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Abstract

Plasmonics of Nanostructures in Planar Geometries
By

Jennifer Marie Steele

This thesis presents an experimental and theoretical study of the optical properties
for two distinct planer metallic structures: metallodielectric gratings with subwavelength
slots and metal nanoshells above a conducting plane. For metallodielectric gratings, two
types of anomalies are present in the spectra: an edge anomaly associated with the
Rayleigh wavelength, and a resonant anomaly associated with the excitations of surface
plasmons. The zeroth-order transmission and reflection were measured to determine the
spectral location of these anomalies and their dispersion relationships. The experimental
data is compared to theoretical curves calculated using a surface impedance boundary
condition approximation. The surface plasmons exhibit an energy gap in their dispersion,
which is sensitive to the dielectric properties of the surrounding media. The surrounding
media is changed by attaching a second grating to form a crossed grating structure,
submerging the gratings in a variety of solvents, or chemically functionalizing the
grating. In the first two cases, the plasmon dispersion is shifted to lower energies, the
plasmon travel at a slower group velocity, and smaller energy gap is measured. The
response of the plasmon dispersion to chemical functionalization is identical, except that
the energy gap is increased. The difference in this trend is explained by comparing

plasmons traveling on periodic structures to electrons traveling in a periodic potential.



The optical properties of metal nanoshells above a conducting plane are also
investigated. When a nanoshell is positioned close to a conducting plane, the surface
electrons of the plane will arrange themselves to mimic the electromagnetic field of the
nanoshell and its mirror image. This interaction between a nanoshell and its image
plasmon approximates a nanoshell dimmer. Transmission spectra are measured as a
function of the angle of polarization and compared to the expected spectra of a nanoshell
dimer. The thickness of the conducting plane is also varied, which leads to a blue shift in
the plasmon resonances. This shift in energy is qualitatively explained by explained

using a plasmon hybridization model.
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Chapter 1: Introduction and Outline

R.W. Wood first observed anomalies in the optical spectra of periodic metallic
surfaces in 1902.1% Wood ruled grooves into gold or silver films with diamond scribes to
create lamellar reflection gratings. When illuminated with a white light continuum,
anomalies consisting of a dark band followed on the low energy side by a bright band
appeared in the spectrum. These bands were very sharp, and as the angle of incident light
was varied, the dark band split into two bands, one moving up the spectrum and the other
down. He also observed that the sharpness of these anomalies could be decreased, or
even made to disappear, if the grating was rubbed with a “powder-puff”, indicating that
the properties of the anomalies not only depended on the period and material of the

grating, but the shape of the grooves as well.

The most puzzling aspect of these observations was locating the missing energy
from the dark bands in the spectra. A first attempt in explaining these anomalies was
made by Lord Rayleigh® He assumed the grating material to be a perfect metal, and
found that singularities exist in the electromagnetic field when one diffraction order
grazes the surface of the grating as the order becomes evanescent. If the metal is
perfectly reflective, the evanescent diffraction order is completely expelled from the
metal and travels along the surface. This successfully predicted the frequency, but not
the shape of the anomalies. In 1941, Fano considered a more realistic dielectric function

for metals in order to obtain a physical picture of the anomalies.* He suggested that the



observed anomalies were comprised of two phenomena: an “edge” anomaly at the
passing off of a diffraction order (termed a Rayleigh anomaly) and a “diffuse” anomaly
associated with the excitation of surface waves, later termed surface plasmons. The
experimental and theoretical study of surface plasmon excitations on periodic structures
continued throughout most of the century,” and was extended to echelette gratings,®
sinusoidal gratings,”” as well as gratings coated with dielectric materials.'® Recent
experiments and subsequent theoretical analysis concerning the extraordinary
transmission through subwavelength hole arrays have focused interest onto the optical

properties of metallodielectric or wire gratings.'''®

A parallel research path was started by Mie in 1908 through his theoretical
calculations of the absorption and scattering of light by small metallic particles.' It is

now well know that collective oscillations of conduction electrons, or localized plasmons,

20,21

may be excited in particles with subwavelength length scales. Early applications

included using gold colloid as an inorganic dye for ruby red stained glass windows.

Nanoparticle fabrication techniques have now expanded to allow for a large variety of

22 23

shapes such as shells,” rods, cups,24 triangles,zs’26 cubes,”’ and disks,”*? all with

unique plasmon resonances. By manipulating the geometry of the nanoparticles, the

plasmon resonance may be tuned from visible wavelengths into the infrared.

Plasmon resonances are accompanied by localized enhancements of the

electromagnetic field. The ability to engineer these enhancements has lead to

29-33

applications such as surface enhanced Raman scattering (SERS)*"and surface plasmon

34-37

resonance (SPR) sensing. Plasmon resonances also have the ability to guide

electromagnetic energy on length scales below the diffraction limit.*® This has lead to



developing metallic nanostructures that can control light at the nanoscale in direct

analogy to traditional optical components such as lens, mirrors, and waveguides.3 94l

Many of these applications rely on a planar geometry in practice. Therefore,
understanding how nanoparticles interact with each other, as well as with a substrate, will
become increasingly important. However, experimental”®* and theoretical*®*’
investigations of nanoparticle-substrate interactions have only just begun. In this thesis,
the plasmonics of two nanostructured planar geometries will be explored:
metallodielectric gratings with subwavaelength slots and metal nanoshells above a
conducting plane. In Chapter 2, surface plasmon excitations on films and gratings will be
discussed. An experimental and numerical study of metallodielectric gratings will be
presented and both the near and far field of the gratings will be discussed. The wave
nature of the surface plasmons will be characterized by their dispersion and band gap. In
Chapter 3, the effect of environmental changes to the plasmon dispersion and band gap
will be explored. First, microscopic changes to the dielectric medium by chemical
functionalization will be compared to macroscopic changes to the dielectric medium by
solvent immersion.  Then, the results of creating a crossed grating structure will be
discussed. How the environment effects the plasmon dispersion and band gap will be
compared to electrons traveling through a periodic potential through the Kronig-Penney
model. Chapter 4 will explore the optical properties of gold nanoshells suspended above
a conducting film. The optical extinction of the nanoshell-film geometry is presented as
a function of the orientation of the polarized light and as a function of film thickness.
Finally, experimental observation will be qualitatively explained using a plasmon

hybridization model.



Chapter 2: Surface Plasmons on Metallodielectric Gratings

2.1 Surface Plasmons on Planar Geometries

Despite being over a century old, both the experimentalg’l“’15’48’49 and

theoretical'®17°%-32

study of gratings is still ongoing. Recently, experiments and
subsequent theoretical analysis of extraordinary transmission through subwavelength hole
arrays’>* have focused interest onto the optical properties of transmission or wire
gratings. Although transmission gratings have received much theoretical

treatment,'*'"2>*>%  few experimental studies exist.'"'**

In this chapter, an
experimental and numerical study of surface plasmons (SP) resonances on
metllodielectric (silver wire on silica) wire gratings is presented. First, SP resonances on
metallic films are discussed as an introduction to SPs. SP excitations on film exhibit the
same fundamental properties as SP excitations on gratings and will provide a
fundamental understanding of the SP phenomenon. Then, SP excitations on wire gratings

will be discussed and a numerical simulation will be introduced. Finally, experimental

data will be presented and compared to theory.

2.1.1 Surface Plasmons on Metallic Films

SP excitations on metallic films are collective oscillations of conduction electrons at a
metal/dielectric boundary that represent a solution to Maxwell’s equations.” SP are

longitudinal waves that are described by their dispersion w(k,), where £, is the



Figure 2.1: Surface Plasmons on Metallic Films

Schematic representation of the charges and electric fields of a SP excitation on a
metallic film with dielectric constant €;, surrounded by a dielectric medium with €;. The
SP propagates in the x direction and decreases exponentially in the z direction, as shown
on the left.
component of the wavevector tangential to the boundary, as defined in Figure 2.1. In
order to derive the dispersion for these surface waves, we look for solutions to Maxwell’s
equations where the component of the wavevector perpendicular to the surface, k., is
purely imaginary. No solution can be found for s-polarized light (electric field
perpendicular to the plane of incidence), but for p-polarized light (magnetic field
perpendicular to the plane of incidence), the fields in region 1 and 2, as defined in Figure
2.1, can be described by the following:
For z>0 H; = (0, Hy1, 0)exp [i(kuix + k;1z - ot)]
E;1 = (Ex1, 0, E;))exp [i(kxIX +k,z- ot)]
For z<0 H; = (0, Hyz, 0)exp [i(k2X - k2z - 0ot)]
E; = (Ex; 0, Ep)exp [i(kux - kzoz - ot)] (2.1.1)



These fields must satisfy Maxwell’s Equations:

V x ﬁi =& l_Q_E,
c ot

VXE" = —lzﬁi
c ot

V-H =0

—

V.-¢E =0 i=1,2

[

and they must also satisfy the continuity relations:

Exi =Ex
€1Exa = E»

From the continuity relations follow:
kxl = ka = kx

It can be derived from Maxwell’s equation that the wavevectors must satisfy

w2

K+ =6— i=1,2

(2.1.2)

2.1.3)

(2.1.4)

2.1.5)

Inspecting equation (2.1.5) along with the localization requirement that k,; be imaginary

and taking €; to be real, k> will always be larger than giw?/c’. SPs therefore cannot

transform back into light and are nonradiative.

