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ABSTRACT 

Manipulation of Electromagnetic Fields with Plasmonic Nanostructures: 

Nonlinear Frequency Mixing, Optical Manipulation, Enhancement and 

Suppression of Photocurrent in a Silicon Photodiode, 

and Surface-Enhanced Spectroscopy 

by 

Nathaniel K Grady 

Metallic nanostructures are one of the most versatile tools available for manipulating 

light at the nanoscale. These nanostructures support surface plasmons, which are 

collective excitations of the conduction electrons that can exist as propagating waves at a 

metallic interface or as localized excitations of a nanoparticle or nanostructure. Plasmonic 

structures can efficiently couple energy from freely propagating electromagnetic waves to 

localized electromagnetic fields and vice-versa, essentially acting as an optical antenna. 

As a result, the intensity of the local fields around and inside the nanostructure are 

strongly enhanced compared to the incident radiation. 

In this thesis, this ability to manipulate electromagnetic fields on the nanoscale is 

employed to control a wide range of optical phenomena. These studies are performed 

using structures based on metallic nanoshells, which consist of a thin Au shell coating a 

silica nanosphere. To investigate the parameters controlling the plasmonic response of 

metallic nanoshells, two changes to the nanoshell composition are studied: (1) the Au 

shell is replaced with Cu which has interband transitions that strongly influence the 

plasmon resonance, and (2) the silica core is replaced by a semiconducting CU2O core 
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which has a significantly higher dielectric constant and non-trivial absorbance. The 

focusing of electromagnetic energy into intense local fields by plasmonic nanostructures 

is then directly investigated by profiling the nanoshell near field using a Raman-based 

molecular ruler. Next, plasmons supported by Au nanoshells are used to control the 

fluorescence of near-infrared fluorophores placed at controlled distances from the 

nanoshell surface. In this context, the analogy of an optical antenna is very relevant: the 

enhanced field at the surface of the nanoshell increases the absorption of light by the 

fluorophore, or equivalently couples propagating electromagnetic waves into a localized 

receiver, while the large scattering cross section enhances the coupling of energy from a 

localized source, the fluorophore, to far-field radiation. Excellent agreement with models 

based on Mie theory is achieved for both Raman and fluorescence. Experimentally 

measured enhancements of the radiative decay rate for fluorophores on Au nanoshells 

and Au nanorods are also consistent with this model. Plasmonic nano structures can also 

control the flow of light into larger structures. This is observed by measuring the 

nanoparticle-induced enhancement and suppression of photocurrent in a silicon 

photodiode is at the single particle level for silica nanospheres, Au nanospheres, and two 

types of Au nanoshell. Finally, the simultaneous physical manipulation of an individual 

plasmonic nanostructure on the few-nanometer scale using light and detection of the local 

electromagnetic field during this ongoing process with the same incident beam is 

performed. For this experiment, a Au nanoshell is separated from a metallic surface by a 

few-nanometer thick polymer layer to form a nanoscale junction, or nanogap. 

Illuminating this structure with ultrashort optical pulses, exciting the plasmon resonance, 

results in a continuous, monitorable collapse of the nanogap. An easily detectable four-
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wave mixing (FWM) signal is simultaneously generated by this illumination of the 

nanogap, providing a continuous, highly sensitive optical monitor of the nano gap spacing 

while it is being optically reduced. The dramatic increase in this signal upon contact 

provides a clear, unambiguous signal of the gap closing. 
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(iv) [r/, r2] = [50, 65] nm, A âx = 830 nm. Spectra are offset for clarity. (C) 
Calculated extinction spectra of the CU2O/AU-NS in aqueous media. The spectra are 
color coordinated with part (B) and offset for clarity. The calculations were 
performed assuming spherical core and shell geometry. 38 

Figure 4-5 (A) Experimental extinction spectra of Cu20/Au-NS for core radius ri = 
40 ± 2 nm with varying Au shell thicknesses: (i) r2 = 54 ± 5 nm, (ii) 57 ± 5 nm, (iii) 
60 ± 7 nm and (iv) 63 ± 11 nm. (B) Calculated extinction spectra of CU2O/AU-NS of 
similar sizes as observed experimentally. The calculations were performed assuming 
a spherical core and shell geometry. 40 

Figure 4-6 Plasmon hybridization diagram (left) and the surface charge overlaid on 
the near field intensity enhancement at the bonding (middle) and antibonding (right) 
plasmon resonance for Au nanoshells with (A-C) Si02, (D-F) CU2O, or (G-I) iron 
oxide cores 41 

Figure 4-7 Real (e') and imaginary (e") parts of the complex dielectric function of 
Cu 20 obtained from ref. 26 44 

Figure 4-8 Calculated extinction, absorption, and scattering efficiency spectra of 
CU2O/AU-NS (solid) compared with Si02/Au-NS (dash) nanostructures of different 



XI 

sizes. (A-C) [n, r2] = [30, 42] nm, (D-F) [n, r2] = [40, 52] nm, (G-I) 
[n, r2] = [50, 62] nm, (J-L) [r/, r2] = [60, 72] nm. The calculations are performed 
assuming a spherical core encapsulated in a spherical shell 47 

Figure 4-9 Calculated extinction (blue), absorption (red) and scattering (black) 
spectra of CU2O/AU nanoshells of different sizes. Calculation performed using Mie 
theory assuming a spherical core and spherical shell with a constant real permittivity 
of 8 for the cores 50 

Figure 4-10 Total optical absorption cross section for an [o, r2] = [40, 52] nm 
CU2O/AU-NS (solid black line), separated into the contribution from the core (solid 
red line) and shell (solid blue line). The total absorption cross section for a nanoshell 
of the same dimensions but a constant real ec = 7.6 is shown for comparison (dashed 
orange line) 50 

Figure 4-11 Effect of the core dielectric on (A-D) the peak near field intensity 
enhancement in the (—•) core, (—) shell and (—) medium, and (E-H) far field (—) 
scattering, (—•) absorption and (—) extinction at the (I-L) dipole plasmon resonance 
for nanoshells of four aspect ratios: (A,E,I) ri / r2 = 15 nm / 32 nm = 0.47, (B,F,J) r/ 
/ r2 = 30 nm / 46 nm = 0.65, (C,QK) n / r2 = 40 nm / 54 nm - 0.74, and (D,H,L) n / 
r2 = 50 nm / 65 nm = 0.77. The dielectric function of the three oxides considered 
here are indicated by dashed vertical lines: SiC>2 at ec = 2.04, CU2O at ec = 7.5, and 
iron oxide at ec = 12 52 

Figure 5-1. Schematic diagram showing the bifunctional Raman-active molecular 
rulers at varying distances from the nanoshell surface (y-axis). Both the terminal 
fluorescein and adenine strand moieties used as building blocks are shown. The 
SERS spectrum for each molecular component of the ruler provides an independent 
SERS spectrum dependent on the nanoparticle's near field, as described in text 59 

Figure 5-2 Extinction spectra (black) and the calculated surface average <|E|4>-field 
spectrum (red) for the two sizes of nanoshells. (a) [n, r2] = [43, 58] nm nanoshells 
(b) [r/, r2] = [70, 91] nm nanoshells. The excitation laser wavelength at 785 nm 
(purple vertical line) and the emission peak for adenine (red vertical line) and 
fluorescein (green vertical line) analyzed are shown 60 

Figure 5-3 (a) SERS spectra for DNA-fluorescein adsorbate layer on 
[ri, r2] = [43, 58] nm nanoshells and (b) same as (a) but for [r/, r2] = [70, 91] nm 
nanoshells. Spectra correspond to DNA strands of 2, 6 12 and 18 adenines, 
respectively, (c) SERS intensity of 1185 cm"1 fluorescein peak (counts / 60 s). ( • ) : 
Experimental values; solid lines: theoretically calculated values for 
[ri, r2] = [43, 58] nm nanoshells (d) same as (c) for [ri, r2] = [70, 91] nm nanoshells 
(counts/30s) (e) same as (c) for 736 cm"1 adenine peak (f) same as (d) for 736 cm"1 

adenine peak, (g) The ratios of SERS intensities (/(fluorescein@1185 cm" 
')//(adenine@736 cm"1)) as a function of distance from the nanoshell surface on 
[o, r2] = [43, 58] nm nanoshells. ( • ) : Experimental values; solid lines: theoretically 
calculated values (h) same as (g) for [r/, r2] = [70, 91] nm nanoshells 62 



XII 

Figure 5-4 Surface average <|G.s7 ,̂v|> as function of distance from nanoparticle 
surface for (a) [n, r2] = [43, 58] nm nanoshells and (b) [r/, r2] = [70, 91] nm 
nanoshells. Circles (O) are calculated using Mie theory, solid line (—) is a fit to a 
dipole model, and dashed line ( ) is a fit to an exponential decay. Inset: The field 
intensity enhancement at the excitation and emission wavelength for the two 
nanoshells. The intensity color bar is the same for all the surface plots 66 

Figure 6-1 Absorption-emission spectra (Xmax-Ab = 780 nm and A,max-Em = 820 nm) 
and chemical structure (inset) of ICG. 75 

Figure 6-2 (A) Schematic diagram of fabrication procedure, and TEM micrographs 
(B - F) of NS coated with varying thicknesses of silica epilayers (B) 7 ± 2 nm (C) 
13 ± 2 nm (D) 21 ± 3 nm (E) 30 ± 3 nm (F) 42 ± 3 nm. Scale bar is 50 nm for all 
TEM images 76 

Figure 6-3 Observed shift in the plasmon resonance peak with increasing thickness 
of silica layer surrounding the NS. ( • ) Experimental, and (—-) calculated values for 
NS [rl, r2] = [60, 76] nm and NS@Si02 nanoparticles, with 7 ± 2 nm, 13 ± 2 nm, 21 
± 3 nm, 30 ± 3 nm, 42 ± 3 nm, 61 ± 4 nm, and 90 ± 4 nm thick silica epilayers are 
shown 77 

Figure 6-4 (A) Schematic diagram of ICG conjugation on NS@Si02 nanoparticles, 
excitation and observed emission. (B) Fluorescence spectra of ICG conjugated at 
various distances from the NS surface. (—) Emission spectrum of control, ICG 
deposited on silica nanospheres is also included. (C) Fluorescence enhancement 
factor of ICG conjugated on NS@Si02 nanoparticles relative to silica nanospheres is 
shown as a function of thickness of silica layer surrounding the NS (color 
coordinated with reference to panel B) 79 

Figure 6-5 Fluorescence enhancement factor of ICG molecules adsorbed on NS 
without any silica layer ( • ) is represented showing strong quenching of ICG 
molecules. ICG molecules bound to NS@Si02 nanoparticles relative to silica 
nanospheres is also shown as a function of silica layer thickness surrounding the NS. 
The data points representing ICG-NS@Si02 nanoparticles are color coordinated 
with ref. to Figure 6-4B and C 83 

Figure 6-6 (A) ( • ) Experimental, and (—) calculated values of fluorescence 
enhancement factor of ICG conjugated to NS@Si02 nanoparticles relative to ICG 
bound to silica nanospheres. (B)-(D) Calculated values of distance dependent 
fluorescence of ICG as a function of silica spacer thickness surrounding the NS. (B) 
Calculated surface average field enhancements, (C) Calculated radiative rate 
enhancements, (D) Calculated Q.E. enhancement of ICG conjugated to NS@Si02 
nanoparticles relative to that of silica nanospheres 84 

Figure 6-7 Calculated values of distance dependent fluorescence of ICG as a 
function of silica spacer thickness surrounding the Au-NS (a) quantum yield and (b) 
lifetime 86 



XIII 

Figure 7-1 (a) Absorption - emission profile (Â ax-Ab ~ 782 nm and A,max-Em ~ 804 
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Chapter 1. Introduction 

Metallic nanostructures are one of the most versatile tools available for manipulating 

light at the nanoscale.1"10 These nanostructures support surface plasmons, which are 

collective excitations of the conduction electrons that can exist as propagating waves at a 

metallic interface or as localized excitations of a nanoparticle or nano structure. Plasmonic 

structures can efficiently couple energy from freely propagating electromagnetic waves to 

localized electromagnetic fields and vice-versa, essentially acting as optical antennas.6'9' 

11 This subwavelength focusing of light into nanoscale volumes results in a dramatic 

enhancement of the local fields around and inside the nanostructure are strongly 

enhanced compared to the incident radiation. 

In this thesis, the basic parameters allowing manipulation of the near and far field 

electromagnetic response of plasmonic structures are investigated; the near field is 

profiled Raman-based molecular rulers; plasmonic nanoparticles are used as 

nanoantennas to control the coupling of light into and out of organic fluorophores and 

modify the photocurrent generated in a silicon photodiode; and the intense focusing of 

light into nanoscale volumes is exploited for nonlinear optic and optically-driven physical 

manipulation. 

These studies are performed using structures based on metallic nanoshells, which consist 

of a thin Au shell coating a silica nanosphere. The plasmon resonances of this structure 

arise from the hybridization of a sphere and a cavity primitive plasmon. Controlling the 

interaction of these plasmons allows the nanoshell plasmons to be tuned across the visible 

and near-infrared. To further investigate the parameters controlling the plasmonic 
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response of metallic nanoshells, two changes to the nanoshell composition are studied: 

(1) the Au shell is replaced with Cu which has interband transitions that strongly 

influence the plasmon resonance,12"14 and (2) the silica core is replaced by a 

semiconducting CU2O core which has a significantly higher dielectric constant and non-

trivial absorbance. Due to the spherical symmetry, the exact electromagnetic response in 

the near and far field is readily evaluated using Mie theory.15"18 The focusing of 

electromagnetic energy into intense local fields by plasmonic nanostructures is then 

directly investigated by profiling the nanoshell near field using a Raman-based molecular 

ruler.19 

Plasmons supported by Au nanoshells are can be used as optical antennas to control the 

coupling of light between far-field radiation and localized excitations.6'9'11 This is used 

to dramatically enhance the fluorescence of near-infrared fluorophores placed at 

controlled distances from the nanoshell surface.20 In this context, the analogy of an 

optical antenna is very relevant: the enhanced field at the surface of the nanoshell 

increases the absorption of light by the fluorophore, or equivalently couples propagating 

electromagnetic waves into a localized receiver. The large scattering cross section then 

enhances the coupling of energy from this localized source, the excited fluorophore, to 

far-field radiation. Excellent agreement is obtained with models based on Mie, 

elucidating the mechanisms responsible for this enhancement. Analogous to the Purcell 

effect in cavities and waveguides, emission from an adjacent excited atom, molecule, or 

semiconductor can decay directly into a resonant plasmon, modifying the available 

photon density of states and changing its radiative decay rate.4'6,11,21 This directly results 

in a dramatic decrease in the lifetime of the excited state. Experimentally, the radiative 
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22 decay rate for fluorophores on Au nanoshells and Au nanorods are measured. These 

results are also found to be consistent with this model. 

Plasmonic nanostructures can also control the flow of light into larger structures. This is 

observed by measuring the nanoparticle-induced enhancement and suppression of 

photocurrent in a silicon photodiode is at the single particle level for silica nanospheres, 

23 Au nanospheres, and two types of Au nanoshell. 

Finally, the simultaneous physical manipulation of an individual plasmonic nanostructure 

on the few-nanometer scale using light and detection of the local electromagnetic field 

during this ongoing process with the same incident beam is performed.24 The intense 

fields arising from the sub-wavelength focusing of light by plasmonic structures is critical 

to this process. For this experiment, a Au nanoshell is separated from a metallic surface 

by a few-nanometer thick polymer layer to form a nanoscale junction, or nanogap. 

Illuminating this structure with ultrashort optical pulses, exciting the plasmon resonance, 

results in a continuous, monitorable collapse of the nanogap. An easily detectable four-

wave mixing (FWM) signal is simultaneously generated by this illumination of the 

nanogap, providing a continuous, highly sensitive optical monitor of the nanogap spacing 

while it is being optically reduced. This signal increases dramatically upon contact 

providing a clear, unambiguous signal of the gap closing. 
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Chapter 2. Electromagnetic properties of nanoparticles 

2.1 Plasmon hybridization 

Plasmon hybridization is a powerful analytical tool for obtaining intuitive understanding 

of the plasmon resonances in complex structures. In this model, the plasmons supported 

by complex structures are built up from the interactions of simple structures. The modes 

of the complex structure are expressed as linear combinations of the primitive plasmon 

modes associated with each metallic surface in the structure. 

Time • 

Figure 2-1 Incompressible fluid model for oscillating plasmons in a solid metallic 
sphere. The metal (green) is composed of a fixed ion background (blue) and an oscillating 
electron fluid (yellow). 

In the plasmon hybridization model, the metal is treated as an irrrotational, 

incompressible electron fluid of uniform density constrained by a fixed positive 

background due to the ion cores. Deformation of this fluid result in spill-out of the 

electrons at the surface of the nanoparticle as illustrated in Figure 2-1. This deformation 

can be expressed as the gradient of a scalar potential which satisfies the Laplace equation. 

Coulomb interaction with the fixed ion cores results in a strong restoring force acting 

against any deformation of the electron cloud. This scalar potential can be expanded in a 

complete basis set of primitive plasmons in geometries where the Laplace equation is 

separable. The Lagrangian describing the dynamics of this system is then composed of 

the kinetic energy due to motion of the electron liquid and the potential energy arising 
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from the instantaneous Coulomb interactions. While the primitive plasmon modes are 

associated with a particular interface of a metallic structure, it will result in a secondary 

surface charge distribution on all other surfaces of the same metallic object due to the 

incompressible nature of the electron fluid. 

The tunable plasmon resonances supported by metallic nanoshells, which consist of a 

dielectric core of radius n and a thin metal shell with an outer radius r2 as illustrated in 

(A), can be easily described using the plasmon hybridization model. In this structure, the 

nanoshell plasmons are linear combinations of sphere and hollow spherical cavity 

plasmons, each of which can be written as a sum of spherical multipoles of order /. Due 

to the spherical symmetry, only cavity and sphere plasmons of the same order 1 interact. 

The resulting nanoshell plasmons then consist of a low energy symmetric, or antibonding, 

combination of a sphere and cavity plasmon of order I (co+), and a symmetric (bonding) 

plasmon (co.) at higher energy. Intuitively, one might expect the symmetric plasmon 

mode to be the high energy mode as dipoles in the same orientation should repel each 

other. Indeed, the primary charge surface charge associated with the sphere plasmon on 

the outer surface of the nanoshell and the cavity plasmon on the inner surface do repel 
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each for the symmetric mode and attract for the antisymmetric. Due to the incompressible 

nature of the electron fluid, adding electrons to one surface of the nanoshell requires 

removing electrons from the other. The sphere primitive plasmon therefore induces a 

secondary surface charge on the inner surface of the nanoshell of opposite sign to the 

primary charge induced on the outer surface and the cavity plasmon likewise induces a 

charge on the outer surface. The interaction of the primary and secondary charge on each 

surface is therefore opposite that of the primary charges. Since this occurs on both 

surfaces, the total effect is twice as strong as the interaction of the primary charges. As a 

result, the symmetric combination of sphere and cavity plasmon is at a lower energy than 

the antisymmetric combination. 

2 4 6 8 10 12 14 
Cavity Dielectric Constant: sc 

Figure 2-3 Horizontal lines: dipole plasmon resonance for a Au sphere immersed in air 
(em = 1.00) or H2O (em = 1.77). Blue curve: dipole plasmon resonance for a spherical 
cavity in Au (cos) as a function of the dielectric constant (ec) of the material inside the 
cavity. Points corresponding to a silica core (ec = 2.04, • ) , a CU2O core (ec —7.1 to 9.1, 
—), and an iron oxide core (ec ~ 12, • ) are indicated in black along the cavity plasmon 
line. 
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The splitting of the nanoshell plasmons is determined by the strength of the interaction of 

the primitive plasmons, which is controlled by the spatial and energetic overlap. 

Reducing the relative shell thickness, specifically the aspect ratio rjln, increases the 

strength of this interaction, resulting in a red-shift of the low energy (ro.) plasmon and a 

blue-shift of the high energy (co+) plasmon. This allows the nanoshell plasmon to be tuned 

across the visible and near-infrared by simply adjusting the inner and outer radius. For a 

finite sized nanoshell, phase retardation effects will contribute an additional shift of the 

plasmons to lower energy as the nanoshell increases in size. The energy of the sphere 

plasmon and cavity plasmon are controlled by the adjacent dielectric. Increasing the 

dielectric of the embedding medium shifts the sphere plasmon to a lower energy and 

increasing the core dielectric shifts the cavity plasmon to a lower energy. This effect is 

shown quantitatively in Figure 2-3. Here, the dipole plasmon resonance for a spherical 

cavity in Au (oos) as a function of the dielectric constant (ec) of the material inside the 

cavity is shown as a solid blue line. Three core materials upon which Au nanoshells have 

experimentally been fabricated25"27 are indicated along this curve in black: silica core (6C 

= 2.04), a CU2O core (ec =7.1 to 9.1), and an iron oxide core (ec —12). The energy of the 

sphere plasmon (cos) embedded in of air (em = 1.00) and water (em = 1.77) are indicated as 

horizontal lines in Figure 2-3. The sphere and cavity plasmon energies will be equal for a 

nanoshell embedded in air with a core dielectric ec = 5.48, and for a nanoshell immersed 

in water with a core dielectric of ec
 = 8.0. 

For the typical case of a Au coated silica nanoshell, shown schematically in Figure 2-

2(B), the sphere plasmon (tos) is at a lower energy than the cavity plasmon (coc). The 

resulting low energy symmetric (co+) nanoshell plasmon is therefore dominated by the 
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sphere mode while the high energy antisymmetric (00.) plasmon is dominated by the 

cavity mode. Because the plasmon modes supported by a cavity with no dielectric filler 

have no net dipole moment, the total dipole moment of the nanoshell plasmon is 

proportional to the square of the admixture of the sphere plasmon. In the case of a Au-

SiC>2 nanoshell, the low energy sphere-dominated plasmon therefore has a large overall 

dipole moment, while the high energy cavity-dominated plasmon has a vanishing dipole 

moment. We refer to the low energy plasmon as "bright" and the high energy plasmon as 

"dark" because only the low energy plasmon interacts strongly with light. 

2.2 Mie theory 

While plasmon hybridization excels at providing intuitive pictures to understand the 

plasmon resonances in complex structures, quantitative comparison with experimental 

results requires modeling techniques that account for phase retardation and arbitrary 

dielectric functions. For spherically symmetric particles, such as solid spheres or 

concentric nanoshells, Mie theory provides an exact quasi-analytic solution to the 

electromagnetic scattering problem in the frequency domain.18' 28' 29 Following the 

approach of Aden and Kerker,15'29 the vector spherical harmonics are used as a basis set 

to express the incident plane wave, the electromagnetic fields in the core and shell, and 

the scattered field outside the nanoshell. Imposing continuity of the tangential E and H 

fields at the interfaces yields a straightforward eigenvalue problem for the expansion, or 

Mie, coefficients for each multipolar order n. Using these Mie coefficients, the 

electromagnetic fields anywhere in space can then be evaluated. The far field extinction 

and scattering coefficients are then obtained by integrating the energy flow across the 

boundary of an imaginary sphere concentric with the nanoparticle. These integrals can be 
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carried out analytically to obtain simple expressions for the far field cross sections for 

each multipolar order n in terms of the Mie coefficients. As a result, the far field cross 

sections can be evaluated very quickly for a spherically symmetric particle. 

2.3 Surface-enhanced Raman scattering 

When a photon interacts with a molecule, where the photon energy does correspond to an 

accessible electronic state, three processes can occur. The molecule can be excited to a 

virtual electronic state, then immediately relax back to the initial state emitting a photon 

of exactly the same energy as the incident photon. This process is referred to as Rayleigh 

scattering. Raman scattering is the inelastic scattering of a photon by the molecule, where 

energy is transfer between the molecule and the photon, leaving the molecule in a 

different vibration state, as illustrated in Figure 2-4. If the molecule starts in the ground 

state, the photon will loose energy leaving the molecule in an excited vibration state. This 

is referred to as the Stokes process. If the molecule starts in an excited vibration state, the 

photon will gain energy, leaving the molecule in the ground state. The difference between 

the incident photon and the scattered photon is then always equal to the energy of the 

vibration level. The spectrum of the scattered photons therefore corresponds to the 

energies of the vibrational states of the molecule. Raman scattering is inherently a weak 

process: for a typical organic molecule, perhaps 1 in 1010 photons will undergo a Stokes 

scattering process while the anti-Stokes process is even less likely. 
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Figure 2-4 Energy level diagram for Raman scattering. 

In the presence of a plasmonic nanostructure, the Raman scattering signal can be 

enhanced significantly. Both the absorption and emission are enhanced. At the excitation 

laser frequency 00L, the molecule experiences both the incident laser field Ei„Cident(coL) and 

the enhanced local field from the nanostructure (ENS(O)L))- By reciprocity, the 

nanostructure will also enhance the radiation from the molecule at the Raman shifted 

frequency COL). The average enhancement for a molecule on the structure is then 

SERS (2-1) 

where the average is over the nanoparticle surface. When considering the enhancement, it 

is important to keep the actual experiment in mind. The measured signal will be 

proportional to the average enhancement only in an experiment where one molecule is 

placed randomly on the surface. For experiments where the nanoparticle is coated in 

molecules, the total signal will be proportional to the surface integral of the enhancement. 

This quantity may be quite different from the surface average or spatially maximum 

enhancement! For example, quite different conclusions may be drawn from calculations 
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comparing a structure where the field is confined to a small junction to a larger structure 

with a more modest field enhancement over a larger area if the maximum, average, or 

30 integrated enhancement is taken. 

2.4 Fluorescence Enhancement by Plasmonic Nanoantennas 

Fluorescence is the radiative decay of an electronic excitation in a molecule. In contrast 

to Raman scattering, this involves a real excitation of the molecule to an excited 

electronic state rather than scattering nearly instantaneously off a virtual state. When a 

sample of molecules with absorptivity e is excited with light of intensity Iexc, the total 

amount of energy absorbed is simply Iexc- e. The quantum yield determines what portion 

of this energy is reemitted as fluorescence; therefore, the observed emission intensity is Ia 

= Iexc' Qo- Intrinsically, this process is best described in terms of the radiative emission 

rate (T) and non-radiative decay rate (knr). The quantum yield Q« = F /(F + knr) is then the 

relative likelihood that the excited molecule relaxes follow a radiative decay pathway, 

while the observed lifetime is simply the inverse of the total decay rate of the excited 

state r0 = ( r + knr)"1. 

