bilayer protects the
[111] crystalline plane and facilitates the growth on the [110] facets since CTAB binds
more strongly to [110] facets (Alkilany, 2010). Since both the rods and the micelles
possess very high zeta potentials (+90 mV), the rate of transfer of the Au(l) ions to the
rods is drastically slowed down. Indeed, it is observed that Au seeds grow almost 1000
times more slowly in the presence of CTAB (Huang, 2009). The surface decays more
quickly at the tips due to the higher curvature and consequently the micelle flux is higher
at the tips. Calculations of the diffusion-migration rate of the micelles to the rods within
the double layer confirm that the encounter rate is much higher at the tips of an Au
nanorod as opposed to the sides due to the higher curvature (Rodriguez-Gonzalez, 2007).
Preferential tip-oxidation of nanorods also has been reported (Perez-Juste, 2004) which
strongly supports the electric field-directed interaction between Au nanoparticles and
CTAB micelles. Surfactant-containing complexes are specifically incorporated into the
[100] side edges, whereas non-complexed ion-pairs or Au(0) atoms/clusters are added to
the [111] end faces (Pastoriza-Santos, 2010). The discrimination between sites could be

due to the increased stability of the close-packed [111] surfaces. Moreover, the large
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[RNMes]" headgroup of CTAB (diameter = 0.814 nm, area = 0.521 nm?) and the long
alkyl chain are more readily accommodated on the [100] side edges, than on close-packed
[111] faces, where the Au-Au spacing is too small to facilitate epitaxy. As the nanorods
grow in length, the area of the side faces increases, and this could facilitate the assembly
of a bilayer of CTAB molecules at the crystal surface. The bilayer provides both
stabilization and growth inhibition, and this could explain why elongation of the
nanorods is rapid once the shape anisotropy has been established, in a zipping type of
mechanism. Once rod formation has started, further growth is encouraged by the electric
field distribution at the rod ends (Rodriguez-Gonzalez, 2007; Rodriguez-Lorenzo, 2010).
Figure 2.12 (a) summarizes the synthesis protocol used to obtain Au nanorods while
Figure 2.12 (b) is a schematic illustration showing a proposed growth mechanism.
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Figure 2.12 (a) Schematic illustration of the seed-mediated method for the

growth of Au nanorods(Chen 2013) (b) Proposed growth mechanism of Au

nanorods from an Au seed Adapted from (Alkilany 2010).

In order to investigate the role of precursor concentration on the geometry of the
Au nanorods, the AgNO3 concentration in the growth solution was varied while the
concentrations of the other precursors were kept constant. The samples were prepared in

40ml-vials with differing amount of silver nitrate, ranging from 0.8 umol to 3 pumol. To

test the effect of C¢HgOs growth solutions with different amounts of CgHgOg ranging
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from 32 umol to 100 pmol were prepared. Figure 2.13 shows (a) Au nanorod aspect ratio
and peak extinction wavelength as a function of AgNO; precursor amount, (b) Au
nanorod aspect ratio and peak extinction wavelength as a function of C¢HgOg precursor
amount and (c) Au nanorod longitudinal peak extinction intensity as a function of AgNO3
amount, and (d) FDTD, empirical and experimentally obtained relationships between Au

nanorod aspect ratio and the longitudinal plasmon peak wavelength.
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Figure 2.13 (a) Au nanorod aspect ratio and peak extinction wavelength as a
function of AgNO3; precursor amount (b) Au nanorod aspect ratio and peak
extinction wavelength as a function of CgHgOg precursor amount (c) Au
nanorod longitudinal peak extinction intensity as a function of AgNO;
amount, and (d) FDTD, empirical and experimentally obtained relationships
between Au nanorod aspect ratio and the longitudinal plasmon peak
wavelength.

85



These results indicate that a higher concentration of AgNO3 leads to an increase
in peak extinction wavelength after a certain critical concentration that initiates the

process (in the case of 40ml batches 1 pmol of Ag” ions is needed to initiate the process.

2.2.2 Silica shell deposition

The deposition of silica shells on Au nanoparticles typically requires intermediate
coatings since Au metal has very little affinity for SiO, and does not form a passivating
oxide film in solution. The surfactant plays an important role in determining what
intermediate coatings are needed. SiO,-coating of citrate-stabilized Au nanoparticles has
been achieved by means of surface priming with either a silane coupling agent (Liz-
Marzan, 1996) (aminopropyltrimethoxysilane, APS) or poly(vinylpyrrolidone) (PVP)
(Graf, 2003), however, for CTAB-stabilized Au nanoparticles, the strong binding of the
surfactant to the Au nanoparticle surface makes its displacement by APS or MPS (the
equivalent mercapto-silane) molecules difficult, especially at the flat sides of the
nanorods; displacement is more favorable at the tips, which has been exploited in Au
nanorod end-to-end linkage protocols (Chang, 2005). Although Obare et al.(Obare, 2001)
reported the use of MPS for the coating of high-aspect-ratio Au rods, other researchers
have found that for small aspect ratio nanorods, the reproducibility is poor and particle
aggregation (again, preferentially through the tips) is usually observed during the sodium
silicate addition step (Pérez-Juste. 2004; Chang, 2005). Specifically, CTAB-coated
nanoparticles were transferred into ethanol upon functionalization with the slightly

negatively charged polymer, PVP, however, controlled hydrolysis and condensation of
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TEQOS on the nanoparticle surface could not be achieved, probably because the remaining
CTAB monomers promote the formation of mesoporous SiO, (Pastoriza-Santos, 2004).

By exploiting electrostatic forces, polyelectrolytes (ionic polymers) have been
shown to be effective at modifying the surface of metal colloids (Gittins, 2001).
Polyelectrolytes have an advantage over uncharged polymers, because they can be
deposited on surfaces layer-by-layer (LbL), enabling the total polymer thickness to be
determined by the number of layers deposited (Decher, 1997). The LbL approach, in its
simplest form, uses two solutions of oppositely charged polymers into which the
substrate can be dipped (surface) (Hammond, 1999), or particles mixed
(colloids)(Caruso, 2001). Sequential dipping or mixing causes material to be deposited on
the surface because of electrostatic and hydrophobic interactions between the charged
surface and polyelectrolyte. Once deposited, the layer of polyelectrolyte inverts the
surface charge and enables a subsequent layer of polymer to be deposited from the
second solution. This process can be repeated indefinitely to form a uniform multilayered
film of polymeric materials.

Because of the high zeta potential of CTAB-stabilized Au nanorods ({ ~ +20 mV),
LbL wrapping of negative polyelectrolyte chains around the metal nanoparticles is
strongly favored. After removing excess surfactant by centrifugation, the particles were
redispersed in DI water and added dropwise under vigorous stirring to an aqueous
solution of polystyrene sulfonate (PSS) (2 g/L) and NaCl (6 mM). PSS adsorption was
allowed to proceed for 3 h. The process was then repeated with a positively charged
polyelectrolyte (poly(allylamine hydrochloride), PAH of concentration 2 g/L with 6 mM

NaCl after a washing step to remove excess PSS. Two polyelectrolyte layers were found
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to completely screen the effect of CTAB on the Au nanoparticle surface(Pastoriza-Santos
2006). The key point at this stage for successful SiO, coating is the transfer of the
nanoparticles into an isopropanol (IPA)-water mixture, which is hindered by the high
positive surface potential ({ ~ +36 mV) of PAH-coated nanoparticles, promoting rapid
aggregation. PVP (slightly negatively charged under these experimental conditions) was
used to partially screen the surface charge ({ ~ +16 mV) and allowed redispersion and

ensured colloidal stability in IPA.
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Figure 2.14 (a) Diagrams of molecular structures of CTAB, PSS, PAH and
PVP surfactants (b) Zeta potential measurements of Au/CTAB, Au/PSS,
AU/PAH and Au/PVP nanorods at pH 7, adapted from (Pastoriza-Santos
2006)

Once the nanorods were transferred into IPA, SiO; coating was achieved using

the Stober method (Stdber, 1968). The amount of TEOS precursor necessary to obtain a

given thickness of SiO, was calculated from equation (2.29):

i _ oy y ( Mgy ) MWrgos
TEOS = Psio, S‘?_gznr AT I\ Moy r MWs;o,

(2.29)
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where:
psio, . SiO, density (kg/m®)
Vawssio, nr - VOlume of 1 Au/SiO, core/shell nanorod (m3)
Vaunr - Volume of 1 Au nanorod (m3)
MWs;,, - Molecular weight of SiO; (kg/mol)
MWygos - Molecular weight of tetraethylorthosilicate (kg/mol)
May : Mass of Au precursor (kg)

Maunr - Mass of 1 Au nanorod (kg)
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Figure 2.15 (a) Schematic diagram of SiO; coating process for Au nanospheres
and Au nanorods of different aspect ratios (b) Mass of TEOS needed to coat
10, 20 and 30 nm SiO, shells on Au nanospheres and Au nanorods of 10nm
radius and 30, 40 and 50nm lengths (10 ml, 0.5mM AuCl; basis).
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2.2.3 Ytterbium, erbium, thulium co-doped yttria shell deposition

To coat the Au/SiO, core/shell nanorods with a layer of rare earth doped yttria, a
sol-gel method was utilized. Deposition of the Er,Os shell proceeded by creating a
solution containing 5 mM urea while the mass of the RECI;3 salt is varied based on the
desired shell thickness. The rare earth emitter doped yttria outer shell was deposited by

adding the Au/SiO; core/shell nanorods prepared by the protocols described in 2.2.2 to a
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growth solution containing chloride salts of the rare earth elements of interest in the
desired concentration ratios. Equation (2.29) in which the SiO, density is replaced with
Y,03 density was used to determine the amount of YCl; salt needed to deposit conformal
shells of Y;03;. The amounts of TmCl;, ErCl; and YbCl; were determined from the
desired ratio to the YCI; precursor. In order to achieve conformal coating, the mixture is

stirred at 80°C for 5 hours.
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Figure 2.16 (a) Schematic diagram of Au/SiO,/Yb:Er:Y,03 core/shell
nanorod synthesis procedure (b) Mass of Y,03 needed to coat 5, 10 and
15 nm Y303 shells on Au nanospheres and Au nanorods of 10nm radius
and 30, 40 and 50nm lengths (10 ml, 0.5mM AuCl; basis).

2.3 Characterization of Au Based Core/Shell Nanorods

2.3.1 Transmission Electron Microscopy

Transmission electron microscopy (TEM) with energy dispersive spectroscopy
was utilized to characterize Au nanorod geometry and aspect ratio of the synthesized Au
nanorods. In TEM, a beam of electrons is transmitted through the specimen and an image
is formed from the interaction of the electrons transmitted through the specimen; the
image is magnified and focused onto an imaging device, such as a fluorescent screen or a
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charged coupled device (CCD) camera. High resolution transmission electron microscopy
(HRTEM) is a method for imaging that can have resolution down to the atomic level.
When used at the atomic scale, the crystal planes and growth direction can be easily
calculated and indexed and can be used to determine the internal microstructure of the
material. In this work, the TEM filament was excited by a high energy source and are
accelerated by an electrostatic potential and focused onto a thin sample, no more than 200
nm, by a series of condenser lenses. Unlike an optical microscope, the condenser lenses
do not focus the electrons based on curvature and index of refraction. A condenser lens
uses a magnetic field to alter the path of the electron to converge through the thin sample
and the image is projected onto a detector. To obtain diameter, size distribution and
morphology information, Au nanorods were morphologically characterized using
transmission electron microscopy (TEM, Tecnai 20; FEI Co., Eindhoven, Netherlands) at
an acceleration voltage of 300 kV. To prepare the TEM samples, nanoparticles were
diluted to a concentration of 1 mg/ml. Nanoparticle specimens for TEM were prepared by
placing one drop of the diluted solution onto a carbon-coated copper grid, allowing it to
dry at room temperature for 15 min. A schematic diagram of a TEM is shown in Figure
2.17 (a) while sample TEM images of Au nanorods synthesized according to the protocol

described in Section 2.2.1 are shown in Figure 2.17 (b).
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Figure 2.17 (a) Schematic diagram of a transmission electron microscope (TEM)
(b) From left to right, TEM images of Au nanospheres, AR ~ 2.5 nanorods and
AR ~ 4 nanorods (c) From left to right, TEM images of Au/SiO, nanospheres,
AR ~ 2.5 and AR ~ 4 Au/SiO; core/shell nanorods

2.3.2 Optical Spectroscopy

As described in Section 2.1, the peak extinction wavelength of Au nanorods
depends on the nanorod aspect ratio. In this section, the basics of optical spectroscopy are
introduced. The effect of AgNO3; and CgHgOg precursor concentration on Au nanorod
aspect ratio using this technique are described.