Taking Maxwell’s equations together with the continuity relations, it is possible to

derive the following:

kzl k22 = 0

Hy1+

2.1.6)



Which yield the implicit dispersion relation:

—Igzl+lc51=0 2.1.7)
& &

Inserting equation (2.1.5) into (2.1.7) yields the explicit dispersion relation:

1/2
o &¢&
k, =2 Sz
cleg +e,

Because k;; and k,; were explicitly defined as positive in equation (2.1.1), equation

2.1.8)

(2.1.7) requires €; and €, have opposite signs. Furthermore, equation (2.1.8) requires
g1+e; >0. These requirements are fulfilled only if one of the materials is a dielectric and
one is either a metal or doped semiconductor. Here, we will assume that €, is the
surrounding medium, usually air or another dielectric, and ¢, is a metal, and therefore
will depend on the incident frequency. Additionally, if a Drude dielectric function is

assumed for the metal, for large k., or when €; —> -g;, the values of o, approaches:

(4]
2 2.1.9)

O Jl+¢

where @, is the plasma frequency for a free electron gas. At large k., the group velocity

of the SPs goes to zero such that the SP looks like a bulk fluctuation of the electron gas.

The dispersion for a metallic film is plotted in Figure 2.2(a) along with the light
line. For small k,, the SP dispersion approaches the light line. However, as required by
equation (2.1.5), the dispersion for SPs always lies to the left of the light line. Therefore,

SPs on films cannot be excited by direct optical illumination, and it is necessary to have a



(b)

Figure 2.2: ATR Method

(a) SP dispersion for a metallic film (blue). The light line and light line modified by a
dielectric with index of refraction greater than 1 are shown in red. SPs are excited using
the ATR method: the increased index of refraction depresses the light line such that it
intersects the SP dispersion. SPs may be excited up to the point where the SP dispersion
intersects the depressed light line. (b) Schematic drawing of the ATR method. The
metal, €, is in direct contact with the prism, €y and the SPs are excited through the
evanescent field of the totally reflected light along the g,/¢; interface. When a SP is
launched, energy is coupled into the film and the reflected light is attenuated.

coupling mechanism. The most common coupling mechanism is a prism coupler, known
as the Kretschmann-Raether configuration or the attenuated total reflection (ATR)
method,” shown in Figure 2.2(b). The increased dielectric constant of the silica or other

dielectric material, gy, depresses the light line such that the light line and the SP

dispersion intersect. The projection on the surface of light incident at an angle 0y is:
k, =z, Zsiné, (2.1.10)
c

If 9y is beyond the critical angle for the boundary of the prism and metal film, the light
will be totally reflected, and evanescent waves will be excited along the surface of the
12

metal. SPs may then be excited on the €)/¢; interface between the lines of ¢ and ¢/(go)

as seen in Figure 2.2(a). If k, matches that of a SP, then energy will be coupled into the



SP and the reflection will be attenuated. SP excitations in this configuration are therefore

measured as minima in the total reflection spectra.

Finally, if the metallic films are thin, it is possible for the dispersion to split into
high and low energy modes.’ For a metal film of thickness d with a symmetric dielectric
environment on each side, if k,d<1, the symmetry causes the frequency of the SP to be
the same on both sides. There will be both a higher energy mode where the electric field
is asymmetric to the z = 0 plane and a lower energy mode where the electric field is
symmetric to the z = 0 plane. The splitting of the modes depends on both &, and d and
can be calculated to be the following:’

o &k, + £1k;otanh(k,2d/21) = 0
O &k + Slkzzctgh(kzzd/Zi) =0 (2.1.11)

Assuming a Drude dielectric function for the metal €, and €, = 1, Equation (2.1.11)

yield:

ot =2 (1+e™) (2.1.12)

V2

It is interesting to note that for large £, o still approaches w,/V2 as in the thick film

case.

2.1.2 Surface Plasmons on Periodic Structures

Surface plasmon excitations on periodic structures have the same general
characteristics as SPs on films, however, because of the periodicity of the metal/dielectric

boundary, SPs may be excited directly on periodic metallic surfaces or gratings. SPs will
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kg, = k,sinB,

k;, = k,sin0)+ G

ko, = kysing| p >

Figure 2.3: Grating Coupler Method

Light with wavevector kj is incident on a periodic surface with reciprocal lattice vector
G, shown in pink. The periodic surface may redirect or refract the incident light by
adding an integral number of reciprocal lattice vectors to the tangential component, ko A
surface plasmon will be excited if k= kg

be excited on gratings only if the electric field of the incident light is perpendicular to the
grooves or wires of the grating. The wavevector of the incident radiation, &y = 2n/A
where A is the wavelength of the incident light, may be expressed in terms of its
component normal to the surface, ky,, and its component tangential to the surface, k.
The frequency of the incident radiation stays the same, so the grating may only redirect
the momentum of the incident radiation, or diffract the light. Therefore, the momentum
of any diffracted wave must be equal to |ks|. The normal component of the diffracted
wave may take on any value, but the component tangential to the surface may gain
momentum in integral multiples of the reciprocal lattice vector, G=2a/d, where d is the
period of the grating. Therefore, for each diffracted wave of order p, the tangential
component of momentum is k,; = ko tpG. The normal component is therefore k,,,,=(k02 —

k,,,z)l/z. If kyi<ko, then ky, is real and the diffracted order will propagate. However, if

ky>ko then k,, is purely imaginary and the wave will only propagate along the surface of
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the grating and will decay exponentially in the direction normal to the surface, creating a

surface wave or SP.

A SP will then be excited if the tangential momentum matches the momentum of

the SP:
ksp = ko; + pG = kosinOy + pG (2.1.11)

where kg, is the momentum of the SP and 6y is the angle of incidence, as shown in Figure
2.3. When a SP is excited, energy is coupled into the SP and is lost in the remaining
propagating orders. This is usually observed as a minimum in the measured spectrum.

11,14

The SP will either dissipate as heat or can also couple back out of the grating by

reducing its momentum by pG and reemerging as light.’

At normal incidence, only the added momentum from the grating (pG) is
available to excite SPs. In this case, two SP’s are excited traveling in opposite directions
along the grating surface. In direct analogy with photonic band gaps, a plasmonic band
gap will result when two counter-propagating SPs interfere to form a standing

wave.14’15’57

This standing wave has two possible field configurations for the same
wavevector: one with the maximum field strength concentrated at the metal portions of
the grating, and one with the maximum field strength concentrated in the grooves or gaps
between wires.”” Then energy difference between these two standing wave plasmons
defines the plasmonic band gap. Since the energy of the SP standing wave depends on

the energy stored both in the electromagnetic field and the surface charge distribution,”’ it

follows that this energy should be sensitive to the dielectric and chemical properties of
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the environment surrounding the grating. Additionally, the grating profile can also affect

the energy gap.'

When the angle of incidence is varied, this symmetry is broken and the SPs split
into two propagating branches, one moving down and one moving up the spectra. By
successively rotating the grating and noting the energy of the SP excitation, a dispersion
curve, ©(ky), may be measured for the grating. The dispersion of the grating contains all
the physical characteristics of the SP excited on a particular grating, namely the energy of
the SPs, the group velocity of the SPs measured from the slope of the dispersion curve,

and the magnitude of the plasmonic energy gap.

2.2 Experimental and Numerical Study of Metallodielectric Gratings

The metallodielectric gratings studied in this thesis consisted of silver wires
supported on a silica substrate. A typical grating can be seen in Figure 2.4(a). The
period of the gratings ranged from 416 nm to 3.3 um. Typical heights ranged from 25-70
nm, and the slots between the gratings ranged from 70-200 nm. The gratings were
fabricated using an all benchtop method developed by C.E. Moran utilizing passivative
microcontact printing and eletroless plating.”® The method produces high-quality, large
area periodic metallic structures without the use of lithographic masks and evaporation
processing steps. Silica slides are stamped with #-proplytrimethoxysilane (PTMS) using
polydimethylsiloxane (PDMS) stamps. The PDMS stamps were molded from

commercially available diffraction gratings. The PTMS passivates certain areas of the
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(b)

Period = 1.62 um

Figure 2.4. SEM Micrograph and Schematic Drawing of Metallodielectric Grating

(a) SEM micrograph of grating. (b) Diagram of the experimental parameters relevant to
plasmon excitations on these structures.

slide, which prevents further processing. The exposed surface is then functionalized with
a tin precursor. When exposed to a commercially available electroless plating solution,

silver reduces onto the tin to form silver wires.