In the presence of a plasmonic nano structure, the enhanced local field will increase the 

amount of light absorbed by the molecule. The surface average of the near field intensity 

enhancement, <|E| >, can be calculated directly using Mie theory for Au nanoshells, 

leading to a fluorescence emission of (<|E| >•/<?.«.•)"£' Qo- However, this is only half of the 

process. Electromagnetic coupling between the fluorophore and the plasmons at the 

emission wavelength increases the radiative decay rate of the molecule by a factor yr, 

resulting in an effective radiative decay rate (y^T). For nanoshells, this can also be 
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evaluated using Mie theory following the method in Gibson et al.31 This results in a 

decrease in lifetime TNS = (yj1 + km-)"1 and an increase in quantum yield QNs = y^T /( 

y rr + knr). Assuming that knr is unaffected by the presence of the nano structure, the 

emission of the molecule-nanostructure complex is INS — (<\E\2>IeXc)'QNS- The 

enhancement is then the emission in the presence of the nanostructure (INS) relative to the 

emission from the unenhanced dye under the same conditions (I0)' 

^ = = + 2 2 
H \M ' Qo V 1 / XRR + K • 

From this expression, one can see that the observed enhancement can be separated into 

the effect of the field enhancement (<|E|2>) and the quantum yield enhancement 

(QNS/QO). This expression indicates that fluorescence enhancement depends on the 

properties of the nanostructure, and also the molecule via T and knr. 
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Chapter 3. Cu nanoshells: effects of interband transitions on 
the nanoparticle plasmon resonance 

While the focus of this thesis is on the plasmonic response of metallic nano structures, the 

optical properties of metals arise from both the optical excitation of interband transitions 

and the free-electron response. In this chapter, we examine the optical properties of Cu, 

whose strong interband transitions dominate its optical response in the visible region of 

the spectrum. Spectral overlap of the interband transitions in Cu with the nanoshell 

plasmon resonance results in a striking double-peaked plasmon resonance. For this work, 

I performed the theoretical analysis and Hui Wang experimentally fabricated the Cu 

nanoshells. Reprinted from Hui Wang, Felicia Tarn, Nathaniel K. Grady, and Naomi J. 

Halas, "Cu Nanoshells: Effects of Interband Transitions on the Nanoparticle Plasmon 

Resonance," Journal of Physical Chemistry B 109(39), 18218-18222 (2005). Copyright 

2005 American Chemical Society. 

Metallic nano structures are attracting an increasing interest as an important class of 

photonic components that control and manipulate light at the nanometer scale.1"3'32 The 

interaction of light with electrons in metallic nano structures can give rise to collective 

excitations known as plasmon resonances. Plasmonic excitations provide a means to 

focus light to subwavelength dimensions, making it possible to overcome the optical 

diffraction limit and enabling the design of nanoscale optical devices, such as 

2 5 

waveguides. ' The intense local electromagnetic fields of metallic nano structures at their 

plasmon resonant energies can also be exploited for surface enhanced spectroscopies.33"35 

Recent advances in size- and shape-controlled fabrication of metallic nanostructures,36 

along with the development of highly efficient theoretical methods for calculating their 



14 

electromagnetic properties,3'37'38 provide a foundation for advancing the development of 

metal-based nanophotonic components and devices, an emerging area known as 

plasmonics. 

Coinage metals such as Au and Ag have been of particular interest for plasmonics 

because they can support nanoparticle plasmon resonances in the ultraviolet, visible and 

near infrared regions of the spectrum, modified by varying nanoparticle size and shape. 

Metallic nanoshells, spherical nanoparticles composed of a dielectric core and a 

concentric metal shell, are nanoparticles whose plasmon resonant energies are 

1 7 

particularly sensitive to geometry. In striking contrast to solid metallic nano structures 

such as nanosphere or nanorods, which exhibit relatively weak plasmonic tunability 

dependent on size or aspect ratio, nanoshells exhibit plasmon resonances that are quite 

critically dependent on inner and outer shell dimensions. This tunability has its origins in 

the hybridization of the two fixed-frequency plasmon modes supported by the inner 

cavity and outer surface of the nanoshell.39 In applications, plasmon resonant energies of 

nanoshells have been tuned to the near infrared "water window" where tissue and blood 

are transparent, enabling a range of nanobiomedical innovations.40'41"43 The plasmon 

resonant energy of the nanoshell geometry can be extended into the far infrared through 

plasmon hybridization of one nanoshell encapsulated within another nanoshell, also 

known as a "nanomatryushka" geometry.39'44 Because of their high degree of symmetry, 

many nanoshell properties can be calculated straightforwardly using Mie scattering 

theory.15' 45 The agreement between experimental measurements and Mie theory 

predictions of the plasmon resonant properties of Au nanoshells has been further 

confirmed quantitatively at the single nanoparticle level.46 
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In addition to nanoparticle geometry, the optical properties of plasmonic nanoparticles 

can also be strongly influenced by the electronic structure of the constituent metal, which 

determines the metal's dielectric function.28' 47 To better understand the role that the 

metal plays in determining the optical properties of metallic nanoparticles it is necessary 

to examine and account for the effects of both the free electron and electronic interband 

12 

transition contributions to the metal's dielectric response. At energies well below their 

plasmon resonance, Au and Ag nanoparticles can be treated as free-electron systems 

whose optical properties are determined by the conduction electrons, with only a constant 

real background polarizability associated with the core electrons. Here we theoretically 

and experimentally examine the contrasting case of Cu nanoparticles, where the effects of 

strong interband transitions near the same energies as the plasmon response of the solid 

metallic nanoparticle can be examined. Geometric control of the plasmon resonant 

energies in the nanoshell geometry enables selective tuning of plasmon mode energies 

with respect to the onset of the Cu interband transitions. By varying nanoparticle 

geometry, we examine how the electronic properties of the metal, through the interband 

transitions, modify the plasmon resonances of the constituent nanoparticle. 
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Figure 3-1 Theoretically calculated far field extinction of a solid nanosphere (black solid 
curves) and nanoshell (blue solid curves) made of (A) Ag, (B) Au, and (C) Cu. The 
nanospheres are 20 nm in radius and the nanoshells are 63 nm in core (silica) radius and 
10 nm in shell thickness. The refractive index of ethanol (n = 1.36) is used as the 
refractive index of the medium surrounding the particles. Dielectric function (red curves) 
of (A) Ag, (B) Au, and (C) Cu are also shown, e' and e" are the real and imaginary parts 
of the dielectric constants, respectively. The green shaded areas indicate the wavelength 
regions where interband transitions of the metals occur. 

Figure 3-1 shows a comparison of the theoretical extinction spectra of Au, Ag, and Cu 

solid nanospheres and nanoshells, obtained using Mie scattering theory incorporating the 
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experimentally obtained dielectric function for Ag, Au, and Cu48 and standard finite path 

length corrections.28'49 The surrounding dielectric medium was ethanol (n = 1.36). The 

calculated extinction is expressed as an efficiency, which is the ratio of the energy 

scattered or absorbed by the nanoparticle to the energy incident on its physical cross 

section. The spectral regions where interband transitions occur are shaded in green. The 

onset of electronic interband transitions from the valence band to the Fermi level causes a 

sharp increase in the imaginary part (e") and a marked change in the slope of the real part 

(€') of the dielectric functions. For solid nanospheres 20 nm in radius, the relative spectral 

locations of the particle plasmon resonance and the constituent metal's interband 

transitions determine the nanoparticles' optical response, resulting in significant 

variations between Au, Ag, and Cu nanospheres. The Ag nanosphere has by far the 

strongest plasmon resonance because the higher energy of the interband transitions (-3.8 

eV),14'50 relative to the energy of the plasmon resonance leads to minimal damping of the 

plasmon. In Ag, the onset of interband transitions is visible in the experimental extinction 

spectrum only as a small increase in absorption starting at approximately 330 nm. The Au 

nanosphere displays a well-defined plasmon resonance at 530 nm, which is very close to 

the edge of the interband transitions region (-2.5 eV).14'50 The Cu nanosphere has by far 

the weakest comparative optical response due to the nanosphere plasmon being resonant 

with the interband transition region (-2.1 eV)14 '50 '51 of the spectrum. The interband 

transitions are responsible for a strong damping of the Cu nanosphere plasmon and the 

strong "background" absorption on top of which a weak plasmon resonance peak is 

visible. 
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The tunability of nanoshell plasmons allows the design of nanoparticles with surface 

plasmon resonances shifted away from the constituent metal's interband transitions. A 

direct comparison of theoretical extinction spectra for nanoshells composed of a silica 

core and Ag, Au, and Cu shell layers is also shown in Figure 3-1. All nanoshell 

calculations were performed with the same inner and outer shell radii [ri, n] = [63, 73] 

nm. All nanoshell spectra exhibit dipole plasmon resonances that have been shifted to 

longer wavelengths relative to those of the corresponding solid nanosphere. The plasmon 

resonance spectra of the Ag and Au nanoshells in Figure 3-1A and B are relatively 

similar to each other in amplitude and peak wavelength, a comparison that has been 

previously noted.52 The Ag nanoshell resonance also shows an additional, weaker feature 

at nominally 560 nm attributable to excitation of the nanostructure's quadrupole mode. In 

marked contrast, the plasmon resonance of a Cu nanoshell of the same size and aspect 

ratio remains centered at wavelengths corresponding to the onset of interband transitions 

in Cu (Figure 3-1C). In addition, a dip in the resonance spectrum also appears at this 

onset energy, resulting in a unique double-peaked resonance lineshape. 
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Figure 3-2 (A) Theoretically calculated far-field extinction of a Cu nanoshell with core 
radius of 63 nm and shell thickness of 10 nm. Near-field patterns of the dipole resonance 
excited at (B) 550 nm and (C) 720 nm. The polarization (E) and propagation (k) vectors 
are indicated in (C). 
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Figure 3-3 (A) Theoretically calculated far-field extinction of a Cu nanoshell with core 
radius of 63 nm and shell thickness of 40 nm. (B) Near-field pattern in the plane 
containing the polarization and propagation vectors as indicated in the Figure 3-2. The 
color bars indicate the magnitude of the |E| . The columns indicate the excitation 
wavelengths. The first row includes the first 5 terms in the Mie expansion, the second 
row contains only the first (dipole) term, and the third row only includes the second 
(quadrupole) term. 
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In Figure 3-2 the Cu nanoshell resonance lineshape is analyzed in greater detail. In Figure 

3-2A, the total calculated far-field extinction spectrum is analyzed to show the individual 

dipole, quadrupole, and octopole contributions to the overall spectral response of the 

nanostructure. The overall extinction is dominated by the dipole plasmon mode, whose 

lineshape has been strongly modified into this double peaked structure. This analysis 

clearly shows that the origin of this doubly peaked feature is related to variations in the 

dielectric function of Cu, and not due to the onset of a quadrupole mode (such as the high 

energy feature at -550 nm in the Ag nanoshell response in Figure 3-1 A). As illustrated in 

Figure 3-2B and C, the near-field contours of the plasmon resonance excited at 550 nm 

and 720 nm, wavelengths corresponding to the two maxima of this resonance, further 

confirm the dipolar nature of each spectral feature. As the thickness of the Cu nanoshell 

layer is increased, the quadrupole plasmon mode can be brought into resonance with the 

interband transitions in Cu. The peak of the dipole resonance is shifted to - 850 nm, and 

the quadrupole and other higher order multiple modes become increasingly pronounced 

compared to the dipole resonance, due to increasing phase retardation effects.53"55 In this 

case, the peculiar peak "inflection" is transferred to the quadrupole plasmon mode 

(Figure 3-3 A). Figure 3-3 A analyzes the calculated extinction spectrum of a (63, 103) Cu 

nanoshell. Here, both the dipole and quadrupole modes contribute significantly to the 

overall extinction. A double-peaked quadrupole lineshape is now observed as the 

quadrupole resonance overlaps with the onset of the interband transitions. The 

quadrupole maximum at 460 nm is more intense than that at 600 nm probably due to the 

overlap of quadrupole plasmon and the spectral "background" arising from the interband 

transitions. Figure 3-3B shows the calculated near-field contours of the dipole and 



21 

quadrupole plasmon modes excited at the wavelengths associated with these inflections, 

as indicated in Figure 3-3A. The top row in Figure 3-3B corresponds to the total plasmon 

extinction in the near field at these three wavelengths of interest, which in this case 

consists of the sum of the first 5 multipolar terms in the Mie expansion. The asymmetry 

of the total near field profile is simply due to the relative phase of the various multipolar 

modes. The second row shows the relative dipole mode intensities in the near field at the 

three wavelengths of interest, and the third row shows the quadrupole mode. The near 

field patterns confirm the quadrupolar nature of both spectral features at 460 and at 600 

nm for this size and geometry of nanoparticle. 
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1. Functionalization •• 
with APTMS i • 

2. Attachment of Au J 
colloids *• 

Electroless 
plating of Cu 

Si02 particle seed particle Cu nanoshell 

Figure 3-4 (A) Illustration of the fabrication of Cu nanoshells. SEM (B) and TEM (C) 
images of the seed particles. SEM (D) and TEM (E) images of Cu nanoshells (63 + 8 nm 
core radius and 30 + 4 nm shell thickness). 

To experimentally investigate the effects of interband transitions on the plasmons, we use 

a wet chemistry method to fabricate Cu nanoshells with controllable core-shell 

dimensions. Currently, the most extensively used strategy for nanoshell fabrication 

involves the seed-mediated electroless plating. By using this method, continuous Au,17'56" 

58 A 52,59,60 Ag, and even bimetallic nanoshells61 with controllable core and shell dimensions 
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have been successfully fabricated using silica or polymer beads as core materials. In 

addition to the seeded shell growth, more recent approaches based on galvanic 

replacement reactions62"64 have also been employed to produce hollow metallic 

nanoshells using metal nanoparticles as sacrificial cores. Here we exploit a combination 

of surface seeding and electroless plating methods to fabricate Cu nanoshells using silica 

nanosphere cores (Figure 3-4). As illustrated in Figure 3-4A, the fabrication of Cu 

nanoshells involves two major steps. The first step is analogous to the pretreatment step 

in electroless plating, in which small Au nanoparticles (~2 nm in diameter) are 

immobilized onto the surface of (3-aminopropyl) trimethoxysilane (APTMS) 

functionalized silica particles. As illustrated in Figure 3-4C, the coverage of Au 

nanoparticles on the surface of the silica beads is nominally 30%. In the second step, the 

immobilized Au colloid act as nucleation sites for electroless Cu plating onto the surface 

of silica particles, leading to the gradual formation of continuous and complete Cu 

nanoshells (Figure 3-4D and F). The as-prepared Cu nanoshells can be homogenously 

dispersed in ethanol to form colloidal solutions. X-ray powder diffraction results 

(Supporting Information) indicate the absence of oxide layers on the surface of the as-

prepared Cu nanoshells during and after the shell growth. 
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Figure 3-5 Extinction spectra of Cu nanoshells with core radius of 63 ± 8 nm and shell 
thickness of (A) 52 ± 7 nm, (B) 45 ± 6 nm, (C) 38 ± 5 nm, and (D) 30 ± 4 nm. The solid 
curves are the experimentally measured extinction spectra of Cu nanoshells dispersed in 
ethanol. The dash curves are the theoretically calculated extinction (red), absorption 
(green), and scattering (blue) of the Cu nanoshells. 

Figure 3-5 shows the extinction spectra of experimentally fabricated Cu nanoshells with 

core radius of 63 ± 8 nm and several varying shell thicknesses. The core-shell dimensions 

of the Cu nanoshells are determined according to SEM images. The standard deviations 

of the core size and shell thickness are also included for the theoretical calculations. The 

experimental plasmon response is in each case compared with the response obtained 

using Mie scattering theory, and the relative contributions of absorption and scattering to 

the overall extinction spectra of the nanoparticles are shown. The positions and 



25 

lineshapes of the plasmon peaks in the measured extinction spectra are in good agreement 

with Mie scattering theory. Three discernable peaks are observed. The peak in the range 

of 800-900 nm is identified as the dipole resonance, and the peak inflections observed at 

~ 620 nm and ~ 470 nm correspond quite well to the predicted peak splitting discussed 

earlier (Figures 3-1 and 3-2). As the shell thickness increases, the quadrupole resonance 

becomes increasingly pronounced compared to the dipole resonance, and the dipole peak 

redshifts only slightly. These effects are due to phase retardation which increases with the 

particle size.55 

In conclusion, the effects of interband transitions on the optical properties of metallic 

nanoparticles have been observed and investigated in the Cu nanoshell geometry. When a 

dipole or quadrupole plasmon overlaps the interband transition threshold, a double 

peaked plasmon resonance appears. The measured extinction spectra of experimentally 

fabricated Cu nanoshells are in good agreement with Mie scattering theory, and exhibit 

this behavior for a variety of shell thicknesses. In photonic device applications, Cu may 

potentially be desirable over Au or Ag due to its compatibility with Si based processing. 

Cu nanoshells are of significant interest for potential large-scale or large-area 

applications relative to their Au and Ag counterparts due to the significantly reduced 

relative cost of the constituent metal. In a more general sense, developing a better 

understanding of the role of electronic structure in the optical properties of metallic 

nanostructures may lead to increased interest in the development of plasmonic 

nanostructures based on other materials systems, incorporating additional properties and 

functionalities. 
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Chapter 4. Metallic nanoshells with semiconducting Cu20 
cores 

As was seen in the previous chapter, the plasmonic response of a structure can be 

strongly modified when other optical processes occur simultaneously in the materials 

making up the shell. In this chapter, we examine the optical properties of Au nanoshells 

with semiconducting CU2O cores. CU2O is itself a fascinating material of particular 

importance for studying excitonic physics. In this work, CU2O is interesting because the 

dielectric constant is significantly higher than silica and it is lossy in the visible and near-

infrared. Increasing the dielectric constant of the core, for example replacing silica with 

CU2O, results in the cavity plasmon resonance shifting to lower energies. In this respect, 

CU2O is particularly interesting as the resulting cavity plasmon is nearly degenerate with 

the sphere plasmon for a nanoshell immersed in H2O. In the far field, we find that the 

high permittivity results in a dramatic increase in the absorption efficiency relative to the 

scattering efficiency, a significant redshift of the plasmon energy, a reduction in the 

plasmon linewidth. In the near field, the Cu20 core results in a strong enhancement of 

the electromagnetic field inside the core. We further explore the effect of the core 

dielectric on nanoshell plasmons by comparing CU2O with two core materials previously 

used to fabricated Au nanoshells: silica, which has a much lower dielectric constant, and 

iron oxide, which as a much higher dielectric constant. We complete this discussion by 

examining the behavior of the near and far field as a continuous function of core 

dielectric for several nanoshell geometries. The CU2O nanoshell synthesis presented here 

was performed by Rizia Bardhan, while I contributed the theoretical analysis. The work 

presented in this chapter is currently being prepared for publication. 
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Nanoshells, nanoparticles with dielectric cores and metallic shells, have elicited 

increasing scientific and technological interest due to their ability to manipulate light in 

unique ways. Their optical properties are governed primarily by the surface plasmons 

supported by this structure, whose resonance frequencies are tuned by varying the 

internal nanoparticle geometry. The surface plasmons give rise to intense local 

electromagnetic fields at the nanoshell surface, which have been harnessed for several 

1 0 5 6 27 65 2 2 6 6 

photonic, ' spectroscopic ' and biomedical ' applications. At the plasmon 

resonance, these nanoparticles also exhibit large far field scattering and absorption cross 

sections. Nanoshell plasmons have also been shown to dramatically affect radiative 

transitions in materials adjacent or inside of a metallic nanostructure.4' 6' 9' n ' 22' 67 

Analogous to the Purcell effect in cavities and waveguides, emission from an adjacent 

excited atom, molecule, or semiconductor can decay directly into a resonant plasmon, 

modifying the available photon density of states and changing its radiative decay rate.4'6' 

11 21 

The plasmon then radiates the emission to the far field. This is essentially a 

nanoantenna effect, where the nanoparticle serves to couple the emission of the adjacent 

fluorescent medium to the far field. The scattering cross section of the nanoshell is 

critically important to the efficiency of this process. 

The plasmon resonance frequencies of nanoshells is a function of the dimensions and 

permeability of the core, the shell and the embedding medium.16'68 In addition to tuning 

the resonance energy, the core and shell properties also dramatically influence nanoshell 

absorption and scattering efficiencies. For simpler nanoparticles like nanospheres or 

nanorods, the amount of light absorbed or scattered by the nanoparticle is a function of 

nanoparticle size. While smaller nanoparticles are predominantly absorptive, the 
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absorption to scattering ratio decreases with increasing nanoparticle size, where 

ultimately larger particles are better light scatterers than light absorbers. With the layered 

nanoshell geometry, however, this relationship is more complex. Recently we showed 

that the absorption and scattering efficiencies of gold-silica-gold layered nanostructures 

can be modified, for a fixed nanostructure size, by tailoring the thickness of the 

intermediate dielectric layer.69 In this study we show that by changing the core material 

to a higher permeability semiconductor cuprous oxide (CU2O), the absorption and 

scattering cross sections of the nanoshell can be significantly altered. The unique ability 

to manipulate the optical properties of this nanoparticle by varying either internal 

geometry or material makes nanoshells extremely attractive for a wide variety of 

applications. 

CU2O, a semiconductor with a bandgap of 2.17 eV, is an ideal material for studying 

exciton physics. In bulk Cu20, the lowest-energy "yellow" exciton series is a prototypical 

example of Wannier excitons, with energy levels following a simple hydrogenic model 

70 71 T) 

for n > 2 ' and oscillator strengths for n >3. The Is state is distinct because its 

excitonic Bohr radius (0.53 nm) is comparable to the lattice constant (0.43 nm), resulting 

in several interesting properties. Electron-hole exchange interactions split the Is exciton 

into a triply degenerate orthoexciton with total orbital angular momentum J = 1, and a 

paraexciton 12 meV below the orthoexciton with a total orbital angular momentum J = 

0 71-74 £ j u e t o t h e inversion symmetry of C U 2 O , direct creation of Is excitons by one-

photon optical transitions is only quadrupole allowed for the orthoexcitons and 

completely forbidden for the paraexcitons. In contrast, two-photon absorption processes 

may provide a route to populating these states. The small Bohr radius also results in a 
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large binding energy, approximately 150 meV for the paraexciton and 140 meV for the 

orthoexciton, attributable to the lack of Coulomb screening by the lattice. Because these 

excitons are strongly bound, they retain their bosonic character up to a relatively high 

temperature and density, providing a promising system for the study of excitonic Bose-

Einstein condensation (BEC).72'75 In addition to BEC, these excitons have also been well 

studied for numerous physical effects. The nearly ideal excitonic structure allows detailed 

studies of the manipulation of the band structure with magnetic, electrical and optical 

fields. This can be exploited to populate and probe optically forbidden exciton states,76"78 

and has led to the observation of dynamical Stark shifts in the exciton spectrum.79 

Exciton physics is not the only area in which CU2O has attracted significant interest. 

CU2O is also a promising material for third harmonic generation in the near- and mid-IR 

due to its significant non-resonant third order susceptibility (x<3>) combined with a lack of 

competing second order processes and minimal absorption of the generated light.80 By 

encapsulating Cu20 in a nanoscale Au shell, the nanoshell plasmons generated at the 

CU2O/AU interface can be used to effectively control the coupling of these excitons to 

light. This can be achieved both by dramatically enhancing the excitation field in the 

semiconductor, particularly important for two-photon absorption, and by tuning the 

radiative decay rate. More directly, coupling between plasmons and excitons can lead to 

the formation of hybrid plasmon-exciton, or plexciton, states. This has been previously 

observed for Frenkel excitons in J-aggregates adsorbed to the surface of a nanoshell.81 

The optically bright nanoshell plasmon modes can couple to the optically dark 

paraexcitons of CU2O, providing a simple and feasible route for detecting these optically 
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forbidden exciton states. The nanoshell plasmon resonance also results in strong field 

enhancements which can dramatically increase the nonlinear response of the CU2O core. 

In this study, we experimentally fabricate nanoshells consisting of a Q12O core coated 

with a thin Au shell, (CU2O/AU) and, in conjunction with theoretical models, investigate 

the unique plasmonic properties of these nanoshells. The nanoshells were fabricated in 

the sub-100 nm and sub-150 nm size regime and have tunable plasmon resonances from 

the visible to the NIR region of the spectrum. Due to the high permittivity of CU2O, the 

plasmon resonance of CU2O/AU nanoshells were observed to red shift by -100-130 nm 

compared to nanoshells with a lower permittivity core material, such as SiC>2 core 

(e~2.04) Au shell (SiCVAu) nanoshells of equivalent dimensions. Theoretical analysis 

reveals that the larger dielectric constant of CU2O results in a nanoshell with high 

absorption efficiency compared to dielectric core materials such as SiC>2. The presence of 

the CU2O core material results in a strong enhancement of the electromagnetic field inside 

the nanoparticle. Due to their compact size, tunability in the NIR and larger absorption 

cross-sections, CU2O/AU nanoshells should also be highly efficient nanoparticles for 

photothermal heating applications in biomedicine, where efficient conversion of absorbed 

light to heat is required. 