Optical spectroscopy is an analytical technique that gives information about how
a material interacts with light. The intensity of light passing through a sample (I) is
compared to the intensity of light before it passes through the sample (l,) over a range of
wavelengths. The ratio I/l, provides information about the spectral characteristics of
electron energy transitions in the sample.

The basic parts of a spectrophotometer are a light source, a sample holder, a
diffraction grating and a photodetector. In this study, the absorption spectrum is collected

using a Shimadzu UV-3101PC with a measurement range between 190-3100 nm. The
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system has two excitation sources, a tungsten lamp and a deuterium lamp. The tungsten
lamp is the primary excitation source since measurements occur outside of the deuterium
range (> 290 nm). Additionally, two types of detectors are used based on the
measurement wavelength, with an InGaAs detector for wavelengths between 850-3100
nm and a Si detector for 290-850 nm. The probing energy is selected using a dual
monochromator system with a resolution of 0.1nm. A schematic diagram of a UV-Vis
absorption spectrometer is shown in Figure 2.18 (a) while sample absorption spectra of a
colloidal solution of Au nanospheres, Au nanorods of aspect ratio 2.5 and Au nanorods of
aspect ratio 4 are shown in Figure 2.18 (b).
(a) (b)
vAg
<1©>
b 7 Q
Broadband
Light source

Monochromator Sample Detector

Cuvette

Normalized Extinction (au)

500 600 700 800
Wavelength (nm)

Figure 2.18 (a) Schematic diagram of a UV-Vis absorption spectrometer
showing the main components of the system: a broadband light source (lamp),
a monochromator, a sample cuvette and a photodetector (b) Extinction spectra
of Au nanospheres (20 nm diameter), Au nanorods of aspect ratio ~ 2.5 (15 nm
diameter, 37 nm length) and Au nanorods of aspect ratio ~4 (10 nm diameter,
40 nm length).

2.3.3 Photoluminescence Spectroscopy

Photoluminescence (PL) spectroscopy is a contactless, nondestructive method of
probing the electronic structure of material. In PL spectroscopy, light directed onto a
sample imparts energy onto the material and causes electrons within a material to move
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into excited states. When these electrons return to their equilibrium states, the excess
energy is released in radiative processes (light emission), or it is dissipated in
nonradiative processes. In nonradiative relaxation, the energy is released as phonons.
Nonradiative relaxation occurs when the energy difference between the levels is very
small and typically occurs much faster than a radiative transition. Large nonradiative
transitions do not occur frequently because the crystal structure generally cannot support
large vibrations without destroying bonds. Meta-stable states form a very important
feature that is exploited in the construction of lasers. Specifically, since electrons decay
slowly from them, they can be populated at this state without too much loss and then
stimulated emission can be used to increase an optical signal.

The energy of the emitted light is related to the difference in energy levels
between the two electron states involved in the transition between the excited state and
the equilibrium state, while the intensity of the emitted light is related to the relative
contribution of the radiative process compared to nonradiative energy transitions. Sample
excitation can be achieved with either a broadband, non-coherent light source like a lamp
or a narrow band, coherent light source such as a laser. The excitation frequency can
either be higher than the frequency of the emitted light in which case the PL is termed
downconversion (since higher energy light is converted into lower energy light), or it can
be lower than the emitted light, in which case the process is termed upconversion (since
two or more photons of lower energy lead to the emission of a photon of higher energy).
For theranostic applications, the upconverting properties of Au/SiO, and
Au/SiO,/Yb:Er:Y,0;5 core/shell nanorods are of interest for reasons discussed in Section

1.4. The experimental setup used in this study is shown in Figure 2.19 (a). Light from a
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fiber-coupled 980 nm laser diode (Sheaumann) was focused onto a sample. The
upconverted light emitted from the sample passed through a 980nm optical filter to
remove scattered excitation light and was then focused onto a monochromator (Orion
Cornerstone 260) that separated the emitted light into its constituent wavelengths. A Si
photodetector (SpectraPhysics S890) was used to measure the intensity of the
upconverted light as a function of wavelength. A sample upconversion spectrum of
AU/SiO;, core/shell nanorod of aspect ratio ~ 4 is show in Figure 2.19 (b).
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Figure 2.19 (a) Schematic diagram of an experimental setup used to measure
upconversion photoluminescence (b) Upconversion spectra of Au/SiO,
nanorods (15 nm diameter, 40 nm length, 5 nm SiO, shell thickness) as a
function of excitation power.
2.3.4 Radiative Lifetime
The rate of light emission of a photo-excited species depends on the internal
structure of the light emitter and the density of electromagnetic modes of the local
environment around the emitter. Purcell showed that a high electromagnetic mode density

increases the spontaneous emission rate of light emitters and this fact has been utilized to

increase the brightness of emitter by placing them in resonant optical cavities, photonic
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crystals or in the enhanced electromagnetic field that exists in the vicinity of plasmonic
nanoparticles(1946; Rogobete 2007). This study compared the radiative liftetimes of Er**
ions located in the near field of an Au nanorod (in which the emitter experiences an
enhanced local electromagnetic field) with that of an Er®" ion in an unperturbed
electromagnetic environment.

Lifetime measurements were performed using a time-resolved fluorescence
spectrometer (Edinburgh FLS920) with a nanosecond nitrogen filled flash-lamp, Czerny-
Turner monochromator and a Si CCD detector. Radiative lifetimes were collected using
the time correlated single photon counting (TCSPC) method with a 5000 photon
minimum count. In TCSPC the sample is repetitively excited using a pulsed light source
and the measurement builds a probability histogram relating the time between an
excitation pulse and the observation of the first fluorescence photon. Samples were
excited at 520 nm with a slit size of 5 nm and the lifetime emission was collected at 564
nm with 10 nm slits. Figure 2.20 (a) shows a simplified schematic of a TCPC
experimental setup while Figure 2.20 (b) shows sample radiative lifetime measurements

of SiOy/Yb:Er:Y,03; and Au/SiO»/Yb:Er:Y,03 core/shell nanoparticles.
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Figure 2.20 (a) Simplified time correlated single photoﬁi(%%rm% (TCSPC)
experimental setup (b) Radiative lifetime measurements of SiO,/Yb:Er:Y,03
and Au/SiO,/Yb:Er:Y,03 core/shell nanoparticles.
2.3.5 External Quantum Efficiency
External quantum efficiency (EQE) measurements quantify the spectral response
of a solar cell device by measuring device photocurrent as a function of wavelength. This
work investigated the spectral response of organic photovoltaic (OPV) devices with and
without plasmonic light trapping (PLT) Au/SiO, core/shell nanorods incorporated in the
OPV device active layer. Figure 2.21(a) shows a schematic diagram of the EQE setup
used in this work. Light from a 50W arc lamp was focused onto the entrance slit of an
Orion Cornerstone 260 monochromator controlled with a USB port. A solar cell with its
terminals connected to an optical power meter was attached to the exit slit of the
mononchromator. EQE spectra were collected using Trag32 software. Figure 2.21 (b)

shows a sample EQE spectra of a reference PBDTT-DPP.
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Figure 2.21 (a) Schematic diagram of an experimental setup used to measure

photoluminescence; (b) Sample EQE spectrum of PBDTT-DPP:PC¢BM and

PBDTT-DPP:PCsBM with Au/SiO, core/shell nanorods embedded in the

active layer.
2.3.6 Photo-thermal Energy Conversion Efficiency

Optical energy absorbed by a material that is not released as light is generally
converted into heat in a photo-thermal transduction process. The efficiency of photo-
thermal energy conversion of the sample depends on the absorption cross section of the
colloidal nanoparticles, their concentration and the photo-thermal transduction efficiency
(Chen 2010). For ex vitro experiments, Au nanorod solutions were irradiated by the 980-
nm laser at 1 W/cm?. Temperature was measured with a thermocouple placed inside the
solution for a total of 6 min. The thermocouple was placed outside the path of the laser
beam to avoid direct exposure of the thermocouple to the laser light. The photo-
thermal energy conversion efficiency of Au/PVP, Au/SiO, and AuU/SiO,/Yb:Er:Y,03
core/shell nanorods were measured using the experimental setup shown in Figure 2.22 (a)

while sample heating and cooling curves for 3 different concentrations of Au/PVP

colloidal solutions is shown in Figure 2.22 (b)
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Figure 2.22 (a) Experimental setup used to measure photothermal energy
conversion of Au, Au/SiO, and Au/SiO,/Yb:Er:Y,03 nanorods; (b) Photo-
thermal heating rates of 400ul colloidal solutions of 14 mM, 7 mM, 1.75 mM
AU/PVP nanorods and a control (H,0).
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CHAPTER 3 PLASMONIC LIGHT TRAPPING WITH Au/SiO, CORE/SHELL
NANORODS

An increase in the short circuit current density (Jsc) and photon conversion
efficiency (PCE) of two organic photovoltaic (OPV) polymer systems was demonstrated
by incorporating octadecyltrimethoxysilane (OTMS)-functionalized Au/SiO; core/shell
nanospheres and nanorods into their active layers. A SiO, shell layer was added onto the
Au core nanospheres and nanorods to provide an electrically insulating surface that did
not interfere with carrier generation and transport inside the active layer.
Functionalization of the Au/SiO; core/shell nanoparticles with the OTMS organic ligand
was necessary to transfer the nanoparticles into an OPV polymer-compatible solvent such
as dichlorobenzene (DCB). The two polymer systems were poly(3-hexylthiophene):[6,6]-
phenyl-C61-butyric acid methyl ester and poly[2,6-4,8-di(5-ethylhexylthienyl)benzo[1,2-
b;3,4-b]dithiophene-alt-5-dibutyloctyl-3,6-bis(5-bromothiophen-2-yl) pyrrolo[3,4-
C]pyrrole-1,4-dione], abbreviated as P3HT:PCBgM and  PBDTT-DPP:PCgBM,
respectively. For the P3HT:PCgBM polymer with a band edge of ~ 670 nm, the addition
of the core/shell nanorods with the corresponding extinction peak (AR ~ 2.5) resulted in a
7.1 % improvement in PCE, while for the PBDTT-DPP:PCBM polymer with a band
edge ~ 830 nm, the addition of core/shell nanorods of AR ~ 4 (extinction peak, Apeak =
830 nm) resulted in a 14.4% improvement in PCE. The addition of Au/SiO, core/shell
nanospheres to the P3HT:PCgBM and PBDTT-DPP:PCgBM polymers resulted in 2.7 %
and 9.1 % improvement in PCE, respectively. The PCE and Js. enhancements were

consistent with the measured EQE enhancements.

100



3.1 AU/SiO, Core/Shell Nanoparticle Synthesis

The synthesis of Au nanospheres was achieved by reducing Au chloride (HAuUCl,)
with  sodium  borohydride (NaBH;) in the presence of a surfactant
(cetyltrimethylammoniumbromide (CTAB)). To prepare 10.6 ml of Au nanospheres, 5 ml
of a 0.5 mM HAuCI, solution were mixed with 5 ml of a 0.2M CTAB solution, followed
by the addition of 0.6 ml of ice cold NaBHj, to initiate the reaction. The protocol produces
2-5 nm diameter nanospheres which increased in size over a few days to be ~20 nm in
diameter. The synthesis of Au nanorods required the preparation of two solutions: a seed
solution and a growth solution. The seed solution was prepared by mixing 5 ml of 0.5
mM HAuUClI,, 5 ml of 0.2 M CTAB and 0.6 ml of 0.1M ice cold NaBH,. A solution of Au
nanorods with an aspect ratio of 2.5 was prepared using a growth solution that contained
0.6 ml of 0.01M AgNO3, 20 ml of 0.5 mM HAuUCI,, 20 ml of 0.2 M CTAB and 0.7 ml of
0.77 M ascorbic acid. To prepare nanorods with an aspect ratio of 4, 0.9 ml of 0.01 M
AgNO;3 was used instead of 0.6 ml of 0.01 M AgNOs in the growth solution. The growth
process was initiated by injecting 26 pl of seed solution into the growth solution at a
temperature of 27°C. The reaction took approximately two hours to complete.