In this work, the samples were illuminated with p-polarized light from a halogen
light source. A 0.25-m Jarrell Ash monochromator was used to scan the incident
frequency while the sample was held at a fixed angle 0, as shown in Figure 2.4(b).
Fixing the angle and scanning the incident frequency has been the most accurate way of
probing SPs in grating structures.” Dispersion curves were measured by successively
fixing the incident angle and then scanning the frequency of the incident light. The
zeroth-order transmitted or reflected light was collected with a thermoelectrically cooled

InGaAs photodiode or silicon photodiode.
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2.2.1 Numerical Simulation using a Surface Impedance Boundary Condition

A theoretical method was developed for this system based on an approximate
method developed by Lochbihler and Dephine,®®®' and implemented for this
experimental system by A. Lee." Lochbihler and Dephine calculate the fields diffracted
by a metallic wire grating for highly conducting metals. The method assumes that the
electromagnetic field only penetrates the metal by approximately one skin depth. Instead
of calculating the electromagnetic fields inside the metal wires, which is computationally
intense, or assuming the metal to be a perfect conductor, which proves inaccurate, the
method utilizes a surface impedance boundary condition (SIBC). The tangential
components of the electric and magnetic fields are assumed to follow the following

condition at the metal/dielectric interface:
E||=leXHH (221)

Where n is a vector normal to the surface, Z = n’l, and n is the complex index of
refraction of the metal. The electromagnetic fields above the wires are expressed by
plane-wave or Rayleigh expansions, and as a modal expansion in between the wires. By
combining equation (2.2.1) with Maxwell’s equations and matching the fields and their
derivatives at the boundaries, the diffracted fields may be solved numerically without

intensive computer simulations. The Matlab programs used in this work are described in

Appendix A.
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2.2.2 Far Field Spectra

Figure 2.5 shows the calculated and measured transmittance for a silver grating
with period d = 1.622 pm and a free space width of 172 nm as measured by atomic force
microscopy (AFM). The theoretical curve was calculated using the numerical method
described above. For all measurements, the light was incident on the air side of the
grating. However, the transmission was also measured with the grating turned 180° such
that the light was incident on the glass side. The two resulting spectra were identical

within experimental error. This was also confirmed by theoretical calculations.

At normal incidence, Figure 2.5 shows two anomalies in the spectra. According
to the grating equation for normal incidence, the first diffracted order on the air side
become evanescent at an incident wavelength equal to the period of the grating; therefore,
a Rayleigh anomaly is expected to occur at 1.622 pm. On the silica side of the grating,
the grating equation is modified by the refractive index of the substrate, so the second-
order silica side Rayleigh anomaly is expected to occur at 1.23 pum. In both the

calculated and measured transmission spectra, a maximum is seen at these wavelengths.

Adjacent to the low energy side of the Rayleigh anomalies a clear minimum in the
calculated and measured transmission spectra occurs. These minima also correspond to
an increase in the calculated power loss of the transmitted and reflected light."* Very
little loss of power is expected at the Rayleigh anomalies because as a diffracted order
becomes evanescent the energy associated with that order is simply redistributed into the
remaining propagating orders. Therefore, the minima in the spectrum can be attributed to

SP excitations and the maxima in the spectrum to Rayleigh anomalies.
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Figure 2.5: Theoretical and Experimental Transmission Spectra

Transmission spectra for a silver grating with a period of 1.62 pm. In (a) the sample is
illuminated at normal incidence, and in (b) the sample is rotated 5°. The maxima in the
spectra correspond to the Rayleigh anomalies, and their calculated position from the
grating equation is marked with arrows. The minima in the spectra can be attributed to
surface plasmon excitations.
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The measured and calculated spectra are in good agreement considering the
limitations of the calculated theory. Two primary differences can be seen between the
calculated and measured spectra: first, both the measured Rayleigh maxima and SP
minima are broader than what the theory predicts, and second, the SP minima occur
approximately 10 nm to the low-energy side of what is predicted by theory. One aspect
that contributes to these differences is the idealized shape of the wires that the theory
assumes. Because the silver wires are fabricated using electroless plating, they are not
perfectly rectangular. The surface roughness can be seen in Figure 2.4. The roughness of
the wire surface will add a Ak to the incident light, which will broaden the SP resonance
as well as shift its position to a lower energy.’ Additionally, the theory assumes the
electromagnetic field does not penetrate the interior of the wire. This will only be true if
the height of the wires exceeds several skin depths. For the grating measured here, the
heights varied from 30-60 nm, which is only approximately twice the skin depth of silver.
Finally, the dielectric function for silver used in the calculation was based on values
measured from bulk silver.”” Because the silver wires were deposited using electroless
plating, it is likely that they have a higher imaginary part of the dielectric function than
bulk silver. This would also lead to a broadening of the SP minima. Despite these
limitations, the theory adds valuable insight to the physical understanding of the SP

excitations observed.

By changing the angle of incidence of the incoming light, symmetry is broken and
each pair of SPs splits into a high and low energy branch. This can be seen in Figure
2.5(b) for an incident angle of 5°. The two branches are clearly seen for the second order

silver-silica SPs at 1302 nm and 1156 nm. Only the higher energy branch can be seen for
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the first order silver-air SP at 1480 nm because the lower energy branch is beyond the
range of the detector. As the angle increases, the spectral separation between the SP
branches increases. By varying the incident angle of the light and recording the locations

of the Rayleigh anomalies and SPs a dispersion curve for these excitations is obtained.

The measured and calculated zeroth order reflectance spectrum for 6y = 5° is
shown in Figure 2.6 along with the transmitted spectrum for comparison. What is
immediately apparent is the correlation between the spectral features in the reflection
spectra and the features in the transmission spectra. At the Rayleigh threshold, there is a
minimum in the reflection spectra corresponding to a maximum in the transmission. It is
not surprising that the large maximum in the transmittance is accompanied by a large
minimum in the reflectance because as a diffracted order becomes evanescent, its energy
is not lost, but becomes redistributed into the remaining propagating orders. At the
surface plasmon excitations, the minima in transmission correspond to relatively smaller
maxima in the reflectance. Because the excitation of a SP results in a loss of power, the
overall reflected and transmitted intensity is reduced. As was the case with the
transmitted spectra, the measured reflected features are broader and slightly redshifted
than what is predicted by the calculated theory. However, the measured spectra matches
well with the calculated reflectance, further validating the approximations made in the

theory.
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Figure 2.6: Zeroth Order Transmission and Reflection Spectra

Transmission and reflection spectra for an angle of incidence of 5°. (a) shows the
reflection spectra and (b) the transmission spectra.
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2.2.3 Near-Field Distribution

The differences between Rayleigh anomalies and SP excitations can be seen quite
dramatically in the near field distribution of the electric field above and below the silver
wires. In Figure 2.7, the near field intensity of the y-component of the electric field is
plotted in the vicinity of the grating surface as calculated using the SIBC approximation
previously described. The white rectangles are the cross sections of the silver wires. The
grating used in the calculation has the same parameters as the experimental grating
discussed in Section 2.2.2. The light is incident from the top and the silica substrate is
below the wires. The plots extend 5.5 Ltm from the top and bottom surface of the wires.
Because the media above and below the wires is not the same, the electric field intensity
is quite different on either side. Figure 2.7(a) and (b) show the features associated with
the first diffracted order on the silver-air side of the wires, where (a) is the near field
distribution at the Rayleigh anomaly and (b) is the near field distribution of the SP
excitation. Figure 2.7(c) and (d) show the corresponding near field distribution of the
features associated with the second diffracted order on the silver-glass side of the wires.

The color scale is the same for all graphs.

For the first diffracted order features, (a) and (b), there are two lobes on each
wire. However, for the second diffracted orders, (c) and (d), there are four lobes on each
wire because the wavelength of the second order excitations are half as long as the
wavelengths of the first diffracted order excitations. The intensities of the fields for the

second diffracted order features are not as large as the intensities of the first diffracted
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Figure 2.7: Near Field Plots of SP Excitations and Rayleigh Anomalies
Graphs showing contour plots of |Ey|2. The cross section of the wires is shown as white
boxes. The light approaches at normal incidence from the top. The upper region is the
air side of the grating and the lower is the silica side. The plots extend 5.5 um from the
surface of the wires. The period of the grating is d = 1.62 um with a free space gap of
172 nm. The color scale is consistent for all four plots. (a) is the first order silver-air
Rayleigh anomaly, (b) is the first order silver-air side plasmon, (c) is the second order
silver-silica side Rayleigh anomaly, and (d) is the second order silver-silica side plasmon.
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order features. Additionally, in the second diffracted order Rayleigh anomaly (c), there is
an envelope function that follows the wire grating structure. This structure appears as the
electric field expands into the free spaces between wires that causes a beating oscillation
in the electric field. It is interesting to note that even though the free space between the
wires is very small relative to the rest of the grating parameters, it still has significant

effects on the near field distribution.