4.1 Results and Discussion 

The CU2O/AU nanoshells were fabricated by a stepwise procedure by first synthesizing 

CU2O nanoparticles in the size range of 15 ± 0.5 nm to 350 ±150 nm in radius in aqueous 

media at ambient temperature. The CU2O nanoparticles were fabricated by reducing 

copper (II) salts with ascorbic acid in the presence of sodium hydroxide and poly 
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(ethylene) glycol dithiol (HS-PEG-SH). This synthesized is adapted by modifying a 

82 

protocol previously reported. Briefly, 4 ml of 0.01 M aqueous CuSC>4 solution were 

mixed with 16 mL of PEG dithiol (MW 1530) at various concentrations under vigorous 

stirring at room temperature. Subsequently, 13 mL of 0.115 M NaOH and 10.5 mL of 

0.005 M ascorbic acid were mixed together in a separate vessel and quickly added to the 

CuSC>4 - PEG dithiol solution mixture. The reaction was proceeded for an additional 2 

minutes under vigorous stirring following which it was quenched by blowing an inert gas 

(N2 or Ar) into the reaction mixture for 20 minutes. Depending on the particle size, the 

solution turns from colorless to bright yellow (for smaller CU2O nanoparticles) or orange 

(for larger CU2O nanoparticles) in color. The nanoparticles were purified and excess PEG 

dithiol was removed by centrifuging the nanoparticles between 5500 - 7000 rpm 

depending on particle size. Representative scanning electron microscope (SEM) images 

of the CU2O nanoparticles verify their morphology and dimensions (Figure 4-1). X-ray 

powder diffraction spectra confirmed the composition of the CU2O nanoparticles. By 

simply varying the concentration of HS-PEG-SH, which acts as a stabilizing polymer, 

while keeping the concentration of the other reagents constant, the size of the CU2O 

nanoparticles were straightforwardly tuned. It is noticeable that the polydispersity is as 

low as ~ 3% for the nanoparticle sizes <200 nm; however, for the larger nanoparticles 

polydispersity increases beyond 10%. This observation indicates that at higher HS-PEG-

SH concentrations, more nucleation sites are initiated leading to a higher rate of growth 

kinetics resulting in a larger size distribution. As the size of the nanoparticle increases, 

particularly for sizes >200 nm, more particles exhibit truncated cubic rather than near-

spherical shapes (Figure 4-1). The preferential adsorption of ions in a solution to different 
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crystalline faces directs the development of nanoparticles into unusual shapes by 

controlling the growth kinetics along the different crystal axes.83 For Q12O, cubic shape 

is known to form when the crystalline growth is along the (111) plane.84 The observed 

shapes imply that a fraction of the PEG-dithiol molecules may be adsorbing on the (111) 

plane and hence assisting in the morphological development of the CU2O nanoparticles 

along the <111> direction. In addition, the HS-PEG-SH molecules also terminate the 

CU2O nanoparticles with thiol groups which can attach to Au without the need of further 

functionalization for Au coating. 
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Figure 4-1 SEM images of C112O nanoparticles of different sizes. The radii of the 
nanoparticles are (A) 15 ± 0.5 nm, (B) 30 ± 1 nm, (C) 50 ± 2 nm, (D) 100 ± 5 nm, (E) 
250 ± 30 nm, and (F) 350 ± 50 nm. 
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Figure 4-2 (A) Optical image of Cu20 nanoparticles dispersed in aqueous media of 
increasing sizes. (B) Experimental absorption spectra of the Cu20 nanoparticles dispersed 
in aqueous media. The radius of the nanoparticles corresponding to the spectra is 
indicated on the right. Spectra are offset for clarity. (C) Calculated absorption spectra of 
the Cu20 nanoparticles in aqueous media (n = 1.33). The spectra are color coordinated 
with part (B) and offset for clarity. 

The experimental and theoretical optical properties of the Cu20 nanoparticles 

demonstrate the shape dependent optical response of these nanoparticles (Figure 4-2). 

Optical images Figure 4-2A) of the Cu20 nanoparticles dispersed in aqueous media 

clearly shows as the nanoparticle sizes increase the solution changes from bright yellow 

82 

to orange, similar to that reported previously for Cu20 nanostructures. Experimental 

extinction spectra of the Cu20 nanoparticles of different sizes dispersed in aqueous media 
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demonstrate the different peaks that arise as the size of the nanoparticles increase (Figure 

4-2B). The radius of the nanoparticles corresponding to each optical spectrum is 

indicated on the right. The extinction spectra of the smaller nanoparticles (<100 nm) 

exhibit strong Rayleigh scattering and a small peak at 440 nm. As the nanoparticle sizes 

increase to 200 nm, new peaks are observed in the visible near 530 nm and in the near-

infrared near 700 nm. With increasing size of the CU2O nanoparticles, the peaks in the 

visible and the near-infrared red shifts and additional features are observed in the near 

and mid-infrared. These additional extinction peaks observed for the larger nanocrystals 

are due to scattering at the well known Mie resonances of dielectric particles.18'85 

The theoretical extinction spectra of the CU2O nanoparticles (Figure 4-2C) were obtained 

utilizing Mie theory assuming a spherical geometry with diameters matching the 

experimentally obtained nanoparticle sizes. The calculated extinction spectra correspond 

well to the measured spectra for all the nanoparticle sizes. Small disparities between 

calculated and experimental spectra are plausibly due to polydispersity, the combination 

of spherical and truncated cubic shapes in the nanoparticle solutions, and small variations 

in the dielectric function of the fabricated particles from the values for bulk CU2O 

obtained from literature.86 Nanoparticles have been reported to have higher band gap 

energy compared to the bulk material which is attributed to impurities and defects in 

84 

crystal structure. The CU2O nanoparticles also form self-assembled ordered arrays when 

a droplet of the nanoparticle solution is allowed to dry in ambient air at room temperature 

on a silicon or quartz substrate. 
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Figure 4-3 SEM images of Cu20/Au-NS of different sizes. (A) [r,, r2] = [15, 32] nm, (B) 
[rh r2] = [30, 46] nm, (C) [n, r2] = [40, 54] nm, (D) [r,, r2] = [50, 65] nm. The scale bar 
is 200 nm. 

The CU2O/AU nanoshells were fabricated by seed mediated electroless plating of Au onto 

CU2O nanoparticles. Briefly, monodisperse CU2O nanoparticles were decorated with 

small gold colloid (2- 3 nm) A continuous gold shell was grown around the CU2O 

nanoparticles by The fabricated CU2O/AU nanoshells were centrifuged several times and 

finally redispersed in aqueous media to form desired particle concentrations. 

CU2O/AU nanoshells are fabricated by seed mediated electroless plating of Au onto the 

thiol terminated CU2O nanoparticles.17'26 Small Au nanoparticles 2 nm in diameter), 

prepared by the method reported by Duff et al.,87 are immobilized onto the surface of the 

CU2O cores. The immobilized Au nanoparticles act as nucleation sites for electroless 

plating of Au onto the surface of core particles, which gradually results in the formation 
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of a continuous and complete metal shell layer upon reduction. The plating solution was 

prepared by mixing 50 mg of K2CO3 with 200 mL of H2O and 3 mL of a 1 % HAuCl4 

solution and allowed to age for 24 hours before using. The shell is grown by reducing 

Au+ from this plating solution onto the attached small colloid in the presence of CO(g).17' 

26 

Further metal deposition onto the nanostructure increases the thickness of the Au layer. 

SEM images of CU2O/AU nanoshells fabricated on cores ranging in size from a radius of 

15 nm to 50 nm are shown in Figure 4-3. While CU2O nanoparticles can be synthesized in 
82 88 

different shapes, ' the growth of a uniform Au layer on the nanoparticles modifies the 

overall shape. The Au shell grows as a polycrystal on the Cu20 nanoparticle cores and 

hence results in a spherical morphology with minor surface roughness. This facile 

synthesis route allows the fabrication of uniform, monodisperse, and non-flocculated 

core-shell nanostructures in sub-150 nm and sub-100 nm size regimes. The Au coating 

also allows dispersiblity in aqueous media and provides a biocompatible surface, which 

can be straightforwardly conjugated with functional molecules. 



38 

B 

3 

i 
c 
o 
o c * 
UJ 

400 800 1000 1200 400 
Wavelength (nm) 

600 800 1000 1200 
Wavelength (nm) 

Figure 4-4 (A) Optical image of Q12O/AU-NS of different sizes, (i) [r/, r2] = [15, 32] nm, 
(ii) [rj, r2] = [30, 46] nm, (iii) [n, r2] = [40, 54] nm, and (iv) [n, r2] = [50, 65] nm. (B) 
Experimental extinction spectra of CU2O/A11-NS dispersed in aqueous media of different 
sizes: (i) [n, r2] = [15, 32] nm, A,max = 610 nm, (ii) [r/, r2] = [30, 46] nm, >„max = 705 nm 
(iii) [n, r2] = [40, 54] nm, A,max = 780 nm and (iv) [rj, r2] = [50, 65] nm, Xmax = 830 nm. 
Spectra are offset for clarity. (C) Calculated extinction spectra of the CU2O/AU-NS in 
aqueous media. The spectra are color coordinated with part (B) and offset for clarity. The 
calculations were performed assuming spherical core and shell geometry. 

The experimental and calculated optical properties of the CU2O/AU nanoshells are 

represent the morphological development of the CU2O after Au shell growth (Figure 4-4). 

The optical images of Cu20/Au nanoshells dispersed in aqueous media (Figure 4-4A) 

indicates a change in the solution color from purple to blue as the size of the CU2O/AU 

nanoshells increases. The experimentally observed extinction spectra of the CU2O/AU 

nanoshells dispersed in aqueous media with different core/shell ratios corresponding to 
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the SEM images (Figure 4-3) are illustrated in Figure 4-4B. The extinction spectra spans 

from the visible to the NIR region of the optical spectrum with the smallest size [n, r2] = 

[15, 32] nm showing a plasmon resonance at 610 nm. With increasing nanoshell sizes, 

the plasmon resonance red shifts to 705 nm, 780 nm, and 830 nm respectively (Figure 4-

4A). In the quasistatic limit, where the size of the nanoshell is much smaller than the 

spatial wavelength of light, the plasmon resonance energies of a nanoshell are determined 

by their aspect ratio n / r2.S9 As the aspect ratio increases the plasmon resonance shifts to 

longer wavelengths. As the nanoshell size becomes significant compared to the 

wavelength of light at the plasmon resonance, phase retardation causes an additional 

redshift with increasing nanoparticle size.16 In Figure 4-4, the shell thickness is held 

nearly constant while the core size is increased, resulting in an increasing aspect ratio and 

concomitant shift of the plasmon resonance to longer wavelengths as the size of the 

CU2O/AU nanoshells increases. The calculated extinction spectra of the CU2O/AU 

nanoshells corresponding to those observed experimentally were obtained using Mie 

theory assuming a spherical core and spherical shell geometry (Figure 4-4C). The 

calculated spectra and peak positions correspond well with the experimental extinction 

spectra suggesting that CU2O nanoparticles <100 nm are mostly spherical and the small 

fraction of truncated cubic shapes present do not affect the ensemble plasmon line shape 

or peak position. For the smallest fabricated CU2O/AU nanoshells, with [77, r2] = [15, 32] 

nm, the observed plasmon line width is larger than those obtained theoretically, probably 

due to inhomogeneities in the Au layer thickness and some aggregation of the nanoshells 

after the growth of the Au layer. 
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Wavelength (nm) Wavelength (nm) 
Figure 4-5 (A) Experimental extinction spectra of CU2O/A11-NS for core radius n = 40 ± 
2 nm with varying Au shell thicknesses: (i) r2 = 54 ± 5 nm, (ii) 57 ± 5 nm, (iii) 60 ± 7 nm 
and (iv) 63 ± 11 nm. (B) Calculated extinction spectra of CU2O/AU-NS of similar sizes as 
observed experimentally. The calculations were performed assuming a spherical core and 
shell geometry. 

The tunability of the plasmon resonance was also observed experimentally by varying the 

Au shell thickness for a fixed core size. The experimental extinction spectra of CU2O/AU 

nanoshells with the same core radius 40 ± 2 nm and varying the shell thicknesses, for a 

total outer radius of 54 ± 5 nm, 57 ± 5 nm, 60 ± 7 nm, and 63 ± 11 nm, are shown in 

Figure 4-5A. Spectra calculated using Mie theory correspond well to the experimental 

extinction spectra (Figure 4-5B). With increasing Au shell thickness the aspect ratio 

ri /1*2 increases similar to that observed in Figure 4-4, the plasmon resonance peak blue 

shifts to shorter wavelengths from 780 nm to 710 nm. 
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Figure 4-6 Plasmon hybridization diagram (left) and the surface charge overlaid on the 
near field intensity enhancement at the bonding (middle) and antibonding (right) plasmon 
resonance for Au nanoshells with (A-C) SiC>2, (D-F) CU2O, or (G-I) iron oxide cores. 

Conceptually, these trends can be straightforwardly understood in terms of plasmon 

hybridization, an analytical tool useful for understanding the resonant modes of complex 

metal nanostructures.39 In this model, plasmon modes supported by a solid sphere and a 

hollow spherical cavity interact to form hybrid nanoshell plasmon modes in an analogous 

fashion to molecular orbital hybridization theory. This interaction is shown schematically 

in Figure 4-6 along with the resulting dipolar (co+) bonding and antibonding (co-) plasmon 

modes. In vacuum, the sphere plasmons are at a lower energy than the cavity plasmons. 

The resonance energy of these primitive plasmons depend on the surrounding 

environment; increasing the medium (em) or core (ec) dielectric constant shifts the sphere 

or cavity plasmon, respectively, to longer wavelengths. The medium is often determined 

by the application. For example, in biological applications, the particles will generally be 
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immersed in an aqueous environment with em ~ 1.8. The choice of core material is often 

less restrictive, in which case it provides an additional tool to change properties of the 

plasmon resonance in metallic nanoshells beyond what is possible by geometry alone. In 

air (em = 1 ) , the sphere and cavity resonance energies are degenerate for a cavity 

dielectric ec ~ 5.5, while for water (em = 1.77) the resonances are at the same energy for ec 

~ 8. 

Changes in the plasmonic response of nanoshells due to changing the core dielectric arise 

can be understood in terms of four effects: (i) the core dielectric screens the charge on the 

inner surface of the nanoshell, resulting in an increased imbalance in the surface charge 

on the inner and outer surface of the Au shell, (ii) plasmon hybridization between the 

sphere and cavity plasmons, (iii) the change in the relative size of the nanoshell to the 

wavelength of light at the plasmon resonance, and (iv) energy dissipation in the core if 

the imaginary part of the core dielectric is non-zero. As the core permittivity increases, it 

polarizes more strongly in opposition to the electric field imposed by the shell, reducing 

the overall surface charge on the inner surface of the Au shell. The increased imbalance 

of the surface charge on the inside and outside surfaces of the shell generates a larger 

field across the metal. At the bonding dipole resonance, where the dipole moments of 

cavity and sphere modes are aligned, the polarization of the core, which is opposes the 

cavity and sphere plasmons, results in a weaker overall dipole moment. At the 

antibonding dipole resonance, where the dipole moments of the cavity and sphere 

plasmons cancel, the polarization of the core results larger total dipole moment. The 

polarization of the core also results in a nearly uniform electric field in the core. 

Essentially, changing the core dielectric allows the location of local electromagnetic 
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fields to be moved. In terms of plasmon hybridization, the high permittivity core shifts 

the plasmon resonance of the cavity-like mode to lower energy resulting in an increase in 

the admixture of the cavity plasmons in the bonding mode since the energy of the sphere 

and cavity modes are closer. Hence, despite this mode maintaining a strong dipole 

moment, due to interaction with the cavity plasmons the energy is primarily lost to 

absorption because the cavity mode does not radiate effectively. This effect also occurs 

for the antibonding plasmon mode. Due to the larger admixture of the sphere-like 

plasmons, the dipole moment increases allowing it to interact with light. Changing the 

primitive cavity plasmon resonance energy also results in a shift in the hybridized 

nanoshell plasmons. For all but the smallest nanoshells fabricated in this work, phase 

retardation effects due to the finite size of the particle compared to the wavelength of 

light at the plasmon resonance plays a significant role. The shift in the plasmon resonance 

wavelength due to changes in the core dielectric can significantly alter the relative 

particle size compared to the wavelength. 
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Figure 4-7 Real (e') and imaginary (e") parts of the complex dielectric function of CU2O 
obtained from ref. 26. 

To understand the effect changing the core dielectric has on the nanoshell plasmons in 

more concrete terms, we can compare CU2O to two previously studied oxides with a 

much lower and much higher dielectric constant: SiC>2 and iron oxide. For SiCVAu-NS, 

shown in Figure 4-11(A), the cavity plasmon resonance energy is significantly higher 

than the sphere plasmon. For Q12O in the NIR, the dielectric constant ranges from 6.8 to 

8.4 (Figure 4-7). This results in nearly equal cavity and sphere plasmon resonance 

energies as illustrated in Figure 4-6D. Recently developed iron oxide core nanoshells, 

with an effective ec ~ 12, provide an example of the third possible case (Figure 4-6G) 

where the cavity plasmon is at much lower energy than the sphere plasmon. 
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The local electromagnetic field intensity enhancement |E|2 / |Eo|2, where |Eo|2 is the 

intensity of the applied field, and surface charges on the inner and outer surface of the 

shell at the dipole bonding and anti-bonding resonances can be readily evaluated using 

Mie theory. Several conclusions can be drawn just from looking at the distribution of the 

local fields and surface charges, shown in the right two columns of Figure 4-6 for an 

[ri, r2] = [40, 54] nm nanoshell with a SiC>2, CU2O, or iron oxide core. For low core 

dielectrics, there is very little field inside the particle at the bonding (symmetric) dipole 

mode (Figure 4-6B), while the antibonding mode (Figure 4-6C) is very weak due to 

almost perfect cancellation of the oppositely aligned sphere and cavity plasmon dipole 

moments. As the core dielectric is increased, a significant field in the core region appears 

due to the polarization of the sphere as can be seen at the bonding dipole resonance for 

CU2O (Figure 4-6E) and iron oxide (Figure 4-6H). While the maximum value of the field 

enhancement in the core is smaller than on the outer surface of the nanoshell, the volume 

over which it extends is significantly larger. This is important because the total signal 

observed for optical processes driven by the enhanced near fields is proportional to the 

enhancement integrated over the volume containing the material being probed, which is 

far larger for the field in the core than on the surface of the nanoshell. For CU2O and iron 

oxide, the larger core dielectric results in a dramatic increase in the strength of the 

antibonding resonance. The opposite phase of the charge on the inner and outer surface of 

the nanoshell at the antibonding resonance results in a field within the metal shell as can 

be seen in Figure 4-6F and I. The field on the outer surface of the nanoshells is also 

increases significantly, exceeding 10% of the intensity observed at the bonding 

resonance. For large ec, the field enhancement at the antibonding resonance is weak 
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compared to the bonding resonance only because they are strongly damped by the Au 

interband transitions. 
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Figure 4-8 Calculated extinction, absorption, and scattering efficiency spectra of 
CU20/AU-NS (solid) compared with Si02/Au-NS (dash) nanostructures of different sizes. 
(A-C) [rh r2] = [30, 42] nm, (D-F) [rh r2] = [40, 52] nm, (G-I) [r,, r2] = [50, 62] nm, (J-
L) [ri, n] = [60, 72] nm. The calculations are performed assuming a spherical core 
encapsulated in a spherical shell. 
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Spectrally, three significant differences are apparent in the theoretical extinction, 

absorption, and scattering spectra of Cu20/Au nanoshells (solid) compared with SiCVAu 

nanoshells (dashed) of four different sizes, [n, r2] = [30, 42] nm, [40, 52] nm, [50, 62] 

nm, and [60, 72] nm, shown in Figure 4-8. First, the peaks in the extinction spectra of the 

Q12O/AU nanoshells, arising from the plasmon resonances, are shifted ~ 100-130 nm to 

longer wavelengths compared to the SiCVAu nanoshells of equivalent dimensions for all 

the sizes calculated here. Second, the overall scattering efficiency of SiCVAu nanoshells 

is higher than CU2O/AU nanoshells for similar dimensions, despite the extinction being 

only slightly weaker. This is consistent with the observation in Figures 4-6B and 4-6E 

that the near fields shift inside the particle. Finally, the line width is also reduced slightly 

in the case of CU2O/AU nanoshells. 

From the prospective of the plasmon hybridization model, there are two important 

reasons for the observed spectral changes between Si02 and CU2O core nanoshells with 

the same geometry. First, the bonding dipole mode shifts to longer wavelengths because 

the cavity plasmon mode has shifted to lower energies. Scattering is essentially due to 

radiative decay of the plasmons. Much like antennas in the RF, nanoparticles that are 

much smaller than the wavelength of light do not efficiently radiate electromagnetic 

energy. The decrease in the relative size of the nanoshell compared to the wavelength as 

the plasmon shifts to longer wavelengths therefore leads to a decrease in the relative 

importance of scattering compared to absorption in the far field extinction spectra when 

the core dielectric is changed from Si02 to Cu20.27 '90 This effect can also be seen by 

comparing the scattering and absorption efficiency of the [30, 42] nm nanoshell (Figure 

4-8B, C) to the [60, 72] nm nanoshell (Figure 4-8K, L). As the nanoshell size increases, 
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the absorption decreases while the scattering rapidly increases. For the SiC>2 core 

nanoshell, this effect is so strong that absorption at the bonding dipole resonance almost 

vanishes compared to scattering for the [60, 72] nm nanoshell. This is also responsible for 

the decreased linewidth in C112O nanoshells; a decrease in the radiative damping results in 

a decrease in the rate of energy loss from the plasmon resonance which manifests itself as 

a decreased linewidth. Second, the relative energy of the sphere and cavity plasmons 

changes the interaction strength and hence the admixture of each primitive plasmon in the 

overall nanoshell plasmons. As the cavity plasmon resonance energy shifts to lower 

energy, approaching the sphere plasmon resonance, the admixture of the cavity plasmon 

in the low-energy bonding nanoshell plasmon increases, while the admixture of the 

sphere plasmon in the high-energy antibonding nanoshell plasmon increases. The sphere-

like plasmons couple much more strongly to light than the cavity-like plasmons. As a 

result, the increasing adixture of cavity-like plasmon results in a decrease in the scattering 

cross section at the bonding dipole resonance as the core dielectric is increased. 

Conversely, the increasing admixture of the sphere-like plasmons in the antibonding 

nanoshell dipole mode increases, resulting in the appearance of a significant peaks at 

wavelengths shorter than 600 nm in the scattering spectrum of the [50, 62] nm and [60, 

72] nm nanoshells shown in Figures 4-81 and 4-8L. 
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Figure 4-9 Calculated extinction (blue), absorption (red) and scattering (black) spectra of 
CU2O/AU nanoshells of different sizes. Calculation performed using Mie theory assuming 
a spherical core and spherical shell with a constant real permittivity of 8 for the cores. 

Wavelength [nm] 

Figure 4-10 Total optical absorption cross section for an [n, r{\ = [40, 52] nm CU2O/AU-
NS (solid black line), separated into the contribution from the core (solid red line) and 
shell (solid blue line). The total absorption cross section for a nanoshell of the same 
dimensions but a constant real ec = 7.6 is shown for comparison (dashed orange line). 
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Losses due to absorption in the semiconducting CU2O core, absent in a transparent 

dielectric like Si02, might be expected to contribute to the increased absorption 

efficiency. Calculated extinction, scattering and absorption efficiencies of CU2O/AU 

nanoshells using constant real permittivity of 8 for the cores demonstrates that the 

absorption and scattering efficiencies are comparable for both the constant dielectric and 

the frequency dependent dielectric function (Figure 4-9). Surprisingly, despite the small 

change in the overall extinction, separating the absorption into the contribution from 

Joule losses in the core and shell indicates that more than a quarter of the energy is 

absorbed in the core when the complex frequency dependent dielectric function of CU2O 

is employed (Figure 4-10). This is essentially because the observed spectra arise from the 

plasmon resonance, which is a coherent motion of the conduction electrons in the shell. 

As the number of electrons is unaffected by the imaginary part of the core dielectric, the 

overall extinction can only be weakly effected by absorption in the core. 
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Figure 4-11 Effect of the core dielectric on (A-D) the peak near field intensity 
enhancement in the (—) core, (—») shell and (—) medium, and (E-H) far field (—) 
scattering, (—) absorption and (—) extinction at the (I-L) dipole plasmon resonance for 
nanoshells of four aspect ratios: (A,E,I) r/ / r2 = 15 nm / 32 nm = 0.47, (B,F,J) r/ / r2 = 30 
nm / 46 nm = 0.65, (C,G,K) r, / r2 = 40 nm / 54 nm = 0.74, and (D,H,L) n / r2 = 50 nm / 
65 nm = 0.77. The dielectric function of the three oxides considered here are indicated by 
dashed vertical lines: SiC>2 at ec = 2.04, CU2O at ec = 7.5, and iron oxide at ec = 12. 

A more complete understanding of the effect of changing the core dielectric can be 

obtained by examining the behavior of the near field in the core, shell, and medium and 

the far field at the bonding dipole peak as a function of core dielectric, shown in Figure 4-

11 for the same four experimentally fabricated nanoshell geometries shown in Figure 4-4. 

The near field in the core, shell, and medium as well as the far field scattering, 

absorption, and extinction efficiencies will all peak at slightly different wavelengths. On 

the scale shown in Figure 4-11J-L, this difference is on the order of the thickness of the 

plotted lines and therefore only the wavelength where the maximum near field on the 

outer surface of the nanoshell occurs is shown. 
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For the [r/, r^] = [15, 32] nm nanoshell, the behavior of the near field intensity 

enhancement as a function of core dielectric, shown in Figure 4-11 A, is quite 

straightforward. For this nanoshell, the sphere and cavity plasmons interact weakly due to 

the low aspect ratio r//r? = 0.47. The enhancement on the outer surface of the nanoshell is 

only weakly dependent on the core dielectric. This can also been seen in the far field 

efficiencies shown in Figure 4-1 IE. Unlike the fields on the outer surface, the fields 

inside the core increases almost linearly with dielectric constant. 

Phase retardation effects due to the spatial variation in the phase of the incident field over 

the particle and non-trivial propagation time of the electromagnetic field across the 

particle play a significant role in determining the optical response of the particles 

considered here. Increasing the core dielectric allows the bonding plasmon resonance to 

be tuned to longer wavelengths without changing the overall size of particle. As a result, 

the size of the nanoshell compared to the wavelength of light at the bonding resonance 

can be tuned. Consequently, retardation effects due to the variation of the incident field 

across the particle decrease in importance as the core dielectric is increased. 

