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Representative field vector plot (middle slice of a 40 nm AgNS at 393
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Three-dimensional representation for the electric field enhancement of a
40 nm AgNS when excited with a wavelength of 388 nm.

FIGUIE 5-5 ettt ettt ettt

Three-dimensional representation for the electric field enhancement of a
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a) DDA extinction (black), absorption (red) and scattering (green) spectra
for a AgNC in water with a 40 nm edge length. Higher order modes are
present, but the modes are well separated. Absorption dominates
scattering. b) Comparison of spectral value trends with field enhancement
trends for the dipole mode of a 40 nm AgNC. The maximum field
strength occurs at the spectral maxima, which all coincide. ¢) Comparison
of spectral value trends with field enhancement trends for the quadrupole
mode of a 40 nm AgNC. The maximum field strength occurs at the
spectral maxima, which all coincide.
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Three-dimensional representation for the electric field enhancement of a
40 nm AgNC when excited with a wavelength of 475 nm. The field
locations and field vector orientations indicate that this is the dipole mode.
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Three-dimensional representation for the electric field enhancement of a
40 nm AgNC when excited with a wavelength of 482 nm.
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Three-dimensional representation for the electric field enhancement of a
40 nm AgNC when excited with a wavelength of 487 nm.

FAIGUIE 510 .ottt ettt e et e et e sttt e st e e s beeesaaee s
Three-dimensional representation for the electric field enhancement of a
40 nm AgNC when excited with a wavelength of 435 nm. The field
location and field vector orientations indicate that this is the quadrupole
mode.
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Three-dimensional representation for the electric field enhancement of a
40 nm AgNC when excited with a wavelength of 440 nm.
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Three-dimensional representation for the electric field enhancement of a
40 nm AgNC when excited with a wavelength of 445 nm.
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a) DDA extinction (black), absorption (red) and scattering (green) spectra
for a AgNC in water with a 60 nm edge length. Higher order modes are
present, but the modes are well separated. Scattering dominates
absorption. b) Comparison of spectral value trends with field
enhancement trends for the dipole mode of a 60 nm AgNC. The
maximum field strength trends with the absorption, not the scattering or
extinction. c¢) Comparison of spectral value trends with field enhancement
trends for the quadrupole mode of a 60 nm AgNC. The maximum field
strength trends with the absorption, not the scattering or extinction.
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Three-dimensional representation for the electric field enhancement of a
60 nm AgNC when excited with a wavelength of 433 nm. The field
location and field vector orientations indicate that this is the quadrupole
mode.
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Three-dimensional representation for the electric field enhancement of a
60 nm AgNC when excited with a wavelength of 441 nm.
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Three-dimensional representation for the electric field enhancement of a
60 nm AgNC when excited with a wavelength of 443 nm.
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Three-dimensional representation for the electric field enhancement of a
60 nm AgNC when excited with a wavelength of 492 nm. The field
location and field vector orientation indicate that this is the dipole mode.
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Three-dimensional representation for the electric field enhancement of a
60 nm AgNC when excited with a wavelength of 495 nm.
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Three-dimensional representation for the electric field enhancement of a
60 nm AgNC when excited with a wavelength of 505 nm.

FAIGUIE 5-20 ..eeieiiieeiee ettt ettt e et e et e e e aa e e et e e eaaeeenaaeesnbaeeensaeennneees
a) DDA extinction (black), absorption (red) and scattering (green) spectra
for a AgNC in water with an 86 nm edge length. Higher order modes are
present and there is considerable overlap between the modes. Scattering
dominates absorption. b) Comparison of spectral value trends with field
enhancement trends for the quadrupole mode of an 86 nm AgNC. The
maximum field strength trends with the absorption, not the scattering or
extinction.

FAIGUIE 5-21 .ottt et e et e st e st e e s be e e s
Three-dimensional representation for the electric field enhancement of an
86 nm AgNC when excited with a wavelength of 377.5 nm. The field
locations and field vector orientations indicate that this is a higher order
multipole mode.
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Three-dimensional representation for the electric field enhancement of an
86 nm AgNC when excited with a wavelength of 405 nm. The field
locations and field vector orientations indicate that this is a higher order
multipole mode.

FIGUIE 5-23 ettt et e et e ettt e st e st e st e e e eeeabee s
Three-dimensional representation for the electric field enhancement of an
86 nm AgNC when excited with a wavelength of 417 nm. The field
locations and field vector orientations indicate that this is a higher order
multipole mode.

FIGUIE 5-24 ..ottt ettt e sttt e st e st e st e e s e e sabee s
Three-dimensional representation for the electric field enhancement of an
86 nm AgNC when excited with a wavelength of 440 nm. The field
locations and field vector orientations indicate that this is a higher order
multipole mode.
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Three-dimensional representation for the electric field enhancement of an
86 nm AgNC when excited with a wavelength of 443 nm. The field
locations and field vector orientations indicate that this is the quadrupole
mode.
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Three-dimensional representation for the electric field enhancement of an
86 nm AgNC when excited with a wavelength of 447 nm.
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Three-dimensional representation for the electric field enhancement of an
86 nm AgNC when excited with a wavelength of 454 nm.
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Three-dimensional representation for the electric field enhancement of an
86 nm AgNC when excited with a wavelength of 462 nm.

FIGUIE 5-29 ..ottt ettt e

Three-dimensional representation for the electric field enhancement of an
86 nm AgNC when excited with a wavelength of 470.5 nm. The field
locations and field vector orientations indicate that this is a hybrid
between the quadrupole and dipole modes.

FIGUIE 5-30 .ottt ettt st

Three-dimensional representation for the electric field enhancement of an
86 nm AgNC when excited with a wavelength of 487 nm.