The near field distributions for the SP excitations are bound to the metal/dielectric
interface and do not extend into the free space between the wires. This is similar to what
was reported by Popov et al.® while examining cavity and SP resonances in deep wire
gratings. Their calculations showed that for SP excitations, the enhancement in the near
field distribution was concentrated at the metal/dielectric interface, but not between the
wires themselves. This is not the case for cavity modes that can be excited in between

the wires if the grooves are deep enough.

Another apparent difference in the near fields of the Rayleigh anomalies and the
SPs is the distance the enhanced electric field extends from the grating surface. For the
Rayleigh anomalies, the enhancement of the electric field extends far from the grating
surface because Rayleigh anomalies are still propagating waves. Because SPs are surface
waves, the electric field intensity decreases exponentially with distance from the grating.
This is a distinction that may prove to be important in possible applications of these
gratings to sensing. For example, if the surface of the gratings is chemically
functionalized or modified, it is likely that only the SP dispersion will be modified

because most of the field of the SPs is close to the surface of the structure. However, if
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the properties of the embedding medium are changed, the dispersion of both the Rayleigh

anomalies and SPs are likely to change in response.

Figure 2.8 shows the Poynting vector for the same excitations as Figure 2.7. The
length of the arrows is proportional to the energy at each point, and all four plots are
equally scaled. The grating used has a period d = 1.6 um and a free space gap of 200 nm.
The plots show only one period to illustrate the energy flow in the vicinity of the slots.
As in Figure 2.7, light is incident from the top, the glass side is on the bottom, and the
cross sections of the wires are shown as grey boxes. Looking at the energy flow for the
Rayleigh anomalies for the air and glass side excitations shown in (a) and (¢), it is clear
that energy is squeezed through the slot. This is to be expected since the Rayleigh
anomalies correspond with and increase in transmission. For the silver-air and silver-
silica interface SP’s shown in (b) and (d), it is apparent that the energy primarily flows
parallel to the grating with very little transmitted energy. Additionally, some of the
energy becomes trapped in the vortices formed on the incident side of the grating,

resulting in the minima observed in the transmission.
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Figure 2.8: Poynting Vector Plots of SP Excitatoins and Rayleigh anomalies
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Poynting vector plots of the electromagnetic field in the immediate vicinity of the gaps.
The grating has a period d = 1.6 um and a free space gap of 200 nm. Orientation is the
same as Figure 2.7, but here only one period is shown and the plot extends 0.5d from the
top and bottom of the wires. (a) and (c) show the energy flow for the Rayleigh anomalies
for the silver-air and silver-glass side excitation respectively. (b) and (d) show the energy
flow for the SP excitations for the silver-air and silver-glass side excitations respectively.
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2.2.4 Dispersion

The dispersion curve of the second order silica side spectral features for the same
grating discussed in Section 2.2.2 is shown in Figure 2.9. The Rayleigh anomaly maxima
are plotted as crosses, and the SPs minima as diamonds. The spectral positions of the
Rayleigh anomalies and SPs were determined by holding the incident angle constant
while sweeping the incident frequency. The range of angles used was -10 to +10 degrees.
The Rayleigh threshold for the second diffracted order on the silica side to become
evanescent is plotted as a straight line using the grating equation. As expected, the
Rayleigh anomalies do not disperse from this threshold. It is interesting to note that
where the plus and minus second order Rayleigh anomalies cross, a small energy gap
does appear. Rayleigh anomalies are not traveling waves bound to the surface like SPs,
but occur when a diffracted order skips along the grating surface. At normal incidence
when the incident light has the same wavelength as the grating period, the plus or minus
first diffracted orders both graze the grating surface at the same time. It is therefore

possible that they interfere and an energy gap appears.

The surface plasmons clearly disperse from the Rayleigh threshold, and the
amount of dispersion increases as the excitation energy increases. Although this result is
not unexpected, it is different than what was reported by Lochbihler for gold wire
gratings.'* The main difference between the structures examined here and the ones
studied by Lochbihler is the width-to-period ratio, b/d, which ranged from 0.2-0.5
whereas in this study b/d = 0.89. The gratings studied here more closely resemble a

silver film, so it is not surprising that the dispersion from the Rayleigh threshold
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Figure 2.9: Dispersion of SP and Rayleigh Anomalies

Dispersion relationship of the SPs and Rayleigh anomalies. Rayleigh anomalies do not
disperse from the light line, while SPs disperse and show a plasmonic energy gap where
two plasmons are excited at the same energy.
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increases with increasing energy as is the case for films.’> These results are also similar to
the work by Schroter and Heitmann performed on thin modulated silver films’. They
observed both maxima and minima in the transmission spectra of their films. The
maxima did not disperse significantly from the Rayleigh thresholds and a small energy
gap appeared at the crossings. However, the minima dispersed further from the Rayleigh

thresholds and had a larger energy gap.

A large energy gap of 29.7 + 2.5 meV occurs where the plus and minus second
order SPs are excited with the same frequency on the silver-glass interface of the grating.
An energy gap also appears when two different plasmons are excited at the same
frequency on opposite sides of the grating, similar to thin metallic films. Figure 2.10
shows the dispersion for SP excitations on a silver grating with a period of 1.622 um and
a free space width of 172 nm. At normal incidence, the expected plasmonic energy gap is
measured to be 29.7 + 2.5 meV as shown in Figure 2.10(a). A second smaller energy gap
of 14.4 + 2.6 meV appears when the +1 silver-air side plasmon is excited at the same
frequency as the silver-silica side plasmon as shown in Figure 2.10(b). This energy gap
is about half of the energy gap created when both SP are propagating on the same side of
the grating, indicating the coupling between SPs on opposite sides of the gratings is

weaker than when the SPs are excited on the same side of the grating.
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Figure 2.10: Dispersion for Surface Plasmons

Dispersion curve showing energy gaps where plasmons are excited on both the same and
opposite sides of the gratings. (a) A gap of 29.7 + 2.5 meV is created when the + 2"
order silver-silica side plasmons are excited at the same frequency. (b) A gap of 14.4 +
2.6 meV is created when the +1 silver-air side plasmon and the —2 silver-silica side
plasmon are excited at the same frequency.
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2.3 Discussion and Summary

This chapter discusses the surface plasmon (SP) excitations on metallic films and
metallodielectric gratings. SPs are collective oscillations of electrons along a
metal/dielectric boundary. Their dispersion lies outside the light cone, so they may only
be excited by using the Kretschmann-Raether configuration or by having a periodic
modulation along the surface of the metal. Theoretical calculations and experimental
measurements were made on silver metallodielectric gratings. The theoretical
calculations match both the transmitted and reflected spectra well. Near field plots and
the Poynting vector were also calculated to give physical insight to the different
excitations. For the Rayleigh anomalies, the near field plots showed a large, unbounded
electromagnetic wave and the Poynting vectors indicate that energy was squeezed
through the slots between the wires. For SPs, the near field plots showed a bound surface
wave and the Poynting vectors show that energy was mostly directed along the surface of

the metal wires with very little propagating through the slots between the wires.

The SPs were characterized by plotting their dispersion. A plasmonic band gap
was found when two SP were excited when the incident light was normal to the surface
and two plasmons were excited at the same frequency. Additional band gaps were found
when two SPs were excited on opposite sides of the grating, indicating that the gratings
are thin enough to allow modes on opposite sides to couple together. Now that the basic
SP characteristics are known, the next chapter will focus on manipulating the SP

dispersion by changing the surrounding dielectric medium of the wire gratings.
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Chapter 3: Response of Surface Plasmons to Environmental

Changes

Although the electromagnetic fields of surface plasmons (SPs) decay exponentially
in directions normal to the surface of the metal, the skin depth extends far enough to
make surface plasmons sensitive to changes in the surrounding medium. Because of this
sensitivity, metallic films have been utilized in applications such as surface plasmon

resonance (SPR) sensing.3 6.63-65

SPR sensing tracks chemical reactions by measuring
changes in the SP energy in response to chemical binding events on the surface. Because
of the relatively long range of SP near fields in the surrounding medium, it is possible to

track several binding events. Typical skin depths for the SPs excited on a silver film

range from about 400 nm for wavelengths in the visible to over 4 pm in the near IR

Recently nanoparticles either suspended in solution or immobilized on a surface
have also been utilized as SPR substrates because of the nanoparticles’ sensitivity to

changes in their dielectric mediums.2’%%

Additionally, SPs can be excited on
nanoparticles without a coupling mechanism, giving an advantage over metallic films.
However, because the SPs excited on particles are localized, the only measurable
experimental parameter is the SP’s energy. The metallodielectric gratings in this work
combine the best features of both metal films and metal nanoparticle substrates because

gratings support SP waves that propagate along their surface, unlike the localized SP

excitations of metal nanoparticles.’ Additionally, due to its periodic structure,
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momentum matching of the incident optical wave and the surface plasmon becomes
possible, resulting in direct optical excitation of surface plasmons without the need of a
prism coupler. By monitoring the energy at which an SP is excited, the group velocity of
the SPs, and the energy and magnitude of the plasmonic band gaps, one can

quantitatively examine how the surrounding medium modifies the character of the SPs.