Quantitatively, the relative size of the particle to the wavelength can be represented by 

the natural definitional of the size parameter used in Mie theory x = ka = 2 it r2 /(em
m X), 

1 /2 

where em A, is the wavelength of light in the medium. From the peak wavelengths 

shown in Figure 4-111 for the [15, 32] nm nanoshell, the size parameter at the dipole 

resonance ranging from x = 0.27 to 0.23 as the core dielectric is increased from ec = 2 to 

ec = 16. This indicates that the nanoshell is small compared to the wavelength of light 

over the entire range of dielectrics and therefore phase retardation effects will be 

minimal. For the three larger nanoshells, the size parameter is significantly larger over 
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this same range: x = 0.35 to 0.26 for the [30, 46] nm nanoshell, x = 0.38 to 0.27 for the 

[40, 54] nm nanoshell, and x = 0.42 to 0.30 for the [50, 65] nm nanoshell. Just like a radio 

antenna, the nanoshells only radiate efficiently when the size of the structure is 

significant compared to the wavelength. This allows the relative contribution of 

absorption and scattering to the overall extinction to be controlled. Tuning the plasmon 

resonance wavelength by varying n / r2 for a fixed r2 allows some control over the 

relative absorption and scattering. However, this offers only limited control as varying 

the shell thickness itself changes the relative contribution of absorption and scattering and 

practical limitations on the shell thicknesses achievable using seeded growth techniques 

limit the tuning range available for a given core size. Tuning the plasmon resonance 

wavelength by varying the core dielectric is therefore quite attractive as it allows these 

difficulties to be overcome. For a [ri,r2\ = [ 15,32] nm nanoshell, the scattering 

efficiency (Figure 4-1 IE) is small compared to the absorption and almost vanishes for 

large ec. This is exactly what is expected for a particle small compared to the wavelength 

at which the bonding dipole resonance occurs (Figure 4-111), with x < 0.27 over the 

entire range of dielectrics considered and decreasing with increasing core dielectric. For 

the [ri, r2] = [30, 46] nm nanoshell, the dipole plasmon resonance is shifted to longer 

wavelengths (Figure 4-11J) as compared to the [15, 32] nm nanoshell due to the larger 

aspect ratio r; / r2 = 0.65. Nonetheless, the overall size has increased sufficiently that, for 

low dielectric constants, the nanoshell size is now significant compared to the wavelength 

(x = 0.35). As a result, the scattering efficiency is significant, exceeding the absorption 

efficiency (Figure 4-1 IF) for ec < 9.1. The behavior of the scattering, absorption, and 

extinction efficiencies as a function of core dielectric is no longer mo no tonic as a 
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function of core dielectric as was the case for a smaller nanoshell for two reasons. First, 

because an increase in the scattering cross section results in an increase in the rate at 

which energy is dissipated from the nanoshell, the plasmon is damped resulting in an 

increased linewidth and reduced peak intensity of the plasmon. This can result in an 

overall decrease in the extinction as scattering becomes stronger. The larger nanoshells 

follow a similar trend, with the absorption and scattering efficiencies crossing at similar 

sizes relative to the wavelength (size parameter of 0.30, 0.31 and 0.33 for the [30, 46] 

nm, [40, 54] nm, and [50, 65] nm nanoshells, respectively). At 6C = 16, the relative 

contribution of absorption and scattering to the overall extinction for the three larger 

nanoshells is quite similar to the smallest nanoshell at ec = 2 because the size parameter is 

nearly the same in these cases. A similar effect has previously been observed in 

multilayer Au-Silica-Au nanoshell structures. In this case, changing the intermediate 

silica layer thickness allowed the resonance wavelength to be tuned without varying the 

overall particle size, resulting in a variation in the relative contribution of absorption and 

scattering to the overall extinction.69 

In addition to phase retardation, the relative absorption and scattering cross sections are 

controlled by the charge difference between the inner and outer surface of the Au shell 

and plasmon hybridization between the sphere and cavity plasmons. The higher 

permittivity of the CU2O core allows it polarizes more strongly, reducing the charge on 

the inner surface of the Au shell. The increased imbalance of charge between the inside 

and outside surfaces of the shell generates a larger field across the metal. Since the metal 

is highly absorptive, this results in higher absorption efficiencies. The stronger absorption 

can also be understood in terms of plasmon hybridization. The high permittivity core 
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shifts the plasmon resonance of the cavity-like mode to lower energy resulting in an 

increase in the admixture of the cavity plasmons in the bonding mode since the energy of 

the sphere and cavity modes are closer. 

4.2 Conclusions 

We have engineered a plasmonic nanostructure, by utilizing a straightforward fabrication 

technique, consisting of a high permittivity semiconductor core encapsulated in a thin Au 

shell. The plasmon resonance of the CU2O/AU nanoshells can be tuned from the visible to 

the NIR by simply modifying the core and shell dimensions. Compared to a dielectric 

core material such as Si02, the optical response of Cu20/Au nanoshells can be tuned 

farther into the NIR for equivalent nanoshell dimensions. This suggests that Cu20/Au 

nanoshells would span a broader range of the spectrum compared to SiCVAu nanoshells 

for smaller nanoparticle sizes. This property could be potentially useful in biomedical 

applications where smaller nanoparticle sizes resonant in the NIR are necessary. Altering 

the permittivity of the core material also allows optimization of the far field properties for 

specific applications. For photothermal applications such as cancer therapy and gene 

therapy CU2O/AU nanoshells with their enhanced absorption efficiency would be more 

practical. On the contrary, for photoemission applications such as bioimaging and 

biological sensing Si02/Au nanoshells with their high scattering efficiency would be 

more useful. In addition, the near field properties of CU2O/AU nanoshells may 

tremendously impact the non-linear and excitonic response of CU2O. 
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Chapter 5. Profiling the Near Field of a Nanoshell with 
Raman-Based Molecular Rulers 

Individual metallic nanoparticles and their assemblies have remarkably vivid optical 

properties that arise due to the direct excitation of their collective electronic, or plasmon, 

resonances by incident light. When illuminated at wavelengths within the linewidth of the 

plasmon resonance, an intense optical frequency evanescent field is excited at the 

nanoparticle surface. This near field, or fringing field, may be of significantly greater 

intensity than the incident optical wave that excited the nanostructure, a characteristic 

that gives rise to a range of physically interesting and technologically important 

phenomena. These include surface enhanced Raman scattering (SERS),8'91-94 surface 

plasmon resonance (SPR) sensing for detection of chemical and biomolecular species, ' 

95' 96 nanoscale lithography,97' 98 even the photothermal destruction of cancer cells in 

biomedicine.43' 99 Developing precise methods for the quantitative measurement of the 

spatial extent of this nanoscale optical field is of direct interest in the optimization of all 

these applications. 

Previously reported methods for measuring the spatial extent of the fringing field on 

various nanoscale metallic structures have utilized fluorescence,100"105 tip enhanced 

SERS,106 and SPR shifts 

as spatially dependent signals in various geometries. ' These 

are indirect methods which have shown qualitative agreement with an anticipated spatial 

decay of the fringing field, but were performed without direct comparison to a known 

near field profile. Here we report a direct and self-consistent approach to mapping the 
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fringing field of a metallic nanoparticle which utilizes the surface enhanced Raman 

scattering (SERS) signals from specially designed bifunctional Raman-active molecular 

rulers adsorbed onto a nanoparticle surface. The measurement is performed on 

nanoshells, dielectric core-metallic shell nano structures whose plasmon resonance 

frequency and near field optical properties are controlled by the inner and outer 

dimensions of the metallic shell layer to a quantitative degree of precision.35'109 When the 

plasmon resonance of a nanoshell is tuned to the excitation laser and Raman shifted 

wavelengths, strong SERS enhancements from individual nanoshells coated with a 

monolayer of Raman-active molecules can be obtained.30'35 

The spherical symmetry of nanoshells permits straightforward modeling of their 

electromagnetic near and far fields using Mie scattering theory. It has recently been 

observed that single nanoshell substrates give rise to SERS signal levels similar to those 

obtained from "hot spots", the tiny junctions between metallic nanoparticles that produce 

enormous electromagnetic field enhancements across minute sample volumes.30'110 With 

nanoshells, this signal arises from a lower near field intensity over a far greater 

nanoparticle surface area, creating a much larger effective sensing volume.111' 112 

Therefore the development of a measurement technique for evaluating the SERS-specific 

near field profile is highly relevant in the design of future plasmonic SERS substrates 

which may have high intensity near field enhancements on open surfaces,113' 114 a 

geometry far more convenient for large molecule or biosensing than nanoparticle 

junctions. 
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Figure 5-1. Schematic diagram showing the bifunctional Raman-active molecular rulers 
at varying distances from the nanoshell surface (y-axis). Both the terminal fluorescein 
and adenine strand moieties used as building blocks are shown. The SERS spectrum for 
each molecular component of the ruler provides an independent SERS spectrum 
dependent on the nanoparticle's near field, as described in text. 

The bifunctional DNA-based adsorbate molecule that serves as the SERS-active 

molecular ruler in this experiment is shown in Figure 5-1. The molecular ruler consists of 

single-stranded DNA with a terminal fluorescein functional group. A thiol group at the 

opposite end of the molecule from the fluorescein terminus allows for attachment of the 

molecule to the Au surface. This molecular ruler provides two easily detected, 

independent SERS signals, one from the Stokes emission of the terminal fluorescein 

moiety and the other from the Stokes emission of the adenine groups of the DNA chain. 

As the length of the adenine chain is increased, the fluorescein group extends further 

from the Au surface, and its SERS signal decreases with growing distance from the 

nanoparticle surface. Simultaneously, as the adenine chain length is increased, the SERS 

signal from the constituent adenine groups of the chain increases as the adenine chain 

spans an increasing portion of the fringing field. Therefore, the fluorescein and adenine 
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moieties serve as two independent electromagnetic reporters on the same molecular ruler, 

each responding to the electromagnetic field at their respective resonant frequency. 

Synthesis and optical properties of nanoshells have been discussed elsewhere in detail.17' 

To prepare the nanoshell substrates for the measurements, a saturation coverage of 

each of the various lengths of the fluoresceinated poly-adenine bifunctional molecular 

ruler was covalently attached via the thiol moiety onto the surfaces of nanoshells. In this 

set of experiments, thiolated ss-DNA consisting of 2, 6, 12, and 18 bases of adenine 

(Oligos etc., Wilsonville, OR for the 2-adenine base molecule and Integrated DNA 

Technologies, Coralville, IA for the 6, 12, and 18 base molecules) with a fluorescein 

terminal moiety was used. For all molecules the 5' thiol modification was attached via a 6 

carbon methylene spacer to the poly-adenine chain and the 3' terminal fluorescein moiety 

was attached to the other end of the poly-adenine chain via a 6 carbon methylene spacer. 
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Figure 5-2 Extinction spectra (black) and the calculated surface average <|E|4>-field 
spectrum (red) for the two sizes of nanoshells. (a) [r/, ri\ = [43, 58] nm nanoshells (b) 
[ri, n] = [70, 91] nm nanoshells. The excitation laser wavelength at 785 nm (purple 
vertical line) and the emission peak for adenine (red vertical line) and fluorescein (green 
vertical line) analyzed are shown. 
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Nanoshells of two different geometries and plasmon resonant properties were used to test 

the validity of this experimental approach. Figure 5-2 shows the far field extinction 

spectra and the surface averaged near field spectra <|E|4> calculated using Mie scattering 

theory at a distance of 0.1 nm above the nanoparticle surface for the two sets of 

nanoshells synthesized for these experiments. One set of nanoshells (Figure 5-2(a)) was 

designed with inner and outer shell radii of dimensions [r/, r2] = [43, 58] nm such that the 

near field maximum of the nanoshells was tuned to the excitation laser at 785 nm. The 

other set of nanoshells (Figure 5-2(b)) was designed with [n, r2] = [70, 91] nm such that 

the far field extinction was tuned to the excitation laser. 
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Figure 5-3 (a) SERS spectra for DNA-fluorescein adsorbate layer on 
[n, r2] = [43, 58] nm nanoshells and (b) same as (a) but for [rj, r2] = [70, 91] nm 
nanoshells. Spectra correspond to DNA strands of 2, 6 12 and 18 adenines, respectively, 
(c) SERS intensity of 1185cm"1 fluorescein peak (counts / 60s). ( • ) : Experimental 
values; solid lines: theoretically calculated values for [r/, r2] = [43, 58] nm nanoshells (d) 
same as (c) for [r?, r2] = [70, 91] nm nanoshells (counts/30s) (e) same as (c) for 736 cm"1 

adenine peak (f) same as (d) for 736 cm"1 adenine peak, (g) The ratios of SERS intensities 
(/(fluorescein@1185 cm"1)//(adenine@736 cm"1)) as a function of distance from the 
nanoshell surface on [r/, r2] = [43, 58] nm nanoshells. ( • ) : Experimental values; solid 
lines: theoretically calculated values (h) same as (g) for [r/, r2] = [70, 91] nm nanoshells. 
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The bifunctional molecular rulers for each of the DNA chain lengths were covalently 

bound to the surfaces of the two types of nanoshells, and the SERS spectrum was 

acquired. In this way, a sequence of SERS spectra for varying adenine chain length was 

obtained for each nanoshell geometry, and is shown in Figure 5-3(a,b). The Raman 

experiments were performed on functionalized Au nanoshells suspended in buffered 

aqueous solution (pH 9) using a Renishaw inVia microRaman spectrometer with an 

excitation laser wavelength at 785 nm. At this pH, thiolated ss-DNA has been observed to 

extend upright when bound to metallic nanoparticle and film surfaces.115 The spectra 

were collected using a 63x water immersion objective with a 0.9 N.A., over a rectangular 

area approximately 30 (im x 3 jj.rn. For each sample 12 spectra were collected from 

different areas of the sample. In both sets of spectra, the ring breathing mode of 

adenine116"119 at 736 cm"1, and the C-CH bending mode of the fluorescein120 at 1185 cm"1 

are clearly observable. The remaining peaks in the spectra can be attributed to adenine or 

fluorescein but are not used in the present analysis because either the adenine and 

fluorescein peaks strongly overlap (e.g. the double peak at 1335 cm"1) or the peaks are 

not clearly observed in all spectra. 

The intensities of the 1185 cm"1 mode of fluorescein and the 736 cm"1 mode of adenine, 

as a function of adenine chain length, are shown in Figure 5-3(c,d). Here the 

experimental SERS intensities of the fluorescein peak are plotted as a function of 

distance from the nanoparticle surface, where the distances from the nanoshell surface 

along the x-axis are determined for a stretched configuration of DNA.115' 121 The 

theoretical fit (solid line) is the SERS response calculated using Mie scattering theory. 

The nanoparticle surface-averaged SERS signal is calculated as 



64 

SERS \ | incident (,COL) + Ens(COl)\ 1 ^ ( ^ ) 1 V (5-1) 

where Eincident(<x>i) « ENS(co[), are the incident and near field enhancement at the laser 

excitation frequency a>I , and ENS((OS) is the field enhancement at the respective Stokes 

mode of the molecule (as indicated in Figure 5-2). The average is over the nanoparticle 

surface. The analogous Stokes modes for adenine are also extracted from the SERS 

spectra, and are shown in Figure 5-3(e,f) for both nanoshell geometries. In this case, the 

theoretical curve is also obtained using Mie scattering theory, and consists of the 

integrated surface-averaged signal 

fri+cl 

I GSERS DR ( 5 - 2 ) 

J r2 

as a function of distance d from the nanoparticle surface, directly analogous to the sum of 

the SERS signals from each adenine moiety at each respective chain length. The error 

bars in Figure 5-3(c-h) are based on the standard deviation in peak heights from a set of 

12 independent measurements on each nanoshell geometry. The spread in measurement 

values is due in part to a variation in the number of DNA molecules adsorbed on the 
122 

nanoshells, as well as a variability in the number of nanoshells in the beam during each 

measurement, and variations in molecular conformation of the DNA tether. Figure 5-

3(a,b) are an average of the spectra collected for each sample. 

A ratio of the fluorescein 1185 cm"1 and adenine 736 cm"1 Stokes mode intensities 

provides a measurement of the near field at a nanoshell surface that is independent of 

variations in nanoparticle surface coverage by the bifunctional DNA molecules since 

both functional groups are present on each molecule to a high degree of purity. The ratio 

of these signals is shown in Figure 5-3(g,h). Here the data are in excellent agreement with 
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the ratio of the corresponding fluorescein 1185 cm"1 and adenine 736 cm"1 theoretical 

curves: Figure 5-3(g) corresponding to Figure 5-3(c) / Figure 5-3(e), and Figure 5-3(h) 

corresponding to Figure 5-3(d) / Figure 5-3(f). 

The GSERS used to fit the fluorescein SERS profile in Figure 5-3(c,d) (Eq. 5-1), the 

integral in Figure 5-3(e,f) (Eq. 5-2), and the SERS intensity ratios in Figure 5-3(g,h), are 

plotted directly in Figure 5-4 for both sizes of nanoshell substrates: [n , r2] = [43, 58] nm 

(Figure 5-4(a)) and [ N , r2] = [70, 91] nm (Figure 5-4(b)). GSERS for the nanoshell with its 

near field maximum tuned to the excitation laser (Figure 5-4(a)) is almost twice as large 

as GSERS for the nanoshells with the far-field extinction tuned to the excitation laser 

(Figure 5-4(b)). The inset plots show the surface enhanced field distribution evaluated 0.1 

nm above the nanoshell surface at the excitation frequency OJ{, (left) and Raman shifted 

frequency cos (right) in both Figure 5-4(a) and (b). In Figure 5-4(a), the field distribution 

at the excitation frequency appears to be large compared to the field distribution at the 

Raman shifted frequency, correlating well with the near field calculated for a nanoshell of 

these dimensions (Figure 5-2(a)). A similar correlation between the near field intensity 

and the predicted SERS response is seen for the second set of nanoshells (Figures 5-2(b)) 

and 5-4(b)). The difference in spatial distribution of the near field on the nanoshell 

surface which is seen in parts a and b of Figure 5-4 is due to the larger particle size 

analyzed in Figure 5-4(b). 

Interestingly, although the surface average SERS response for the smaller 

[i"i, r?] = [43, 58] nm nanoshells is almost twice as large as the bigger [r/, r2] = [70, 91] 

nm nanoshells (Figure 5-4), the overall SERS signal measured from the bigger shells is 
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much larger. This can be explained by considering that the overall surface area available 

for attaching analyte molecules is larger for the bigger nanoshells. Thus for ensemble 

measurements over a large number of nanoshells, there is an optimum nanoshell size 

determined by achieving the largest near-field enhancements and maximizing the overall 

surface area available for attachment of the Raman active molecule. 

120 

5 10 15 
Distance from surface (nm) 

0 5 10 15 20 
Distance from surface (nm) 

140 

130 

120 

10 

'o 

m 
ho 

Figure 5-4 Surface average <|(7SY.;/«|> a s function of distance from nanoparticle surface 
for (a) [rj, r{\ - [43, 58] nm nanoshells and (b) [r/, n] = [70, 91] nm nanoshells. Circles 
(o) are calculated using Mie theory, solid line (—) is a fit to a dipole model, and dashed 
line (- - -) is a fit to an exponential decay. Inset: The field intensity enhancement at the 
excitation and emission wavelength for the two nanoshells. The intensity color bar is the 
same for all the surface plots. 

The spatial profile of GSERS is shown in Figure 5-4 for both nanoshell geometries. This 

dependence agrees with a decay profile based on the radiating fields of a simple dipole;123 

however, unlike previous studies that focused on small (-10 nm) radius metallic 

structures, here the quasistatic response {Mr) alone is insufficient to describe the 

response of the nanoparticle substrates used here.105,124 For nanoshells in this size range, 

it is necessary to include terms in the near field slower than (r-ro)~3. Retaining the near 

field, induction, and radiation terms from the expression for a classical dipole radiator, 

GSERS can be expressed in the following form: 
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G 
a b e d (5-3) SERS oc 

(r-r0)4 ( r - r j {r~rj° ( r - r j 
+ + 12 

where ro is an effective distance from the center of the nanoshell. It is important to note 

that for nanoparticles of this size regime, the SERS enhancement is also well 

approximated by an exponential decay: 

where (r-r2) is the distance above the nanoparticle surface. The simple exponential profile 

would be rigorously correct for the case of a macroscopic flat film. The exponential 

approximation is also shown, as an overlay, in Figure 5-4. The exponential 

approximation is in even better agreement with the larger radius nanoshell, which better 

approximates an infinite film (i.e. a thin film is a nanoshell of infinite radius). We can use 

the simple exponential fit to parameterize and define a unique Me length, LSERS, 

characteristic of the SERS signal profile for each nanoparticle geometry. Based on this 

analysis we determine that LSERS for the [r/, r2] = [43, 58] nm nanoshell substrate is 6.2 

nm and for the [rj, r2] = [70, 91] nm nanoshell substrate is 9.7 nm. 

In summary, this work demonstrated a SERS-based nanoscale metrological approach for 

mapping the near field at the surface of a plasmon resonant nanostructure. Quantitative 

agreement was obtained between the experimental SERS profile measured using a 

bifunctional DNA molecular ruler and the near field profile of the nanoparticle substrate, 

for nanoshells of two different sizes and near field resonant properties. The experimental 

measurements indicate that for this type of SERS substrate, an effective sensing volume 

can be defined which includes an effective Me distance, LSERS, above the nanoparticle 

GRPNT; 

~(,r-r2) 

lSERS (5-4) SERS 
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substrate surface. Furthermore, signals are easily detectable from Raman-active 

functional groups positioned at distances of -10 nm or more from the surfaces of the 

nanoparticles. This methodology provides a metrological protocol that could be applied 

generally to designing new plasmonic substrates; in particular, it could be extremely 

useful for characterizing new geometries that combine large field enhancements with 

open, exposed surface areas.113'114 The methodology presented is optimal for the spectral 

fingerprinting of biomolecules or larger, more complex biological structures. 
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Chapter 6. Nanoscale Control of Near-Infrared Fluorescence 
Enhancement Using Au Nanoshells 

Metal enhanced fluorescence is highly relevant for understanding the fundamental 

physical phenomena contributing towards emission enhancement as well as for 

developing technologies based on these nanoparticle-fluorophore assemblies. Metal-

fluorophore interaction is a sensitive function of the distance between them. While at 

short distances ( < 4 nm) fluorescence quenching is inevitable, at an optimum distance 

from the nanoparticle surface strong plasmon-enhanced fluorescence can be observed.125" 

127 The enhancement will decrease as the fluorophore-metal distance continues to 

increase until the metal's optical field does not affect the fluorophore emission properties. 

In this chapter, we have qualitatively measured the fluorescence of NIR fluorophore, 

Indocyanine Green (ICG), as a function of distance from the Au nanoshell surface and 

determined the optimum distance where a maximum enhancement of 50X is achieved. 

Beyond the optimal distance from the nanoshell surface, the emission and hence the 

quantum yield decreases. All nanoparticle synthesis, characterization and experimental 

fluorescence spectra were obtained by Rizia Bardhan. Nathaniel K. Grady contributed 

towards theoretical analysis and discussion. Reproduced with permission from Rizia 

Bardhan, Nathaniel K. Grady, Naomi J. Halas, Small, 2008, 4, 1716-1722. Copyright 

2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 

Water-soluble and biocompatible NIR emitting fluorescent molecules have provided an 

important new tool for biomedical imaging128 and for the detection of disease markers in 

vivo. The relatively large penetration depth of NIR light in most biological media offers 

the potential for imaging deeply into the organs and soft tissues of living systems. This 
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property is aided by the use of NIR-excitable fluorescent molecules as agents for contrast 

129 

enhancement. The goal of designing and synthesizing NIR fluorescent molecules with 

large absorption coefficients and high quantum yields that are also safe for physiological 

environments is quite challenging, due at least in part to the complex synthetic routes 

required for these large, complex molecules.130' 131 A highly promising alternative 

approach is to enhance the emission of currently available NIR fluorescent molecules by 

combining them with appropriately designed metallic "nanoantennas". For example, ICG, 

currently the only FDA-approved, commercially available NIR emitting dye, is used 

extensively as an exogenous fluorescent marker in clinical imaging applications132 such 

as the diagnosis of cardiac and hepatic function,133 measurement of plasma volume,134'135 
l ^ f t l ^ T n o 

ophthalmic scanning laser angiography ' and optical tomography. However, ICG 

is a relatively weak fluorophore with a quantum yield of only 1.3 %,139 and toxicity limits 

the maximum concentration appropriate for clinical use. Enhancing the quantum 

efficiency of ICG significantly without compromising its biocompatibility will lead to 

significant improvements in the detection limits of NIR fluorescence-based imaging, 

enabling, for example, the detection of significantly smaller tumor volumes than is 

currently possible. Recently, we have shown that the fluorescence of ICG can be 

significantly enhanced when the fluorescent molecules are positioned near Au nanoshells, 

when the plasmon resonance of the nanoshell is tuned to the emission wavelength of the 
89 

fluorophore. Fluorescence enhancements as large as 50 were achieved, for a nanoshell 

designed with a significant scattering cross section at that wavelength. In this system the 

ICG molecules act like local sources that feed the optical "nanoantenna", which then 

transmits their light efficiently into the nanoparticle far field. 
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Noble metal nanoparticles and nanostructures exhibit unique, remarkably vivid optical 

properties due to excitation of their surface plasmons by incident light. Plasmon 

excitation results in significantly enhanced local fields at the nanoparticle surfaces, which 

give rise to fundamentally interesting phenomena and technologically important 

applications.125'140-142 Noble metal nanoparticles are known to significantly enhance the 

emission rates of vicinal fluorophores by decreasing their radiative lifetime, thereby 

increasing their quantum yield.127'143'144 The photostability of fluorophores can also be 

increased in this manner. Enhancing the emission of molecular fluorophores is a highly 

useful strategy for improving detection sensitivity and selectivity in many emerging 

applications such as DNA screening145 and single molecule detection,146 in addition to 

image enhancement.147 Consequently, designing and developing nanoparticle-molecule 

complexes to enhance molecular fluorescence is of broad interest and general importance. 

The influence of metallic surfaces (and subsequently metal nanoparticles) on 

fluorescence emission and molecular excited-state lifetimes has been a topic of interest 

since the pioneering work of Drexhage.67'125'126'148 The lifetime of a molecular excited 

state varies as a function of distance from the surface of a noble metal due to a 

modification of the enhanced absorption (due to the near field), radiative decay rate (due 

to the modified photon density of states near the metal surface) and nonradiative decay 

channels (due to energy dissipation).149'150 While fluorescence from a molecule directly 

adsorbed onto a metal surface or nanoparticle is quenched, for a molecule positioned a 

few nanometers from the metal, it can be strongly enhanced. As the fluorophore-metal 

distance is increased, longer-range interactions between the molecule and the metal can 

lead to oscillatory enhancement and quenching behavior as a function of separation 
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distance for bulk metals. For large separation distances from a bulk metal or metallic 

nanoparticle, the molecular fluorescence returns to its unperturbed value. 151'152 

In this study, we have investigated the fluorescence enhancement of ICG molecules as a 

function of distance from the surface of Au nanoshells (NS). The distance between ICG 

molecules and the NS surface is controlled by varying the thickness of silica shell spacer 

layers grown on the nanoshell surface. We observe a fluorescence enhancement of 50 

when ICG molecules are spaced 7 nm from the Au nanoshell surface, which decreases 

with increasing distance of the molecule from the nanoshell surface. Au nanoshells are 

excellent plasmonic nano structures for these experiments for several reasons. First, their 

plasmon resonances can be controllably tuned across the visible and infrared region of 

the spectrum by modification of their core and shell dimensions. 17 '39 Their relative 

absorption and scattering cross sections can also be controlled by varying total 

nanoparticle size.54'89 The spherical symmetry provides a highly uniform geometry for 

studying phenomena requiring a systematic variation of molecule-metal nanoparticle 

distance. Growing a silica shell spacer layer around the Au nanoshell core, then binding 

molecules onto the silica layer, is a controllable and reproducible technique for 

positioning fluorophores at well controlled, nanometer-scale distances from the 

nanoparticle surface over the length scales appropriate for modifying molecular 

fluorescence. The chemistry also imparts a robust, chemically inert, and biocompatible 

surface for the nanoparticle.153 This approach allows us to measure the spatial extent of 

the fluorophore - nanoparticle interaction quantitatively over a length scale relevant to 

fluorescence enhancement. 
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6.1 Fabrication of Nanoshell-ICG Conjugates 

6.1.1 NS(a)/Si02 fabrication: 

Au-NS with 76 ± 3 nm radii were fabricated by seed-mediated electroless plating of Au 

onto silica spheres as previously reported.25 Briefly, monodisperse silica nanospheres of 

60 ± 2 nm radii were synthesized by the hydrolysis of TEOS in basic solution via the 

Stober method154 and functionalized with (3-aminopropyl) triethoxysilane (APTES, 

Sigma-Aldrich) overnight. These functionalized nanoparticles were decorated with small 

gold colloid (2-3 nm) prepared by the method reported by Duff et al.87 A continuous gold 

shell was grown by reducing gold from a 1% solution of HAuCLt onto the attached small 

colloid in the presence of formaldehyde. 