FIGUIE 5-31 oottt

Three-dimensional representation for the electric field enhancement of an
86 nm AgNC when excited with a wavelength of 523 nm. The field
locations and field vector orientations indicate that this is the dipole mode.
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Selected SEM images of nanoring dimers fabricated by EBL. The average
dimensions of the rings are 127.6 £ 2.5 nm and 57.8 £ 2.3 nm for the outer
and inner diameters, respectively. The interparticle separations are 0, 17.8
+34,37.5%£29,53.8+1.7,68.3+3.4,and 239.2 £ 3.7 nm for A-F
respectively. The scale bars in A-F are all 300 nm. The insets in B and F
are highly magnified images of one dimer. The scale bars in the insets are
both 30 nm.

FIGUIE 0-2 ...ttt ettt ettt e e st e et e e e ta e e esbeeensaeeessaeeensaeeenseeennnes
Initial DDA results for a ring dimer with an interparticle separation of 240
nm, simulating an isolated structure. The position of the peaks is
practically the same for the two different polarization conditions.
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FIGUIE -3 ...ttt ettt e et e sttt e st e e st e e s e e 116

Normalized experimental extinction spectra for nanoring dimers with a
range of interparticle separations irradiated with unpolarized light. Two
distinct bands are observed, one appearing around 1000 nm, whose
position does not appreciably change with interparticle separation, and one
appearing between 1100 and 1200 nm, whose position red shifts
significantly as the interparticle separation is decreased.

FIGUIE 0-4 ...t ettt ettt e et e sttt e st e st e e sabeeeeans 117

Fractional shift of the wavelength (AA/Ao) plotted against the interparticle
separation scaled by the outer diameter (s/D) for the peak at 1000 nm
(black) and the peak at 1100 nm (red). The solid line of the same color as
the corresponding data set shows the exponential fit of each plot.

FIGUIE 0-5 ..ottt ettt ettt et et e be e s eeees 119

Normalized experimental extinction spectra for nanoring dimers of
varying interparticle separations with polarization parallel and to the
interparticle axis (as indicated in inset). Only one extinction band is
observed. As the interparticle separation decreases, the extinction band
red shifts.

FIGUIE 0-0 ..ottt ettt et 120

The fractional shift of the band isolated under parallel polarization plotted
against the interparticle separation scaled by the outer diameter. The data
fits well (R2 =0.91) to the exponential model.

FIGUIE 0-7 ..ottt ettt ettt e e st e et e e e taeeesaeeentaeesssaeeensaeesnseeennnes 121

Normalized experimental extinction spectra for nanoring dimers of
varying interparticle separations with polarization perpendicular to the
interparticle axis (as indicated in inset). Only one extinction band is
observed. As the interparticle separation decreases, the extinction band
blue shifts.

FIGUIE -8 ...ttt ettt e et e sttt e st e st e e s e e 122

The fractional shift of the band isolated under perpendicular polarization
plotted against the interparticle separation scaled by the outer diameter.
The data fits well (R2 = 0.93) to the exponential model.

FIGUIE 0-9 ...ttt ettt e et e et e e e tae e entae e esaaeeenaeeenseeeennes 124

a) SEM image of nanoring dimers with interparticle separation is

17.8 £ 3.4 nm. The scale bar is 300 nm. b) High resolution SEM image of
a single nanoring demonstrating the particle anisotropy. The scale bar is
30 nm.
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FIGUIE 6-10 ..ottt ettt e

DDA -simulated extinction spectra (in air) of ten single nanorings
calculated using the SEM based shape files with light polarized a) parallel
and b) perpendicular to the interparticle axis (as indicated in insets).

FAIGUIE O-11 oottt e et e e e ta e e e aae e entaeesnsaeesnseeens

FDTD calculated spectra for a perfect nanoring dimer (black), and an
SEM based nanoring dimer (red), both representing the sample with the
smallest interparticle separation (17.8 £ 3.4 nm). All spectra are done in
vacuum with no substrate present.

FIGUIE 0-12 ..ottt ettt sane e

FDTD extinction spectra for nanoring dimers of varying interparticle
separations with polarization parallel to the interparticle axis. Introduction
of the substrate induces a Fano lineshape in the model for the dimer with
an interparticle separation of 22.0 nm. Furthermore, use of the SEM-
based dimer in the calculations has increased the Fano lineshape and most
closely resembles the corresponding experimental spectra.

FIGUIE T-1 ottt ettt ettt et ne e s e

Selected SEM images of gold hollow rectangle pairs fabricated via EBL
on Si3N4 membranes. The particles have outer dimensions of 19714 by
13446 nm and inner dimensions of 109%5 by 5313 nm. The interparticle
separations are a) 2712 nm, b) 7112 nm, ¢) 191£3 nm, and d) 596£8 nm.
The scale bars are 300 nm.

FIGUIE T-2 oottt ettt et st e een

DDA in air for isolated particle with light polarized parallel (black) and
perpendicular (red) to the long axis of the particle. For parallel
polarization, only one peak is present at 936 nm. For perpendicular
polarization, one major peak is present at 844 nm and one minor peak is
present at 574 nm.

FIGUIE 7-3 .ottt et e et e et e et ee e abeeesaeeesaseeensaeesnsaeesnseeens

Composite field plot for isolated particle in air with parallel polarization at
936 nm. The field is located at the corners of the particle in each slice.
The field vectors are pointing away from the right of the particle and
towards the left in each slice. The field location and orientation indicates
this is the dipole mode.

FIGUIE T4 .ottt ettt ettt sttt sae e e ne e s een

Representative field vector plot (top slice of a hollow rectangle) for an
isolated hollow rectangle in air with parallel polarization at A = 936nm.
As shown, a plus sign will indicate when all the vectors are pointing
towards an area, and a minus sign indicate when all the vectors are
pointing away from an area.
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FIGUIE 7-5 .ottt ettt et e et e et e e e abeeentaeeesaeeenbaeeenseeennnes
Composite field plots for isolated particle in air with perpendicular
polarization at 844 nm (main peak). The field is located at the corners of
the particle in each slice. The field vectors are pointing away from the
back of the particle and towards the front in each slice. The field location
and orientation indicates this is the dipole mode.