To coat the Au nanorods with SiO,, experimental procedures outlined in Chapter
2 were followed. The nanorods were first rendered vitreophillic by treating them with
consecutive polyelectrolyte layers. Au metal has little affinity for SiO, because, unlike
most other metals, it does not form a passivating oxide film in solution. Furthermore, the
stabilizing surfactant, CTAB, interferes with the SiO, coating process. In order to replace
the CTAB stabilizer and modify the gold nanorod surface chemistry, consecutive

polyelectrolyte layers were adsorbed onto the metal surface. This process proceeded in
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the following manner: first, the as-synthesized, CTAB-stabilized Au nanorods were
centrifuged, the precipitate was redissolved in 3 ml of distilled water. It was then added
to 3 ml of an aqueous solution containing poly-styrene sulfonate (PSS) (2 mg/mL and 6
mM NacCl) and stirred for approximately three hours. The PSS-modified particles were
centrifuged twice to remove any excess PSS and redispersed in 3 ml of deionized water.
The colloid was then added drop-wise under vigorous stirring to 3 ml of an aqueous
solution of 2 mg/ml poly(anilline hydrochloride) (PAH) and 6 mM NaCl). PAH
adsorption was allowed to proceed for three hours. The sample was then centrifuged to
remove excess polyelectrolyte and redispersed in 3 mL of deionized water. 3 ml of the
PSS/PAH functionalized Au spheres were added to a polyvinylpyrrolidone (PVP)
solution (4 mg/ml). The mixture was stirred for approximately twelve hours, centrifuged
to remove any excess polymer, and redispersed in 0.2 mL of deionized water. This
aqueous dispersion of PVP-coated nanoparticles was then added drop-wise and under
vigorous stirring to 2 mL of isopropyl-alcohol (IPA). Once the Au nanoparticles were
transferred into IPA without agglomeration, SiO, coating was carried out through the
adjustment of the pH and addition of tertra-ethyl-orthosilicate (TEOS). The pH was
adjusted to 10 by adding 1.5 ml, 4 vol% NHs; in IPA (27% in water). Finally, 0.4 ml of
TEOS (1 vol% in ethanol) was added under gentle stirring and the reaction was allowed
to proceed for approximately twelve hours. In order to dissolve the Au/SiO, core/shell
nanorods in an OPV-compatible solvent, like dichlorobenzene, functionalization with
octadecyltrimethoxysilane (OTMS) was performed. The Au/SiO, core/shell nanorods
were centrifuged and redissolved in 3 ml of ethanol containing 30 ul of NH,OH (32%).

300 pl of OTMS chloroform solution (3%) was added drop-wise with vigorous stirring
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and functionalization of the SiO, surface was achieved by hydrolysis of the methoxy
groups and condensation of the resulting silane groups with SiOH groups on the SiO,
surface. Transmission electron microscopy (TEM) using an FEI TF20 was used to
confirm the morphology of the synthesized Au/SiO, core/shell nanorods, while UV-Vis

spectroscopy was used to determine the extinction spectra of the nanorod solutions.

3.2 Plasmonic Organic Photovoltaic Device Fabrication

All the devices had the same structure: indium tin oxide (ITO)/
poly(ethylenedioxythiophene):polystyrenesulphonate (PEDOT:PSS)/active layer/calcium
(Ca)/aluminum (Al). The PEDOT:PSS was pre-coated onto the ITO substrate and baked
at 120°C for 15 minutes before spin-casting the solutions. The P3HT:PCgBM-based
devices were spin-coated at 800 rpm for 40 seconds after which the wet films remained in
the petri dishes until they dried (the color of the films changed from orange to dark-red).
This solvent annealing process has been demonstrated to attain an optimized morphology
for P3HT:PCgBM-based organic solar cell devices. The PBDTT-DPP:PCgBM-based
devices were fabricated by spin-casting at 1800 rpm for 80 seconds with no other
treatment. A bilayer cathode containing a Ca layer (20 nm) and a subsequent Al layer
(100 nm) were deposited by thermal evaporation under high vacuum (<3x10® Torr). The
active layer thickness of the P3HT:PCgBM-based devices was ~210 nm while the
thickness of the PBDTT-DPP:PCgBM-based devices was ~ 90 nm. Polymer reference
solutions consisted of 20 mg/mL of P3HT:PCsBM (1:1 weight ratio) and 6 mg/mL
PBDTT-DPP:PCsBM (1:2.5 weight ratio). The plasmonic P3HT:PCgBM solar cell

device solution was prepared by adding a solution of the OTMS-functionalized Au/SiO;
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core/shell nanorods (AR~2.5) to the P3HT:PC¢BM solution so that the final
concentration of the nanorods was 0.6 mg/mL. The plasmonic PBDTT-DPP:PCgsBM
solar cell device solution was prepared by mixing the OTMS-functionalized Au/SiO,
core/shell nanorod solution (AR ~ 4) with the PBDTT-DPP:PCgBM solution so that the

final concentration of Au/SiO, core/shell nanorods was 0.2 mg/mL.

3.3 Plasmonic Organic Photovoltaic Device Characterization

In order to study the viability of this approach, Au/SiO, core/shell nanospheres
and nanorods were incorporated into the active layers of two polymer OPV systems:
P3HT:PCsBM and PBDTT-DPP:PCgBM. The greatest enhancement due to the LSPR
near field was expected to occur in spectral regions where the OPV polymer absorbs
poorly, while the lowest enhancement where the OPV polymer absorbs efficiently. To
investigate this hypothesis, EQE measurements on OPV devices with spectrally-tuned
AU/SiO, nanoparticles were performed. For the P3HT:PCgBM system, Au/SiO;
nanospheres with a peak extinction of ~540 nm (matching a spectral region of high
polymer absorption) and Au/SiO, nanorods (AR~2.5) with a peak extinction of ~670 nm
(matching the band edge of the P3HT:PCsBM) were synthesized. For the PBDTT-
DPP:PCgBM system, Au/SiO, nanospheres with a peak extinction of ~540 nm (matching
a spectral region of moderate polymer absorption) and Au/SiO, nanorods (AR~4) with a
peak extinction of ~830 nm (matching the OPV polymer band edge) were synthesized.
The SiO; shell thickness in all samples was ~10 nm. Short-circuit current density (Jsc),
open-circuit voltage (Voc), and external quantum efficiency (EQE) measurements were

performed on the devices. Blending the Au/SiO, nanospheres and nanorods into the
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active layer resulted in enhanced Js. and PCE in both the P3HT:PCsBM and PBDTT-
DPP:PCgBM devices compared to the reference device. Figure 3.1 (a) shows the
transmission electron microscopy (TEM) images of: Au nanospheres in water, Au
nanorods of AR~2.5 in water, Au nanorods of AR~4 in water, Au/SiO, core/shell
nanospheres in DCB, Au/SiO, nanorods of AR ~2.5 in DCB, Au/SiO, nanorods of AR~4
in DCB, while Figure 3.1 (b) shows the corresponding extinction spectra. Figure 3.1 (c)
shows normalized extinction spectra of solutions D and E with a normalized EQE
spectrum of P3HT:PCgBM, while Figure 3.1(d) shows a normalized EQE spectrum of
PBDTT-DPP:PCsBM with normalized extinction spectra of solutions D and F. Figures
3.1(e) and 3.1(f) show the EQE spectra of the reference and plasmonic OPV device based

on P3HT:PCgBM and PBDTT-DPP:PCgBM, respectively.
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Figure 3.1 (a) TEM images and (b) Extinction spectra of various colloidal solutions: (A)
Au nanospheres in water (B) Au nanorods of AR~2.5 in water (C) Au nanorods of AR~4
in water (D) Au/SiO; core/shell nanospheres in DCB (E) Au/SiO; nanorods of AR ~2.5
in DCB (F) Au/SiO; nanorods of AR ~4 in DCB; (c) EQE of P3HT:PCgBM plotted with
normalized extinction spectra from solutions D and E; (d) EQE of PBDTT-DPP:PCgsBM
devices plotted with normalized extinction spectra from solutions D and F; () EQE from
(e) P3HT:PCsBM with solutions D, E and reference (f) PBDTT-DPP:PCsBM with

solutions D, F and reference.
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To assess the EQE enhancement quantitatively, a spectral EQE enhancement
percentage is defined as:

AEQE (%) — EQEplasmonic( ;L) - EQEreference( 2') .
EQEref EQEreference( ;L)

100 (3.1)

Figure 3.2 shows EQE enhancement factors (AEQE/EQEs) of OPV plasmonic devices
compared to reference devices, plotted with the extinction spectra of Au/SiO; nanosphere

and nanorod colloidal solutions embedded in their active layers.
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Figure 3.2 Spectral EQE enhancements of (a) P3HT-based device with
AuU/SiO, nanospheres (solution D) (b) PBDTT-DPP-based device with
solution Au/SiO; nanospheres (solution D) (c) P3HT-based device with
AR~2.5 Au/SiO; core/shell nanorods (solution E) (d) PBDTT-DPP-based
device with AR~4 Au/SiO, core/shell nanorods (solution F)
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EQE enhancements in both polymer systems spectrally matched the extinction
spectra of the active layer-incorporated Au/SiO, core/shell nanospheres and nanorods.
AU/SiO;, core/shell nanorods of AR~4 incoporated into the active layer of the PBDTT-
DPP:PCgBM system showed the highest EQE enhancement factors, while Au/SiO,
nanospheres incorporated in the active layer of the P3HT:PCgBM system showed the
lowest performance enhancement. In the low band gap polymer system, PBDTT-
DPP:PCgBM, the improvement was in two spectral regions matching both the
longitudinal and the transverse oscillation modes of the Au/SiO, nanorods.

A concentration study of the Au/SiO, nanorod additive on the performance of the
OPV devices was also conducted and revealed that OPV device performance depended
on the amount of Au/SiO; core/shell nanospheres or nanorods incorporated into the active
layer. Increasing the amount of Au/SiO, nanoparticles led to an initial increase in solar
cell PCE. As the Au/SiO, concentration increased, however, a decrease in device
performance was observed. For the P3HT:PCgBM system, the optimal Au/SiO,
nanosphere concentration was 0.4 mg/ml and 0.6 mg/ml for the Au/SiO, nanorods;
concentrations of nanospheres or nanorods greater than 2 mg/ml resulted in OPV device
performance degradation. Similarly, optimal concentrations for the PBDTT-DPP:PC-
s0BM system were 0.1 mg/ml for nanospheres and 0.2 mg/ml for nanorods (AR ~ 4) with
a threshold concentration of 1 mg/ml. The results of the concentration study are

summarized in Tables 3.1-3.4 and in Figure 3.3.
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Table 3.1 Gold/Silica Core/Shell Nanospheres (radius=20 nm)
in P3HT:PCgBM

Devices Jso(MA/cm?) Voe(V) FF(%) PCE (%)
Without Au/SiO; 8.98+0.06 0.61+0.01 68.0+0.6 3.67+0.05
0.2mg/mL Au/SiO, 9.20+0.05 0.60+0.00 67.9+0.6 3.73+0.03
0.4mg/mL Au/SiO, 9.41+0.05 0.59+0.00 67.8+0.2 3.77+0.03
0.8mg/mL Au/SiO, 9.30+0.15 0.59+0.00 65.5+1.1 3.61+0.09
1.5mg/mL Au/SiO, 8.50+0.25 0.58+0.01 54.8+1.2 2.67+0.14

Table 3.2 Gold/Silica Core/Shell Nanospheres (radius=20 nm)
in PBDTT-DPP:PCgBM

Devices Jso(mA/cm?) Voe(V) FF(%) PCE(%)
Without Au/SiO, 10.3540.14 0.75+0.00 63.7+0.5 4.93+0.09
0.1mg/mL Au/SiO, 11.81+0.08 0.74+0.01 61.0+0.3 5.38+0.06
0.2mg/mL Au/SiO, 11.36+0.05 0.75+0.01 59.1+0.5 5.02+0.05
0.4mg/mL Au/SiO, 11.60+0.11 0.74+0.01 58.2+0.4 5.03+0.04
1.0mg/mL Au/SiO, 11.33£0.15 0.74+0.01 57.1+0.8 4.84+0.04

Table 3.3 Gold/Silica Core/Shell Nanorods of AR~2.5 (radius=10 nm)

in P3HT:PCgBM

Devices Jse(mA/cm?) Voc(V) FF(%) PCE(%)

Without Au/SiO; 8.98+0.06 0.61+0.01 68.00.6 3.67+0.05
0.2mg/mL Au/SiO, 9.15%0.05 0.61+0.01 67.920.5 3.76x0.02
0.6mg/mL Au/SiO, 9.80%0.04 0.60%0.00 66.920.2 3.93+0.03
1.5mg/mL Au/SiO, 9.61+0.04 0.60+0.00 66.0+0.5 3.79+0.06
3.0mg/mL Au/SiO, 8.81+0.09 0.60%0.00 58.8+1.2 3.11+0.09

Table 3.4 Gold/Silica Core/Shell Nanorods of AR~4 (radius=8 nm)

in PBDTT-DPP:PCgBM

Devices Jse(MA/cm?) Voe(V) FF(%) PCE(%)
Without Au/SiO, 10.35+0.14 0.75%0.00 63.7+0.5 4.93+0.09
0.1mg/mL Au/SiO, 11.41+0.09 0.75%0.00 63.0+0.6 5.36+0.07
0.2mg/mL Au/SiO, 12.20+0.15 0.75+0.00 61.6+0.4 5.64+0.05
0.4mg/mL Au/SiO, 12.35%0.25 0.74+0.01 60.4+1.5 5.48+0.10
1.0mg/mL Au/SiO, 11.60+0.20 0.72+0.01 52.5+2.5 4.27+0.19
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Figure 3.3 Solar cell PCE as a function of Au/SiO; nanosphere and

nanorod concentrations for (a) D in P3HT:PC¢BM (b) D in PBDTT-

DPP:PCgBM (c) E in P3HT:PCgBM and (d) F in PBDTT-DPP:PCgBM.