Silica epilayers of varying thicknesses were grown around the Au-NS by modifying a 

protocol previously described by Evanoff et al.107 Briefly, 4mL of concentrated Au-NS 

(=109 particles mL"1) aqueous solution was added to 40 mL absolute 200-proof ethanol 

(Aaper Alcohol and Chemical Co.) at room temperature under constant stirring. 500 (iL 

of 30% ammonium hydroxide (Sigma-Aldrich) and appropriate amounts (6 ^L to 70 jxL) 

of tetraethylorthosilicate (TEOS, Sigma-Aldrich) was added to the reaction mixture 

simultaneously. Different amounts of TEOS were added to control the silica layer 

thickness surrounding the nanoshell core. The reaction was allowed to proceed at room 

temperature under vigorous stirring for 40 minutes and then allowed to age without 

agitation for 24 h at 4° C. The silica coated Au-NS (Au-NS@Si02) nanoparticles were 

centrifuged and washed several times followed by resuspension in 10 mL water. 
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6.1.2 ICG Binding to NS(a),SiOi Nanoparticles: 

ICG molecules were adsorbed onto the NS@SiC>2 by a two step procedure. (1) 1 mg ICG 

was mixed with 500 |iL degassed 200 proof ethanol and 100 |iL APTES was 

subsequently added and the mixture was stirred for 8 hrs at room temperature. (2) The 

APTES-ICG mixture was added to the NS@SiC>2 nanoparticles dispersed in ethanol and 

stirred for 24 hours at room temperature. The ICG bound nanoparticles were centrifuged 

in microcentrifuge tubes in small aliquots of 1 mL for 5 minutes at 280 rcf to remove 

unbound ICG molecules. Absorbance of the supernatant was monitored to account for 

unbound dye and we determined that ~ 400 nM ICG molecules were bound to the 

NS@SiC>2 nanoparticles. ICG molecules were bound to silica nanospheres similarly and ~ 

400 nM ICG were attached to the silica nanospheres as well. The final nanoparticle 

solutions were redispersed in water and stored at 4 °C. Fluorescence measurements of 

ICG molecules adsorbed on NS@SiC>2 nanoparticles and silica nanospheres were 

obtained in solution with 107 particles/ mL. 
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6.2 Characterization of Nanoshell-ICG Conjugates 

Wavelength [nm] 
Figure 6-1 Absorption-emission spectra (Xmax-Ab = 780 nm and X.max-Em = 820 nm) and 
chemical structure (inset) of ICG. 

The nanoparticles were characterized by obtaining transmission electron microscope 

(TEM) images using a JEOL JEM-2010 TEM, and absorption measurements using a 

Varian Cary 5000 UV-Vis-NIR spectrometer. Fluorescence emission spectra were 

obtained using Jobin Yvon Spex Fluorolog 3 and the samples were excited at 785 nm. 

The absorption-emission spectrum and chemical structure of ICG (Figure 6-1), shows 

that ICG, a negatively charged tricarbocyanine dye, strongly absorbs at 780 nm and emits 

at 820 nm. The presence of the charged sulfonate groups increases the solubility of ICG 

in aqueous media and minimizes significant ground-state aggregation, a phenomenon 

commonly observed in carbocyanine-type dyes.155 
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Figure 6-2 (A) Schematic diagram of fabrication procedure, and TEM micrographs (B -
F) of NS coated with varying thicknesses of silica epilayers (B) 7 ± 2 nm (C) 13 ± 2 nm 
(D) 21 ± 3 nm (E) 30 ± 3 nm (F) 42 ± 3 nm. Scale bar is 50 nm for all TEM images. 

The fabrication procedure of NS@SiC>2 nanoparticles is illustrated in Figure 2.2A. TEM 

micrographs o f N S coated with different thicknesses of SiC>2 are shown in Figure 2.2B -

2F, where the thickness of the silica shell was varied from 7 - 4 2 nm. The NS@SiC>2 

nanoparticles range from 166 ± 3 nm in diameter to 236 ± 4 nm where the silica thickness 

was controlled by concentration of tetraethylorthosilicate (TEOS) after alkaline initiation. 
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Thickness of Silica Epilayer [nm] 

Figure 6-3 Observed shift in the plasmon resonance peak with increasing thickness of 
silica layer surrounding the NS. ( • ) Experimental, and (—) calculated values for NS [rl, 
r2] = [60, 76] nm and NS@Si02 nanoparticles, with 7 ± 2 n m , 1 3 ± 2 n m , 2 1 ± 3 n m , 3 0 
± 3 nm, 42 ± 3 nm, 61 ± 4 nm, and 90 ± 4 nm thick silica epilayers are shown. 

The plasmon resonance of the NS nanoparticles shifts to longer wavelengths as the silica 

layer thickness is increased. The experimentally obtained plasmon resonance frequencies 

as a function of silica layer thickness are compared directly to theoretical values 

calculated using Mie Theory for a concentric, three-layer, Si02-Au-Si02 spherical 

nanoparticle (Figure 6-3). The plasmon redshift occurs due to the presence of the silica 

layer because of the higher refractive index of silica relative to water. The increasing 

thickness of the silica epilayer surrounding the NS screens the electron oscillation in the 

metal, decreasing the plasmon energy.156 A redshift in the plasmon resonance peak from 

790 nm (without silica shell layer) to 834 nm (with 60 nm silica shell layer) is observed, 

with the plasmon shift remaining constant for the thicker silica shell layers. This behavior 

indicates that changes to the local dielectric environment beyond a certain distance from 

the surface do not apparently affect the surface plasmons of the NS nanoparticles.107 

However, the silica layer thicknesses used in this experiment do not extend to the longer 



78 

length scale where oscillatory behavior of the SPR shift with increasing dielectric layer 

thickness has been reported.95 The experimentally obtained values of the plasmon 

resonance wavelength shown in Figure 6-3 correlate very well with the theoretically 

obtained values. The linewidth of the plasmon peak of these nanostructures allows good 

overlap with the ICG absorption-emission profile for all the NS@Si02 nanoparticles 

synthesized for this experiment. 

6.3 Experimental Fluorescence Enhancement 

A schematic of ICG adsorption on the NS@SiC>2 nanoparticles through APTES surface 

functionalization, and subsequent fluorescence emission, is illustrated in Figure 6-4A. 

The ICG molecules are adsorbed onto the silica surface of the nanoparticle 

electrostatically. To quantify the fluorescence enhancement due to the silica coated 

nanoshells, ICG bound in the same manner to silica nanospheres (radius 60 ± 2 nm) was 

used as a control sample. Comparison of the fluorescence of ICG adsorbed to silica-

coated nanoshells vs. ICG on silica nanoparticles, rather than ICG in solution, allows us 

to examine the fluorescence enhancement process for molecules in equivalent chemical 

environments. The fluorescence spectra of ICG bound to silica (A,max = 810 nm) at varying 

distances from NS surface, as determined by the silica spacer layer, is shown (Figure 6-

4B). 
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Figure 6-4 (A) Schematic diagram of ICG conjugation on NS@Si02 nanoparticles, 
excitation and observed emission. (B) Fluorescence spectra of ICG conjugated at various 
distances from the NS surface. (—) Emission spectrum of control, ICG deposited on 
silica nanospheres is also included. (C) Fluorescence enhancement factor of ICG 
conjugated on NS@Si02 nanoparticles relative to silica nanospheres is shown as a 
function of thickness of silica layer surrounding the NS (color coordinated with reference 
to panel B). 

The fluorescence spectra were collected under identical excitation and detection 

conditions, allowing direct comparison of the various nanoparticle-ICG complexes. The 

concentration of ICG molecules was maintained at ~ 400 nM in each of the nanoshell and 

silica nanoparticle solutions used in the deposition of ICG onto the nanoparticle surfaces. 

Based on our deposition protocol, near-saturation coverage of ICG on the nanoparticle 

surfaces is likely, corresponding to nominally 103 ICG molecules per nanoparticle, 

increasing as nanoparticle size (and therefore surface area) is increased. A maximum 

enhancement of 50x is achieved relative to ICG molecules adsorbed on silica 

nanospheres for a silica spacer layer of 7 ± 2 nm on the nanoshell surface. As the 

thickness of the silica spacer layer (13 ± 2 nm, 21 ± 3 nm, 30 ± 3 nm, 42 ± 3 nm) was 
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increased, the fluorescence enhancement decreased, with the lowest enhancement factor 

of 7 observed for the largest spacer layer. This distance-dependent decay of the 

fluorescence enhancement is shown in Figure 6-4C as a function of silica layer thickness. 

6.4 Calculated Fluorescence Enhancement 

The Au nanoshells influence ICG emission by a combination of two processes: 

absorption enhancement via the high intensity nanoparticle near field, and radiative rate 

• RQ 

enhancement, which increases its quantum yield. Since the nanoparticle complexes used 

in this study have spherical symmetry, their properties can be calculated quite 

straightforwardly using Mie theory. In particular, both the near field enhancement and the 

radiative rate enhancement of molecules near the nanoshell surface can be calculated for 31 

this spherical geometry. To obtain the near field enhancement, the electromagnetic 

fields around and within the particle are expressed in terms of a spherical harmonic basis 

set and the scattering is obtained in response to an incident plane wave.15 To evaluate the 

radiative rate enhancement, a similar procedure is followed, except that the plane wave 

excitation is replaced with a point dipole adjacent to the nanoparticle. The far-field 

Poynting vector is then integrated over all angles and compared directly to the amount of 

energy radiated by the same dipole in free space. This theoretical model agrees very well 

with the distance dependence of the fluorescence enhancement we have observed (Figure 

6-5 A). We will now examine the relative contribution of these processes in more detail. 

Emission from a fluorophore is experimentally quantified in terms of its quantum yield 

(Qo) and lifetime (r). Intrinsically, these processes are best described in terms of the 

radiative emission rate (T) and non-radiative decay rate (knr). The quantum yield is then 
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the relative likelihood that the excited molecule relaxes following a radiative decay 

pathway: 

Qo = r/(r + knr) (6 -1) 

While the observed lifetime is simply the inverse of the total decay rate of the excited 

state: 

To = (T + knr)"' (6-2) 

For most dye molecules, including ICG, these parameters are highly dependent on local 

environment.157 For ICG adsorbed onto silica-coated NS and ICG on solid silica 

nanospheres, we can assume that the intrinsic radiative and non-radiative decay rates of 

ICG are the same for these equivalent environments. When a sample of molecules with 

absorptivity e is excited with light of intensity Iexc, the total amount of energy absorbed is 

simply Iexc- e. The quantum yield determines what portion of this energy is reemitted as 

fluorescence; therefore, the observed emission intensity is 

Io=IeXc-e-Qo. (6-3) 

In the presence of the Au-NS, the enhanced local field will increase the amount of light 

absorbed by the molecule. The surface average of the near field intensity enhancement, 

<|E|2>, can be calculated directly using Mie theory, leading to a fluorescence emission of 

(<|E|2>-Iexc)-e Q0. However, this is only half of the process. Electromagnetic coupling 

between the fluorophore and the Au-NS plasmons at the emission wavelength increases 

the radiative decay rate of the molecule by a factor yr, resulting in an effective radiative 

decay rate (y/1"1). Due to the spherical symmetry of this system, this can also be evaluated 
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20 
using Mie theory following the method in Gibson et al. This results in a decrease in 

lifetime and an increase in quantum yield: 

QNS = IRV /( yRT + kn r ) (6-4) 

and 

TNS = ( y , r + knr)"'. (6-5) 

Because the chemical environment is unchanged from the reference sample and 
quenching is not observed, we assume that knr is unaffected by the presence of the metal 
shell inside the silica coating. The observed emission of the ICG- NS system is therefore 

We then evaluate the enhancement, following the same procedure as for the experiment, 

by taking the ratio of the emission from the ICG-NS (INS) to the reference ICG on the 

silica nanosphere (Ia): 

where both the dye concentration and excitation intensity are taken to be the same in both 

cases. From this expression, one can see that the observed enhancement can be separated 

(QNSIQO). This expression indicates that fluorescence enhancement depends on the 

properties of the nanoparticle, and also the dye molecule, via T and knr. A third effect 

should come into play when the molecule is very close to the metal surface, where the 

fluorescence is quenched by an increase in the nonradiative decay rate. In the 

experimental regime studied here, no evidence of quenching is observed and is therefore 

not included in this analysis. We performed a control experiment with ICG molecules 

INS = (<|E|2>/^C)- e QNs. (6-6) 

(6-7) 

2 into the effect of the field enhancement (<|E| >) and the quantum yield enhancement 



83 

bound to nanoshells without any silica layer, and observed fluorophore quenching, shown 

in Figure 6-5. However, direct comparison of the fluorescence enhancement factor of 

ICG molecules bound to NS@Si02 nanoparticles relative to ICG adsorbed on NS surface 

would not be quantitative since the chemical environment of the fluorophore is different 

in each solution. 

Figure 6-5 Fluorescence enhancement factor of ICG molecules adsorbed on NS without 
any silica layer ( • ) is represented showing strong quenching of ICG molecules. ICG 
molecules bound to NS@Si02 nanoparticles relative to silica nanospheres is also shown 
as a function of silica layer thickness surrounding the NS. The data points representing 
ICG-NS@SiC>2 nanoparticles are color coordinated with ref. to Figure 6-4B and C. 

The model we have used yields excellent agreement with the observed fluorescence 

enhancement as a function of distance (Figure 6-6A). To obtain this fit, we first 

calculated the surface-averaged near field intensity enhancement <|E| > as a function of 

distance from the nanoshell surface using Mie theory (Figure 6-6B). This term appears 

quite similar to the observed distance-dependent fluorescence enhancement. However, it 

was shown previously that near field enhancement alone does not explain the 

fluorescence enhancement as a function of plasmon energy for ICG at a fixed distance 

from the nanoparticle surface.89 Therefore we need to investigate to what extent the 

0 
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properties of the molecule affect the fluorescence enhancement. We also calculate the 

radiative rate enhancement factory (Figure 6-6C). 

Silica Spacer Thickness [nm] Silica Spacer Thickness [nm] 

Silica Spacer Thickness [nm] Silica Spacer Thickness [nm] 

Figure 6-6 (A) ( • ) Experimental, and (—) calculated values of fluorescence 
enhancement factor of ICG conjugated to NS@SiC>2 nanoparticles relative to ICG bound 
to silica nanospheres. (B)-(D) Calculated values of distance dependent fluorescence of 
ICG as a function of silica spacer thickness surrounding the NS. (B) Calculated surface 
average field enhancements, (C) Calculated radiative rate enhancements, (D) Calculated 
Q.E. enhancement of ICG conjugated to NS@SiC>2 nanoparticles relative to that of silica 
nanospheres. 

To calculate the quantum yield enhancement QNS/QO, F and knr for ICG in a silica 

environment are required. To determine these parameters, the total fluorescence 

enhancement (Eqn. 6-7) was fit to the experimental data with F, knr, and a scale factor 

(interpreted as molecular orientation) as free parameters, using a generalized reduced 



85 

gradient minimization algorithm. The initial values of V and knr, were chosen based on 

the rates previously reported.157 From this approach, values of T = 0.19 ns-1, knr = 2.1 ns"1, 

and a scale factor of 0.53, yielding values of r0 = 0.44 ns and Q„ = 8.6 % for the ICG-on-

silica-nanoparticle control sample, were obtained. The increase in quantum yield for ICG 

from nominally 1.3% for the molecule in solution to 8.6% for ICG adsorbed on silica 

nanoparticles is quite reasonable and consistent with several aspects of the molecule's 

new environment: stabilization of the polymethine chain due to adsorption on the silica 

surface, and the reduction in polarity and free oxygen exposure relative to an aqueous 

1 

phase environment. The resulting fit (i.e. the product of Figures 6-6B, 6-6, and a scale 

factor on the order of 0.5) is shown in Figure 6-6A. The scale factor is justifiable due to 

the random orientation of ICG on the nanoparticle surface. The agreement between our 

analysis and the experimental data shown in Figure 6-6A demonstrates that this modeling 

approach does an excellent job describing the system, and also confirms that the sample 

uniformity is quite good. Due to the tractability of this system, this approach is highly 

promising for further experimental studies and analysis of fluorescence modification on 

nanoshell-based structures. 

6.5 Calculated Quantum Yield and Lifetime 

Examining the contribution from the near field enhancement (Figure 6-6B) and quantum 

yield enhancement (Figure 6-6D), it can be seen that the radiative rate enhancement is 

actually more important than the near field enhancement at all distances studied here, and 

decreases quite slowly with distance. This is quite an important point to consider, since a 

fluorophore with intrinsically high quantum yield can only be enhanced due to <|E|2>, 

and would therefore experience much weaker enhancement. The effective quantum yield 
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and lifetime of the ICG-NS system can be calculated using these obtained parameters and 

Equations 6-4 and 6-57-5 from chapter 1, and is shown in Figure 6-7. From Figure 6-7A 

it can be seen that the quantum yield is strongly enhanced, approaching unity, relative to 

the unenhanced 8.6% quantum yield without the presence of the nanoshell. In this 

analysis, the quantum yield enhancement (Figure 6-6D) is relatively flat for thin spacer 

layers. The lifetime of the dye decreases significantly as the silica layer is decreased 

(Figure 6-7B), resulting in an increased quantum yield. Further studies to test this model 

using direct lifetime measurements are currently underway. 

Figure 6-7 Calculated values of distance dependent fluorescence of ICG as a function of 
silica spacer thickness surrounding the Au-NS (a) quantum yield and (b) lifetime. 

6.6 Conclusions 

In conclusion, we have shown that fabrication of silica epilayers surrounding NS 

nanoparticles of controlled thicknesses allows us to examine the distance-dependent 

fluorescence enhancement of the low quantum yield molecular fluorophore ICG in a 

quantifiable manner. A maximum fluorescence enhancement of 50x is achieved at a 

distance of ~ 7 nm from the NS surface, and even for the thickest silica layer fabricated 

on the NS (~ 42 nm) a 7 fold enhancement is still observed. The quantum yield of ICG 
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molecules decrease with increasing distance from the NS surface due to a decrease in the 

NS near field at the excitation wavelength and a decrease in coupling of the fluorophore 

to the NS plasmon at the emission wavelength. The strongly enhanced fluorescent 

emission of ICG in this nanoparticle configuration is potentially very valuable in 

biomedical imaging and clinical diagnostic applications. This strategy for enhancing the 

emission of low-quantum-yield fluorescent emitters can be straightforwardly generalized 

to other types of fluorescent emitters and media. 
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Chapter 7. Fluorescence Enhancement by Au nanostructures: 
Nanoshells and Nanorods 

7.1 Introduction 

In the previous chapter, we examined the distance dependence of the fluorescence 

enhancement by one nanoparticle geometry. The well-characterized nature of this system 

allowed us to perform a detailed theoretical analysis. This analysis indicated that, for low 

quantum yield near-infrared fluorophores, the enhancement of the radiative decay rate 

played a key role. In this chapter, we further explore the fundamental photophysics 

contributing responsible for plasmon-enhanced fluorescence by extending our study to 

Au nanorods, which have a large field enhancement but low scattering cross section, and 

directly measure the reduction in fluorescence lifetime due to the plasmonic 

nanoparticles. All nanoparticle synthesis, characterization, fluorescence, lifetime and 

experimental angular scattering measurements were performed by Rizia Bardhan. 

Nathaniel K. Grady developed the angular scattering apparatus, and contributed to the 

data interpretation and discussion. Joseph R. Cole performed the calculations of the 

optical properties of nanorods. Reproduced with permission from Rizia Bardhan, 

Nathaniel K. Grady, Joseph R. Cole, Amit Joshi, and Naomi J. Halas, "Fluorescence 

Enhancement by Au Nanostructures: Nanoshells and Nanorods," ACS Nano 3(3), 744-

752 (2009). Copyright 2009 American Chemical Society. 

Fluorescence imaging has seen widespread use in clinical diagnosis and monitoring 

processes in biological systems.158 The development of contrast agents, such as 

fluorescent probes with engineered biomarker functionalities, has become integral to the 

advancement of new bio imaging technologies.159 Fluorescent molecules emitting at 
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wavelengths in the physiologically relevant "water window" (700 nm - 900 nm), are of 

particular interest due to the large penetration depth of near infrared (NIR) light in most 

biological media, and offer the potential for imaging at significant depths in living 

tissues.160 However, achieving bright fluorescent emission with photostable and 

biocompatible NIR fluorophores has proven to be extremely difficult. It has long been 

known that in the proximity of a metallic surface, fluorescence emission of molecules can 

be enhanced; this is also the case for metallic nano structures and nanoparticles adjacent 

to a fluorophore.4'125'126'161 The presence of a nearby metallic nanoparticle can not only 

enhance the quantum yield but also stabilize adjacent fluorophores against 

photobleaching, further enhancing their practical use in bio imaging applications.127 In 

new and emerging light-assisted therapeutic applications such as photothermal cancer 

therapy, the addition of bright NIR fluorescence to a therapeutic nanostructure complex 

could provide addition diagnostic imaging capabilities for this treatment strategy that 

could facilitate clinical use. Understanding precisely how metallic nano structures 

enhance molecular fluorescence is of general fundamental interest, and may ultimately 

provide practical routes to enhancing light emission from a variety of materials systems 

and devices far beyond the specific application of bio imaging. 

Metal nano structures exhibit remarkable optical properties due to excitation of their 

surface plasmons by incident light, which results in a significant enhancement of the 

electromagnetic field at the nanoparticle surface. This enhanced near field can be used to 

design highly sensitive chemical and biosensors with specific plasmon resonances 

tailored by the nanoparticle geometry.162'163 Metallic nanoparticles have been shown to 

enhance the fluorescence emission and decrease the molecular excited-state lifetimes of 
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vicinal fluorophores. The fluorescence enhancement is attributable to a combination of 

processes including enhanced absorption by the molecule, modification of the radiative 

decay rate of the molecule, and enhanced coupling efficiency of the fluorescent emission 

to the far field.125'127 

The plasmon resonant properties of metallic nanoparticles can be controlled by 

optimizing the nanoparticle topology, dimensions, and composition.164"167 When 

plasmonic nanoparticles are much smaller than a wavelength of light they are absorbers, 

much like molecules. Nanoparticles larger than a few tens of nanometers both absorb and 

scatter light. While both the absorption and scattering cross sections of a plasmon 

resonant nanoparticle increase with increasing particle size, scattering begins to dominate 

in this larger-size regime.89 Au nanorods (NRs) and Au nanoshells (NSs) are both 

particularly useful for biological applications since their near field and far field optical 

properties can be tuned controllably throughout the NIR water window by varying their 

geometry. For NRs, the aspect ratio defines two distinct plasmon resonance frequencies 

associated with the longitudinal and transverse dimensions of the nanostructure.168 For 

NSs, symmetric spherical nanoparticles consisting of a dielectric core and a metal shell, 

the plasmon resonances are determined by the relative size of the core and the metal shell 

39 

layer. NSs can be fabricated both in a small size regime (d~50 nm) using AU2S/AU and 

sizes up to a micron in silica/Au core/shell structures, accessing NIR resonances over a 

large size range.89 NRs tuned to the same NIR plasmon resonance frequency as silica/Au 

NSs are significantly smaller in size than the corresponding nanoshell, resulting in a 

much smaller contribution of scattering to the overall extinction cross section. Studying 
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fluorescence enhancement by these two types of structures allows us to examine how the 

properties of both nano structures contribute to this effect. 

We have recently shown that the fluorescence of NIR fluorophores can be significantly 

enhanced when the molecules are in close proximity to NSs.20' 89 Fluorescence 

enhancements as large as 50x were obtained when the plasmon resonance of the 

nanoshell was tuned to the emission wavelength of the fluorophore, for a nanoshell 

designed with a significant scattering cross section at that wavelength. In the study we 

report here, we compare the fluorescence enhancement of IR800 positioned a small, 

controlled distance from NSs and NRs. We quantified the fluorescence enhancement of 

IR800 experimentally by measuring the angle resolved scattering intensities, frequency 

domain fluorescence decay, and quantum yield of IR800 before and after binding to the 

nanoparticles. We also calculated the scattering cross sections of NSs and NRs to 

determine the scattering intensities of the nanoparticles and relative contribution of 

nanoparticle scattering towards molecular fluorescence enhancement. 

When a fluorophore is adsorbed directly onto a metal surface, its fluorescence is 

quenched. However, at a distance of a few nanometers from the nanoparticle surface, the 

fluorescence can be strongly enhanced.103 IR800 molecules were placed in close 

proximity of NS and NR surfaces by coating the nanoparticles with a 5-11 nm layer of 

human serum albumin (HSA) in order to prevent quenching of IR800. Serum albumin, a 

large multi-domain protein relevant to many physiological functions,169 has been 

conjugated to Au nanoparticles extensively for cell-targeting applications.170'171 It binds 

to Au by electrostatic attraction between the amine groups of the protein and the negative 
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charge on the gold surface, or, alternatively, by covalent attachment between the Au 

surface and amino acid functional groups present in the protein.172 In this study HSA acts 

as both a spacer layer as well as a linker of the fluorophore to the nanoparticle. It contains 

an abundance of a-amines at N-terminals and e-amines on lysine side chains, which 

covalently bind to IR800 via the N-hydroxysuccinimide (NHS) ester group to form a 

1 71 

stable protein-dye complex. The NHS ester group facilitates protein conjugation, and 

the presence of the negatively charged sulfonate groups makes IR800 soluble in aqueous 
129 

media. While these properties make IR800 a suitable dye for bioimaging, it is limited 

by low quantum efficiency compared to commonly used visible dyes such as Boron 

Dipyrromethene (BODIPY) and Fluorescein isothiocyanate (FITC). Therefore, by 

binding IR800 to metal nanoparticles with a suitably determined spacer layer, the 

quantum yield can be significantly enhanced. 