FRIGUIE 7-0 ... ettt et e sttt e st e s e s e e
Representative field vector plot (top slice of a hollow rectangle) for an
isolated hollow rectangle in air with perpendicular polarization at A = 844
nm. As shown, a plus sign will indicate when all the vectors are pointing
towards an area, and a minus sign indicate when all the vectors are
pointing away from an area.

FLGUIE 7-T ettt ettt e et e sttt e st e st e s e e eane
Composite field plots for isolated particle in air with perpendicular
polarization at 574 nm (minor peak). The field is located at the outer
corners and the interior long sides of the particle in each slice. The field
vectors alternate orientation along the sides and corners. The field
location and orientation indicates this is the quadrupole mode.

FIGUIE 7-8 ...ttt ettt e e st e et e e e tb e e esaeeentbeeesnaeesnsaeeenseeennnes
Representative field vector plot (top slice of a hollow rectangle) for an
isolated hollow rectangle in air with perpendicular polarization at A = 574
nm. As shown, a plus sign will indicate when all the vectors are pointing
towards an area, and a minus sign indicate when all the vectors are
pointing away from an area.

FIGUIE T-0 .ttt ettt et
DDA extinction spectra for hollow gold nanorectangles with long
orientation in air ( i.e. no substrate) and light polarized a) parallel and b)
perpendicular to the interparticle axis (as indicated in the insets). The
interparticle separations are indicated in the legend. The spectra show the
expected red shift and blue shift for parallel and perpendicular
polarization, respectively.

FAIGUIE 7-10 .ottt e et e st e st e st e e s e e
Experimental extinction spectra for hollow gold nanorectangles with long
orientation and polarization a) parallel and b) perpendicular (as indicated
in the insets) to the interparticle axis. The interparticle separations are
indicated in the legend. There are two distinct peaks present for the
parallel polarization, which red shift and change in intensity as the
interparticle separation decreases. For the perpendicular polarization the
expected blue shift is seen as the interparticle separation decreases.
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FAGUIE T-11 oottt ettt e st e st e s e e
Ten raw experimental extinction spectra for hollow gold nanorectangles
with an interparticle separation of 27 + 2 nm long orientation and
polarization parallel to the interparticle axis. The spectra are very similar
to one another, indicating good uniformity across the entire sample. The

main peak position occurs at 1496 nm with a relative standard deviation of
only 0.5%.

FAIGUIE 712 oottt ettt e et e e s e e et e e e aaeeentaeesnnaeesnsaeesnseeennnes
DDA extinction spectra for hollow gold nanorectangles with long
orientation on a substrate light polarized a) parallel and b) perpendicular to
the interparticle axis (indicated in the insets). The interparticle separations
are indicated in the legend.

FIGUIE 7-13 oottt ettt e et e et e e ta e e esaeeentaeessnaeesnsaeesnseeennnes
Field enhancement values at the resonant wavelength for the dipole mode
of the particles in air with light polarized parallel to the interparticle axis.
The interparticle separations are indicated in the legend. For all cases, the
field enhancement is greatest at the top and bottom of the particles, and
reaches a minimum in the middle.

FIGUIE T-14 ..ottt e ettt e ettt e sttt e st e st e s e e
Composite field plot for isolated particle on a substrate with parallel
polarization at 1220 nm. The field is located at the corners of the particle
in each slice. The field vectors are pointing away from the right of the
particle and towards the left in each slice. The field location and
orientation indicates this is the dipole mode.

FAIGUIE 7-15 oottt et e e e e et e e e abe e entaeesnaeesnsaeessneeennnes
Composite field plot for isolated particle on a substrate with parallel
polarization at 1340 nm. The field is located at the corners of the particle
in each slice. The field vectors are pointing away from the right of the
particle and towards the left in each slice. The field location and
orientation indicates this is the dipole mode.

FAGUIE 7-10 ..ottt ettt e st e st e st e e s e e
Field enhancement values for the particle pair with an interparticle
separation of 59618 nm on a substrate with light polarized parallel to the
interparticle axis at several wavelengths (as indicated in the legend). For
the wavelengths to the blue of 1300 nm, the field is most intense in the
middle z slice of the particle. Meanwhile, for wavelengths to the red of
1300 nm, the field is most intense at the bottom z slice of the particle.
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FAGUIE T-17 oot ettt ettt e et s bt e st e st e e sabee e 163
Diagram illustrating substrate effect for a single particle under parallel
polarization. a) In air, the field is symmetric and most intense at the top
and bottom of the particle. b) In the presence of the substrate, the field at
the bottom of the particle interacts with the substrate and leads to the two
peaks observed experimentally.

FIGUIE 7-18 ettt ettt ettt ettt et e st e s st et e entesae e 164
Composite field plot for particle pair with an interparticle separation of
2712 nm on a substrate with perpendicular polarization at 680 nm. The
field is located at the corners and sides of the particle in each slice. The
field vectors are pointing away from the front corners and middle of the
back slide and towards the back corners and middle of the front side. The
field location and orientation indicates this is the quadrupole mode. The
field is most intense at the bottom slice of the particle.

FIGUIE 719 ettt ettt ettt e st et e e ntesae e 164
Composite field plot for particle pair with an interparticle separation of
2712 nm on a substrate with perpendicular polarization at 1110 nm. The
field is located at the corners of the particle in each slice. The field
vectors are pointing away from the back of the particle and towards the
front in each slice. The field location and orientation indicates this is the
dipole mode. The field is most intense at the bottom slice of the particle.

FAGUIE 7-20 ..ottt ettt et e e st e e e e e tbeeesbeeentaeeessaeesnsaeeenseeeennes 165
Composite field plot for particle pair with an interparticle separation of
2712 nm on a substrate with perpendicular polarization at 1420 nm. The
field is located at the corners of the particle in each slice. The field
vectors are pointing away from the back of the particle and towards the
front in each slice. The field location and orientation indicates this is the
dipole mode. The field is most intense at the middle slice of the particle.