In this chapter, the response of SPs to physical dielectric changes will be explored.
First a crossed grating geometry is examined by placing a second wire grating in close
proximity to a first such that the wires are perpendicular to each other. This introduces a
periodic metallodielectric surrounding medium. Additionally, the effect of changing the
macroscopic dielectric environment by solvent immersion will be compared to changing

the microscopic chemical environment through chemical functionalization.

3.1 Chemical and Dielectric Manipulation of the Plasmonic Band Gap

Changes both in the surrounding dielectric medium and chemical environment of
the metallodielectric gratings were explored. The surrounding dielectric medium is
changed macroscopically by immersing the gratings in solvents with different dielectric
constants, as shown schematically in Figure 3.1(a). Chemical modifications of the
gratings are accomplished by functionalizing the silver wires with different alkanethiols,
shown Figure 3.1(b). For this study, gratings with a period of 555 nm are fabricated with
a wire height of approximately 30 nm using the passivative electroless plating method
described in Chapter 2.  Throughout both solvent immersion and chemical
functionalization, the gratings proved to be mechanically robust and showed no evidence

of degradation.
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Figure 3.1: Schematic drawing of changes to surrounding dielectric medium.

(a) Gratings with period, d, wire width, b, and wire height, h, were fabricated on glass
substrates (n,). Changes to the bulk dielectric environment, n,,.,, were made by immersion
in a variety of solvents. (b) Changes to the nanoscopic dielectric environment around the
wires, ng,,, were made by functionalization with alkanethiol SAMs.

Figure 3.2(a) shows the zeroth order transmission spectra at normal incidence for
a grating both in (i) air and (ii) water. The —1% order plasmon appears as a minima in the
spectrum at 600 nm in air. When immersed in water, the SP shifts to 798 nm in response
to the index of refraction of the surrounding medium (nmeq) increasing from 1 to 1.33.
Figure 3.2(b) shows the plasmon dispersion for the same grating in air and immersed in
water, and three trends can be observed. First, the SP dispersion is depressed to lower
energies in response to the higher index of refraction. Second, the group velocity of the
SPs as measured by the slope of the dispersion decreases from 0.83c to 0.72c, where c is
the speed of light, indicating that the silver-air plasmons travel along the grating faster
than the silver-water plasmons. Third, the energy gap decreases from 139 + 7 meV in air
(Figure 3.2(b)(i)) to 8814 meV in water (Figure 3.2(b)(ii)). Dispersion curves were also
measured for a single grating immersed in a variety of solvents with indexes of refraction

ranging from air, nyeq = 1, to carbon disulfide, nmeq = 1.65. Representative data in Table
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3.1 reveals that as the index of refraction of the surrounding medium increases, the

plasmonic energy gap decreases.

These results are compared to experimental data taken by C.E. Moran®’ by
functionalizing the gratings with alkanethiols. The transmission spectra and dispersion of
gratings with a period 555 nm functionalized with dodecanethiol or hexadecanethiol was
measured. The gratings were functionalized by immersion in a 1 mM ethanolic solution
of thiol for 12 hours and the spectra were measured immediately upon removal from
solution. The alkanethiols used in this study extend about 2 nm from the grating surface,
which is much smaller than the physical extent of the SP’s near field*'® as shown in
Figure 2.7. However, the energy of the SP still shifts on average 30-50 nm, which is
similar to the shifts observed for metal nanoparticles coated with alkanethiol molecules.*®
Figure 3.2(c) shows the transmission of a grating as made and after functionalization with
dodecanethiol. The SP for the bare grating is excited at 596 nm (i), and shifts to 632 nm

with the addition of dodecanethiol (ii).

The dispersion for the —1* order plasmon is shown in Figure 3.2(d). There are
two similarities to the solvent case. First, the SP excitations are depressed to lower
energies as if the surrounding index of refraction was increased. Second, the group
velocity decreases form 0.81c to 0.73c as in the solvent case. But, in direct opposition to
the observed solvent immersion trends, the energy gap increases with functionalization.
For the bare grating, the energy gap was measured to be 64 + 3 meV (i), but for the same
grating functionalized with dodecanethiol, the energy gap increases to 152 + 8 meV (ii),
as seen in Figure 3.2(d) and Table 3.1. This unexpected result indicates that the bound

molecules do not act simply as a thin dielectric layer, in which case a decrease in the
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Figure 3.2: Chemical and dielectric manipulation of surface plasmons

(a) Zeroeth order transmission spectra at © = 0° showing the —1* order SP shift from 600
nm in air (i) to 789 nm in water (ii). (b) Dispersion relations of the —1% order SP
propagating in air (squares) and water (triangles) show a decrease in the energy gap size
with increasing index of refraction of the medium, from 139 £ 7 meV in air (i) and
decreases to 88 = 4 meV in water (ii). (c) Zeroeth order transmission spectra at 6 = 0°
showing the —1% order SP. (i) shows the SP for the bare grating at 596 nm, and (ii) shows
the SP shifting to 632 nm due to the addition of dodecanethiol (DDT). (b) Dispersion
relations of the —1% order SP for a grating modified with a SAM measured in air. The
dispersion curve for the bare grating (squares) show an energy gap of 64 + 3 meV (i), and

Index of

Solvent Refraction Energy Gap

Air 1 90.6+ 5 meV

Water 1.33 56.7+3 meV

Ethyl Alcohol 1.36 55.0+3 meV

Isopropanol 1.38 55.8+3 meV

Carbon Disulfide 1.61 16.5+2 meV
Carbon

Molecule Chain Energy Gap
Length

Bare - 64 £3 meV
Dodecanethiol 12 152 £ 6 meV
Hexadecanethiol 16 1607 meV

the dispersion curve for the same grating
functionalized with DDT (triangles)
show the energy gap increasing to 152 +
8 meV (ii).

Table 3.1: Plasmonic energy gaps for
different solvents and molecular
functionalization

Measured energy gaps for a

single grating immersed in several
solvents and a second grating
functionalized with different

alkanethiols. The difference in energy
gap in air between the two samples is due
to slightly different roughness and
grating parameters
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energy gap is expected. Modifying the surface chemistry of the silver wires must also

affect the SP, and therefore the plasmonic band gap, through some other mechanism.

Because the problem of SP propagation along a grating is complex, deriving a
theoretical model that predicts the response of the energy gap to changes in the dielectric
medium is impossible without significant approximations. One such effort was made by
Barnes et al. for thin sinusoidal gratings where it was found that the size of the energy
gap was inversely proportional to the index of refraction of the surrounding medium.*’
To derive an analytical expression for the plasmonic energy gap, they used the
Chandezon technique, which transforms the coordinate system such that the periodic
interface is flat. By expressing Maxwell’s equations in the new coordinate system,
solutions for surface waves along the metal/dielectric boundary are found and then
transformed back into Cartesian coordinates. It was found that the magnitude of the
energy gap was inversely proportional to the index of refraction of the surrounding
medium.”’ This correctly predicts the trend observed by solvent immersion (Table 3.1).
However, this approach makes no predictions concerning how chemical functionalization

will change the SP energy.

To understand how changes in the surrounding dielectric media or chemical
functionalization affect the SP propagation characteristics observed in the experiments
described above, plasmons traveling along a periodic metallic surface are compared to
electrons propagating in a periodic potential using the Kronig-Penney model.”® Without
explicitly defining the shape of the periodic potential, the model predicts that as the
potential barriers increase, the energy gap also increases, and vice versa. If we consider

the metal wires and air gaps between the wires as areas of low and high potential, we may
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make some predictions on how changing the dielectric functions of the surrounding

media or molecular functionalization will affect the energy gaps.