7.2 Fabrication of Nanoparticle-Fluorophore Conjugates 

7.2.1 Nanoparticle Fabrication 

All chemicals were purchased from Sigma Aldrich and IR800 NHS ester was purchased 

from Licor Biosceinces. Au nanoshells (NSs) [r/, r{\ = [63, 78] nm were fabricated as 

previously described. The fabricated NSs were centrifuged several times and finally 

redispersed in phosphate buffer (Na3PC>4, pH ~ 8.0). 

Au nanorods (NRs) [w, /] = [11, 46] nm were fabricated by the method reported by 

Murphy and co workers.174 Briefly, the seed solution was prepared by gently mixing 7.5 

mL of 0.1 M Cetyl trimethylammonium bromide (CTAB) with 0.25 mL of 0.01 M 

HAuCU. 0.6 mL of ice-cold 0.01 M NaBH4 was injected into the solution and mixed 



93 

rapidly. The solution turns from a golden yellow color to pale brown color. It is essential 

that the temperature of NaBFU is maintained at ~ 0 °C prior to mixing with CTAB and 

HAuCU for proper growth of nanorods. The seed solution was then stored at 27 °C until 

further use. The growth solution was prepared by gently mixing 47.5 mL of 0.1 M 

CTAB, 2 mL of 0.01 M HAuCL,. 0.3 mL of 0.01 M AgN03 and 0.32 mL of 0.1 M 

Ascorbic Acid in the order mentioned. Addition of ascorbic acid turns the solution from 

golden yellow to colorless. 0.25 mL of the seed solution was added to the growth solution 

and mixed gently and then the solution was stored at 27 °C for 3 hours without agitation. 

Within 20 minutes the solution changes from colorless to pink and eventually changes to 

dark pinkish brown after 3 hours. The NRs were washed twice at 8000 rpm to remove 

excess CTAB and finally redispersed in 10 mL Na3PC>4 buffer. 

7.2.2 Protein and Fluorophore Conjugation 

HSA was conjugated to IR800 by mixing equal volumes of 5 /xM HSA aqueous solutions 

in Na3PC>4 buffer and 30 /xM IR800 aqueous solution at room temperature for 5 hours, in 

the dark. The protein-flurophore complex was then dialyzed in Na3PC>4 buffer for 24 

hours at room temperature protected from light, in a 3500 MW dialysis bag (MW of HSA 

is 67 kDA and MW of IR800 is 1166 g/mol) to remove excess dye. Absorbance peaks of 

the protein-dye complex (A.max = 782 nm) and protein (Xmax = 280 nm) were monitored to 

account for free-dye removal. After sufficient removal of unbound dye, the ratio of 

fluorophore to protein concentration (NIRSOO^NHSA) of the complex is determined by 

utilizing the absorbance of fluorophore at 782 nm (AIR8OO), molar extinction coefficient of 

IR800 (£IR8OO), absorbance of HSA at 280 nm (AHSA), molar extinction coefficient of HSA 

OHSA) given by: 
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NIR8OO / N H S A - [AiRgoo/eiRsoo] / [AHSA/CHSA] 

where 6IR8OO = 240,000 M~'cirf' and CHSA = 42,864 M ' W . The final protein 

concentration was calculated using the molecular weight (M.W.HSA) and dilution factor 

(d. f.) of original solution given by: 

NHSA = [AHSA/CHSA] x M.W.HSA x d . f. 

The final protein concentration was ~ 4 jxM and fluorophore concentration was ~ 10 fjM. 

7.2.3 Protein-Fluorophore Complex Binding to Nanoparticles 

The protein-fluorophore complex obtained was conjugated to the nanoparticles by adding 

1 mL of HSA-IR800 solution in Na3PC>4 buffer to 10 ml nanoshells, and 10 ml nanorods 

dispersed in Na3PC>4 buffer respectively under constant stirring. After 7 hours conjugation 

at room temperature, in the dark, the nanoparticles were centrifuged in small aliquots of 

500 fiL to remove excess dye and resuspended in Na3PC>4 buffer and we closely 

monitored the absorbance of the supernatant to account for unbound fluorophore 

concentration in the supernatant (9.55 - 9.65 (iM). The concentration of the supernatant 

was then subtracted from the initial concentration of HSA-IR800 which was added to the 

nanoparticles to calculate the amount of HSA-IR800 on the nanoparticles. The final NSs 

concentration after resuspension in buffer was at ~ 108 particles/mL and final NRs 

concentration was at ~ 109 particles/mL. The surface area available for the HSA-IR800 

complex to bind to the nanoparticles was normalized (see below) and hence the 

concentration of fluorophore was equivalent for both the NSs-HSA-IR800 and NRs-

HSA-IR800, ~ 400 ± 50 nM. 
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7.2.4 Calculation of surface area available for HSA-IR800 to bind to 

nanoparticles 

The amount of protein and fluorophore bound to the nanoparticles were quantified by 

assuming that IR800 binds to HSA similarly for both nanoshells and nanorods. The 

available surface area for fluorophore binding is kept equivalent for both nanoparticle 

solutions. The concentration (CNS) and extinction co-efficient (CTNS) for NSs were 

calculated utilizing Mie theory: 

ffNS = 9.6072 x 10~10 cm2 for NSs [n, r2] = [63, 78] nm 

CNS = ln(10) x Absorbance / a x cuvette path length 

= 2.303 x 0.052/9.6072x10"10 cm2 x 1 Cm 

= 1.25 x10s particles/mL. 

The Surface Area of one NS (SAns) = 4TT [r2
2 - n2] = 2.855xl0"14 m2. 

The Surface Area ofNSs solution = (SAns) x CNS = 3.568xl0"6 m2/mL. 

The extinction coefficient (ONR) for NRs [w, /] = [11, 46] nm resonant at ~ 800 nm have 

been reported previously as CTNR ~ 4 x 10"11 cm2.41 The concentration of NRs (CNR) were 

calculated utilizing Gan's theory, 

CNR = 2 X Absorbance / o x cuvette path length 

= 2 x 0.043 / 4x10"11 cm2 x 1cm 

= 2.154xl09 particles / mL. 
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The surface area of one NR (SANR) = l i r r 1 + 2xrl = 1.727xl0~15 m2. 

The surface area of NRs solution = ( S A N R ) X CNR= 3.71 9X10"6 m2/mL. 

However, experimentally the available nanoparticle surface area for fluorophore binding 

would vary slightly due to non-uniform size distribution of nanoparticles in solution. 

7.2.5 Calculation of no. ofHSA-IR800 molecules bound to the nanoparticles 

The diameter of a HSA molecule is approximately ~ 8 ± 3 nm and we assume the 

diameter of a IR800 molecule is roughly ~ 2 nm, resulting in a hydrodynamic diameter of 

~ 12 nm for the protein-fluorophore complex. We have determined the number of 

fluorophore molecules per protein molecule by taking a ratio of their surface area: 

The surface area of one H S A molecule (SAHSA) = 47rr2 = 4x (4x 10"9)2 = 2.011x10"16 m2 

The surface area of one IR800 molecule (SA1R80o) = 4x (1 xlO"9)2 = 1.256x10"17 m2 

The no. of IR800 molecules per H S A molecule = SAHSA/ SA1R8OO 

~16 dye molecules 

We have also calculated the number of molecules of protein-fluorophore complex per 

nanoparticle, for both NSs as well as NRs: 

The surface area of one HSA-IR800 molecule (SAHSA-IR8OO) = 4x (6xl0"9)2 

= 4.523xl0"16m2 

The no. of HSA-IR800 molecule per N S = S A N S / SAHSA-IRSOO 
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= 2.855xl0"14m2/4.523xl0-16m2 

«63 HSA-IR800 molecules 

The no. of H S A - I R 8 0 0 molecule per N R = SANS / SAHSA-IRSOO 

= 1.727xl0~15 m2/ 4.523xlO"16 m2 

«4 HSA-IR800 molecules 

However, as described above the surface area available for HSA-IR800 complex to bind 

to NSs and NRs have been normalized by adjusting the nanoparticle concentration. This 

provides almost equivalent amounts of protein-dye molecules to bind to each 

nanoparticle suspension. 

7.3 Characterization of Nanoparticle-Fluorophore Conjugates 

The nanoparticles were characterized by obtaining transmission electron microscope 

(TEM) images using a JEOL JEM-2010 TEM, and absorbance measurements using a 

Varian Cary 5000 UV-Vis-NIR spectrometer. Fluorescence emission spectra and 

frequency domain lifetime measurements were obtained using Jobin Yvon Fluorolog 3 

and the samples were excited at 780 nm. The dynamic range of the Fluorolog 3 for 

lifetime measurements is 0 - 300 MHz. The absorption-emission profile of IR800 

conjugated to HSA in sodium phosphate buffer (Na3PC>4, pH ~ 8.0) is shown in Figure 7-

la. The absorbance maximum of the protein-fluorophore complex is observed at 782 nm, 

and the fluorescence emission maximum at 804 nm. The IR800 molecules were 

conjugated to HSA to form the HSA-IR800 complex, which was then bound to NSs 

(NSs-HSA-IR800) and NRs (NRs-HSA-IR800) as demonstrated in Figure 7-lb. 
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b Wavelength (nm) 

NRs NRs-HSA-IR800 

Figure 7-1 (a) Absorption - emission profile (kmax.Ab ~ 782 nm and Imax.[;tri ~ 804 nm) of 
IR800 conjugated with HSA. Chemical structure of IR800 is provided as inset, (b) 
Schematic diagram illustrating the conjugation of HSA-IR800 protein-fluorophore 
complex to Nanoshells (NSs) and Nanorods (NRs) to form NSs-HSA-IR800 and NRs-
HSA-IR800 respectively. The blue curved line represents HSA and red dots represent 
IR800 dye. 

HSA-IR800 conjugation was performed at room temperature, and the protein-fluorophore 

complex was dialyzed for 24 hours to remove excess dye (see §7.2.2). It was determined 

that approximately 16 molecules of IR800 were bound to each HSA molecule (see 

§7.2.5). The bioconjugation of the HSA-IR800 complex to the nanoparticles was 

performed in Na3PC>4 buffer at room temperature and protected from light, and excess 

protein-fluorophore mixture was removed by centrifuging the nanoparticle conjugates in 
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small aliquots (see §7.2.3). We determined that ~ 63 HSA-IR800 complexes were 

conjugated to each NS and ~ 4 HSA-IR800 complexes were bound to each NR (see 

§7.2.5). However, the total number of HSA-IR800 complexes bound to NSs or NRs was 

kept constant by adjusting the nanoparticle concentration, such that the total surface area 

available for conjugation was equivalent for both NSs and NRs (see §7.2.4). 

The geometry of the nanoparticles coated with HSA-IR800 was characterized with 

transmission electron microscopy (TEM). TEM micrographs of NSs with dimensions [ri, 

r2] = [63, 78] nm, where n is the radius of the silica core and r2 is the radius of the Au 

shell, are shown in Figure 7-2a. NRs, [w, /] = [11, 46] nm, where w is the width and 1 is 

the length, are shown in Figure 7-2c. The NSs and NRs coated with a uniform 8 ± 3 nm 

layer of HSA are shown in Figures 7-2b and 7-2d, respectively. 
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Figure 7-2 TEM micrographs of (a) NSs [r,, r2] = [63, 78] nm, (b) NSs coated with 8 ± 3 
nm HSA-IR800, (c) NRs [w, I] = [11, 46] nm, and d) NRs coated with 8 ± 3 nm HSA-
IR800. 

Wavelength (nm) Wavelength (nm) 

Figure 7-3 Surface plasmon resonance shift when nanoparticles are conjugated with 
HSA-IR800 (a) NSs (solid red), A™, ~ 800 nm and NSs coated with HSA-IR800 (dash), 
Xmax ~ 805 nm, and (b) NRs (solid blue), Imax ~ 796 nm and NRs coated with HSA-IR800 
(dash), Xmax ~ 804 nm. The peak at 280 nm is protein absorbance peak. 
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7.4 Experimental Fluorescence Enhancement 

Wavelength (nm) Wavelength (nm) 
Figure 7-4 (a) Extinction spectra of (i) NSs-HSA-IR800, plasmon maximum at ~ 805 
nm, and (ii) NRs-HSA-IR800, plasmon maximum at ~ 804 nm are shown. Spectra are 
offset for clarity, (b) Fluorescence (FL) spectra, A™* - 804 nm of (i) NSs-HSA-IR800, (ii) 
NRs-HSA-IR800, and (iii) control sample HSA-IR800 are shown. 

The plasmon resonance of NSs and NRs shifts to longer wavelengths by 5 - 8 nm when 

HSA-IR800 is adsorbed, due to the higher refractive index of HSA than H20156,175 shown 

in Figure 7-3. The plasmon resonances of the nanoparticles were tuned to the emission 

wavelength of the fluorophore-protein complex to maximize the fluorescence 

enhancement.89 The extinction maximum of NSs-HSA-IR800 was observed at ~ 805 nm, 

and that of NRs-HSA-IR800 was observed at ~ 804 nm, as shown in Figure 7-4a. The 

corresponding emission spectra of HSA-IR800 conjugated to the nanoparticles are shown 

in Figure 7-4b. HSA-IR800 was used as the control sample rather than IR800 in aqueous 

solution to ensure that the fluorophore was in essentially the same chemical environment 

in all measurements. The emission spectra of nanoshells coated with HSA without IR800 

and nanorods coated with HSA without IR800 are also provided in Figure 7-5. The 

nanoparticles exhibited no fluorescence in the near-infrared without the fluorophore. The 
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reference sample as well as the nanoparticle-conjugates was excited at 780 nm and the 

fluorescence spectra were collected in solution under identical excitation and detection 

conditions, allowing direct comparison of the various nanoparticle-fluorophore 

complexes. A maximum fluorescence enhancement of ~ 40 was measured for NSs-HSA-

IR800 relative to the control sample, and an enhancement of ~ 9 was found for NRs-

HSA-IR800. 

Wavelength (nm) 

Figure 7-5 Emission spectra of control, HSA-IR800 (black), nanoshells coated with HSA 
without IR800 (red), and nanorods coated with HSA without IR800 (blue) are shown. 
Fluorescence is not observed from the nanoparticles without the fluorophore. 

7.5 Calculated and Experimental Scattering Efficiency of Nanostructures 

Since the nanoparticles used in this experiment vary in size, their relative scattering cross 

sections also differ significantly, which directly affects their fluorescence enhancement 

efficiency. We determined the scattering intensities of the NSs and NRs by calculating 

their scattering cross sections using experimentally obtained nanoparticle sizes. The 

calculated scattering intensities for NSs [ri, rj\ = [63, 78] nm in aqueous medium were 

obtained using Mie theory, and the maximum plasmon resonance peak was observed at 

800 nm. The theoretical scattering intensity of NRs was calculated by using the finite 
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element method (FEM) (as implemented by COMSOL Multiphysics). The nanorods were 

modeled as cylindrical objects with hemispherical end-caps in H2O, estimating size 

obtained from TEM [w, /] = [11, 46] nm. The dielectric function used for Au was 

obtained from literature values.50 The calculated longitudinal plasmon mode of NRs, 

showed a maximum at a wavelength of 824 nm in water. The experimentally observed 

longitudinal plasmon resonance of NRs (804 nm) differs from that calculated 

theoretically because the energy of the longitudinal mode depends strongly on the end 

cap geometry.176 Nonetheless, the calculated scattering spectra shown in Figure 7-6 

indicate that NSs scatter more efficiently than NRs for the sizes of nanoparticles studied. 

Figure 7-6 Calculated scattering spectra of (i) NSs [rj, r2] = [63, 78] nm, Xmax — 805 nm 
and (ii) NRs [w, I] = [11, 46] nm, l]mix = 824 nm. 

The relative scattering efficiency was also obtained experimentally by utilizing solutions 

with similar concentrations of NSs and NRs (Figure 1-1 A). The nanoparticle solutions 

were positioned in a 6.25 mm path length cylindrical cuvette and placed on a goniometer 

which rotated the collection point around the sample while keeping the angle of the 
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sample fixed. A 785 nm diode laser was used as the excitation source, along with 

appropriate combination of filters and linear polarizers for light propagation and 

detection. The scattered light from the nanoparticles was detected by a CCD array 

connected to a spectrograph. The scattering intensities of the nanoparticles were then 

determined by obtaining the scattered light intensity as a function of polar angle. The 

measurements range from 0° to 360°, however measurements between 130° - 180° were 

not obtained due to constraints in the experimental set-up. The spectra are not completely 

symmetric for rotation over 90° attributable to a small misalignment in the apparatus. We 

observe that NSs scatter by a factor of ~ 34 more than NRs. (Figure 7-7B) The larger 

scattering efficiency of NSs relative to NRs studied here correlates with the larger 

fluorescence enhancement observed for IR800 by NSs. 

Figure 7-7 (a) Schematic diagram representing angle-resolved fluorescence emission 
apparatus. Ml: Mirrorl, M2: Mirror 2, PI: Polarizer, P2: Polarizer, A/2: Half-wavelength 
plate, Fl: Laser selection filter, F2: Long pass filter, RM: Rotating mount with knob to 
control the angle of the sample relative to the excitation light (Red circle). Black solid 
line indicates laser light path, (b) Experimental angle-resolved scattering spectra of NSs 
(red circles) and NRs (blue circles). Spectra are normalized by concentration of 
nanoparticles. The radial axis ranges from 0 - 4 . 
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7.6 Frequency Domain Lifetime Decay 
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Figure 7-8 Frequency domain fluorescence decay of (a) IR800 (T ~ 564 ps), (b) HSA-
IR800 (r ~ 427 ps), (c) NRs-HSA-IR800 (r ~ 121 ps), and (d) NSs-HSA-IR800 (r ~ 68 
ps). The curves referring to phase and modulation are shown with arrows. 

In addition to the scattering characteristics of the nanoparticles, increasing the radiative 

decay rate of the fluorophore also contributes substantially to fluorescence enhancement. 

In a homogeneous solution, fluorophores emit light into free space and are observed in 

the far field. The observed emission of the fluorophore in the absence of any quenching 

interactions is described in terms of quantum yield (Qo) and lifetime (TO). The quantum 

yield, given by 

<2o = (7-1) 
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is the fraction of the excited fluorophores which relaxes by radiative decay (T) relative to 

the total relaxation rate (T + knr). The observed lifetime is simply the inverse of the total 

decay rate of the excited state: 

t0 = — - — . (7-2) 
T +k n r 

When a fluorophore is in the presence of a metal nanoparticle, the enhanced near field of 

the nanoparticle increases the amount of light absorbed by the molecule. In addition, 

electromagnetic coupling occurs between the fluorophore and the nanoparticle plasmon, 

causing an increase in the radiative decay rate of the molecule at the emission wavelength 

by a factor yr. As a result, the effective radiative decay rate is equivalent to yrr. The 

modified quantum yield (QM) and lifetime (TM) are then given by 

y r 
QM = ; r , (7-3) 

and 

rf+Kr 

We assume that the nonradiative decay rate, knr, is unaffected by the presence of the 

nanoparticles. 

The change in radiative lifetime for IR800 conjugated to NSs and NRs via HSA was 

determined experimentally by monitoring the frequency domain fluorescence decay in 

aqueous solution. The lifetime spectra of IR800, HSA-IR800, NRs-HSA-IR800, and 

NSs-HSA-IR800 are shown in Figure 7-8. The intrinsic lifetime of the fluorophore was 

measured to be ~ 564 ps, which corresponds well to the previously reported value.129 The 
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lifetime decreased to 427 ps when IR800 molecules were bound to HSA (Figure 7-8b). 

This is due to a small enhancement in quantum yield of the fluorophore when conjugated 

to the protein, attributable to an increased steric stabilization of IR800 bound to HSA. 

This reduces the mobility of the fluorophore in aqueous solution, resulting in higher 

stability and a decreased lifetime.177 The lifetime of IR800 bound to the nanoparticles via 

HSA was reduced significantly to 121 ps for NRs-HSA-IR800 and 68 ps for NSs-HSA-

IR800. These measured lifetimes confirm the theoretical prediction of enhanced quantum 

yield and diminished lifetime of fluorophores near metallic surfaces.20 

In the frequency domain technique, lifetime measurements are obtained by exciting the 

fluorescent sample with intensity-modulated light at a high frequency comparable to r"1 

of the sample. Subsequent to excitation, the fluorescence emission of the sample follows 

the same modulation frequency as the excitation, but it is delayed in time relative to the 

excitation. The time delay is measured as a phase shift ($) from which the lifetime (r$) is 

determined: 

= — tan(o) (7-5) 
co 

where co is angular frequency. The fluorescence lifetime data can be evaluated in terms of 

a single exponential (SE) model or a multiexponential (ME) model. A SE model is 

appropriate for samples consisting of a single fluorophore in a homogeneous 

environment, while a ME model describes the fractional contribution of decay time for 

178 

each component present in a sample mixture. The ME model for analyzing the 

intensity decay is given by 
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(7-6) 

where r, are observed lifetimes with amplitude or molecular fraction oj, such that 

The results of fitting to a ME decay analysis are represented in Table 7-1. The decay rate 

for IR800 in aqueous media, in the absence of any other component in the solution, fits a 

SE decay model. However, the HSA-IR800 complex required a ME decay model, 

demonstrating that two different environments are available to the fluorophore with 

distinct lifetimes in each individual environment. About 90 % of the IR800 molecules 

were covalently attached to HSA with a fluorescence decay of 418 ps. The lifetime of the 

remaining fraction was similar to that observed for free IR800 in aqueous media, 

suggesting that a small fraction of unbound fluorophores remain in the HSA-IR800 

solution. The ME analysis of the fluorescence decay of IR800 conjugated to 

nanoparticles indicates three distinct environments, which we interpret as IR800 

molecules conjugated to the nanoparticle-HSA, IR800 molecules bound to HSA only, 

and the free fluorophore in solution. Most of the fluorophores in these samples exhibited 

a significantly reduced lifetime, indicating that nearly all of the dye molecules were 

attached to the nanoparticles via the HSA layer. This analysis reveals that both 

The amplitude-weighted lifetime is then 

( r ) = Z a iT i • (7-7) 
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nanoparticle samples had less than 2% of unbound HSA-IR800 complex and less than 

1% of free fluorophore in the solution mixture. This is attributable to the high affinity of 

the protein for Au nanoparticle surface as well as the use of a fluorophore with a 

chemical linker which can covalently attach to the protein. Therefore, the nanoparticle-

HSA-IR800 system provides a useful complex for determining individual lifetime 

components. Thex2 R values shown in the last column of Table 7-1 are the goodness of fit 

parameter, obtained by fitting calculated values to experimentally obtained parameters by 

a nonlinear least-squares deconvolution method. The X2R values represented here are 

within 5-10% of the random deviations in the data.178 

Sample g f j t j < t > 3C2r 

IR800 
1 0.564 

0.564 1.57 

HSA-IR800 
0.076 
0.924 

0.547 
0.418 0.427 1.54 

NRs-HSA-IR800 
0.008 
0.019 
0.973 

0.550 
0.419 
0.112 

0.121 1.42 

NSs-HSA-IR800 
0.005 
0.01 

0.985 

0.568 
0.421 
0.065 

0.068 1.39 

Table 7-1 Multiexponential analysis of intensity decay of IR800 with nanoparticles 
showing molecular fraction (a), observed lifetime (TJ, ns), amplitude weighted lifetime 
(<r>, ns), and goodness of fit parameter (J^R). 

7.7 Experimental Quantification of Quantum Yield 

In order to determine the radiative rate enhancement from the experimentally measured 

changes in lifetime, the nonradiative decay rate must be known. By combining and 
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rearranging eqs. 7-1 and 7-2, the radiative and nonradiative decay rate can be 

experimentally obtained: 

r = (7-8) 
To 

k„ = —-r 
r° . (7-9) 

The quantum yield of IR800 (Q) was determined experimentally using Indocyanine green 

(ICG) as a reference sample with a known quantum yield (QR) of ~ 1% in aqueous 

media.157 The NIR excitation-emission profile of ICG (excitation: 780 nm, emission: 820 

nm) is similar to that of IR800 and is therefore ideal as a reference sample for quantum 

yield determination. The quantum yield was computed by measuring the optical density 

of solutions with equivalent concentrations of IR800 (OD) and ICG (ODR) and by 

calculating the integrated fluorescence intensity of IR800 (/) and ICG (/«)'• 

( 7 " 1 0 ) 

H ODR RJR 

where rj is the refractive index of sample medium and r\R is the refractive index of the 

reference medium, which are equivalent in this experiment (rj = rjR = rjH2o = 1.33). By 

using Eqn. 7-10, the quantum yield of IR800 was determined to be 7% in H2O, and that 

of the HSA-IR800 complex was determined to be 11%. Using the quantum yield and 

lifetime measured independently, Eqs. 7-8 and 7-9 allow determination of the radiative 

and nonradiative decay rates of the fluorophore as shown in Table 7-2. The quantum 

yield values obtained for IR800 in aqueous media as well as HSA-IR800 are comparable 

to those reported in the literature.179 
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Sample Q.Y. r Kr 

IR800 0.07 1.241 x 108 1.648 x 109 

HSA-IR800 0.11 2.576 x 108 2.084 x 109 

NRs-HSA-IR800 0.74 6.180 x 109 2.084 x 109 

NSs-HSA-IR800 0.86 1.262 x 1010 2.084 x 109 

Table 7-2 Quantum yield (Q. Y.), radiative decay rate (T) and nonradiative decay rate (knr) 
of IR800, HSA-IR800 and HSA-IR800 with nanoparticles. 

The radiative rate enhancement of IR800 induced by NSs and NRs and the improved 

quantum yields can now be calculated by rearranging Eqs. 7-3 and 7-4: 

Y,T = - - k „ (7-11) 

t M 

QM=7r (7-12) 

where tm is obtained from Table 7-1, and knr is the non-radiative decay rate for HSA-

IR800. We assume that knr is unaltered from HSA-IR800 for both NS-HSA-IR800 and 

NR-HSA-IR800 complexes because no fluorescence quenching was observable and the 

chemical environment of the fluorophore was equivalent in all cases. The nonradiative 

decay rate does increase when the chemical environment of the fluorophore is changed180 

from solution phase to being bound to HSA. Table 7-2 shows that the knr increases when 

IR800 is bound to HSA compared to the free fluorophore in solution. On a metallic 

surface, the nonradiative decay rate also increases for short fluorophore-metal distances, 

< 4 nm,102'120'143 since the nonradiative energy transfer rate depends on the inverse cube 

of the molecule-surface separation.35 However, in our nanostructure complexes, HSA 

provides a spacer layer of ~ 8 nm between the fluorophore and the metal nanoparticle 
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surface. For this significantly larger metal-molecule distance, a significant increase in knr 

due to the metal nanoparticle surface is not anticipated.20'89 Therefore we assume that knr 

is essentially the same for HSA-IR800 in solution and for HSA-IR800 adsorbed 

sequentially onto a nanoshell or nanorod surface. The radiative decay rates of NRs-HSA-

IR800 and NSs-HSA-IR800 and the quantum efficiencies are also shown in Table 7-2. 