FAIGUIE 7-21 oottt ettt e st e st e st e e s e e 166
a) Fractional shift of calculated dipolar plasmon peak. The data fits the
expected exponential decay well (R*=0.93). b) Fractional shift of
experimental dipolar plasmon peak. The data fits the expected
exponential decay well (R* = 0.95).

FRGUIE 7-22 oottt ettt e et e sttt e st e e st e e e 168
Selected SEM images of gold hollow rectangle pairs fabricated via EBL
on Si3N4 membranes. The particles have outer dimensions of 14016 by
19714 nm and inner dimensions of 534 by 1065 nm. The interparticle
separations are a) 2512 nm, b) 7313 nm, c¢) 1897 nm, and d) 284£8 nm.
The scale bars are 300 nm.
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FAGUIE 7-23 oottt ettt ettt e et e e sttt e st e st e e sabeeeeane
DDA in air for isolated particle with light polarized parallel (black) and
perpendicular (red) to the short axis of the particle. For parallel
polarization, one major peak is present at 855 nm and one minor peak is
present at 570. For perpendicular polarization, only one peak is present at
920 nm.

FIGUIE 7-24 ..ottt et e st e et e e e saa e e e saeeentaeeesnaeesnbaeeenseeennnes
Composite field plots for isolated particle in air with parallel polarization
at 855 nm (main peak). The field is located at the corners of the particle in
each slice. The field vectors are pointing away from the right of the
particle and towards the left in each slice. The field location and
orientation indicates this is the dipole mode.

FRGUIE 7-25 oot ettt et e et e sttt e st e st e s e e
Representative field vector plot (top slice of a hollow rectangle) for an
isolated hollow rectangle in air with parallel polarization at A = 855 nm.

As shown, a plus sign will indicate when all the vectors are pointing
towards an area, and a minus sign indicate when all the vectors are
pointing away from an area.

FRGUIE 7-20 ..ottt ettt et e st e st e st e e e e
Composite field plots for isolated particle in air with parallel polarization
at 570 nm (minor peak). The field is located at the outer corners and the
interior long sides of the particle in each slice. The field vectors alternate
orientation along the sides and corners. The field location and orientation
indicates this is the quadrupole mode.

FAGUIE 7-27 oottt ettt ettt e et e e e e s tb e e e sbeeensaeeennaeeensaeeenseeennnes
Representative field vector plot (top slice of a hollow rectangle) for an
isolated hollow rectangle in air with parallel polarization at A = 570 nm.

As shown, a plus sign will indicate when all the vectors are pointing
towards an area, and a minus sign indicate when all the vectors are
pointing away from an area.

FAGUIE T-28 .ot ettt et e et e st e st e e s e sabee e
Composite field plots for isolated particle in air with perpendicular
polarization at 920 nm. The field is located at the corners of the particle in
each slice. The field vectors are pointing away from the back of the
particle and towards the front in each slice. The field location and
orientation indicates this is the dipole mode.
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FAIGUIE 7-29 ..ot ettt e et ettt e st e st e et e e 174
Representative field vector plot (top slice of a hollow rectangle) for an
isolated hollow rectangle in air with perpendicular polarization at A = 920
nm. As shown, a plus sign will indicate when all the vectors are pointing
towards an area, and a minus sign indicate when all the vectors are
pointing away from an area.

FAIGUIE 7-30 ..ttt ettt e et e sttt e sttt e s e e 176
DDA extinction spectra for hollow gold nanorectangles in air (i.e. no
substrate) with light polarized a) parallel and b) perpendicular to the
interparticle axis (as indicated in the insets). The interparticle separations
are indicated in the legend. As the interparticle separation decreases, we
observe the expected red shift for parallel polarization and the expected
slight blue shift for perpendicular polarization.

FAGUIE 7-31 .ottt et e sttt e st e st e s e e 178
Experimental extinction spectra for hollow gold nanorectangles with light
polarized a) parallel and b) perpendicular to the interparticle axis (as
indicated in the insets). The interparticle separations are indicated in the
legend.

FAIGUIE 7-32 .ottt e et e sttt e st e st e e e e 180
DDA extinction spectra for hollow gold nanorectangles on a substrate with
polarization a) parallel and b) perpendicular to the interparticle axis (as
indicated in the insets). The interparticle separations are indicated in the
legend.

FLGUIE 7-33 ettt ettt e et e sttt e st e e s e s e e 181
Composite field plot for particle on a substrate with an interparticle
separation of 28418 nm with parallel polarization at 710 nm (minor peak).
The field is located at the outer corners and the interior long sides of the
particle in each slice. The field vectors alternate orientation along the
sides and corners. The field location and orientation indicates this is the
quadrupole mode.

FAGUIE 7-34 ..ottt ettt e et e st e st e s e e e e 181
Composite field plot for particle on a substrate with an interparticle
separation of 28448 nm with perpendicular polarization at 920 nm. The
field is located at the corners of the particle in each slice. The field
vectors are pointing away from the back of the particle and towards the
front in each slice. The field location and orientation indicates this is the
dipole mode.
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FAGUIE 7-35 et ettt et e sttt e st e e st e s e e 182
Field enhancement values at the resonant wavelength for the dipole mode
of the particles in air with light polarized parallel to the interparticle axis.
The interparticle separations are indicated in the legend. For all cases, the
field enhancement is greatest at the top and bottom of the particles, and
reaches a minimum in the middle.

FIGUIE 7-30 ..ottt et et b ettt ae et et esae et e et e ae e 184
Composite field plot for isolated particle on a substrate with parallel
polarization at 1190 nm. The field is located at the corners of the particle
in each slice. The field vectors are pointing away from the right of the
particle and towards the left in each slice. The field location and
orientation indicates this is the dipole mode.