If the area between the wires is filled with a dielectric with nyes>1, then, similar to a
parallel plate capacitor, the potential required to induce a surface charge density on the
wire surfaces will be lowered. It is therefore expected that the energy gap will decrease
with increasing npeq, Which agrees with experimental observations. In the case of
molecular functionalization, it is clear from the experimental data that the SAM cannot be
thought of as only a thin dielectric layer. Although the energy of the SP excitation is
reduced as if npeq increases (see Figure 3.2(c)), because the energy gap increases (see
Figure 3.2(d)), there is evidence that there are two competing processes: a chemical effect
due to the sulfur-Ag bond and an electromagnetic effect from the index of refraction of
the molecule itself. The chemical effect is due to a partial charge transfer to the metal
through the sulfur-metal bond.®7"  Although electrons are added to the metal in this
process, it is quite plausible that the surface impedance of the metal increases at the
optical frequencies relevant to plasmon propagation because of the participation of
electrons in localized chemical bonds with the sulfur.’® Increasing the potential barrier
should increase the energy gap, corresponding to our experimental observations. The
accompanying dielectric properties of the surrounding SAM may be sufficient to cause
the observed SP redshift and reduction of group velocity, as seen in the case of the bulk

embedding medium.
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3.2 Crossed Gratings

By attaching a second grating perpendicular to the first, a crossed grating structure
may be investigated. The metallodielectric gratings used in this experiment have a period
of 577 nm, a silver wire width of about 480 nm, and a height of about 40 nm. The
dispersion curve for the first order air side SP is shown in Figure 3.3. Two gaps are
evident in the dispersion. The gap centered at 2.24 eV occurs at normal incidence, where
the first order air side plasmons interfere. The energy gap that results is measured to be
104 meV. A smaller gap of 45 meV centered around 1.8 eV also appears as the first
order air SP and the second order silica SP are excited at the same frequency on opposite

sides of the grating.

In order to investigate how the SP dispersion will change in response to changes
in the dielectric medium, a second grating was brought in close proximity with the first
such that the wires were perpendicular to each other, as shown schematically in Figure
3.4. The second grating had the same period and approximate wire width as the first. To
investigate the response of the SP dispersion to the second grating, the dispersion of the
bare grating was measured, and then a second grating was pressed to the first such that
the wires were perpendicular and facing each other sandwiched between the two silica
slides. The dispersion was measured again for the same polarization, as shown in Figure
3.4(b). Finally, the polarization was rotated 45 degrees such that an equal component of
the electric field of the incoming light is perpendicular to both gratings, and therefore

able to excite a SP on both gratings, as shown in Figure 3.4(c).



38

24
S
3 1 0ee
38
29 1.1.(.)11:19 meV
]
2.01 .
1.8 148419 mev ¥ -
1.6 : . : . . .
050 0 050 100 150 200 250 3.00
ky, (pm!)

Figure 3.3: Dispersion of bare grating

Dispersion curve showing plasmonic energy gaps of 104 meV as the +1* air side plasmon
excited at the same energy. A gap of 45 meV appears as the —1* air side plasmon is
excited with the +1 silica side plasmon.

Polarization: ————p

Figure 3.4: Structure and polarization orientation of crossed gratings

(a) Bare grating with p-polarized light. (b) Crossed grating with light p-polarized with
respect to the first grating. (c) Crossed grating with light polarized 45° with respect to
the first grating.
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Because the metal wires are sandwiched between the silica slides, the actual structure
cannot be characterized by standard microscopy. However, based on the experimental
spectra measured, it is likely that the wires are not in electrical contact with each other
because no additional features were present in the spectrum. If the gratings were in
electrical contact, additional excitations resulting from the dual periodicity of the system
would be observable.**’? The second grating was however close enough to strongly

influence the dispersion of the SPs of the first grating, as evident in Figure 3.5.

The effect of the second grating is seen in the dispersion curves shown in Figure
3.5. The dispersion curves show the dispersion of the —1* silver-air side SP and focus on
the energy gap formed from the SPs excited on opposite sides, here the —1* order air side
plasmon and the +1* order silica side plasmon. Initially, there is a 45 meV gap in the
dispersion of the bare grating. When the second grating is brought near the first for the
same polarization, two changes are seen in the plasmon dispersion. First, the slope
decreases indicating that the SPs are propagating more slowly along the metal/dielectric
interface. Second, the energy gap widens to 80 meV, indicating a stronger coupling
between the two SPs. Because the electric field is only perpendicular to the first grating,
SPs are only excited on the first grating. However, if the polarization is rotated 45
degrees, there is a component of the incident electric field perpendicular to both gratings
and SPs will be excited on both gratings. Although the slope of the plasmon’s dispersion
does not change further within experimental error, the energy gap widens to 112 meV,
indicating an even stronger coupling between plasmons. Returning to the application of

the Kronig-Penney to SPs, the increase in energy gap may be attributed to the presence of
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the second grating, which increases the impedance of the surrounding medium. This

effect is amplified when the polarization is rotated and SPs are excited on both gratings.

l.. Structure Gap
A2.15 1 -, Grating (p-polarized) 37.1 meV
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Figure 3.5: Dispersion curves for crossed gratings.

(Blue) Plasmonic energy gap formed when the -1 air side and +1 silica side plasmon are
excited at the same energy. (Red) The energy gap widens from 45 meV to 80 meV and
the group velocity is slowed in response to the second grating. (Green) When the
polarization is rotated 45°, the energy gap increases further to 112 meV.
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3.3 Discussion and Summary

In summary, the effect of bound and unbound dielectric media on SP propagation on
metallodielectric gratings has been examined. Measuring the dispersion of SPs excited
on gratings yields more information about the SP’s character than what is measurable for
the localized SP excitations of nanoparticles, namely the group velocity and plasmonic
energy gap. Creating a crossed grating structure by placing a second grating
perpendicular and in close proximity to a first will decrease the group velocities of the
plasmons as well as increase the plasmonic energy gap. Increasing the refractive index of
the medium around the wires shifts the dispersion relation to lower energies, decreases
the group velocity, and decreases the size of the plasmonic band gap. Conversely, when
the refractive index of the nanoscopic environment of the wires is increased by
functionalization with an alkanethiol SAM, similar trends are observed for the plasmon
energies and group velocities, but the energy gap increases. This increase corresponds to
a chemical modification of the metal surface, which increases the potential barrier for SP
propagation. This sensitivity to the surrounding medium makes metallodielectric

gratings useful in many sensing applications.
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Chapter 4: Optical Properties of Nanoshells above a

Conducting Plane

Recently there has been much theoretical*’”””>"* and experimental*>">"® interest in
the interaction between two nanoparticles, or dimers. When nanoparticles are sufficiently
close such that their near fields overlap, collective plasmon oscillations between particles

are possible.”’®

The electromagnetic field between the two particles is enhanced
because of this interaction.” This enhancement is utilized in applications such as surface
enhanced Raman scattering (SERS)***° and surface plasmon resonance (SPR) sensing.®®
Most experimental studies on the interactions between particles have been performed on

3267778 or electron

planar particles fabricated on a substrate either by soft lithograph
beam lithoglraphy3°’42’76’79 because of the difficulty in controllably forming dimers
between spheroid particles in solution. However, the optical properties of a spherical
nanoparticle dimer can be mimicked by a nanoparticle over a conducting plane.”* When
a charged object is placed above a conducting plane, the surface electrons will rearrange
themselves such that the resulting electric field is what would result from the charged

object and its mirror image. Therefore, the plasmon resonances of a metal nanoparticle

above a conducting plane should be similar to a nanoparticle dimer.

The goal of this chapter is to investigate the optical properties of gold nanoshells
above a conducting plane and compare the results to what would be expected from a
nanoshell dimer. A nanoshell dimer should have both a longitudinal plasmon when the

electric field is aligned along the long axis of the dimer and a transverse plasmon when
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the electric field is perpendicular to the long axis of the dimer. As the nanoshell plasmon
interacts with its image plasmon, two types of plasmon excitations are observed: a
longitudinal plasmon orientated perpendicular to the metal surface and a transverse
plasmon orientated parallel to the metal surface. By irradiating nanoshell films with
polarized light, it will be possible to excite the two possible plasmon orientations
separately. Plasmon hybridization is offered as a possible explanation for some of the

experimental observations.