The high quantum yield of 86% for NSs-HSA-IR800 demonstrates that plasmonic 

enhancement can be used to create NIR-fluorescent species with similar intensities as 

visible dyes. Although the NRs achieve a lower quantum yield of 74% due to the lower 

scattering efficiency of the particles, this is still a very high value for a NIR fluorophore, 

and these structures would certainly also be useful as markers in fluorescence-based 

bioimaging where the smaller physical size of the NR-based nanoparticle complex would 

be desired. 

The precise relative contribution of each process responsible for IR800 fluorescence 

enhancement, including absorption enhancement, scattering enhancement, and radiative 

decay rate enhancement, is difficult to determine since these processes are 

interdependent. Nevertheless, for the experimental parameters and nanoparticle 

geometries discussed here, the scattering efficiency of a nanoparticle appears to provide 

the most important mechanism for improving the quantum yield of a fluorophore. NRs 

predominantly enhance the emission of the fluorophore by absorption enhancement, 

owing to the high-intensity near field resulting from the longitudinal plasmon resonance. 

However, due to the significant difference in scattering cross sections of NSs and NRs it 

is apparent that NSs increase the coupling efficiency of the fluorescence emission to the 

far field more efficiently than NRs. This explains the 40-fold fluorescence enhancement 
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observed for IR800 bound to NSs compared to the 9-fold enhancement for IR800 bound 

to NRs. The radiative decay rate enhancement of the fluorophore is dependent on both 

the scattering efficiency as well as the absorption efficiency of nanoparticles. This 

explains why NRs enhance the quantum yield of IR800 by 74% as well as decrease the 

fluorophore's lifetime considerably. 

7.8 Conclusions 

In conclusion, we have examined the fluorescence enhancement of IR800 conjugated to 

NSs and NRs, and we have shown that both NS and NR lead to large increases in 

quantum yield relative to the isolated fluorophore. We have observed that nanoshells are 

more efficient in improving the emissive properties of a fluorophore due to their 

significant scattering cross section at the emission wavelength of the fluorophore. 

Additionally, the near-field response of NSs gives rise to a considerable enhancement in 

the absorption, and the radiative decay rate of IR800, resulting in 40 fold enhancement 

and 86% quantum yield. IR800 molecules bound to NRs demonstrate a 9-fold emission 

enhancement and a 74% quantum yield, attributable to the high local field enhancement 

at the longitudinal plasmon wavelength. Utilizing Au nanoparticles with appropriate 

geometry and dimensions for emission enhancement is a useful strategy for enhancing the 

detection sensitivity of low-quantum-yield fluorescent emitters. This approach is also 

potentially valuable in biomedical imaging, and moreover can be conveniently 

generalized to enhance other fluorescent media. 
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Chapter 8. Nanoparticle-induced Enhancement and 
Suppression of Photocurrent in a Silicon Photodiode 

Both resonant plasmonic structures and non-resonant dielectric nanoparticles can 

significantly alter the flow of light through an interface. In the previous three chapters, 

we have examined in detail how the plasmonic response of Au nanoshells alters the 

properties of molecules directly adjacent to the surface. In this chapter, we examine the 

influence of nanoparticles on photocurrent generation in silicon photodiodes, where the 

pn junction is 500 nm below the surface upon which the particles are deposited. Adapted 

and reprinted with permission from Sri Priya Sundararajan, Nathaniel K. Grady, Nikolay 

Mirin, and Naomi J. Halas, "Nanoparticle-induced Enhancement and Suppression of 

Photocurrent in a Silicon Photodiode," Nano Letters 8(2), 624-630 (2008). Copyright 

2008 American Chemical Society. 

Photoinduced carrier generation and charge separation are the requisite processes of solar 

cells and photodetectors. In the photosynthetic reaction center of plants, nature has 

merged these two functions to achieve almost unit efficiency; however, in man-made 

devices their integration remains a critical challenge. The combined needs for light 

harvesting and voltage or current generation drive device design, bringing photoabsorbers 

directly into the active region of the device, as in the case of photo electro chemical 

cells.181 Another approach is to implement light-harvesting strategies in a separate 

processing step, by adding light-absorbing molecules or by positioning or patterning 

light-harvesting antenna structures onto the active face of a fabricated device.182 This 

latter approach may offer methods for further increasing efficiencies of devices already in 

use or in production. If relatively inexpensive, mass-producible nanoparticles could serve 
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as effective light-harvesting nanoantennas, significant improvements in device efficiency 

and performance for photodetectors and solar cells may be obtainable at relatively low 

cost for widespread use. Recent experiments have shown that Au nanoparticles can be 

used as light-harvesting nanoantennas when deposited at remarkably low coverage on the 

183 186 

active face of silicon solar cells. " The nanoparticles showed a measurable, 

wavelength dependent increase in device efficiencies in both shallow and buried pn 

junction devices. The junction depth dependence suggests two regimes of nanoparticle-

induced light harvesting. 

For deep junction devices, the forward scattered field (nominally within several particle 

1 87 

diameters) affects photocurrent generation, while for very shallow junction devices, the 

nanoparticle near field can enhance photocurrent generation in the active region close to 
188 189 

the device surface. ' It is highly likely that the properties of the specific individual 

nanoparticles, such as absorption and scattering cross section and plasmon resonances, 

controlled by their size and shape, play a critical role in light harvesting in these types of 

device structures. However, the nanoparticle-dependent aspects of this highly promising 

light-harvesting strategy have not yet been investigated. 

Here, we report a study of the changes in photocurrent in a buried silicon photodiode 

induced by nanoparticles of differing properties: Au nanoparticles, Au nanoshells and 

nanoshell aggregates varying in size and plasmon resonance frequency, and silica 

nanospheres. Photocurrent imaging, initially developed to obtain charge mapping in 

individual nanoscale devices,190 is used here to measure the effect of each individual 

nanoparticle on the electrical response of the device. Plasmonic nanoparticles can either 
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enhance or suppress photocurrent in the device depending on wavelength, nanoparticle 

resonance, and nanostructure size and geometry. This surprising response is directly 

related to the complex energy flow of scattered light by plasmonic nanoparticles, an 

effect previously predicted for radiatively damped metallic nanoparticles in vacuum, but 

not yet experimentally observed. In contrast, dielectric scatterers provide a uniform 

photocurrent enhancement across a broad spectral range. 

8.1 Structure 

A 

Figure 8-1 (A) Schematic of the nanoparticle functionalized p+n photodiode. Right: 
Scanning electron micrograph images, indicating representative densities of nanoparticle 
surface coverage on devices for (B) r = 60 nm silica particles, (C) r = 25 nm Au colloid, 
and (D) [>/, r2] = [96, 116] nm nanoshells. 

Our experimental geometry consisted of silicon photodiodes functionalized with 

nanoparticles on their light collecting face (Figure 8-1 A). Silicon p+n diodes (Addison 

Engineering, Inc., San Jose, CA) were fabricated on 0.010-0.020 U cm resistivity n-type 

wafers. The junction depth was 500 nm, determined by destructive profiling of one of the 

Junctior 
Depth 

500 nm 
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devices (Solecon Laboratories, Reno, NV). The surface carrier concentration within the 

first 200 nm of device is p-type and ranges from 4><1019 to lxlO20 cm"3. The front 

aluminum contact thickness is a 3 mm wide x 500 nm thick edging running along all four 

sides of the rectangular die (2.0 cm x 2.2 cm) while the back contact is a 475 nm thick 

gold layer coating the entire back surface. Five types of nanoparticles were used to 

functionalize the active face of the photodiodes. Solid silica nanospheres (r = 60 nm, 

Precision Colloid, Cartersville, GA) and solid Au nanospheres (r = 25 nm, Ted Pella, 

Redding, CA) were obtained commercially. Three different sizes of Au-silica nanoshells 

with [r/, r2] = [38, 62] nm, [n, r2] = [62, 81] nm, [ry, r2] = [96, 116] nm, where rj is the 

inner silica core radius and r2 is the total particle radius, were prepared on commercially 

available silica cores (Precision Colloids, Cartersville, GA and Nissan Chemical, 

Houston, TX) using the seeded growth technique previously reported. The extinction 

spectra in aqueous suspension for these particles are shown in Figure 8-2. The p+n 

photodiodes were cleaned by sonication in ethanol and dried in a stream of nitrogen. The 

nanoparticles were deposited from aqueous suspension onto the diode faces 

prefiinctionalized with poly(vinyl pyridine).191 The deposition times and precursor 

nanoparticle suspension concentrations were selected to maintain interparticle spacings 

much greater than the laser spot size, yet to ensure sufficiently dense surface coverage 

that multiple particles could be imaged in each 15x15 ^m area scan (Figure 8-1). 
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Figure 8-2 Measured extinction spectra in aqueous suspension for: (A) r = 61 nm silica 
nanospheres, (B) r = 25 nm Au nanospheres, (C) [r/, r2] = [38, 62] nm nanoshells, (D) [rj, 
r2] = [62, 81] nm nanoshells, and (E) [ri, r2\ = [96, 116] nm nanoshells. 
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8.2 Measurement 
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Figure 8-3 Confocal scanning photocurrent apparatus. 

Maps of the local photocurrent were obtained by scanned imaging of the functionalized 

photodiodes using a fiber-coupled confocal sample-scanning optical microscope, shown 

in Figure 8-3, with 532, 633, 785, and 980 nm wavelength laser sources (a-SNOM, 

WITec GmbH, Ulm, Germany). A 100x/0.9 NA microscope objective provided a 

diffraction-limited laser spot on the surface of the photodiode. The sample is raster-

scanned using a piezo stage, typically over a 15 x 15 jam area with 128 x 128 pixels at an 
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integration time of 0.15 s/pixel for 532, 633, or 785 nm and 0.83 s/pixel for 980 nm. At 

each pixel, the reflected light (detected with a photomultiplier tube) and the photocurrent 

were obtained simultaneously using standard lock-in techniques (SR540 and SR850, 

Stanford Research Systems, Sunnyvale, CA) at a -400 Hz chopping rate. No bias was 

applied to the photodiodes. The simultaneous collection of confocal reflectance and 

photocurrent permits the correlation of nanoparticle position with an increase or decrease 

of photocurrent at the same point. The incident laser power was monitored during the 

measurement with a silicon photodiode (DET110, Thorlabs, Newton, NJ). The incident 

laser intensity was adjusted to obtain a photocurrent of approximately 2.5 nA at 

wavelengths of 532, 633, and 785 nm and 0.6 nA at 980 nm. 

To obtain the local enhancement at each nanostructure, the scan line containing the 

strongest photocurrent due to the particle (Iparticie) was obtained, then compared to the 

average local background level (background) along this linear scan. The change in 

photocurrent due to the presence of the nanoparticle is 

A/ I particle ^background SQ -t \ 

I I background 

This local determination of photocurrent enhancement due to each individual 

nanoparticle is advantageous because individual nanoparticle contributions can be clearly 

distinguished from enhancements due to variations in nanoparticle surface coverage 

density. In addition, this approach removes any effect of long-term laser power drift or 

large-range (micron or millimeter scale) spatial inhomogeneities in the response of the 

device structure. In our photocurrent images the nanoparticle appears bright if its 

presence increases the measured photocurrent and dark if its presence suppresses the 
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photocurrent at that location. The apparent size of the nanostructure-associated feature in 

the photocurrent images is a convolution of the laser spot size and the nanostructure 

influenced portion of the substrate. Because this measurement does not specifically 

resolve the topology of the nanostructure, this approach can be combined with atomic 

force microscopy to obtain the specific nanostructure geometry responsible for each local 

change in photocurrent. 

8.3 Results 

Photocurrent images for all types of nanoparticles studied at the four wavelengths used in 

the experiment were obtained (Figure 8-4). The images in the top row correspond to 

silica nanospheres of 60 nm radius, (A-D), in the second row Au nanoparticles of 25 nm 

radius (E-F), followed by (third row) Au nanoshells of dimension [r/, r2] = [38, 62] nm 

(I-L), and (fourth row) Au nanoshells of dimension [r/, r2] = [96, 116] nm. In each row, 

images of the same sample were obtained at the excitation wavelengths of 532, 633, 785, 

and 980 nm, respectively. In the four rightmost images obtained at 980 nm wavelength, 

individual nanoparticle features are denoted with specific symbols. The values of the 

changes in photocurrent A I I I for the individual nanoparticles of each type, 

corresponding to the symbols in these four images, are plotted as percentage changes in 

Figure 8-5. 
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X = 532 nm X = 633 rim X= 785 nm X = 980 nm 

2.32 1.77 1,82 1.23 

Figure 8-4. Photocurrent images [in nanoamperes] of (A-D) r = 61 nm silica 
nanospheres, (E-H) r = 25 nm solid Au nanospheres, (I-L) [r/, r?] = [38, 62] nm 
nanoshells, and (M-P) [r/, r?] = [96, 116] nm nanoshells for light incident at wavelengths 
of 532, 633, 785, and 980 nm. Symbols represent single nanoparticles, dimers, and higher 
order aggregates sampled during each scan. Scale bars are 2 |im. 

These images reveal strong, nanoparticle-dependent differences in photocurrent 

modification due to the properties of the various types of nanoparticles studied. (Small 

variations in A I I I for the individual nanoparticles sampled may also arise from 

differences in the local environment of each nanoparticle due to variations in dopant or 

surface trap state density in the underlying device and nonuniformity in the PVP spacer 

layer.) Dielectric silica nanospheres (Figure 8-4AD) exhibit a consistent and uniform 

enhancement over the entire wavelength region studied. This uniform enhancement is 

attributed to the very similar, nonresonant scattering properties of these particles across 
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the measurement wavelength range. The particle-to-particle variation in enhancement is 

also relatively small, indicating that the nanoparticles themselves are relatively uniform 

in size, and well dispersed on the device with minimal or no aggregation. Au nanospheres 

also display a photocurrent enhancement over this wavelength range, appearing strongest 

at the shortest wavelength (11%) and decreasing with increasing wavelength, to 3% at 

980 nm. This observed wavelength dependence is generally consistent with previously 

reported results that did not distinguish individual nanoparticle contributions, but also 

shows some variation with those results.186 For example, one of the observed Au 

nanoparticles in this image (denoted • ) shows a wavelength-dependent enhancement that 

deviates significantly from the other nanoparticles in the image, revealing a significantly 

stronger photocurrent enhancement over the entire wavelength range. This possibly may 

be due to the presence of a nanoparticle aggregate at that site. Small Au nanoparticle 

aggregates such as dimers and trimers possess a different spectrum of plasmon 

resonances and a larger scattering cross section due to their larger spatial extent than their 

individual Au nanoparticle constituents.111'192 The presence of even a small percentage of 

such aggregates, quite possible in the preparation of these types of nanoparticle-dispersed 

surfaces, may be responsible for additional photocurrent enhancements for this device 

geometry. 
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Figure 8-5. Local photocurrent modification for photodiodes functionalized with (A) r = 
61 nm silica nanospheres, (B) r = 25 nm solid Au nanospheres, (C) [r/, rj\ = [38, 62] nm 
nanoshells, or (D) [r/, r2] = [96, 116] nm nanoshells. Symbols correspond to particles 
marked in the rightmost column images of Figure 8-4 (Figure 8-4, panels D, H, L, and P, 
respectively). Solid lines indicate the trend of the average value. In panel C, the red 
square pertains to parameters modeled in Figure 8-7A, and the green square corresponds 
to Figure 8-7B. 

Au nanoshells (Figure 8-4I-P and Figure 8-6A-D) exhibit a markedly different 

wavelength-dependent photocurrent enhancement- suppression characteristic than either 

silica or Au nanospheres. Two different sizes of nanoshells were investigated: Figure 8-

4I-L shows the photocurrent images of [r/, r2] = [38, 62] nm nanoshells, and Figure 8-

4M-P shows the [r/, r2] - [96, 116] nm nanoshell photocurrent maps. With increased total 

particle size, the proportion of scattering to absorption in the total extinction cross section 

will increase, and multipolar plasmon modes will contribute more significantly to the 

overall nanoshell plasmon response.47,54 '95 '193 The dipolar plasmon resonances for the 

[ri, r2] = [38, 62] nm and [ri, r2] = [96, 116] nm nanoshells suspended in H2O occur at 

650 and 960 nm, respectively, and a quadrupolar resonance at 697 nm is also present for 
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the [ri, r2] = [96, 116] nm nanoshells (Figure 8-2). On a highly refractive substrate such 

as the silicon device studied here, the resonance frequencies of plasmonic nanoparticles 

are expected to redshift and higher order multipole plasmon modes should be 

preferentially enhanced.89'156'194197 

Both the small and large nanoshells suppress the photocurrent at wavelengths of 532 and 

633 nm and enhance the photocurrent at wavelengths of 785 and 980 nm (Figure 8-5C,D 

and Figure 8-6F), where the larger nanoshells show the larger photocurrent suppression 

and enhancement. The strongest photocurrent suppression (30%) is due to the [r/, r2] = 

[96, 116] nm nanoshells at a wavelength of 633 nm (Figure 8-4N and Figure 8-5D). The 

maximum photocurrent enhancement observed in these experiments, nominally 20%, was 

observed at 980 nm excitation for these larger nanoshells. In this case, the forward 

scattering of light into the device is enabled both by the strongly scattering character of 

the nanoshell dipolar resonance for a nanoparticle in this size range54 and by the greater 

transmissivity of the 980 nm wavelength light in silicon. These large observed 

enhancements have important technological implications for long-wavelength 

sensitization of silicon photodetectors into the near IR for imaging applications, as well 

as for expanding the spectral response of silicon-based solar cells in that wavelength 

region as well. However, long wavelength photocurrent enhancement comes at the cost of 

shorter wavelength photocurrent suppression, a property that may impact device or 

nanoparticle design or applications. 

By combining photocurrent imaging with atomic force microscopy, the specific 

nanoparticle geometry associated with each enhancement-suppression feature in the 
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photocurrent images can be determined. This approach allows us to discriminate between 

the photocurrent modification due to isolated nanoshells and nanoshell aggregates also 

deposited on the active surface of the device. An AFM tip mounted below a standard 50x 

long working distance microscope objective and positioned using a high-precision piezo 

stage in our microscope permits the acquisition of AFM images and photocurrent images 

of the same area of the sample with systematic offsets of at most a few microns. This 

combined photo current-AFM measurement is seen in the case of intermediate sized [rj, 

ri\ = [62, 81] nm nanoshells on Si photodiodes (Figure 8-6). A clear visible correlation 

between the individual nanoshells and nanoshell aggregates observed in the AFM 

topographic image in Figure 8-6E and the photocurrent images of Figure 8-6A-D is easily 

observable. In Figure 8-6E, the presence of both individual isolated nanoshells and 

nanoshell dimers and occasionally larger aggregates can be seen. From these data, we can 

clearly distinguish between the photocurrent suppression-enhancement characteristics of 

individual nanoshells and nanoshell aggregates. In contrast to the photocurrent 

suppression-enhancement characteristic of individual nanoshells, most of the nanoshell 

dimers suppress the photocurrent at all four wavelengths (Figure 8-6G). This is also in 

contrast to the nanoparticle aggregate case observed in Figure 8-5B, which results in 

photocurrent enhancement. The magnitude of the photocurrent suppression in the case of 

nanoshell aggregates is likely to be related to the large scattering cross section of the 

aggregates and may also be influenced by nanoshell dimer properties such as interparticle 

* 112 192 198 

distance, including the cases of touching or fused dimers ' ' and relative orientation 

of the dimer axis with respect to the polarization of the incident light. This type of 
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broadband photocurrent suppression would no doubt be deleterious to device 

performance; for this device geometry nanoshell aggregates should clearly be avoided. 

>3.0 A 
X = 633 nm X = 785 nm X = 980 nm 

500 600 700 800 900 1000 
Wavelength [nm] 

Figure 8-6. Photocurrent images [in nanoamperes] of (A-D) [r/, r2] = [62, 81] nm 
nanoshells for light incident at wavelengths of 532, 633, 785, and 980 nm. (E) 
Topographic (AFM) image of the same area shown in panels A-D, revealing individual 
nanoparticle geometry. Scale bars all correspond to 3 jam. Individual nanoshells are 
highlighted in magenta, nanoshell dimers in green. In panels A-E, the blue inset boxes 
mark a representative subset of nanoparticles replicated in each image but with varying 
influence on the photocurrent. (F) Photocurrent modification for isolated nanoshells and 
(G) dimers of nanoshells. Solid lines represent average trend. Each symbol in panels F 
and G corresponds to one of the marked particles in panel E. 

In general, the nanoparticle-induced photocurrent changes that are observed are related to 

the interference between the light scattered from the nanoparticle into the device and the 

light transmitted directly into the input face of the device.186 The relative phase of these 

two input waves results in constructive or destructive interference, which may affect 

photocurrent generation if a constructive or destructive node occurs in the active region 
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of the device. For plasmon resonant nanoparticles in particular, the behavior of the 

forward scattered wave can be quite complex.199"201 Previous theoretical studies of 

plasmon resonant nanoparticles in vacuum have shown that the forward scattered field for 

frequencies on or near the plasmon resonance of the nanoparticle may have vortexlike 

characteristics and a spatial structure that depends quite sensitively on the properties of 

the nanoparticle. It seems quite plausible that this vortexlike behavior may also be present 

for the case of a nanoparticle in vacuum with forward scattering into a Si medium and 

more generally may be an important property of plasmonic nanoparticle-induced light 

scattering into larger devices and materials. 

Figure 8-7. Poynting vector field plots show power flow through a [r/, r2] = [38, 61] nm 
nanoshell on a Si slab at (A) 633 nm and (B) 980 nm, corresponding to the data points 
shown in Figure 8-5C enclosed in red and green, respectively. Arrows are normalized for 
power flow magnitude and indicate direction of power flow. The top and bottom white 
lines indicate the air-Si interface at z = 0 and at a depth of 500 nm, respectively. These 
cross sections are in the yz plane, perpendicular to the incident light polarization. The 
Poynting vector field is overlaid onto the norm of the vector electric field (indicated by 
colorbar). 
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To further examine the unusual enhancement-suppression characteristic of nanoshells in 

this basic device geometry, finite element simulations were performed for 

[n, n ] = [38, 61] nm nanoshells on a silicon slab using the commercially available 

COMSOL modeling package. The incident light was modeled as a plane wave linearly 

polarized in the ^-direction, propagating into the device (z-direction). Mirror boundary 

conditions were applied at lateral faces of the simulation domain. These boundary 

conditions were chosen to best approximate the sparse surface coverage regime studied 

experimentally where adjacent nanoparticles are spaced by several particle diameters and 

interparticle interactions are minimal. The period of the square array of nanoparticles thus 

simulated is set by the x and y extent of the simulation domain. In a regime where the 

domain extent was not sufficiently large, interparticle interactions were manifest as spots 

of intense electric field near the domain boundaries. In the case of a [r/, r?] = [38, 61] nm 

nanoshell, a simulation domain size of 800 nm in both x- and y-directions was used. This 

extent was found to be sufficiently large to avoid interparticle interaction effects due to 

strong scattering of light by the nanoshell. The extent of the slab in the z-direction was 

1.5 |4,m. A scattering boundary condition was applied at the exit face, and a perfectly 

matched layer absorbing in the z-direction was implemented adjacent to it to eliminate 

extraneous reflections. The dielectric functions for Au and Si were obtained from 

Johnson and Christy50 and Adachi,202 respectively. 

The parameters used in this simulation correspond to experimental parameters that 

showed unusual and contrasting behavior. In our experimental data, the 633 nm 

photocurrent images for [r/, r2] = [38, 61] nm nanoshells showed an anomalously wide 

variation in modified photocurrent, varying from +5 to -20% (Figure 8-5C, red). In 
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contrast, the photocurrent measurements for the same nanoparticles on the same sample 

at 980 were quite consistent and well behaved (Figure 8-5C, green), indicating that the 

large variation observed in the 633 nm data was not due to inhomogeneities in the 

nanoparticles or the device. In Figure 8-7, the Poynting vector field through the Si slab is 

overlaid onto the electric field magnitude in the yz plane for the case of an 

[n, n ] = [38, 61] nm Au nanoshell is shown for 633 and 980 nm wavelength incident 

plane waves. At 633 nm (Figure 8-7A), the presence of the nanoshell clearly disrupts the 

power flow well into the Si slab. Vortexlike behavior199'203 of the forward scattered field 

is clearly observed in this simulation, throughout the depth of the Si slab used to model 

the device. At this incident wavelength, the average energy flow across this plane is 

directed toward the surface and toward the nanoparticle with the energy concentrated 

near the nanoparticle-silicon interface. In contrast, at the incident field wavelength of 980 

nm (Figure 8-7B) the scattered light into the device is well behaved with energy flow 

directed toward the bottom surface of the device and with a uniform distribution of 

energy throughout the entire simulation region. This type of behavior may need to be an 

important consideration in devices where plasmonic nanoparticles are used in light 

collection or transmission and also may be relevant to the properties of other types of 

nanoantennas, such as nano fabricated bowtie structures, implemented on device 

structures for the same light-harvesting function. 