The reason for the observed trends may be attributed to disruption of the OPV cell
morphology due to a high concentration of Au/SiO, core/shell additive, leading to lower
carrier extraction. The lower optimal concentration of Au/SiO, nanospheres compared to
nanorods was attributed to the fact that the Au/SiO, sphere colloidal solutions were
dispersed less uniformly and contained aggregates, disrupting the OPV cell morphology
to a greater extent. In order to investigate this further, atomic force microscopy (AFM)

studies were conducted using a Bruker Dimension 5000 Scanning Probe Microscope

(SPM) in "tapping" mode to examine the surfaces of the OPV cells with Au/SiO,
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core/shell nanospheres that yielded the highest and lowest PCEs along with reference
devices for both the P3HT- and PBDTT-DPP-based OPV devices. The best plasmonic
OPV devices show similar height and phase images as the reference devices, indicating a
relatively unchanged morphology in the bulk heterojunction. On the other hand, the
plasmonic OPV devices with higher Au nanorods loading show increased roughness as
well as some abrupt protrusions on the surface, which might be the aggregations of the
AuU/SiO; nanoparticles. Figures 3.4 and 3.5 show AFM images of the reference, optimum
and highest tested Au/SiO, nanosphere concentrations for the P3HT- and the PBDTT-
DPP-based devices, respectively. The BHJ morphology evolution with different amounts
of Au/SiO; nanoparticles is a critical factor affecting the overall device performance, e.g.
the AuU/SIO, nanoparticles might alter the crystallinity, molecular packing and

donor/acceptor interface.
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Figure 3.4 Atomic force microscopy images of P3HT:PCBgM devices
(the left column is the height image and the right column the phase
image): (a-b) Reference device, (c-d) Device with 0.6 mg/ml Au/SiO,
nanospheres, and (e-f) Device with 3 mg/ml Au/SiO; nanospheres.
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Figure 3.5 Atomic force microscopy image of PBDTT-DPP:PCBgM
devices (the left column is the height image and the right column the
phase image): (a-b) Reference device, (c-d) Device with 0.6 mg/ml
AU/SiO, nanospheres, and (e-f) Device with 1 mg/ml Au/SiO,

nanospheres.

For the P3HT:PCgBM system, the Jsc was improved by 8% while for the PBDTT-

DPP:PCgBM system, the improvement was 16%. The V. were nearly the same for both

systems, while the fill factor (FF) decreased 1.1% for the P3HT:PCsBM system and

2.6% for PBDTT-DPP:PCsBM system. This may be attributed to the fact that the
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morphology of the device was altered after the incorporation of the Au/SiO, nanorods,.
Further study is required to elucidate the mechanisms responsible for the observed trends.

In the low band gap polymer system, PBDTT-DPP:PCsBM, a larger
enhancement was observed than that in the P3HT:PCgBM system. From the EQE
enhancement factor, it was found that the improvement was in two spectral regions: one
~ 830 nm that matched the longitudinal oscillation mode of the Au/SiO, nanorods, and
another one at ~540 nm that matched the transverse oscillation mode. Variation of the
active layer thickness and other processing variations were excluded since the shape of
the EQE spectrum after adding Au/SiO, nanorods strongly differs from that of the
reference device.

In conclusion, improvements in the PCE and Js. were achieved in two OPV
polymer systems by incorporating resonant light absorption and scattering Au/SiO;
core/shell nanorods in their active regions. For the P3HT:PCgBM, the incorporation of
AU/SIiO; core/shell nanospheres ( ~ 540 nm peak extinction) in the active layer led to a
1.9% increase in PCE. The incorporation of Au/SiO, nanorods with peak extinction
wavelengths matched to the P3HT:PCgBM polymer band edge ~ 670 nm led to a 6.2%
increase in the PCE of OPV devices. For the PBDTT:PCgBM system, the incorporation
of Au/SiO, nanospheres with peak extinction wavelengths ~ 540 nm led to a 8.2%
increase in PCE while Au/SiO, core/shell nanorods with extinction peaks matched to the
band edge of PBDTT-DPP:PCBM ( ~ 830 nm) showed a PCE increase of 13.3%. The
results indicate that spectral tuning of the active layer plasmonic light trapping particles is
a key consideration for active layer incorporated plasmonic light trapping. In order to

maximize light trapping in practical applications, active layer-incorporated Au/SiO;
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nanoparticles should be spectrally tuned to match wavelength regions of poor light
absorption. In spectral regions where the OPV polymer absorbs light efficiently, the
effect of incorporating plasmonic light trapping nanoparticles is small.

These results also indicate that the concentration of the active layer- incorporated
AU/SiO, core/shell nanoparticles needs to be optimized. After a certain critical
concentration, the addition of core/shell nanoparticles degrades device performance. A
high concentration of Au/SiO; core/shell particles in the active layer causes disruption of
the OPV polymer morphology and leads to lower carrier extraction.

AU/SiO, core/shell nanorods may have utility as a flexible vehicle to study
plasmonic light trapping in OPVs. The relative absorption or scattering contribution to
the overall nanoparticle optical response can be designed by changing the size of Au
nanosphere or nanorod core (Wang 2011). By increasing the SiO, shell thickness to > 15
nm, the near field enhancement from the LSPR is concentrated entirely in the SiO; shell
and any observed EQE enhancement is derived from light scattering off of the
nanoparticle. An ultra-thin layer of SiO, (< 2 nm) on the other hand ensure that the
nanoparticles remain electrically insulating but that OPV material at the edge of the

nanoparticle still experience an enhanced near field.
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CHAPTER 4 PLASMONIC PHOTOTHERMAL THERAPY WITH
Au/SiO,/Yb:Er:Y,03 NANORODS

Spectrally-tailored gold/silica/ytterbium, erbium co-doped yttria core/shell
nanorods (Au/SiO,/Yb:Er:Y,03) were investigated for dual-mode bio-imaging and photo-
thermal therapy applications in terms of their cytotoxic, photo-thermal and optical
properties. The peak extinction wavelength of the Au/SiO./YDb:Er:Y,03 core/shell
nanorod was spectrally matched to the peak emission wavelength of the Er®* ion
*Foo>*115,, energy transition (660 nm) in order to increase the photonic density of states
at that frequency and thus enhance the photo-luminescence (PL) intensity of the Er®" ion.
The Er** *Fg;,>*1sy transition was specifically chosen from four available Er** emission
bands in the UV-visible regime (405 nm (*Hoz—"l1512), 520 nm (*H1z2—*11512), 550 nm
(“Sae—"l152) and 660 nm (‘*Fer— “l1s2)) because it falls within the biologically
transparent window ( ~ 630 nm to ~ 930 nm).

The cell survival rate of MDA MB 231 breast cancer cells incubated with 7 mM
Au/SiO; and Au/SiO2/Yb:Er:Y,03 core/shell nanorod colloidal solutions was quantified
and compared to the cell survival rate of breast cancer cells incubated with 7 mM
Au/PSS, Au/PAH and Au/PVP nanorod colloidal solutions. The cell survival rates of
MDA MB 231 cells incubated with 7 mM Au/SiO, and Au/SiO,/Yb:Er:Y,03 core/shell
nanorods were 68% and 83%, respectively, lower than those of cells incubated with 7
mM Au/PSS, Au/PAH, Au/PVP (> 90%). Cells embedded with Au/SiO, core/shell
nanorods showed the lowest cell survival rate, possibly due to the fact that the surface of

SiO:2 nanoparticles produces reactive oxygen species through disproportionated reaction
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resulting in oxidative damage to protein and DNA. The cytotoxicity of
AU/SiO,/Yb:Er:Y,03 nanoparticles occurs due to a similar reaction.

In-vitro studies of MDA MB 231 cells tumor cells exposed with 980 nm laser
irradiation demonstrated that selective hyperthermia can be induced using 7mM Au/PAH,
AU/PVP, AuU/SiO, or Au/SiO,/Yb:Er:Y,03; nanorods. When irradiated with a 980 nm
laser diode for 5 min at 1.7 W/cm?, the cell survival rates of MDA MB 231 cells
incubated with 7 mM Au/SiO, and Au/SiO./Yb:Er:Y,03 core/shell nanorods were
reduced 19% and 18%, respectively, while the cell survival rate of cells incubated with 7
mM Au/PAH and Au/PVP were reduced 18% and 25% respectively. The control sample
only showed a 3% reduction in cell viability when irradiated with the same laser power
and duration, demonstrating the effectiveness of Au nanorod based core-shell system,
under near infra red laser radiation, to reduce the viability of tumor cells.

MDA MB-231 tumor cells incubated in-vivo in athymic nude male mice exhibited
cell necrosis when irradiated for 10 minutes with 1.7 W/cm? of 980 nm laser irradiation
in areas injected with 100 pl, 10 mM Au/PVP nanorods. Tumor areas treated with 980
nm laser irradiation but without the Au/PVP nanorods did not exhibit cell necrosis. This
demonstrates the effectiveness of Au nanorod-based photo-thermal treatment to

effectively destroy tumor cells in vivo.
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4.1 Synthesis of Spectrally-Tailored Au/SiO,/Yb:Er:Y,03 Core/Shell Nanorods

Au nanorods with peak extinction wavelengths of ~ 650 nm were synthesized
using a modified literature protocol that was detailed in Chapter 2. The LSPR peaks were
chosen to be ~ 10 nm blue-shifted from the emission peak of erbium, since coating with
silica and yttria red-shifts the LSPR peak wavelength (Chen 2013). The Au nanorods
were coated with a 10 nm silica shell. The Au/SiO, nanorods were centrifuged and re-
dissolved in 1 ml of DI H,0. A rare earth yttria coating solution was prepared by mixing
0.89 g YCI3, 0.1 g YbCl3, 10 mg ErClz and 5 g urea in 100 ml of DI water. To deposit a 5
nm thick shell of Y,03 on the Au/SiO, core/shell nanorods, 1.4 ml of the coating solution
was added to 1.6 ml of Au/SiO, core/shell nanorods. Finally, 2 ml of DI water was added
and the solution was stirred at 80°C for 5 hours to complete the deposition.