4.1 Optical Properties Gold Nanoshells

Gold nanoshells are a silica core surrounded by a thin gold shell fabricated in
solution. Because of their core-shell geometry, nanoshells have a tunable plasmon
resonance which depends on the ratio of the core radius to the total radius.?> This
tunability can be understood through the plasmon hybridization model.3*%!  Plasmon
hybridization separates complex particle systems into their constituent parts and
calculates the interaction between the individual plasmon resonances. In the case of a
nanoshell, the plasmon resonance of a spherical gold particle is hybridized with a
spherical gold cavity to form symmetric and anti-symmetric modes as seen in Figure 4.1.
As the thickness of the gold shell is decreased, the interaction between the two plasmons
will increase, causing an increased splitting of the symmetric and anti-symmetric

modes.%

This is similar to the case of thin metallic film plasmon modes discussed in
Section 2.1.1. This allows the plasmon resonance to be tuned by changing the nanoshell

geometry from visible wavelengths to near infrared. The lower energy plasmon, the
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Figure 4.1: Plasmon Hybridization for Gold Nanoshells

Gold nanoshells consist of a silica core of radius R; coated by a thin gold shell for a total
particle radius of R,. The plasmon excitations of nanoshells can be thought of as a
hybridization of a solid sphere plasmon and a cavity plasmon. If the gold shell is thin,
two modes will occur: a higher energy anti-symmetric mode and a lower energy
symmetric mode. The splitting, and therefore the energy of the plasmon resonance will
depend on the factor Rj/R;. The symmetric mode is optically active, and therefore what
it experimentally measured.
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symmetric mode, is the optically active mode and therefore is what is observed

experimentally.

4.2 Sample Fabrication and Experimental Setup

Gold is thermally evaporated onto a clean glass slide in a variety of thicknesses
ranging from 15-45 nm as measured by a deposition monitor. The thickness of the films
was confirmed by atomic force microscopy (AFM) to be within 2 nm of the amount
measured. The thinnest films (15 and 25 nm) are not completely continuous according to
AFM measurements. The average surface roughness of each film ranged from 0.5 — 2

nm, also as measured by AFM.

500 nm

Figure 4.2: Sample Schematic and SEM Micrograph.

(a) Sample schematic with relevant parameters defined. (b) SEM micrograph of
sample.
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Poly(Vinyl Pyridine) (PVP) is used to both immobilize the nanoshells on the
surface and prevent aggregation usually present in drop drying deposition techniques.
The pyridyl groups of PVP have a strong affinity for metals, making PVP an attractive
polymer to facilitate films of well-separated metallic nanoparticles.®> A layer of PVP is
deposited by immersing the glass slides in a 1% by weight ethanolic solution for at least 8
hours. Upon removal from solution, the gold covered glass slides are rinsed with ethanol
to remove any unbounded PVP and then dried with a nitrogen stream. Nanoshells are
deposited by immersing the functionalized film in an aqueous solution of nanoshells until
a well-dispersed film of nanoshells is achieved. Typical deposition times ranged from 15
minutes to 4 hours depending on nanoshell solution concentration. Based on AFM
measurements, it is likely that only a monolayer of PVP is present on the gold surface, so
the nanoshells are suspended about 1-2 nm off the gold film. The sample geometry can

be viewed in Figure 4.2(a).

The nanoshells used in this study have a core radius of 81 nm and a shell
thickness of 27 nm. A 30-minute deposition time was used to achieve optimum
nanoshell coverage to be measured optically, but separated enough to minimize
nanoshell-nanoshell interactions. A SEM micrograph of a typical sample can be seen in
Figure 4.2(b). Some dimer and higher order aggregates are present in the nanoshell

films, but made up less than 25% of the particles in the films. All extinction spectra were

taken using a Cary 5000 UV-VIS spectrophotometer in transmission. Background scans

used to calculate the extinction are measured on samples with a PVP functionalized
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evaporated gold film. The incoming light is p-polarized (magnetic field perpendicular to

the plane of incidence) as shown in Figure 4.3. At normal incidence, the electric field of

Figure 4.3: Experimental Parameters.

p-polarized light is incident on the nanoshell films. Samples are rotated by an angle
0 measured from the sample normal.

the incident light is parallel to the gold film. All measurements were made with the light
incident on the nanoshell side of the sample, however measurements taken with the light
incident on the glass side yielded identical results. The samples are mounted on a
rotation stage, and the angle of rotation, 0, is measured from the sample normal. As the
sample is rotated, a component of the electric field will also be perpendicular to the gold
film. Additionally, as the angle is increased, the spot size on the sample increases. In

order to compare the intensities of spectral features, the spectra are normalized by cos(0).

The extinction spectra for the nanoshells used as made in an aqueous solution can
be seen in Figure 4.4(a) (red). The dipole resonance appears at 842 nm, and a quadrupole

peak at 642 nm. Figure 4.4(a) shows the same nanoshells immobilized with PVP on
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Figure 4.4: Extinction spectra of Nanoshells.

(a) Extinction spectra of nanoshells used in water (red) and suspended on glass in air
(blue). (b) Extinction spectra of nanoshells suspended on glass using p-polarized light
incident at different angles
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glass in air (blue). Because the index of refraction is reduced from 1.33 in water to 1 in
air, the dipole peak shifts to 693 nm and the quadrupole peak to 600 nm. Figure 4.4(b)
shows the angle dependent extinction spectra for p-polarized light for nanoshells
immobilized with PVP on glass in air. The spectra are shifted for clarity. As the angle is
increased, the nanoshell plasmon resonance shifts slightly, but no new features appear in
the spectrum. The slight shift in plasmon energy is due to the polarizability of the glass

slide.

4.3 Polarization Dependent Image Plasmons

The extinction spectra for the above nanoshells suspended over a 25 nm thick
gold film can be seen in Figure 4.5(a). At normal incidence, two peaks labeled (iii) and
(ii) can be seen in the spectra at 732 nm and 927 nm respectively. The peak labeled (iii)
is very similar in energy to the single nanoshell peak in Figure 4.4. For normal
incidence, the electric field is parallel to the surface, exciting parallel plasmon resonances
shown schematically in Figure 4.5(b). As the angle of incidence is increased, the
intensity of peaks (ii) and (iii) decrease, and new plasmon resonances appear at 1395 nm
and 575 nm, labeled as (i) and (iv) respectively. Because these plasmons increase in
intensity as the angle of incidence increases, these plasmons may be identified as

perpendicular plasmon resonances, shown schematically in Figure 4.5(b).

The plasmon resonance labeled as (i) is the perpendicular dipole plasmon and is
lowest in energy because the distance between the nanoshell plasmon electrons and the

induced charges in the film is smaller, leading to a stronger interaction. The parallel
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Figure 4.5: Extinction Spectra for Nanoshells over a 25 nm Gold Film.

(a) Extinction spectra for nanoshells above a 25nm thick gold film as a function of angle.
At normal incidence, two parallel plasmon resonances appear, labeled (ii) and (iii). As
the angle of incidence is increased, perpendicular plasmon resonances (i) and (iv) appear.
(b) charge distributions of parallel and perpendicular plasmon resonances.
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plasmons (ii) and (iii) are excited at a higher energy because the displaced electrons of
the nanoshell plasmon are further away from the induced electrons on the film surface,
therefore the interaction is not as strong. Although it is not possible experimentally, it is
likely that if the angle of incidence was rotated 90° only peaks (i) and (iv) would be
present. Angles between 0° and 90° are clearly superpositions of the parallel and

perpendicular plasmon resonances.

Another experimental parameter that was varied was the thickness of the gold
film. Since only surface electrons are involved in creating the image plasmons, it is not
clear that changing the film thickness will affect the nanoshell-film plasmon resonances.
However, the film thickness clearly influences the energy at which the perpendicular
plasmon labeled (i), is excited and to a much lesser extent the parallel plasmons labeled
(iii). Figures 4.6(a-d) show the energy at which the nanoshell-film plasmons, (i)-(iv)
respectively, are excited as a function of film thickness. There is a clear blue shift in the
energy of the perpendicular plasmon resonance labeled (i). There is a slight redshift in
the energy of the parallel plasmon resonance labeled (iii). There is no measurable shift in

the plasmon resonances labeled (ii) and (iv).
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Figure 4.6: Plasmon Resonance Energies versus Film Thickness
Energies of plasmons as labeled (i)-(iv) in Figure 4.5 versus film thickness. (a) The

perpendicular plasmon resonance (i) blue shifts with increasing film thickness and is the
most sensitive to changed in film thickness. (c) The parallel plasmons resonance (iii) red
shifts slightly with increasing film thickness, and the remaining two plasmon resonances
(b) and (d) do not change with film thickness.



53

4.4 Nanoshell-Film Hybridization

Although the simple image charge picture adequately explains the different
nanoshell-film plasmons excited, it does not give a complete physical picture of all
experimental observations. Because only the surface electrons are involved in the
resulting electric field of the nanoshell-film system it is not immediately obvious why the
perpendicular plasmon resonance shifts to higher energy with increasing film thickness.
However, this affect may be described using the plasmon hybridization model.38! In
this case, the plasmon resonances of the thin gold film are hybridized with the nanoshell
plasmon.*’ The plasmon resonance of a thin gold film was calculated in Section 2.1.1.
The splitting of the high and low energy modes depend on the thickness of the metal as
defined in Equation 2.1.12. As the metal becomes thinner, there is a greater splitting of
the high and low energy modes. This can also be described using plasmon hybridization
as shown in Figure 4.7(a). For thin metal films, the surface plasmon modes excited on
each side of the metals interact to form a higher energy anti-symmetric mode and a lower
energy symmetric mode. As the films become thinner and the distance between the
surface plasmons is decreased, the modes will interact more strongly, increasing the

splitting between the modes.