FAGUIE 7-37 ..ottt et e et e sttt e st e s e s abee e 185
Composite field plot for isolated particle on a substrate with parallel
polarization at 1350 nm. The field is located at the corners of the particle
in each slice. The field vectors are pointing away from the right of the
particle and towards the left in each slice. The field location and
orientation indicates this is the dipole mode.

FIGUIE 7-38 ..ottt ettt et st b et et e sttt et esae et et eae e 186
Field enhancement values for the particle pair with an interparticle
separation of 28418 nm on a substrate with light polarized parallel to the
interparticle axis at several wavelengths (as indicated in the legend). a)
For the wavelengths to the blue of 1240 nm, the field is most intense at the
bottom z slice of the particle. b) Meanwhile, for wavelengths to the red of
1240 nm, the field is most intense at the middle z slice of the particle.
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SUMMARY

Noble metal nanoparticles are of great interest due to their tunable optical and radiative
properties. The specific wavelength of light at which the localized surface plasmon
resonance occurs is dependent upon the shape, size and composition of the particle as
well as the dielectric constant of the host medium. Thus, the optical properties of noble
metal nanoparticles can be systematically tuned by altering these specific parameters.
The purpose of this thesis is to investigate some of these properties related to metallic
nanoparticles. The first several chapters focus on theoretical modeling to predict and
explain various plasmonic properties of gold and silver nanoparticles while the later
chapters focus on more accurately combining experimental and theoretical methods to

explain the plasmonic properties of hollow gold nanoparticles of various shapes.

Chapter I serves as an introduction to metallic nanoparticles and their optical properties,
including a discussion of plasmonics. Chapter II discusses the various methods for
fabrication, characterization and theoretical modeling that will be used throughout the

various other chapters of this thesis.

Chapters III-V are focused on elucidating fundamental plasmonic properties of various
systems using theoretical methods. Chapter III is a fundamental investigation into the
plasmonic properties of gold nanorods. In this investigation, equations are formulated to

explain the relations between the dimensions of the gold nanorods and the longitudinal
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plasmon peak position and intensity are explored. In Chapter IV, a method is developed
by which it is possible to predict the experimental extinction coefficient of gold
nanospheres and gold nanorods based purely upon their theoretical spectra. In Chapter V
a three-dimensional modeling technique is developed that is then used assign various
peaks to different plasmon modes as well as to probe the relation between peak intensity

and electromagnetic field enhancement for the various modes.

Chapters VI and VII focus on fabricating new types of hollow nanostructures with
electron beam lithography and then developing methods to more accurately combine
these results with theoretical methods. In Chapter VI a sample of nanoring dimers is
fabricated and discussed. It is found that anisotropy in the particle shape has pronounced
effects on the optical properties of the system. Furthermore, it was found that a new
technique for preparing the files that define shape in the theoretical modeling was needed
to achieve agreement with the experimental results. The ideas gleaned from Chapter VI
on the rings are then extended in Chapter VII to two samples of hollow rectangle dimers.
The techniques developed for modeling the rings are applied tot he rectangles by which

the effects from substrate, polarization and particle orientation are assessed.

Appendix A is a detailed description of the discrete dipole approximation. It is intended

to serve as a guide such that a user could carry out the various types of calculations

discussed in this thesis simply by reading this appendix.
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CHAPTER 1

INTRODUCTION TO METALLIC NANOPARTICLES

Noble metal nanoparticles are of great interest due to their tunable optical and radiative
properties. Intense localized fields can be induced at the surface of a noble metal
nanoparticle by electromagnetic waves of appropriate energy. These fields are generated
as a result of the electric field of resonant frequency light coupling with the conduction
band electrons in a noble metal nanoparticle leading to an oscillation in these conduction
band electrons. This oscillation is primarily localized on the surface and is termed a
localized surface plasmon resonance (LSPR)."* The specific wavelength at which the
LSPR occurs is dependent upon the shape, size and composition (dielectric function) of
the particle as well as the dielectric constant of the host medium. Thus, the optical
properties of noble metal nanoparticles can be systematically tuned by altering these
specific parameters. The tunability of the LSPR and the intense localized fields at the
nanoparticle surface make noble metal nanoparticles extremely appealing for a wide

range of applications in medicine,”® optics”'? and sensing.®*">!*

1.1 Plasmonic Responses in Metallic Films and Nanoparticles

Surface plasmons, also known as surface plasmon polaritons (SPPs), are electronic

fluctuations at the interface between two materials in response to an applied electric field.



These fluctuations were first observed in thin metallic films in 1957."° The field
propagates along the interface between the two materials and extends into the materials to
a certain depth. The skin depth is the distance into the material at which the field decays
to 1/e and is a function of the dielectric permeability of the material. Figure 1 - 1A
depicts the SPP as it propagates along the interface between a metal and dielectric and

induces regions of fluctuating charge.

When the interface between the metal and the dielectric becomes small compared to the

wavelength of light incident upon it, which occurs either when the size of the metal

2,16 17,18 -

(metallic nanoparticles)™ "~ or the dielectric (nanoholes) is reduced, a localized surface
plasmon resonance (LSPR) occurs that is isolated at the interface (Figure 1 - 1B). The
result of this localized plasmon is an intensely focused electric field that can be used for a
wide range of applications. This thesis work concentrates exclusively on metallic

nanoparticles, so the following discussion will be centered on phenomena associated with

nanoparticles and their applications.
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Figure 1 - 1. A) Surface plasmon polariton (SPP) propagates along a thin metal film at
the metal / dielectric interface in response to electric field stimulus. The “skin depth”, the
distance the field penetrates into the material, is different for the metal and the dielectric.
B.) Localized Surface Plasmon Resonance (LSPR) in a metallic nanoparticle where the
size of the particle is much smaller than the wavelength of the incident light.
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First, the fundamental equations that describe the interaction of light with a material will
be discussed in reference to the plasmonic metal nanoparticle. Equation 1 gives the
dipole polarizability of any particle that is small with respect to the wavelength of

incident light (size < A/4).