The cytotoxic, photo-thermal and optical properties of Au/SiO,/Yb:Er:Y,0;
core/shell nanorods were assessed for dual-mode bio-imaging and photo-thermal therapy
applications and the results were compared to previously reported Au nanorod-based
nanostructures, including polystyrene sulfonate-coated Au nanorods (Au/PSS) (Tong
2009), polyanilline hydrochloride-coated Au nanorods (Au/PAH) (Tong, 2012),
polyvinylpyrrolidone-coated Au nanorods (Au/PVP) (Sortino, 2012) and silica-coated Au
nanorods (Au/SiO,) (Rodriguez, 2007). Spectrally tailored Au/SiO,/Yb:Er:Y,03 showed
comparable photo-thermal properties to these four material systems as well as spectrally
sharp photoluminescence peaks around 660 nm, well matched with the biologically
transparent window and thus suitable for dual photo-thermal therapy/bio-imaging

applications.
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4.2 Cell Viability and Morphology Evaluation
4.2.1 Hydrogel Preparation

A gelatin stock solution was prepared by mixing 100 g of gelatin (porcine skin
type A 300 bloom, Sigma-Aldrich, MO) in 500 mL of distilled water and stored at 4°C.
The gelatin stock solution was further diluted to a final 7.5% by weight solution and left
at room temperature for 2 hours. Microbial transglutaminase (TGase) obtained from
Streptomyces membrane (ACTIVA TI Ajinomoto, Japan) was purified by a Sepharose
Fast Flow (FF) column. Crude TGase (2g) was dissolved in 20 mM phosphate and 2 mM
EDTA at a pH of 6 (Buffer A) and mixed with 3 mL of pre-equilibrated S Sepharose FF
beads. After overnight incubation at 4°C, the mixture of protein solution and beads was
loaded into the FF column. After washing with 3 mL of Buffer A, TGase was eluted with
Buffer B (Buffer A with 800 mM NacCl). Protein concentration was monitored by the
Bradford method (Bio-Rad) utilizing BSA as a standard. Enzyme crosslinking activity

was quantified by a spectrophotometric assay using o-phthaldialdehyde (Dinnella, 2002).

4.2.2 Cell Embedment, Viability and Morphology

MDA MB-231 mouse mesenchymal stem cells were purchased from ATCC and
cultured in Dulbecco's Modified Eagle Medium (DMEM) (Mediatech, VA) with 10%
fetal bovine serum (Lonza, MD). Cells were detached with 0.25% trypsin in Hanks’
balanced salts mix (HBSS) (Mediatech, VA). Cells were centrifuged and dispersed in
7.5% gelatin. The supernatant was replaced with a mixture of 200 pL cell-gel. Solutions
of 7 mM AuU/PSS, Au/PAH, Au/PVP, Au/SiO, and Au/SiO,/Yb:Er:Y,03; core/shell

nanorods were synthesized as described in Chapter 2 and homogenously dispersed in the

119



cell-gel mixture. 12 pLL of TGase was added and mixed with each sample. Finally, 20 pL
were pipetted into a 48-well plate and incubated at 37°C for 30 minutes for
polymerization. The solidified samples were cultured with DMEM medium with 10%
FBS for 48 hours. The CCkit8 reagent was diluted in a 5pL of stock in 200 uL medium
ratio and samples were incubated for 3 hours. The cell viability test is a colorometric test
which measures the percentage of viable cells in a sample based on the strength of the
dye incorporated in the kit. Stronger color is the result of more electrons donated to the
dye from viable cells while non-viable cells do not donate electrons to the dye and no
color change is produced. Cell survival percentage is determined as a ratio of absorbance
measured at 450 nm at the beginning of the experiment and at the end according to
calibration standards provided in the kit.  The cell morphology changes were observed
by microscope (Leitz WETZLAR, Germany) and recorded by a digital camera (Nikon,

Japan).

4.2.3 Gelatinolytic Zymograph Assay

The culture medium was dissolved in DMEM without serum and cultured for 24
hours. An SDS sample buffer (250 mM Tris at pH 6.8, 10% SDS, 50% glycerol, and 2.5
mg/ml of bromophenol blue) was added to aliquots of the collected media at a 1:1 ratio.
The gel was incubated with 2.5% Triton X-100 and subsequently replaced with a
developing buffer containing 50 mM Tris, 5 mM CaCl,, and 200 mM NacCl at a pH of 7.5
at 37°C for 24 hours. The gelatinolytic activities were visualized by staining with

Coomassie blue solution (62.5% ethanol, 25% acetic acid and 0.125% Coommasie blue
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R250 (Biorad)) and later with the destaining solution (30% methanol and 1% formic

acid).

4.2.4 In-vitro Tumor Model

MDA MB 231 breast cancer cells incubated with 7mM Au/PSS, Au/PAH,
AU/PVP, AuU/SIiO, and Au/SIO,/Yb:Er:Y,O3 nanorods and a control sample were
embedded into Tg-gelatin gel 100 puL and cultured for a week. Cell viability was
analyzed with a CCKit8 test to establish the baseline. Then cells received 1.7 W/cm? of
980 nm laser diode radiation treatment for 5 minutes and cell viability was again

analyzed to determine the effect of the laser radiation on the tumor cells.

4.2.5 In-vivo Model

Athymic nude male mice were used for the experiment. The protocol was
approved by the Institutional Animal Care and Use Committee, University of Southern
California. Animals were anesthetized with ketamine/xylazine (10:1 weight ratio) before
the injection of MDA MB-231 tumor cells that were mixed with transglutaminase-gelatin
gel. The mixture of cell and gel were subcutaneously injected on the back of mouse.
After injection, the mice were incubated for 28 days. When tumor size was suitable for
treatment, the tumor was injected with 100 pl of 10 mM Au/PVP nanorods. After 5
minutes, the tumor received 1.7 W/cm? of 980 nm laser treatment for 10 minutes. The
mouse was terminated after 3 days incubation. The tumor was dissected from the mouse
and fixed in 10% neutral buffered formalin solution for 18 hours. Explant tumor samples
were paraffin-embedded and sectioned before hematoxylin and eosin (H&E) staining was
performed.
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4.3  Optical Characterization

Upconversion spectra of Au/SiO;, SiO,/Yb:Er:Y,03; and Au/SiOy/Yb:Er:Y,0;
core/ shell nanorods were collected using the experimental setup described in Chapter 2.
The specific parameters for the three samples that were investigated are summarized in
Table 4.1.

Table 4.1 Summary of sample parameters for Au/SiO, and Au/SiOy/Yb:Er:Y,03
core/shell nanorods and SiO,/Yb:Er:Y,03 core/shell nanospheres

Sample Au Nanorod SiO; Yb:Er:Y,03
AU/SIO; 20 nm diameter 10 nm shell N/A
50 nm length
SiOy/Yb:Er:Y,03 N/A 400 nm SiO; 10 nm shell
Sphere 10 wt% Yb, 1 wt% Er
AU/SIOo/YDb:Er:Y,03 20 nm diameter 5nm shell 10 nm shell
50 nm length 10 wt% Yb, 1 wt% Er

Figure 4.1(a) shows the normalized extinction spectra of Au/SiO,/Yb:Er:Y,0s3,
SiO./Yb:Er:Y,03 and Au/SiO, core/shell nanorod solutions along with emission
spectrum associated with the Er** *Fg;,> %1155, radiative energy transition. Figure 4.1(b)
show the TEM images of Au/SiO./Yb:Er:Y,0s3, SiO,/Yb:Er:Y,03 and Au/SiO, core/

shell nanorods.
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Figure 4.1 (a) Normalized extinction spectra of Au/SiOx/Yb:Er:Y,0s,
SiO./Yb:Er:Y,03 and Au/SiO; solutions along with emission spectrum
associated with the Er®* *Fg;,>*115,; radiative energy transition (b) EDX of
AU/SIO,/Yb:Er:Y,03 core/shell nanorods. (c) From left to right: TEM
image of (A) AU/SiO, (B) SiO./Yb:Er:Y,03 and (C) AU/SIOL/YD:Er:Y,0;

The extinction wavelength of the Au/SiO,/Yb:Er:Y,O3; core/shell nanorod

solution spectrally matched the peak emission wavelength of the Er** *Fop > “lisp

radiative energy transition in order to optimize energy transfer between the plasmonic

and fluorescent components of the hybrid core/shell nanorod. The extinction spectrum of

the Au/SiO,/Yb:Er:Y,03 qualitatively resembled the extinction spectrum of the Au/SiO,

core/shell nanorod reference solution core/shell nanorod solution, however, the extinction
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intensity of the Au/SiO,/YDb:Er:Y,03 core/shell nanorod colloidal solution was higher in
the 450 nm — 550 nm region than the extinction of the Au/SiO;, core/shell nanorod
colloids. The increased extinction intensity is attributed to the Yb:Er:Y,03 shell. The
extinction spectrum of SiO,/Yb:Er:Y,03 core/shell nanospheres shows increasing
extinction with increasing frequency, typical of Rayleigh scattering.

The PL emission spectra of Au/SiO, and SiO,/YDb:Er:Y,0; as a function of 980
nm laser diode excitation power are shown in Figures 4.2 (a) and (b). The PL emission
spectrum of Au/SiO, showed a broadband luminescence characteristic (Yorulmaz, 2012),
while that of SiO,/Yb:Er:Y,O3 core/shell nanospheres showed spectrally sharp lines

cooresponding to 4f orbital electron transitions.
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Figure 4.2 Upconversion power spectra (980nm laser diode excitation) of
(a) AU/SiOZ, (b) SiOzle:Er:YzO&

The PL emission spectra of Au/SiO,/Yb:Er:Y,03 as a function of 980 nm laser

diode excitation power are shown in Figures 4.3.
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Figure 4.3 Upconversion power spectra (980nm laser diode excitation) of

AU/SiO/Yb:Er:Y,0;.

At low excitation powers, the spectral signature of the hybrid
plasmonic/fluorescent core/shell nanorods resembled the emission spectrum of the Er®*
*Fon>*115, radiative energy transition. With increasing excitation power, the broadband
luminescence characteristics of Au inter-band transitions, became more evident. Overall,
the core/shell nanorods showed photoluminescence characteristics that displayed the
broadband spectral features of Au interband transitions as well as the sharp spectral lines
of the Er** *Fg;,-> 115/, energy transition upon excitation with a 980 nm laser diode. Their
peak luminescence intensity at 660 nm was 1.81 times higher than that of
SiO,/Yb:Er:Y,03 nanospheres at the same wavelength and excitation power (4.5 W/cm?).

The logarithmic peak PL emission intensity as a function of excitation power for

AU/SiOL/Yb:Er:Y,03 and SiO,/Yb:Er:Y,03 are shown in Figure 4.4 (a). The radiative
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lifetime measurements for the Er** “Fgp>%lisp energy transition in samples
AU/SIO /YD:ErY,03 and SiO,/Yb:Er:Y,O3 are shown in Figure 4.4(b). The
upconversion PL intensity versus pump power relationship was probed to determine the
statistical photon requirement (n) for the upconversion from 980 nm excitation
wavelength to the 660 nm emission wavelength. The PL intensity of the
SiO,/Yb:Er:Y,03 scaled linearly with pump power. The PL intensity versus excitation
log-log slope of 1.4 indicates a multi-photon upconversion process. The Au/SiO, and
AU/SiOy/Yb:Er:Y,05 core/shell nanorods on the other hand displayed non-linear optical

characteristics with increasing excitation power.
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Figure 4.4 (a) Power dependence spectra of samples Au/SiO,/Yb:Er:Y,03,
SiO,/Yb:Er:Y,03 and Au/SiO,. (b) The radiative lifetime measurements
for Au/SiO./Yb:Er:Y,03 and SiO»/Yb:Er:Y,03
4.4  Plasmonic Photo-Thermal Therapy
Figure 4.5 (a) shows the heating rate of 0 mM (control), 1.75 mM, 7 mM and 14

mM Au/PSS nanorod solutions under 1.7 W/cm? 980nm laser irradiation. The photo-

thermal results indicated that an Au nanorod concentration of 7 mM is needed to achieve
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a temperature of > 43°C, at which protein denaturation and disruption of the cellular
membrane occurs (Dickerson, 2008). The cell viability is nominally 100% with the
control solution, however, as the Au/PSS nanorod concentration increased to 14 mM, in
the absence of radiation, the cell viability signal in cell assay was decreased to 91%, as
shown in Figure 4.5(b). This result serves as the comparison for Au/SiO, and
AU/SIOL/YD:ErY,03
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Figure 4.5 (a) Photo-thermal properties of 400 pul of control (0 mM), 1.75
mM, 7 mM and 14 mM Au/PSS nanorods (b) Cell viability of breast
cancer cells after incubation with 0 mM, 1.75 mM, 7 mM and 14 mM
Au/PSS nanorods.