In the case of a nanoshell and a film, the likely coupling is between the symmetric
mode of the film and nanoshell shown schematically in Figure 4.7(b). As the film
thickness is increased, the thin film plasmon energy increases in energy towards the bulk
surface plasmon energy while the nanoshell plasmon remains fixed. As the film plasmon

increases in energy, it becomes detuned from the nanoshell plasmon. The film-nanoshell
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plasmon will therefore increase in energy in response to the increase film plasmon

energy, matching the trend observed for the perpendicular plasmon resonance labeled (i).
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Figure 4.7: Plasmon Hybridization for Metal Film and Nanoshell-Film Geometries

(a) Plasmon hybridization for metal films. As the thickness of the film decreases, the
interaction of the plasmons on each side of the film increases causing a greater splitting
of the symmetric and anti-symmetric modes. (b) Plasmon hybridization of a thin metal

film

and nanoshell.

causing the film-nanoshell plasmon energy to also increase.

As the film becomes thicker, the film plasmon rises in energy,
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4.5 Discussion and Summary

This chapter discusses the optical properties of gold nanoshells above a gold film.
Two types of plasmon resonances are seen in the transmission spectra: parallel plasmon
excitations and perpendicular plasmon excitations, similar to what is expected for a
nanoshell dimer system. The perpendicular plasmon has the lowest energy because the
induced charges have a smaller separation, causing a strong interaction between the
nanoshell plasmon and its image. The parallel plasmons occur at higher energies because
of the relatively weaker coupling between the nanoshell plasmon and its image. The
energy of the perpendicular plasmon is sensitive to the thickness of the conducting plane.
It was found that the energy of the perpendicular plasmon increases with increasing film
thickness. This somewhat surprising result can be qualitatively explained using plasmon
hybridization theory. As the film thickness increases, the energy of the symmetric film
plasmon increases in energy, causing the plasmon energy of the film-nanoshell system to

rise as well.
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Chapter 5: Conclusions and Future Directions

This thesis investigated the plasmonics of nanostructures in planar geometries.
Two geometries were considered: metallodielectric gratings with subwavelength slots
and metal nanoshells above a conducting plane. For metallodielectric gratings, the
transmission and reflection spectra were measured. Two anomalies were present in the
spectra, an ‘edge’ anomaly occurring when a diffracted order becomes evanescent
(termed a Rayleigh anomaly) and a ‘diffuse’ anomaly that is attributed to surface
plasmon excitations. The spectral results were well described by theoretical calculations
that utilized a surface impedance boundary condition approximation. Angle resolved
measurements yielded the dispersion relations for both Rayleigh anomalies and surface
plasmon excitations. A well-defined energy gap was present in the dispersion of the
surface plasmons. This energy gap appeared when two counter-propagating surface
plasmon interfere to form a standing wave. This occurred not only for counter-
propagating surface plasmons excited on the same side of the grating, but also when
surface plasmons were excited on opposite sides of the grating. The gratings are
sufficiently thin to allow coupling of modes on opposite sides of the grating, similar to

thin metallic films.

The plasmonic energy gap arises from the interaction of surface plasmons to form
a symmetric (low energy mode) and anti-symmetric (high energy mode) charge
distribution on the metal wires with same frequency. Because these modes include an

electric charge distribution on the surface of the metal wires coupled to an
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electromagnetic field in the surrounding medium, the plasmonic band gap was found to
be sensitive to both changes in the surface chemistry of the wire and changes to the
surrounding dielectric medium. Three cases were considered, a crossed grating structure,
solvent immersion, and chemical functionalization. For the first two cases, the plasmonic
energy gap decreased in response to the change in dielectric medium. Specifically for
solvent immersion, as the surrounding index of refraction increased, the plasmonic
energy gap decreased. However, for chemical functionalization, the plasmonic energy
gap increased. These two opposing trends were qualitatively explained by comparing
plasmons traveling on a metallodielectric grating to electrons traveling in a periodic

potential through the Kronig-Penney model.

The effect of chemical functionalization was only explored in detail for two
lengths of alkanethiols. A logical next step would be to investigate alkanethiols of
different carbon chain lengths and molecules that bond differently to metals such as
amine terminated carbon chains. It would also be interesting to coat a grating in a thin
dielectric layer not chemically bound to the metal wires as a comparison to molecular

SAMs.

The second geometry considered was a metal nanoshell above a thin conducting
plane. Gold nanoshells were suspended above a gold film using a PVP spacer layer. The
nanoshell is close enough to the metal film so that it can interact with its image plasmon,
mimicking a nanoshell dimer. The optical properties in transmission were measured as a
function of polarization angle. PlasmonA resonances aligned both parallel and
perpendicular to the gold film were excited, similar to what is expected for a nanoshell

dimer. The thickness of the gold film was also varied. As the film thickness increased, a
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blue shift in energy was found for the plasmon excited perpendicular to the gold film.
This somewhat surprising result was qualitatively explained through the plasmon
hybridization model. This model considers how the nanoshell plasmons couple to the
film surface plasmons. Because the gold film is thin, the surface plasmons were split into
two modes: a lower energy symmetric mode and a higher energy anti-symmetric mode.
The nanoshell plasmon most likely interacts with the lower energy mode of the film. As
the film thickness is increased, this mode will increase in energy until it reaches the bulk
film value. As the film energy level rises, the hybrid nanoshell-film plasmon rises as

well, resulting in a blue shift in plasmon energies.

There are many issues this research has raised that should be answered in the
future. First, simple variations in the nanoshell-substrate geometry could be made. For
example, varying the distance of the nanoshell from the metal film should detune the
nanoshell and film plasmons until they are non-interacting. This would provide insight
into the length scales important to these interactions. Second, the material of the
conducting plane can be varied, for example, aluminum should be a particularly
interesting case. Aluminum is a good conductor, and therefore from the standpoint of
simple image charge theory should be able to easily create a nanoshell image plasmon.
But, aluminum has a very weak plasmon resonance, and therefore from a plasmon
hybridization model standpoint the interaction between the nanoshell and the substrate
should be very weak. Finally, as nanoparticles are introduced in opto-electronic
applications, and therefore into the planar geometries such as computer chips, how

nanoshells or other nanoparticles interact with a semiconducting substrate will become

increasingly important.
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Appendix A: Metal Wire Grating Code Library

The following is an outline of the programs that implement the Surface Impedance
Boundary Condition approach for calculating the electromagnetic fields diffracted by
metal wire gratings as described by Lochbihler and Depine in Applied Optics, Volume 32
Issue 19, page 3459 in 1993. The programs were written for Matlab, and are listed with

their input variables and subprograms.

L. Main Programs

gratecompwrap.m: wrapper program that sets experimental parameters and calls the
main program, gratingcomp.m. Parameters entered in gratecompwrap.m include the
number of modes in the expansion in the grooves of the wires, number of Rayleigh
modes in the expansion above and below the wires, the physical size of the gratings, the
range of wavelengths, the angle of incident radiation, the polarization of incident
radiation, the dielectric functions of the wires and surrounding mediums, and the desired

accuracy. The inputs are entered directly in the program, and are therefore not prompted.

gratingcomp.m: calculates the reflection and transmission coefficients for the Rayleigh
expansion of the electromagnetic fields as well as the reflected and transmitted power for

metal wire gratings. The program calls the following subprograms:
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ProporevanT.m and proporevanR.m: determines if a reflected (proporevanR)

or transmitted (proporevanT) diffracted order is propagating or evanescent.

I_ mmS.m, K_jnS.m, J_qmS.m, and Q_qnS.m: integral matrix elements that
correspond to equations (29), (33), (35) and (36) in Lochbihler and Depine

respectively.
IL. Visualization Programs

The near fields of the reflected and transmitted electromagnetic field were visualized by

the following programs:

gratingvis.m: calculates the components of the electric and magnetic fields in the
regions above (reflected radiation) and below (transmitted radiation) the wires.

Gratingvis.m calls the following programs:

Rayleighupper.m and Rayleighlower.m: evaluates the electromagnetic fields
for the regions above (Rayleighupper.m) and below (Rayleighlower.m) the wire

gratings.
III.  Other Programs

Rayleighfinder.m: finds Rayleigh anomalies, or the wavelength for a specified angle of

incidence will become evanescent for a certain set of grating parameters.