E—E
—m VY

a=¢, (1 + 7/) E+IE, Equation 1

where € = ¢, +ig, 1s the frequency dependent dielectric permittivity of the particle

material, &g, is the dielectric permittivity of the medium (usually assumed to be



independent of the frequency within the range of measurement), y is a variable that
depends on the shape of the particle (e.g. y = 2 for spheres), and V is the volume of the

particle.

The conditions to establish a surface plasmon resonance (maximum polarizability) are
satisfied when the denominator of Equation 1 goes to zero. In general, this condition is

satisfied when

E= _Wm Equation 2

The shape factor () is always positive, and the dielectric permittivity of air - as well as
that of most solvents - is greater than zero. The consequence is that the dielectric
permittivity of the particle material must be negative in order for Equation 2 to be
satisfied and a surface plasmon supported. The dielectric permittivity of metals is
negative in most regions of the electromagnetic spectrum, allowing metallic nanoparticles
to support a LSPR. At the frequency of light that is in resonance with the localized
surface plasmon, termed the localized surface plasmon frequency, the conduction band
electrons within the particle are delocalized and oscillating in resonance with the light’s
electric field. In particular, the localized plasmon frequency for noble metals (gold,
silver, copper) falls in the IR-visible region of the electromagnetic spectrum, making

them appropriate for optical applications.



1.2 Radiative Applications of Noble Metal Nanoparticles

The tunability and longevity of noble metal nanoparticles makes them suitable for
applications utilizing the visible and near-infrared (NIR) region of the electromagnetic
spectrum. The coupling between metal nanoparticles and light, in the form of the LSPR,
provides plasmonic nanoparticles distinct advantages over fluorescent dyes, which are
often used as optical markers in biological and chemical applications but are susceptible
to photo-bleaching. In addition to the durability of metallic nanoparticles, the time scale
of scattering from a nanoparticle is much faster than fluorescence (femtosecond vs.

1923 making it possible to probe processes that occur on shorter

nanosecond timescales),
timescales. Another distinct advantage of nanoparticles compared to fluorescent dyes is

that nanoparticles have extinction coefficients that can be up to several orders of

magnitude greater than those of fluorescent dyes.**

The strong absorption properties of plasmonic metal nanoparticles coupled with their
efficient, non-radiative electronic relaxation characteristics give them powerful photo-
thermal properties. The energy attenuated by the plasmonic nanoparticle upon irradiation
of light at the plasmonic resonance is partially absorbed by the particle. The percentage
of the light extinction that is absorbed is dependent on the size and shape of the
nanoparticle. As the particle size increases, the ratio of scattered light to absorbed light
increases.”” The scattered light is elastically scattered from the particle, while the energy
from the absorbed light is transferred to the hot electron gas that is oscillating in

resonance with the light. At moderate intensities, the hot electron gas cools via electron-



phonon coupling (~1-10 ps) and transfers the energy to the positive nuclear lattice. The
energy is then transferred to the surrounding medium (~100 ps) as the hot positive lattice
cools through phonon-phonon coupling with the environment.”****° This is important in
applications such as nanoparticle photothermal therapy, as only the absorbed light is
converted to useful heat. One of the most well known applications of this technique has
been the use of gold nanoparticles of various shapes to photo-thermally treat cancer.”
The intense heating is localized to only a very small area around the nanoparticles,
thereby only transferring heat to the local environment and allowing for discrete targeting

of tumors without damaging the non-targeting healthy tissues.*"

Another application that recently has become very important in science is surface
enhanced spectroscopies, such as surface enhanced Raman scattering (SERS).™!3337
These techniques have become significant because the strong fields that are induced
around the nanoparticle upon irradiation at the plasmon frequency can be used to enhance
the intensity of the observed spectroscopic response. The main drawback to normal
Raman spectroscopy is that very few photons undergo Raman scattering (~1 out of
1,000,000), resulting in very weak Raman signals in unenhanced systems. However, in
SERS, the strong plasmonic near-fields at the surface of the nanoparticle amplify both the
intensity of the incident light (excitation) as well as the scattered light (signal), resulting
in a surface enhanced Raman scattering signal. The intensity of the SERS signal is most
influenced by the strength of the near-field at the surface of the nanoparticle. For this

reason, efforts to maximize the near-field strength around plasmonic nanoparticles have

. . 383 . . .
been a major research focus in the past decade. 83 This enhancement can be achieved in



two general ways: (1) by changing the shape of the particle to maximize the
electromagnetic field intensity or (2) bringing multiple particles close enough together
that their electromagnetic fields couple and produce regions of higher field intensity than

the sum of the two independent fields.

The shape of the nanoparticle can be changed in order to focus the electronic cloud into a
small spatial region (such as a sharp corner). This is referred to as the “lightning rod

offe ct,”40’41

which results from the relatively high surface area-to-volume ratios in regions
such as corners and points. As shown in Figure 1 - 2 A and B, the maximum field

strength for the nanosphere is 50x the incident intensity, whereas the maximum field

strength of a nanoprism of comparable size is ~3500x the incident intensity.>®

When the plasmonic near-fields of two particles couple with one another, the strength of
the resultant field is greater than the sum of the two individual field strengths. This
synergistic effect is mainly attributed to coupling of higher order multipoles (quadrupole,

octopole, etc.).42’43

In Figure 1 - 2 C and D the field between dimers of silver
nanospheres and nanoprisms is enhanced far above what is seen for monomers of the
same shapes (Figure 1 - 2 A and B). The maximum field strength enhancement between
the dimer of spheres is ~11000x the incident intensity (compared to 50x for the single
particle), and the maximum field strength enhancement between the dimer of nanoprisms

is ~53000x the incident intensity (compared to 3500x).%*



Figure 1 - 2. Electric field contour plots. A) Ag nanosphere of radius 30 nm. Maximum
field enhancement is 50x initial intensity. B) Ag nanoprism with edge length of 60 nm.
Maximum field enhancement is 3500x initial intensity. C) Dimer of 36 nm Ag
nanospheres separated by 2 nm. Maximum enhancement 11,000 x the initial intensity.
D) Tip-to-tip dimer of Ag prisms separated by 2 nm. Maximum enhancement is 53,000x
initial intensity. The wavelengths in each panel are the resonant wavelengths for that
particular system.>®