The photothermal property of 7 mM solutions of Au/SiO,/Yb:Er:Y,03 nanorods
is compared to that of Au/PSS, as shown in Figure 4.6 (a). The AU/SIOL/YD:ErY,03
core/shell nanorods showed photo-thermal properties that were comparable to Au/PSS
nanorods. The peak temperature of a 400 pL solution of 7 mM Au/SiO2/Yb:Er:Y,0;
core/shell nanorods was 0.5°C lower than the peak temperature of Au/PSS after 3 minutes

of laser irradiation with 1.7 W/cm? 980 nm laser diode.
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The cytotoxic properties of 7 mM Au/PSS, Au/PAH, Au/PVP, Au/SiO; and
AU/SiO,/Yb:Er:Y,03 nanorods in the absence of radiation are shown in Figure 4.6 (b).
Specifically, the cell survival rate of MDA MB 231 cells incubated with 7 mM Au/SiO,
and Au/SiO,/Yb:Er:Y,03 core/shell nanorods was 68% and 83%, respectively, while the
cell survival rates of MDA MB 231 cells incubated with 7 mM Au/PSS, Au/PAH,
AU/PVP were 95%, 91% and 93%, respectively. Cells incubated with Au/SiO; particles
displayed the lowest cell survival rate (68%), possibly due to the fact that the surface of
SiO:2 nanoparticles produces reactive oxygen species through disproportionated reaction
resulting in oxidative damage to protein and DNA, making it most cytotoxic (Yang,
2010; Zhang, 2011). The cytotoxicity of Au/SiO,/Yb:Er:Y,03 nanoparticles occurs due to
a similar reaction and depends strongly on the nanoparticle geometry as well as the
surface chemistry (Andelman, 2011).
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Figure 4.6 (a) Photo-thermal properties of 7 mM Au/PSS and
AU/SiOL/Yb:Er:Y,03 core/shell nanorods (b) Cell viability of 7 mM
Au/PSS, Au/PAH, Au/PVP, Au/SiO; and Au/SiO,/Yb:Er:Y,03 nanorods.
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Figure 4.7 shows the results of in-vitro tumor photo-thermal therapy using
AU/PAH, Au/PVP, Au/SIO, and Au/SiOy/Yb:Er:Y,05 core/shell nanorods, where the
MDA MB 231 cells incubated with these core/shell nanorods were irradiated with 5
minutes of 980 nm laser at 1.7 W/cm?. The control sample showed a 3% reduction in cell
viability when irradiated with the same laser power and duration. The cell survival
percentage of tumor cells incubated with 7 mM Au/PAH, Au/PVP, Au/SiO, and
AU/SIO,/Yb:Er:Y,03 decreased from 91% to 75%, 93% to 70%, 68% to 55% and 83%
to 68%, respectively. This translates to a respective reduction of cell viability by 18%,
25% 19%, 18%, demonstrating the effectiveness of the Au nanorod-based core-shell
system, under radiation, to reduce the viability of tumor cells. The highest reduction in
cell viability was demonstrated by Au/PVP nanorods. This is potentially due to the strong
NIR absorption and photo-thermal properties of the polypyrrole polymer in the organic

shell of the Au/PVP nanorods (Wang, 2013; Chen, 2011).
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Figure 4.7 (a) Photograph of tumor cells without (left) and with 5 minutes

of 1.7 W/cm? laser irradiation (right). (b) Cyto-toxicity assay results of

breast cancer tumors with 7 mM Au/PAH, Au/PVP, Au/SiO, and

AU/SiO,/Yb:Er:Y,03 nanorods prior to laser irradiation and after 5 min of

1.7 W/cm? 980nm laser irradiation.

Figure 4.8 shows the results of in-vivo photo-thermal therapy with Au/PVP
nanorods. The hemalum-stained nuclei of the cancer cells are the black circles, while the
pink regions in the image represent cell necrosis. The results indicate selective

hyperthermia in regions where Au/PVP nanorods were injected and exposed to laser

irradiation.
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Figure 4.8 (a) Photograph (left) and near infra-red scope image (right) of

an athymic nude mouse with a MDA MB 231 breast cancer tumor on its

back receiving laser treatment (b) (A) Histology cross section of breast

cancer tumor explanted from mouse model after 10 minutes of 1.7 W/cm?

laser irradiation of a tumor section into which 100 pl of 10mM Au/PVP

nanorods were injected (left) and area which received laser treatment but

was not injected with Au/PVP nanorods (right).

In conclusion, AuU/SiO,/Yb:Er:Y,0O3 core/shell nanorods were synthesized,
characterized and evaluated as a photo-sensitizer nanomaterial for photo-thermal therapy
applications. The peak extinction wavelength of the Au/SiO,/Yb:Er:Y,O3 core/shell
nanorod was spectrally matched to the peak emission wavelength of the Er®* ion

*Fo>*115, energy transition ( ~ 660 nm) in order to increase the photonic density of

states at that frequency and to enhance the photo-luminescence (PL) intensity of the Er**
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ion (Schietinger, 2009). The “Fg;,=>*l155, transition was chosen from the four available
Er¥* emission bands in the UV-visible regime: 405 nm (*Hoz—"lis12), 520 nm
(*H112—"11512), 550 nm (*Sarz—"l1512) and 660 nm (*Foz— *l1512)) because it falls within
the biologically transparent window (Wang, 2011). Upconversion PL spectra as a
function of power with 980 nm laser diode excitation were collected for SiO,/Yb:Er:Y,03
core/shell nanospheres, Au/SiO,/Yb:Er:Y,03 and Au/SiO, core/shell nanorod powders.
Both Au interband and Er** 4f energy transitions were present in the upconverted PL
spectra of Au/SiO./YDb:Er:Y,03 core/shell nanorod powders. At excitation powers less
than 2.5W/cm?, Au/SiO,/Yb:Er:Y,03; powders show sharp spectral lines, characteristic
of the Er** 4f orbital energy transitions. Spectrally broad light emission characteristic of
Au interband energy transitions was observed with excitation powers above 2.5 W/cm?,
Radiative lifetime measurements were performed on SiO,/Yb:Er:Y,O3; and on
AU/SiOy/YDb:ErY,0; powders in order to evaluate whether the radiative dipole
oscillation modes of the Au/SiO, core/shell nanorods were coupling with the photonic
modes associated with the Er** 4f electronic transitions. The radiative lifetime of the Er®*
*Fon— *1sn energy transition was 25 us with the Er’* ion in the Y,03 shell of a
SiO,/Yb:Er:Y,03 nanosphere and 10 ps with the Er®* in the Y,0; shell of a
Au/SiOz/Yb:Er:Y,05 core/shell nanorod. The 2.5-fold decrease in radiative lifetime
indicates that the Er** emitter environment has indeed been modified by the presence of

the Au nanorod through the Purcell effect.
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CHAPTER 5 CONCLUSION

This work demonstrated that spectrally-tailored plasmonic core/shell nanorods
can be utilized to increase the efficiencies of organic photovoltaic devices and can also
serve as effective photo-thermal sensitizers in cancer photothermal therapy.

Specifically, for the solar energy application, octadecyltrimethoxysilane-
functionalized Au/SiO; core/shell nanorods were incorporated into the active layers of
two OPV polymer systems: P3HT:PCBgM and PBDTT-DPP:PCgBM. For the
P3HT:PCsBM polymer with a band edge ~ 670 nm, addition of Au/SiO, core/shell
nanospheres resulted in a 2.7% improvement in PCE while the addition of the core/shell
nanorods of AR ~ 2.5 (extinction peak, Apeak = 670nm) resulted in an 7.1% improvement.
For the PBDTT-DPP:PC¢BM polymer with a band edge ~ 830 nm, the addition of
AU/SiO, core/shell nanospheres resulted in a 9.2% improvement, while the addition of
core/shell nanorods of AR ~ 4 (extinction peak, Apeak = 830nm) resulted in a 14.4%
improvement in PCE. The PCE and Js. enhancements were consistent with external
quantum efficiency (EQE) measurements and the EQE enhancements spectrally matched
the extinction spectra of Au/SiO, nanospheres and nanorods in both OPV polymer
systems.

For the cancer photo-thermal therapy application, Au/SiO,/Yb:Er:Y,03 core/shell
nanorods in which the photonic modes of the Yb:Er:Y,03 shell were spectrally and
spatially matched to the Au nanorod plasmonic modes were designed, synthesized,
characterized and employed in photo-thermal therapy of breast cancer both in-vitro and

in-vivo. The plasmonic/fluorescent Au/SiO./Yb:Er:Y,03 core/shell nanorods exhibited
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both the broadband photoluminescence characteristic of Au interband transitions and the
sharp emission lines characteristic of the Er** “Fg, = “lis; energy transition upon
excitation with 980 nm laser irradiation. The Au/SiO./Yb:Er:Y,03; showed a 1.81-fold
more intense emission signal and a 2.5-fold shorter radiative lifetime compared to
SiO,/Yb:Er:Y,03 nanospheres at a wavelength of 655 nm, corresponding to the Er®* *Fg),
> “115, energy transition. In cyto-toxicity assays, the Au/SiOa/Yb:Er:Y,0s core/shell
nanorods exhibited comparable cell viability to polystyrene-coated Au nanorods. In
photo-thermal therapy treatment tests, selective hyperthermia was induced in breast
cancer tumors both in-vitro and in-vivo.

The gold/dielectric core/shell nanorod structure is well suited to study a number
of plasmonic effects. For example, by increasing the SiO, shell thickness to > 20nm, it is
possible to confine electromagnetic near field of the Au nanorod in the SiO; shell.
Observed EQE enhancements derived from incorporation of Au/SiO; core/shell
nanoparticles with thick SiO; shells ( > 20nm) in OPV devices would stem primarily
from light scattering off of the nanoparticles as opposed to near field effects. A thin layer
of SiO; (< 5nm) on the other hand would ensure that the nanoparticles remain electrically
insulating but that the OPV material at the edge of the nanoparticle experiences the
enhanced electromagnetic field due to the nanoparticle LSPR near field. A follow up
study to this work might include the synthesis of Au/SiO, core/shell nanorods with
different SiO, thicknesses and their incorporation into OPV device active layers in order
to study the relative contribution of the near field versus light scattering to the overall
performance enhancement in plasmonic solar cell devices. The relative contribution of

the near field can also be studied using surface enhanced Raman scattering (SERS) by
134



coating the Au/SiO, core/shell nanorods with a Raman active molecule such as pyridine.
AuU/SIO; core/shell nanorods with a thin SiO, layer are expected to have stronger SERS
signatures.

By pairing Au/SiO; core/shell nanorods with different SiO, shell thicknesses with
quantum emitters (either rare earth ions, quantum dots or laser dye) it is possible to study
the effect of the enhanced electromagnetic near field on the spontaneous emission rate of
the quantum emitters. Additionally, by controlling the Au nanorod aspect ratio, the effect
of spectral match between the plasmonic mode and the fluorescent mode can be
systematically studied.

The experimental results of both the solar and the cancer photo-thermal therapy
indicated that the concentration of the Au/SiO, core/shell nanorods plays a vital role. In
the case of active layer-incorporated Au/SiO; core/shell nanoparticles, addition of small
amounts of plasmonic nanorods increased the device PCE at first, but after a certain
critical concentration, the addition of core/shell nanorods was found to degrade device
performance. The deleterious effect of a high concentration of Au/SiO, core/shell
particles in the active layer was shown to be due to the disruption of the OPV polymer
morphology. Further study of the mechanisms by which OPV device morphologies are
disrupted would assist in the design of plasmonic OPV cells with optimized Au/SiO,
core/shell nanorod concentrations. This work also demonstrated that in order to achieve
maximum heating rates, the concentration of the photo-sensitizer nanorods should be
maximized and that the surface chemistry of the nanorods is key to minimize the

deleterious effects of incorporating nanorods into cell.
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The relative light absorption or scattering contribution to the overall nanoparticle optical
response can be designed by changing the size and geometry of Au nanosphere or
nanorod core, since larger nanoparticles generally scatter light more efficiently than
smaller particles which tend to absorb the majority of the incident light upon them. OPV
devices with plasmonic materials embedded in their active layers have to make a tradeoff
between incorporating small ( < 30 nm) nanoparticles that preferentially absorb light, but
disturb active layer morphology to a lesser degree, and larger ( > 50 nm) nanoparticles
that preferentially scatter light but potentially disturb active layer morphology to a greater
degree.