8.4 Conclusions 

In conclusion, we have investigated nanoparticle-induced photocurrent enhancement and 

suppression in a silicon photodiode, focusing on the influence of the nanoparticle 

properties on this effect. Imaging the changes in photocurrent due to individual 
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nanoparticles positioned on the active face of the device has allowed us to investigate the 

effect of specific nanoparticle type, which will be directly relevant to enhancing device 

efficiencies. Several important conclusions are obtained from this study. While plasmonic 

nanoparticles have been of interest for photocurrent enhancement in these types of device 

structures, this study also indicates that nonresonant dielectric nanoparticles provide 

photocurrent enhancement over a wide wavelength range. Therefore silica nanoparticles 

should be considered promising candidates for boosting light-harvesting efficiencies at 

low cost in certain types of devices. Plasmonic nanoparticles have quite widely varying 

enhancement-suppression characteristics, depending on nanoparticle size, geometry, and 

plasmon resonance wavelength, which may lend themselves most favorably to specific 

applications such as sensitizing the response of photodetectors over specific wavelength 

regions. However, where individual nanoparticles may provide photocurrent 

enhancement at certain wavelengths, aggregates of the same nanoparticle may in fact 

suppress photocurrent at those same wavelengths and degrade device performance, an 

important fabrication and manufacturing consideration. Finally, for certain cases the 

energy flow associated with the forward scattered field of a plasmonic nanoparticle 

exhibits a complex spatial structure. This vortexlike behavior may very well influence 

photocurrent enhancement at the wavelengths where it occurs. While this property had 

been previously studied theoretically for the case of a metallic nanoparticle in vacuum, 

our observations may indicate that this interesting behavior may be quite important in the 

design and development of nanoparticle-enhanced light-collecting devices such as 

infrared detectors and solar cells. 
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Chapter 9. Optically-Driven Collapse of a Plasmonic Nanogap 
Self-monitored by Optical Frequency Mixing 

Metallic nanostructures are one of the most versatile tools available for manipulating 

light at the nanoscale. These nanostructures support surface plasmons, collective 

excitations of the conduction electrons, which can exist as propagating waves at a 

metallic interface or as localized excitations of a nanoparticle or nanostructure. The 

interaction between plasmons on adjacent metallic nanostructures is a sensitive function 

of interparticle spacing. Control of this nanoscale spacing allows for great flexibility in 

tuning the spectral response of complex multilayer or aggregate nanostructures, 

controlling the focusing of light in the near field region of a nanostructure, or, conversely, 

controlling the outcoupling of electromagnetic energy from surface plasmons to far field, 

free space radiation. Structures where interacting plasmons supported by adjacent 

nanostructures dominate the optical response include dimers or aggregates of 

7 8 30 204 207 

nanoparticles/' multilayer core-shell nanoparticles such as nanoshells or 

nanomatryushkas,26 and nanoparticles adjacent to metallic surfaces or extended wires194' 
208-213 

The vast majority of previous studies of interacting plasmons have focused on stationary 

geometries or, more recently, systems where the interaction between plasmons is 

controlled by external means. Examples include breaking symmetry in an initially 

spherical nanoshell by electron-beam ablation214 and controlling the separation between 

adjacent nanospheres by affixing one of the Au nanospheres to the end of a scanning 

probe microscopy tip7. While these methods have allowed the interaction between 

nanostructures to be investigated, direct optical manipulation of plasmonic structures 
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with spatial precision on the few-nanometer scale could provide a new approach to 

controlling interacting plasmonic systems in a highly sensitive manner. 

The intense focusing of light into a plasmonic gap, known as a "hot spot", is most 

popularly known as a mechanism for enhancing the nonlinear optical process of surface 

8 30 205 

enhanced Raman scattering (SERS). ' JU' However, a variety of nonlinear optical 

responses can be generated in nanoscale metal-insulator-metal junctions, since the phase-

matching requirements for nonlinear optics in conventional macroscopic media are 215 218 

relaxed in this geometry. " For example, four wave mixing (FWM), where optical 

fields E (a>) at frequencies a>i, and ol>2 induce the nonlinear polarization 

P0){coFWM =2cox -CO2) = £0%0){a>FWM):E(GJj)E*((o2) has been observed 

in nanoscale junctions.7'204 The third order nonlinear susceptibility tensor /<3) accounts 

for the intrinsic nonlinear response of the material(s). The FWM signal can be generated 

with multiple discrete single frequency laser sources, but also, more conveniently, within 

the broad spectral envelope of an ultrashort continuum laser pulse. In the context of 

plasmonics, FWM has previously been used in apertureless near field scanning optical 

microscopy (ANSOM) to characterize the approach and contact of a particle attached to a 

cantilever with another particle or on an underlying substrate7 and as a nanoscale light 

source204. The relative enhancement of FWM from isolated Au nanorods as a function of 

rod geometry has been shown to agree with a straightforward electromagnetic model, and 

is suitable for use as an optical contrast agent when imaging cells.219 Recently, 

quantitative measurements of surface-enhanced FWM from macroscopic planar Au films 

imprinted with a grating structure and smooth Au films have been performed.220 
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Figure 9-1 (A) Schematic illustration of the experiment. Lasers at frequencies coi and a>2 
are applied to the nanoshell over film structure, both generating a four wave mixing 
(FWM) signal at 2coi - co2 and driving the particle into the film. (B) Spectrum of the 
applied pump and continuum laser fields. Note that the relative amplitude of the 
continuum has been exaggerated for visibility. (C) Example output FWM spectrum 
obtained when both the pump and continuum are applied (solid black) and the 
background TPPL when only the pump is applied (dotted orange). Two strong peaks in 
the FWM (2ft)/ - 0J2) are observed at 671 nm and 710 nm, indicated by green and blue 
arrows, respectively. The corresponding frequencies in the continuum (CO2), 978 nm and 
906 nm, which mix with the pump (coi) at 796 nm to generate these peaks are indicated 
with the correspondingly colored arrows in (B). The spectral feature at ~ 775 nm is the 
edge of the short pass filter used to block the excitation light. 

Here we report the surprising observation that the illumination of an individual Au 

nanoshell-over-Au film with a nanoscale organic dielectric spacer - a "nanogap" - with 

ultrashort optical pulses at its plasmon resonance frequency results in a continuous, 

monitorable collapse of the nanogap. An easily detectable FWM signal is generated from 

this structure, due to the subwavelength light focusing of this geometry. The amplitude of 

the FWM signal generated in the nanogap provides a continuous, highly sensitive optical 

monitor of the nanogap spacing while it is being optically reduced. The dramatic increase 

in this signal upon contact provides a clear, unambiguous signal of the gap closure. Here 

we perform both a physical manipulation on the few-nm scale using light, and detection 
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of the local electromagnetic field during the ongoing process, with the same incident 

beam that drives the process. This optical manipulation and monitoring can easily be 

performed on individual gaps; in fact, this method is so sensitive to each specific 

nanoscale geometry that significant gap-to-gap variations are easily observed. This 

approach could potentially be exploited as a technique to fine-tune the near field optical 

response of individual nanoscale junctions beyond the practical limits of existing 

nanoscale fabrication methods. 

The nanogap structure consists of an Au nanoshell separated from a thin Au film by a 

polymeric spacer layer, forming the nanogap (Figure 9-1). In this geometry, nanoshell 

plasmons interact strongly with the plasmons supported by the film, forming hybrid 

208 210 

plasmon modes ' . This results in a discrete localized plasmon in the near-infrared 

(NIR) and a broader delocalized plasmon at lower energies arising from the interaction of 

the nanoshell plasmon with a continuum of surface plasmons in the metallic film 

substrate. This structure is important because it can focus electromagnetic energy into the 

nanogap, creating an intense hot spot between nanoparticle and film, allowing efficient 

coupling between far field radiation and launching surface plasmons along a film or 

waveguide.111'211-213-221'222 

9.1 Apparatus 

A simple sample-scanning nonlinear optical microscope was constructed and used to 

illuminate the nano structures and measure the FWM signal (Figure 9-2). This approach 

allowed us to examine the light-induced collapse of individual nanogaps. An ultrafast 

Ti: Sapphire laser was used to generate 85 fs pulses centered at a wavelength of 795 nm 
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(Mira 900, Coherent Inc.). Most of this light was passed though a photonic crystal fiber 

(FemtoWhite 800, Crystal Fiber A/S) to generate a continuum. In this way, a wide range 

of frequencies spanning the visible and NIR was obtained. The remaining light from the 

laser was used as the pump beam. Directly out of the laser, the pump beam includes a 

non-zero background at wavelengths well short of the center of the spectral envelope of 

the pulse. This overlaps with the spectral region of the FWM signal and therefore must be 

blocked in order to measure the nanogap FWM signal. A dispersionless short pass filter, 

consisting of a folded single grating / lens 4-/ pulse compressor with a sharp edge 

inserted at the Fourier plane (cleaved edge of a thin Si wafer), removed all light from the 

pump beam in the spectral region of the FWM signal. The continuum and pump were 

then superimposed spatially using a metallic beam splitter (OD 0.3 Inconel reflective 

neutral density filter, ND03B, Thorlabs). A computer-controlled variable delay line was 

inserted into the continuum beam path to overlap the pulses in time. The collinear, 

copolarized beams were then focused onto the sample using a 60x / 0.8NA microscope 

objective (HC PL FLUOTAR, Leica). The pump and continuum were attenuated using 

gradient neutral density filters to provide an average input power at the objective of 350 

|IW, comprised of 210 JIW from the pump laser and 140 |iW from the generated 

continuum. Transmitted light was collected using a 40x / 0.6NA objective (LUCPlan FL 

N, Olympus) with a variable cover slip correction collar. It was filtered with a pair of 

short pass filters (10SWF-850-B, Newport and SP01-785RU-25, Semrock) to remove the 

excitation light, imaged onto the input slit of a 300 mm focal length spectrograph 

(SpectraPro 400i, PI/Acton) by a n / = 40 mm cemented achromatic doublet lens (AC254-

040-A, Thorlabs), and detected by a Si CCD array (PIXIS 100, PI/Acton). In this way, 
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the FWM signal, TPPL induced by the pump, and a small fraction of the input light that 

leaks through the filters can all be observed simultaneously. A weak second harmonic 

signal, arising from the pump beam along focused into the nanogap, can also be detected 

(observable as small feature near 398 nm in the spectrum shown in Figure 9-1C). 

Samples were mounted on a 3 axis closed-loop piezoelectric translation stage (P-545.3R2 

NanoXYZ, Physik Instrumente (PI) GmbH) in order to precisely place the desired 

nanostructures at the focus of the excitation light. It was critical to ensure that drift in the 

position of the nanoparticle relative to the excitation laser was insignificant in order to 

unambiguously measure the time-dependent evolution of the FWM signal. A sufficient 

amount of the pump light at 795 nm passes through the short pass filters to monitor 

variations in the transmitted pump signal from the obtained spectra. For the data 

presented, the pump signal variation was below the noise limit, indicating that any 

instability in the apparatus did not have a significant effect on these measurements. 
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Figure 9-2 Experimental apparatus used to measure FWM. SP Filter is a combined 
dielectric and colored glass 785 nm short pass filter, LP Filter is a dielectric 795 nm long 
pass filter, and X/2s are half-wave plates. 
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The nanogap near field was monitored by the mixing of a strong pump pulse centered at 

coi = 795 nm, with the continuum generated from the same laser pulse, spanning a range 

of frequencies C02, to generate a four wave mixing signal COFWM = 2 A>I - (02. The input 

pump laser was centered at 795 nm in wavelength and the continuum spans several 

hundred nanometers to the long wavelength side of the pump laser wavelength (Figure 9-

1B). Here the continuum intensity has been magnified relative to the pump; in the actual 

experiment, the spectral power density of the continuum was significantly weaker than 

that of the pump. The geometry of the nano shell-over-film structures was designed to put 

the localized plasmon mode in resonance with the pump laser and a portion of the 

continuum. When the pump and continuum were incident on a nanogap, the resulting 

spectrum, shown in Figure 9-1C, consisted of a strong, peaked FWM signal on top of a 

weak, two-photon photoluminescence signal. Due to the complex temporal structure of 

224 225 . . . . 

the continuum pulses used in this experiment, only part of the continuum 

temporally overlaps the pump pulse. This results in a FWM signal that is strongly peaked 

and covers a much smaller range of frequencies than would be expected from the entire 

spectral extent of the continuum. Adjusting the time delay between the pump and 

continuum pulses would result in the appearance of different peaks in the FWM spectrum 

than those in Figure 9-1C. While the plasmonic properties of the cylindrically symmetric 

structures investigated here do not depend on the polarization of the excitation in the 

plane of the sample, the relative polarization of the pump and continuum fields will 

change the polarization and intensity of the FWM signal. In the present experiment, only 

the case where the pump and continuum are polarized in the same direction is considered, 

since this configuration results in the strongest signal. 
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9.2 Sample Fabrication 

Samples were fabricated by depositing Au nanoshells26 either directly onto a thin Au film 

or separated from the Au film by a thin polymer spacer layer. Electron-beam evaporation 

was used to deposit 15 nm thick Au films onto glass microscope slides with an 

intervening 1.5 nm thick Ti to promote adhesion of the Au film to the glass slide. A 

quartz crystal thickness monitor was used to determine the film thickness. Three distinct 

structures were investigated: Au nanoshells directly in contact with the Au film, Au 

nanoshells separated from the film by a thin polymer spacer layer, and Au nanoshells 

separated from the film by a thick polymer layer. For the case of no spacer layer, 

nanoshells were spin-coated directly from aqueous suspension onto the Au surface. To 

obtain a small gap, poly(diallyl dimethylammonium) chloride (PDDA) was deposited on 

the Au film by immersing the slide in a 2 % w/v aqueous solution for ~15 min. The films 

were then rinsed with a copious amount of ultrapure water. Nanoshells were again 

deposited by spin-coating from aqueous suspension. This results in a ~ 1 nm gap between 

the nanoshell and the Au film. ' " In addition to creating a well-defined gap, PDDA 

also acts as an electrostatic adhesion layer and renders the surface hydrophilic resulting in 

a more uniform nanoshell film with less aggregation. Electrostatic layer-by-layer 

I / q 226 229 

deposition ' " was used to create a substantially thicker spacer layer for control 

experiments. For this, the Au-coated slide was alternately immersed in a 2 % w/v 

aqueous solution of PDDA and a 2 % w/v aqueous solution of poly(styrene sulfonate) 

(PSS) for 15 min, with a thorough rinse under ultrapure water between each step. The 

final PDDA / [PSS / PDDA]2 multilayer procedure created a gap of approximately 6 nm 

between the nanoshell and the film. Due to the difficulty in measuring the thickness of 
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such thin transparent films with high precision, the thickness is assumed to be similar to 

that reported in previous studies. ' A thin, electro formed Cu or Ni plate with cut-

outs forming an indexed grid (100 mesh Cu micron index 1 TEM grids from Ted Pella, 

Inc., or 100 mesh Ni EFIOO-Ni TEM grids from Electron Microscopy Sciences, Inc.) was 

affixed to the top of the sample with a very small amount of quick-drying epoxy. This 

provided index marks suitable for correlating optical and electron micrographs. The 

fabricated structures with a spacer layer are illustrated on the left of Figure 9-1 A. 

9.3 Results 

0 5 10 15 20 25 30 35 
Time [min] 

Figure 9-3 Temporal evolution of the normalized FWM signal at a>FMW = 680 nm for an 
[r/, r2] = [90, 104] nm nanoshell initially held ~ 1 nm above the surface of a 15 nm thick 
Au film by a single layer of PDDA. 

In Figure 9-3, the FWM signal at 680 nm, corresponding to a pump at coi = 795 nm 

mixing with a>2 = 957 nm from the continuum, is plotted as a function of time. This 

signal is characteristic of all signals obtained from nanogaps with small dielectric spacer 

layers: the FWM signal was observed to increase slowly and smoothly for approximately 

the first 15 minutes, which varied slightly from nanogap to nanogap, then jump abruptly 

with an amplitude that varied slightly from nanogap to nanogap. Following this increase, 

the change in FWM typically showed a slow decay and then a slight increase in FWM at 

longer times. The total incident average power / pulse energy is 350 fiW / 4.6 pj, 
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comprised of 210 ja,W / 2.8 pJ of pump and 140 jaW / 1.8 p j continuum. Spectra were 

obtained continuously with a 10 s integration time for 30 - 45 min. At this level of 

incident laser power, any signal from the PDDA/Au film not in the direct vicinity of the 

nanoshell is not detectable. The signal at all time points was normalized to the first 

spectrum obtained on each system. 

This unusual slow evolution of the FWM signal occurs for all nanogaps of this geometry. 

We hypothesize what changes in the nanogap may be occurring that correspond to these 

changes in the FWM signal amplitude. The evolution of the actual nanogap, based on this 

complex optical signal, is captured by the inset illustrations in Figure 9-3. The initial slow 

increase in FWM signal amplitude corresponds to a gradual "reduction" or 

"compression" of the nanogap due to illumination by the incident laser pulses. The abrupt 

rise observed appears to correspond to a "shorting" of the nanogap, that is, the opening of 

a conductive (tunneling) path between the nanoparticle and the supporting metallic film. 

At longer times, changes in the FWM signal still occur, and this may possibly be due to 

the nanoparticle being pushed into the metallic film substrate by the radiation pressure of 

the incident light pulses, or a possible deformation of the nanoshell. 

To critically examine the origin of this characteristic evolution of the nanogap FWM 

signal, we modeled the electromagnetic response of the nanogap using the finite element 

method (FEM) (COMSOL Multiphysics 3.5a, RF Module). An [n, r2] = [90, 104] nm 

nanoshell over a 15 nm thick Au film with a varying gap size was simulated. The far-

field scattering was calculated using far-field transforms evaluated on a hemispherical 

space in the backscattered direction. To simulate an infinite space, the simulation was 
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surrounded by a layer of perfectly matched layers (PMLs) with scattering boundaries on 

the outermost surface. The metal film was terminated with a matched impedance 

boundary to prevent reflections from creating standing waves on the Au surface. For 

nanoshells embedded in the film, a 1.0 nm radius of curvature was imposed at the gap to 

ensure a well-defined structure with the grid constrained to enforce a maximum element 

size of 0.5 nm in this region. No changes in the studied quantities were found for a test 

simulation performed with the grid constrained to 0.25 nm elements in the gap region. 

The resulting simulations consisted of approximately 250k - 1M degrees of freedom and 

were solved using the direct PARDISO solver. 

The fields at co/, cô , and (£>FWM all need to be considered to evaluate the dependence of the 

FWM signal on gap size. Enhancement of the emission due to antenna effects are 

estimated by applying a factor of the local field enhancement, as is generally done for 

calculations of SERS enhancement.230 The intensity of the FWM signal is proportional to 

the product of the field enhancement at the emission wavelength and the square of the 

induced polarization P^\COFWM), yielding: 

l(cofwm )kG2 (cofwm )|/(3)|2 G4 (O, )|e(ffl, )|4 G2 K )|e* (co2 ) | \ (9-1) 

where G(co) is the local field enhancement, E(co) is the applied field, and polarization 

effects due to the tensorial nature of / ( 3 ) have been neglected. Assuming that only the 

field enhancements vary appreciably as a function of gap geometry, the relative variation 

in the FWM signal should be proportional to G4(coi)G2(co2)G2(coFWm)- This quantity was 

integrated over the volume in which the FWM signal was generated, that is, the volume 

where yu
(3) is thought to be significant. A previous study of FWM from Au nanorods 
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showed that this approach was consistent with experimental measurements. This model 

allows us to examine the relative change in the FWM signal as a function of gap size 

consistent with our experimental system. 
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Figure 9-4 Field enhancements for an [r/, ri\ = [90, 104] nm Au nanoshell on a 15 nm 
thick Au film with a gap of (A) +5 nm and (B) - 5 nm at 795 nm shown with the same 
color scale. The behavior of the FWM signal as a function of gap can be obtained by 

4 2 2 
integrating |E(a>/)| |E(a>2)| |E{COFWM)\ over the region containing the nonlinear material. 
In this case, the integral is carried out over either the metal (C) or in the air outside the 
metal (D). Gray lines are a guide to the eye. 

The results of this study are shown in Figure 9-4. Figure 9-4A and Figure 9-4B show the 

calculated field enhancements in a nanogap at the pump wavelength, 795 nm, for a 

nanoshell located above a dielectric gap 5 nm above the film (gap = +5 nm) and for a 

nanoshell embedded 5 nm into the film (gap = -5 nm). We calculated Eq. 9-1 for this 

geometry as a function of nanogap size, for the case of nano shell-film contact, and for the 
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case where the nanoshell begins to become embedded into the metal film substrate. Since 

our comparison is between the same system with small changes in geometry, it was 

assumed that / n ) maintained its characteristic values for all materials and was not 

calculated explicitly. The integration volumes were varied to address two different cases, 

(i) assuming that the FWM signal originates from within the metallic structures forming 

the nanogap, and (ii) assuming that the signal originates in the dielectric spacer layer "hot 

spot" and its local vicinity. This was done by varying the size and shape of the integration 

volume. The results of both (i) and (ii) are shown in Figure 9-4C and Figure 9-4D, 

respectively. As the nano shell-film gap becomes extremely small and approaches 

conductive contact, the classical approximation inherent in this theoretical approach 

231 232 

breaks down: ' therefore, we only examine the results of this model before and after 

conductive contact is made. 

By comparing the theoretical trends in Figure 9-4C and Figure 9-4D with the 

experimentally measured variations shown in Figure 9-3, it appears that the 

experimentally observed FWHM signal is most likely generated within the metal features 

of the nanogap. This is consistent with existing experimental results that indicate that Au 

has a substantial cubic nonlinearity at femtosecond time scales arising from the hot 

electrons which decays rapidly as the electrons thermalize with the lattice, with an 

effective yv
<3) orders of magnitude larger than nonresonant dielectric media.220'233'234 
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Figure 9-5 Simulated scattering spectra of an [r/, r2] = [90, 104] nm nanoshell over a 15 
nm thick Au film with a varying gap size. The top curve is an [r/, r2] = [90, 104] nm 
nanoshell in free space. 

Far field spectra obtained using this modeling approach are shown in Figure 9-5. The far 

field spectrum of this structure for a nanoshell slightly above and slightly embedded in 

the underlying metallic film are indistinguishable. Specifically, as the nanoshell 

approaches the film, the dipole red-shifts slightly and the quadrupole increases in 

magnitude relative to a nanoshell in free space. Once in contact, the trends reverse, as the 

nanoshell makes contact with, and then quite plausibly is pushed even further into the 

metallic film by radiation pressure. Dark field scattering microspectroscopy performed on 

several individual nanoshells before and after irradiation (not shown) were also consistent 

with this observation. Thus, in this case, the linear optical response of this system is not 

sensitive to changes in the nanoscale geometry, but the nonlinear optical response is 
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highly sensitive to these changes. This is in contrast to the case of plasmonic dimers, 

111 ÂH ^^i 
where the linear optical response is highly sensitive to nanoscale geometry. ' ' 

Figure 9-6 Scanning electron micrographs of the nanoshell / PDDA / Au film 
nano structures after irradiation. The specific nanostructure measured in Figure 9-3 is 
shown in (B) with the brightness adjusted to highlight the effect of irradiation on the film 
and (C) where the brightness has been adjusted to show the nanoshell clearly. A nanoshell 
that was not irradiated is shown in (D). 

The scanning electron microscopy (SEM) images of the nanogaps reveal dramatic and 

readily observable structural changes upon irradiation (Figure 9-6). The PDDA layer in 

the immediate vicinity of each nanoparticle studied appears to have undergone significant 

modification (Figure 9-6A). The most striking features are the long, extended structures 

that appear on the substrate, oriented radially outward ~ 1-2 jam away from the irradiated 

nanogaps. These structures are most likely composed of the dielectric spacer material 

removed from the nanogap. These structures were observable only around an irradiated 

nanogap, and were not observed for a similar sample without a dielectric spacer layer, 

even after irradiation with several times greater intensity. Closer to the nanogap, fringes 
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consistent with the field pattern expected for a propagating surface plasmon launched 

from a central source are apparent. Immediately adjacent to each irradiated nanogap, the 

film appears to have a permanent modification resembling a dipole-like pattern around 

each nanoshell (Figure 9-6B). Areas of the film irradiated far from a nanogap did not 

exhibit such structural modifications. These observations provide strong evidence that the 

changes observed in the vicinity of the nanogap structures arise from photo induced 

processes. The actual removal of material from the nanogap and the formation of the 

extended structures observed further from the particles may depend on additional 

subsequent mechanisms, possibly including mechanical forces exerted by the particle or 

rapid local heating on femto- to picosecond time scales. SEM images of representative 

nanogaps with a thin PDDA spacer layer indicate that the nanoshells themselves were 

undamaged (Figure 9-6C,D). These observations clearly indicate that the electromagnetic 

fields are of sufficient intensity to induce significant structural changes in the nanogap 

region. 

To further understand this system, two control cases were investigated experimentally: 

the absence of a spacer layer and a significantly thicker spacer layer than the samples 

studied in Figure 9-3. For the case of no dielectric spacer layer, where the nanoshell is 

initially in contact with the underlying metallic film (Figure 9-7A), the FWM signal 

decreased monotonically with increasing irradiation time. The dramatic increase in signal 

characteristically seen when the dielectric spacer layer is present (Figure 9-3) was not 

observed. It is remarkable that, in this case, where no spacer layer is present, we still see 

a monotonic decrease in the FWM signal over time. In this case, the slow monotonic 

signal change is likely occurring as the nanoshell gets pushed into the metallic film, 
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where the surface area between the nanoparticle and the film is increased. This is 

consistent with our experimental calculations shown in Figure 9-4C, where following 

conductive contact, a slow monotonic decrease in the FWM signal is observed. For a 

thicker spacer comprised of a PDDA / [PSS / PDDA]2 multilayer approximately 6 nm in 

thickness, the resulting FWM signal (Figure 9-7B) evolves very similarly to the thinner 

single PDDA spacer layer (Figure 9-3), but at a much slower rate. Here the signal 

initially decreases, then starts increasing slowly, jumps at contact (at 23 min), and the 

slowly decreases. For the single PDDA layer case, the FWM signal increased about 10 

minutes after contact. 

—I—'—I—'—I—'—I—1—I—'—I 
10 15 20 25 30 35 

Time [min] 

T 1 > 1 1 1 1 1 1 1 1 1 1 1 
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Time [min] 

Figure 9-7 Temporal evolution of the normalized FWM signal at 680 nm, corresponding 
to the pump at 795 nm mixing with 957 nm light from the continuum, for (A) nanoshells 
deposited directly on the Au film and (B) nanoshells on top of a PDDA / [PSS / PDDA]2 

multilayer film. 
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9.4 Conclusions 

In this experiment, we have observed that by illuminating a nanogap, consisting of a 

nanoparticle over a thin metallic film by a polymeric spacer layer, with ultrashort optical 

pulses, the gap can be slowly and controllably reduced. This process can be self-

monitored by the FWM mixing signal from the same illumination beam, which, unlike 

the linear optical response, is a highly sensitive monitor of the nanoscale geometry. 

Scanning electron microscopy of the irradiated nanogaps indicates dramatic 

modifications to the nanoscale polymer layer consistent with photoinduced ablation of 

the polymer layer within the nanogap, which indicates that the plasmon response of the 

nanogap is likely to be important in this modification process. These images also indicate 

that Au nanoshells and the underlying Au film are not modified by this process. In 

addition to the direct implications for the development of nonlinear plasmonic devices, 

this observation may lead to a technique to enable the controlled tailoring of the near 

field properties of individual plasmonic structures. In spirit, this is an optical analog of 

electromigration-based fabrication techniques in the electrical domain. In 

electromigration, an applied electric current causes atoms in a small nanostructure to 

move, while the electrical conductance can be directly measured by monitoring the 

current driving the electromigration, to controllably fabricate nanoscale gaps. ' The 

process we report here parallels this process optically, but with the inverse effect, 

resulting in a closing, rather than an opening, of a nanoscale junction. 
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