1.3 Near-field Coupling between Plasmonic Nanoparticles

The ability of plasmonic nanomaterials to localize light in a sub-wavelength regime and
to transport absorbed energy and information on a sub-wavelength level has recently
made them the focus of intense research for their applications as optical

waveguides.l1’12’35’44'49 It is important for these applications that fundamental and



systematic studies are performed in order to understand the effect of the external
dielectric environment on the field coupling as well as how the plasmonic coupling, and
therefore the energy transport, depends on geometric variables, such as particle shape,

size, separation and orientation, which is the main focus of this thesis.

It has been demonstrated that as two plasmonic particles are brought together, their near-
fields begin to overlap and couple, which affects the plasmon resonance of the overall
system.S’SO'52 Additionally, when plasmonic particles are small compared to their
interparticle separation, they can be treated as dipolar excitons,” a fact that allows for the
use of the exciton-coupling model to describe the plasmonic coupling of two interacting
particles. If the plasmon dipoles are aligned in an attractive configuration, e.g.
head-to-tail in an axial alignment, the aggregate plasmon band is stronger and at a lower
energy than that of a single particle. Conversely, if the dipoles are aligned in a repulsive
configuration, e.g. head-to-head in an axial alignment, the plasmon band will occur at a

higher energy.

Studies involving nanoparticles synthesized via colloidal techniques have provided some
initial qualitative data on the nature and strength of near-field coupling between
plasmonic nanoparticles.'>***> However, in order to achieve quantitative measurements
of the coupling of two plasmonic metal nanoparticles, fabrication techniques that allow
for more precise control over the nanoparticles’ size, shape and separation are necessary.

The recent advances in electron beam lithography (EBL) have provided the technology



that allows for fabrication of nanoparticles of high homogeneity (in size, shape,

separation and orientation) and low feature size.

Quantitative studies on the near field dipole plasmon coupling between two spheroidal
gold nanoparticles as a function of interparticle separation were independently first
reported by Su et al.’! and Rechberger et al.’ They concluded that when the LSPR peak
shift (AL) is scaled by the peak wavelength (A) and the interparticle separation (s) is
scaled by the particle diameter (D), all data points fall on a common curve. The common
curve is the exponential decay of the coupling, measured by the fractional shift in the
plasmon resonance (AA/A) as a function of the scaled interparticle separation (s/D)

(Equation 3).5’51

A (‘?;)
A
(7] = Ae Equation 3

It was later shown that while a single exponential of the form shown in Equation 3 very
nearly approximates the dependence of the dipole coupling on the scaled interparticle
separation, the true dependence goes as (s/D)>>* The exponential approximation
continues to be used, as it will be in this work, because it is suitable for quantifying the

relative strength of the dipole field by the magnitude of the pre-exponential factor, A, and

the decay length of the field away from the particle surface by the magnitude of .

There has been much debate over the nature of Equation 3, and whether there is any

universal law for the coupling of particles.****>®*_ENREF 57 The general consensus has

10



become that there is no universal law, and that the final form of Equation 3 depends on
all the unique features of a particle (i.e. size, shape, composition, surrounding medium,
etc.).”®_ENREF_58 Therefore fundamental investigations are needed for each new shape

to discover and define its plasmonic properties, which is the main focus of this thesis.
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CHAPTER 1

FABRICATION AND INSTRUMENTATION

2.1 Electron Beam Lithography Fabrication

As mentioned in Chapter I, the localized surface plasmon resonance (LSPR) is very
sensitive to the size, shape, and composition of a nanoparticle in addition to the
interparticle separation if particles are within coupling range. Therefore, precise control
over these factors is needed in the fabrication method for fundamental studies aimed at
investigating how nanoparticle geometry and interparticle separation affect the plasmonic
properties of noble metal nanoparticle arrays. Although colloidal synthesis techniques
offer the advantages of high throughput and flexibility in three-dimensional shape and
metal composition, electron beam lithography (EBL) offers the advantages of near-exact
control over particle geometry and interparticle separation, particularly for interparticle

separations ranging from 10-100 nm,

The EBL instrument is located in the microelectronic facility at the Georgia Institute of
Technology. The instrument is a JEOL JBX-9300FS and has a minimum beam size of
4nm with a 50-100 kV acceleration and 50 pA-2 nA current range. For all experiments

done here, the acceleration was 100 kV and the current used was 2 nA.

Unless otherwise noted, the substrates used were SizN4/Si membrane wafers pre-

fabricated by graduate students in Dr. Tolbert’s laboratory. A layer of silicon nitride
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(Si3N4) was deposited onto a prime grade double-side polished silicon wafer, followed by
selective etching of the Si wafer to produce an array of freely supported silicon nitride
membrane windows that were ~250 x 250 umz. Each window was used for a single

design pattern (this is discussed more fully later in this section).

These membrane samples, compared to traditional silicon wafers, minimize overexposure
of the electron-sensitive polymer resist due to proximity effects in EBL. The substrate is
coated with a polymer resist prior to exposure to the electron beam used to write the
desired pattern (these steps are discussed further in the next paragraph). As the electrons
in the beam pass through the polymer resist and enter the substrate, a portion of the
electrons will undergo large angle scattering events. These electrons may return back
into the resist at a significant distance from the incident beam causing additional,
unwanted, resist exposure. This additional exposure from the backscattered electrons can
detrimentally affect the resolution of the exposed pattern. Use of the thin (< 200 nm)
Si3N4 membranes as substrates for EBL significantly decreases the overexposure of the

PMMAA resist due to the proximity effect (Figure 2 - 1).
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Figure 2 - 1. Diagram of proximity effect adapted from SPIE Handbook of
Microlithography.! a) Monte Carlo simulation of the back and forward scattering caused
by the substrate-electron interactions as the electron beam exposes a thin PMMA resist
layer (shown in blue) that is supported on a silicon wafer (shown in yellow) with an
acceleration voltage of 20kV. b) The same simulation as in (a) with the assumption that
the substrate is only 50 nm thick at the spot of exposure (shown in pink), as is the case
with the SisN, substrates used in this work.