Besides the solar and medical applications discussed in this work, these hybrid
core/shell nanorods also have potential as subwavelength optical antennas and as non-
linear optical materials. For this purpose, the silica shell should be as thin as possible. An
ideal Au/SiOy/Yb:Er:Y,03 core/shell nanorod optical cavity should have a. single crystal
Au nanorods of aspect ratio ~2.5 (plasmon resonance ~ 650 nm) and relatively large size
(eg. 20 nm diameter x 50 nm length rods). The geometry to maximizes the Au nanorod
absorption cross section for optimal photo-thermal energy transduction along with a thin
SiO, shell (~ 1nm) and a 10 nm thick Yb:Er:Y,O3 with at least a 10%° cm™ Er®* ion
concentration in the shell in order to provide sufficient gain to overcome optical losses
associated with plasmon resonant electron oscillations at A = 650 nm. This represents 5 x
10* Er** ions in a 10 nm Y03 shell around a 20x50nm Au nanorod, at a concentration of
10%° cm’>.

Similary, an ideal Au/SiO,/Yb:Tm:Y,03 core/shell nanorod optical cavity should

have single crystal Au nanorods of aspect ratio ~ 4 (plasmon resonance ~ 800 nm) (eg. 10
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nm diameter x 40 nm length rods), a very thin SiO, shell (~ 1nm) and a 10 nm thick
Yb:Tm:Y,03 with at least a 10%° cm™ Tm*" ion concentration. This represents 5 x 10*
Tm** ions in a 10 nm Y05 shell around a 20x50nm Au nanorod, at a concentration of

10%° cm3,
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APPENDICES

APPENDIX A: Light Scattering and Absorption Simulation Code

A.1 Scattering and Absorption Cross Section Calculation of Core/shell Nanospheres

close all;

clear all;

global ¢ dl d2 d3
c=2.99792*10"8;

o

load Si LNK.txt

lambda0 = Si LNK(:,1);

nSiv = Si LNK(:,2);

kSiv = Si LNK(:,3);
epsRealfile = nSiv.”"2-kSiv."2;
epsImagfile = 2*nSiv.*kSiv;

o° 0O o° oe

o\°

lambda array=zeros (905,2);
load AU.txt

lambdaO = AU(:,1);
epsRealfile = AU(:,2);
epsImagfile AU(:,3);

%$Set wavelength array in nm
lambda=lambdal;

k = 2*pi./lambda;
%lambda=[400:1:1200];
$Frequency (rad/s)
w=2*pi*(c) ./ (lambda.*10%-9);
3sEnergy
eV_Drude=(1241.341)./lambda;
Number=length (lambda) ;

Air n = 1.00;
5102 n=1.48;

el=epsRealfilet+i*epsImagfile; % core (gold)
e2=((S102 _n)"2) *ones(size(w)); % shell (Silica)
e0=((Air n)"2)*ones(size(w)); % Medium

% Gain shell with same real part as el

e2g = e2+i* (-9e-2);

a2 = 200; % Outer radius in nm

al = 20; % Inner radius in nm

st = a2-al; % Shell thickness

f =al.~(3) / a2.7(3); % Ratio of inner to outer volume

o)

% % Step through some shell thicknesses
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for al=20:40:200;
st = a2-al; % Shell thickness
f =al.”~"(3) / a2.”7(3); % Ratio of inner to outer volume

o

Polarizability of a coated sphere

B&H 5.36

alpha=4*pi*a2.”(3).*((e2-e0) .* (el+2*e2)+f* (el-

e2) .*(e0+2*e2)) ./ ((e2+2*e0) .* (el+2*e2) +f* (2*e2-2*e0) .* (el-e2)) ;

o\

absorp= k.*imag(alpha);
plot (lambda, absorp, 'Color', [1-al/250,.8,al1/200]);
array=[array, lambda, absorp];

hold on

end

% Compare with and without Gain in the core

alpha=4*pi*a2.” (3).*((e2-e0) .*(el+2*e2)+f* (el-

e2) .*(e0+2*e2)) ./ ((e2+2*e0) .* (el+2*e2) +f* (2*%e2-2%e0) .* (el-e2)) ;

absorp= k.*imag(alpha);
%plot (lambda, absorp,'k');
lambda array=[lambda array, lambda, absorp];

hold on
% % Step through some gains
NN=202;
step=0;
for logGain=-.008:.4:-0.01;

tstep=step+l;

e2g = e2+i* (logGain);
% Polarizability of a coated sphere
% B&H 5.36
alphaGain=4*pi*a2.” (3).*((e2-e0) .*(el+2*e2g)+f* (el-
e2g) .* (e0+2*e2g)) ./ ((e2g+2*e0) . * (el+2*e2qg) +f* (2*e2g-2*e0) . * (el-e2qg)) ;
absorpGain= k.*imag(alphaGain) ;
if abs(max(absorpGain))>abs (min (absorpGain)) ;
% plot (lambda, absorpGain,'r');

lambda array=[lambda array,lambda,absorpGain];

else
% plot (lambda, absorpGain, 'b');

lambda array=[lambda array,lambda,absorpGain];
end

save au_core shell.txt lambda array -ascii;
hold on

end
x1im([300,7001) ;
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A.2. Scattering and Absorption Cross Section Calculation of Core/Shell Nanorods

clear all; %clear variables and stuff
clc; %clear command window

clf (figure(l));

clf (figure(2));

clf (figure(3));
$clf (figure(4));

%$Load dielectric function of metal from file
load AU.txt

c=3*10"8;

lambda=10"-1*AU(:,1); %wavelength in nm

omegaAU=2*pi*c./ (lambda*107-9) ;

n=AU(:,2); k=AU(:,3);
epsPalikReal=n."2-k."2;
epsPalikImag=2*n.*k;

%$Spline eps as a function of omega.
epsRealSpline=spline (omegalAU, epsPalikReal) ;
epsImagSpline=spline (omegalAU, epsPalikImaq) ;

%drude dispersion relation parameters
epsAuStatic=10.54;

epsAuHigh=9.54;
omegaPAu=2*pi*2.149%el5;
gammaAu=2*pi*12.5el3;

%$lorentz-drude dispersion relation parameters in eV
AuLD f0=0.760;

AuLD GammaO0=0.053;

AuLD omegaP=9.03;

AulLD f=[0.024,0.010,0.071,0.601,4.384];

AulLD Gamma=[0.241,0.345,0.870,2.494,2.214];

AulLD omega=[0.415,0.830,2.969,4.304,13.32];

$hbar in eV*s; energy = omega*hbar

hbar=6.5821e-16;

%generate uniform vector of omegas
omega=10715*[0.005:0.005:6];
for ii=1:length (omega)
%create Palik vector of epsilon (omega)
epsReal (ii) =ppval (epsRealSpline,omega(ii)) ;
epsImag (ii)=ppval (epsImagSpline,omega(ii));
%create Drude vector of epsilon (omega)
epsAuDrude (ii)= epsAuHigh- ( (epsAuStatic-
epsAuHigh) *omegaPAu"2/ (omega (ii) *2+i*omega (ii) *gammaAu) ) ;

%$create Lorentz-Drude vector of epsilon

%note omega is in radians while all LD parameters are in eV --
Stherefore hbars in formula

epsAulD Bound=0; %initialize
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for 11=1:length (AulLD f);

epsAulD Bound=epsAulD Bound+ (AuLD f (11)*AuLD omegaP”2)/ ((AuLD omega (11)
*2-(omega (ii) *hbar) *2) -i*omega (ii) *hbar*AuLD Gamma (11)) ;

end

epsAulD (ii)=1-
(AuLD fO*AuLD omegaP”2)/ (omega (ii)*hbar* (omega (ii) *hbar+i*AuLD GammaO))
+epsAulD Bound;
end

epsAuPalik=epsReal+i*epsImag;
epsAir=1*ones (1, length (omega)) ;
epsWater=1.69*ones (1, length (omega) ) ;

epsS102=2.10*ones (1, length (omega) ) ; % from Alfons' group (slightly
porous?)
%epsSi02=2.14*ones (1, length (omega)); % from internet

epsGlass=2.5*ones (1, length (omega)) ;
epsQuartz=(1.46)"2*ones (1, length (omega)) ;
%epsFlintGlass=(1.66)"2*ones (1, length (omega)) ;

epsITO=(1.9)"2*ones (1, length (omega)) ; % Weakly dispersive; n=1.9
around 730 nm

$epsDiamond=(2.5) "2*ones (1, length (omega)) ;

epsUser = 0.7*epsAir+0.3*epsSi02;

$spherical particles? (else spheroidal)
sphere=0;
$prolate? (cigar shaped) (else, oblate)
prolate=1;
%coreshell particle?
coreshell=1;
$normalize results to particle volume?
normalizeToVolume=1;
%normalize results to 1? (discard absolute magnitude information...)
normalizeResults=0;

major radius of particle (only radius, 1if sphere) (core, 1f core-
shell)

rl = 240*10"-9;
sminor radius of particle (core, if core-shell)
r3 = 20*10"7-9;
if r3 > rl

fprintf ('Error: r3 greater than rl\n');
end

%epsilon of core

epsC = epsAuDrude;

%epsilon of matrix

epsM = epsAir;

if coreshell
%dielectric of shell
epsS=epsSi02;
shellthickness=55*10"-9;
gmajor radius of shell
rlShell=rl+shellthickness;
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$minor radius of shell
r3Shell=r3+shellthickness;
end

$direction of incident beam in relative to [rl,r2,r3]
xInc = [1,1,1];

$normalize to unit vector

xInc = xInc/norm(xInc);

Svector weighting doodles

all = dot(xInc, [1,0,0]);

a2l = dot(xInc, [0,1,0]);

a3l dot (xInc, [0,0,11]);

%L factors
if sphere
L=[1/3,1/3,1/31;
r2=rl;
r3=rl;
if coreshell
r2Shell=rl1Shell;
LShell=[1/3,1/3,1/3]1;
end
else %spheroid
%eccentricity
e=sqrt (1-r372/r1"2);
g=sqgrt ((1l-e"2)/e"2);
if coreshell
eShell=sqrt (1-r3Shell”2/r1Shell”2);
gShell=sqrt ((l-eShell”2) /eShell”2);
end
if prolate
r2=r3;
L(l)=g"2*(=1+1/(2*e)*log((1+e)/(1-e)));
L(3)=(1-L(1))/2;
L(2)=L(3);
if coreshell
r2Shell=r3Shell;
LShell (1)=gShell”2* (-1+1/ (2*eShell) *log((1+eShell)/ (1-

eShell)));

LShell (3)=(1-LShell(1))/2;
LShell (2)=LShell (3);

end

else %oblate

r2=rl;

L(l)=g/ (2*e"2)*(pi/2-atan(g))-9~2/2;

L(2)=L(1);

L(3)=1-2*L(1);

if coreshell
r2Shell=rl1Shell;
LShell (1)=gShell/ (2*eShell”2) * (pi/2-atan (gShell)) -

gShell”2/2;

LShell (2)=LShell (1) ;
LShell (3)=1-2*LShell (1) ;

end

end
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end

if coreshell
svolume of total particle
volume=4/3*pi*rlShell*r2Shell*r3Shell;
%core fraction
fraction=rl*r2*r3/(rlShell*r2Shell*r3Shell);
else
volume=4/3*pi*rl*r2*r3;
end

imagWavevector=0;

for jj=1:1length (omega)
%incident wavevector -- k"2 = omega”2 * eps * mu
%eps = eps * epsO0O —-- mu = mu * muO
%eps0 * mu0 = 1/c”2

k inc(jj) = sqrt(omega(jj)."2.*epsM(jj)/c"2);
if imag(k _inc(3j3j))

imagWavevector=1;
end

if coreshell
%polarizability
alphal (373) = volume* ((epsS(jj)-epsM(jj)) *(epsS(JJ)+(epsC(37) -
epsS(J33)) *(L(1l)-fraction*LShell(l)))+fraction*epsS(JJ)* (epsC(jj) -
epsS(3j))) ...
/ ((epsS(Jj)+(epsC(3])-epsS(33))*(L(1)-
fraction*LShell (1))) * (epsM(JjJj)+(epsS(JJ) -
epsM(j7J)) *LShell (1))+fraction*LShell (1) *epsS(j]j) * (epsC(JJ)-epsS(33)));
alpha2(33) = volume* ((epsS(jj)-epsM(jj)) *(epsS(jj)+(epsC(J]) -
epsS(Jj))*(L(2)-fraction*LShell (2)))+fraction*epsS(jj) *(epsC(jj) -
epsS(Jj))) ...
/ ((epsS(JJ)+(epsC(J])-epsS(3]))*(L(2)-
fraction*LShell (2))) * (epsM(JJ)+(epsS(jJ) -
epsM(j7j)) *LShell (2))+fraction*LShell (2) *epsS(j]j) * (epsC(JJ)-epsS(3i)));
alpha3(jj) = volume* ((epsS(Jjj)-epsM(j]))*(epsS(j])+(epsC(3j])-
epsS(Jj))*(L(3)-fraction*LShell (3)))+fraction*epsS(jj) *(epsC(jj) -
epsS(33))) ...
/ ((epsS(JJ)+(epsC(jJ)-epsS(3]))*(L(3)-
fraction*LShell (3))) * (epsM(JJ)+(epsS(jJ) -
epsM(Jj)) *LShell (3))+fraction*LShell (3) *epsS(jJ) *(epsC(jj)-epsS(3i))):
else %not core shell

%polarizability
alphal (33) = 4*pi*rl*r2*r3* (epsC(jj) -
epsM(3j))/ (3*epsM(33) +3*L (1) * (epsC(FJ)-epsM(3J)));
alpha2 (373) = 4*pi*rl*r2*r3* (epsC(jj) -
epsM(33))/ (3*epsM(3]j)+3*L(2) * (epsC(j]) —epsM(3])));
alpha3(j3) = 4*pi*rl*r2*r3* (epsC(jj) -
epsM(3j))/ (3*epsM(3J) +3*L(3) * (epsC(FJ) —epsM(3J)));
end
%$extinction cross section
% imag (k.*alpha) == k.*imag (alpha) for real k, and 1s more

correct (?)
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% for complex k

C extl(jJ) = imag(k _inc(jj) .*alphal(3Jj)):

C ext2(jj) = imag(k inc(jJj) .*alpha2(3jj))-

C ext3(jj) = imag(k_ 1nc(jj) *alpha3(33));

C scal(jj) = (k_inc(3Jj)."4/ (6*pi).*abs(alphal(jj))"2);
lambdaFree (Jj) = 2*pi*c./omega (jJ);

C ext(jj) = imag(k inc(jj).*(alphal(jj)*all”2 + alpha2(jj)*az2l"2 +

alpha3(jj) *a31”2));

end

if normalizeResults
C extl C extl/max(C_extl);
C ext2 = C_ext2/max(C_ext2);
C ext3 = C_ext3/max(C_ext3);
C ext = C_ext/max(C_ext);
C scal = C _scal/max(C _scal);
else
if normalizeToVolume
C extl = C_extl/volume;
C ext2 = C_ext2/volume;
C ext3 = C_ext3/volume;
C ext = C ext/volume;
C scal = C_scal/volume;
end
end
end
5 {
sfigure (4)
$plot (lambdaFree, 2*pi./k _inc, 'k'");
shold on;
%plot(lambdaFree,2*pi./imag(kiinc),
5}

r');

$figure (4)
splot (lambdaFree,C scal, 'k');
$x1im ([300e-9 1500e-91);
$xlabel ('lambda') ;
%$if normalizeResults
% ylabel ('scattering?, arbitrary units');
else
if normalizeToVolume
ylabel ('scattering? per volume');
else
ylabel ('scattering? per particle');
end
end

d° P d° 0P o° o°

oe

figure (1)
plot (lambdaFree,C _ext, 'k');
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A=[lambdaFree;C _ext];
B=rot90 (A) ;

save feb 24020.txt B -ASCII

hold on
%1f not (sphere)

gplot (lambda,C extl,'r');

gplot (lambda,C ext3,'b');
%end
x1im([300e-9 1500e-91]);
xlabel ('lambda') ;
if normalizeResults

ylabel ('extinction, arbitrary units');
else

if normalizeToVolume

ylabel ('extinction cross section per volume');

else
ylabel ('extinction cross section per particle');
end
end
figure (2)
plot (omega,C ext, 'k');
hold on

if not (sphere)
plot (omega,C extl, 'r'");
plot (omega,C ext3, 'b'");
end
xlabel ('omega') ;
if normalizeResults
ylabel ('extinction, arbitrary units');
else
if normalizeToVolume
ylabel ('extinction cross section per volume');
else
ylabel ('extinction cross section per particle');
end
end

if imagWavevector

fprintf ('"Warning: Imaginary incident wavevector. Maybe 1look at
scattering power instead of Cext?');

$for voids in metal, you might get negative Cext. This reflects
that

%the scattering is more than compensated by a lack of absorption in
the

$surrounding metal 'medium'!
end

figure (3)
plot (omegaAU, epsPalikReal,'.k');
hold on
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plot (omegaAU, epsPalikImag,'.k');
plot (omega, epsReal, 'k'") ;

plot (omega, epsImag, '--k');

plot (omega, real (epsAuDrude), 'b'") ;
plot (omega, imag (epsAuDrude), '--b') ;
plot (omega, real (epsAulD), 'r');
plot (omega, imag (epsAulD), '--r');
ylim ([-200 50]);

x1lim([1 6]*1elb);

ylabel ('epsilon');

xlabel ('omega') ;

statusString='";
if sphere
statusString=strcat (statusString,' Spherical');
else
if prolate
statusString=strcat (statusString,' Prolate');
else
statusString=strcat (statusString,' Oblate');
end
end
if coreshell
statusString=strcat (statusString,' Coreshell\n');
else
statusString=strcat (statusString,' Solid\n'");
end
fprintf (statusString);
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APPENDIX B: Core/Shell Nanorod Synthesis
B.1. Au nanorod synthesis
The precursor concentrations used to synthesize the Au nanorod solutions are
summarized in Table B.1.

Table B.1 Precursor concentrations and volumes

Precursor Concentration Volume
HAuUCI,4 1 mM 20 ml
CTAB 0.1 M 20 ml
CsHgOg 100 mM 300 ul
AgNO; 5mM 0.3ml —1.5ml

Au seed soln 0.5mM 25 ul

In order to synthesize Au nanorods, first a seed solution is prepared. The seed solution is
prepared by mixing 5 ml of 0.5mM HAuCI, with 5 ml of 0.1M CTAB. The seed solution
should be an orange-brown color. If the seed solution is dark yellow, corresponding to
charge transfer bands in Au®* ions, it means that not enough reducing agent (NaBH,) was
added. If the seed solution is red, that means the solution contains Au nanospheres of
diameter greater than 5nm. Using this solution will for Au nanorod synthesis will yield

Au nanorods with diameters greater than 10nm in general or spheres.
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B.2. Polyelectrolyte coating
Precursor concentrations required for the polyelectrolyte layer by layer process are
summarized in Table B.2.

Table B.2 Polyelectrolyte layer by layer precursor concentrations and volumes

Precursor Concentration \Volume
PSS 2 g/L 20 ml
PAH 2g/L 20 ml
PVP 4 g/L 20 ml

In order to coat the as-synthesized, CTAB-stabilized Au nanorods, 10 ml of CTAB-
stabilized Au nanorod solution were centrifuged and redissolved in 3 ml of distilled
water. This and then added to 3 ml of an aqueous solution containing poly-styrene
sulfonate (PSS) (2 mg/mL and 6 mM NacCl) and stirred for approximately three hours.
The PSS-modified particles were centrifuged twice to remove any excess PSS and
redispersed in 3 ml of deionized water. The dispersion was then added drop-wise under
vigorous stirring to 3 ml of an aqueous solution of 2mg/ml poly(anilline hydrochloride)
(PAH) and 6 mM NaCl). PAH adsorption was allowed to proceed for three hours. The
sample was then centrifuged to remove excess polyelectrolyte and redispersed in 3 mL of
deionized water. Finally, 3 ml of the PSS/PAH functionalized Au spheres were added to a
polyvinylpyrrolidone (PVP) solution (4mg/ml). The mixture was stirred for
approximately twelve hours, centrifuged to remove any excess polymer, and redispersed

in 0.2 mL of deionized water
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B.3. Silica Shell Deposition
Precursor concentrations required for deposition of a SiO, shell on Au nanorods are
summarized in Table B.3.

Table B.3 Silica shell deposition precursor concentrations and volumes

Precursor Concentration \Volume
C,Hs0H 100% 1mi
H,O n/a 0.6 ml
NH; 2M 0.1ml
AU/PVP soln 0.8M 0.2ml

PVP-coated nanorods are first added to 2 mL of isopropyl-alcohol (IPA). Once the Au
nanoparticles are transferred into IPA, the pH is adjusted to ~ 10 by adding 1.5 ml, 5 vol
% NHj3 in IPA (30% in water)., 0.5 ml of TEOS (1 vol% in ethanol) is added under gentle
stirring and the reaction is allowed to proceed overnight.

B.4. Organosilane Coating

Precursor concentrations required for deposition of an OTMS layer on Au/SiO; core/sh
nanorods are summarized in Table B.4.

Table B.4 Organosilane functionalization of Au/SiO, core/shell nanorod precursor
concentrations and volumes

Precursor Concentration Volume
OTMS in Chloroform 3% 300 pl
Chloroform 100% 1ml
NH; 2M 30 ul
AU/SiO, soln 0.8 M 0.1ml

Au/SiO, core/shell nanorods are centrifuged and redissolved in 3 ml of ethanol
containing 30 pl of NH4OH (32%). 300 pl of OTMS chloroform solution (3%) is added

with vigorous stirring and left overnight.
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APPENDIX C: Photoluminescence
C.1 Safety Measures
Make sure the following measures are met before operating the laser:
1. Entryway access control include:
a. Doorway interlock: allowing entry only when the laser is off. This is controlled by the
Entry-Guard laser interlock system (Figure 1), which is integrated to the key pad located
on the left wall outside of the lab, allowing for the key to turn only when the laser is off.
b. Hlluminated entryway laser warning sign to denote the laser operating condition:

“Laser On” and “Laser Off”.
2. Wooden Door (1/4”  thick)

a. Semi-permanently mount to the floor by bolting. Note: the door can be removed by
unbolting when wide access to the entry lab door is necessary b. Paint with fire-resistant
black paint to minimize reflection of the laser beam

3. Black laser Curtain (heavy duty 35-ounce 0.044” -thick flame retardant, nonfraying
and chemical resistant flexible fabric)

a. Rail tracks installed on the ceiling right above the sliding door and the wall (see Figure

3 below)

b. The 42°W x 96” L table is enclosed by the black curtain (96" H). The
curtain can only slide to the portion parallel to the sliding door.

C.2 Emergency Shutdown

Push in the red button labeled “EMERGENCY STOP” to shut down the laser.
C.3. Operating Procedures
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Check and enable all safety measures described in section 2

- Functional doorway interlock (i.e. illuminated sign for “Laser Off” is on)
- Wooden door

- Black curtain enclosed experimental area

- Mounted laser on the table

Put on laser eyewear protection

To turn on the Argon ion laser:

1. Make sure the sample and laser beam path are all properly aligned for the
experiment so as to minimize the experimenters time inside the enclosed laser area.
2. Close the laser curtain.

3. Set the beam shutter on the laser head to OPEN position

4. Turn on the chiller (Neslab HX-50) and make sure the cooling water flow rate is
at least 2.2 gallon per minute.

5. Turn on the circuit breaker

6. On the Entry-Guard panel, insert and turn the key to ON position (top-left corner).
The POWER ON light will light

7. Insert the key and turn on the LOCK switch on the laser power supply.

Note: the white LASER EMISSION light will be on. The FAULT light and WATER
FLOW light will also come on for half a second to verify the water flow.

8. Select AUTO start. A green light above the selected switch will come on.

9. Adjust the WAVELENGTH calibrator to the operating wavelength.

10. Select the desired power by adjusting the power range selector.
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11. Press the PRESS TO START button on the Entry-Guard panel

12. Press the START button on the laser power supply. The START DELAY
indicator on the laser power supply will be on for 30 seconds.

To turn off the Argon ion laser:

1. Decrease the laser power to ~1 A.

2. Press STOP on the laser power supply.

3. On the Entry-Guard panel, turn the key to OFF position and remove the key.
4. Turn off the LOCK switch on the laser power supply and remove the key.
5. Turn off the circuit breaker (Pnl N2 panel 8:10-12).

6. Set the beam shutter on the laser head to CLOSE position

7. Wait 15 minutes for the laser to cool down

8. Turn off the chiller (Neslab HX-50).
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