A schematic of the general EBL fabrication process is shown in Figure 2 - 2. The
Si3Ny4/Si substrate was first cleaned with acetone for several minutes to remove any
organic residues. then dried with N, gas. Prior to spin-coating the substrate, a piece of
single side tape was applied to the bottom surface of the substrate to protect the SizNy
windows from being shattered by the vacuum applied to the substrate during the spinning
process. The substrate was then placed in the spin-coater and a thin layer of PMMA
(several drops of a 2% solution of PMMA dissolved in anisole) was cast onto the surface
using spin conditions of 4000 RPM and a rate of 500 R/s for 60 seconds. The tape was

removed from the backside of the substrate, and the substrate was baked on a hot plate
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for 2 minutes at 180°C to anneal the polymer. This procedure yielded a PMMA layer of

approximately 80 = 5 nm as determined by contact profilometry.

1.) Spin Coat Resist (PMMA) to 3.) Develop the Sample:
Even Thickness Remove Exposed Areas

Silicon
BMMA Substrate

é/ 4.) Evaporate Metal

2.) Exposure of focused electrons
in pre-designed locations

\

WY
\ i Y/ 5.) Remove Polymer Resist

GNEEE S

Figure 2 - 2. General electron beam lithography fabrication process. 1) Spin-coating of a
thin layer (~100nm) of an electron sensitive resist (PMMA) onto a conductive substrate
(typically silicon). 2) Exposure of the PMMA resist with a focused beam of electrons. 3)
Development of the sample (removal of exposed areas of PMMA). 4) Evaporation of
metal onto the substrate and into the exposed areas of the PMMA resist. 5) Removal of
all polymer resist leaving only the fabricated structures.

The polymer-coated Si3N4/Si substrate was then loaded into the EBL instrument. In
addition to the standard EBL function, the JEOL JBX-9300FS is equipped with a

scanning electron microscope (SEM), which was used to align the Si3N4 membranes to
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overlap the pattern, written in AutoCAD. Over-exposure of the polymer resist to the
electrons used in the SEM imaging resulted in the sacrifice of several of the windows (at

least 2 windows per sample).

The dose used for the exposures varied depending on the size and shape of the features
being written, and is specified for each pattern in the appropriate chapter. Following the
exposure, the sample was developed in a solution of isopropyl alcohol and methyl
isobutyl ketone (3:1, [IPA:MIBK) for 10 seconds, rinsed in an [PA bath for at least 60
seconds, and gently blown dry with a stream of N,. The developed EBL sample was then
inserted into an electron beam deposition chamber. A thin adhesion layer of Cr (0.5 nm)
was deposited on the sample at a rate of 0.1 A/s followed by a layer of gold (18-22 nm) at
arate of 0.5 A/s. After deposition of the metals, the remaining PMMA was removed

with 1-methyl-2-pyrrolidinone, leaving only the gold nanostructures.

A schematic of the substrate and nanoparticle arrays are shown in Figure 2 - 3. The arrays
were designed so that the nanoparticle dimer pairs were spaced more than 800 nm from
one another to minimize far-field coupling between separate particle pairs. Within each
window there are several thousand dimers, all with the same interparticle separation.
This interparticle separation is varied from window to window. In these experimental
samples with small interparticle gaps, the near-field coupling can be expected to be so
significantly stronger than any far-field grating effects that the latter of the two can be

ignored.
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Figure 2 - 3. Schematic of the Si3N4/Si substrates used in the EBL fabrication. The
Si3N4 windows are shown as white rectangles and the surrounding Si substrate is shown
in grey.

2.2 Electron and Surface Probe Microscopes: SEM

The samples fabricated via EBL were imaged using a scanning SEM (Zeiss Ultra 60
FE-SEM). All images were taken using a secondary electron detector and an accelerating

voltage from 1-10 kV.
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2.3 Spectroscopic Measurements

Extinction measurements were performed on a Craic Microspectra 121 UV-visible-NIR
microspectrophotometer with an imaging range from 400-1700 nm at normal incidence in
transmission mode under several polarization conditions (parallel and perpendicular to
the interparticle axis and unpolarized). The aperture size selected for the measurements
was 625 umz with a 36X objective lens, and each reported spectrum is an average of at

least 5 separate spectra taken across the sample.

2.4 Theoretical Modeling: Discrete Dipole Approximation

The discrete dipole approximation (DDA) is a popular theoretical method used to model
the optical properties of systems. DDA is robust and flexible allowing one to model
particles of arbitrary shape either as single particles or as groups of particles with

assigned spatial positions and relative orientations.””

In DDA, the target particle is approximated as a three-dimensional finite lattice of point
dipoles that is excited by an external field. The response of the dipoles to the external
field and to one another is solved self-consistently using Maxwell's equations. Precise
and accurate definition of the lattice used to represent the particle is crucial to achieve the

best match with experimental conditions and results.**
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Most of the work done so far has involved modeling the optical properties of solid
nanoparticles of different shapes, with little emphasis on hollow structures.>”*1?
Preliminary work on the importance of realistic shape models in theoretical simulations
has shown that DDA calculations can be improved by clipping sharp corners to give a
more realistic representation of particle geometry,4 there has been little focus on
improving the representation of particle shape in DDA calculations. Improvement of

shape modeling in DDA is therefore a topic that will become a main thrust of this thesis

in the following chapters.

To carry out DDA calculations, the user defines: the arrangement of the point dipoles (i.e.
the shape of the object), the polarizibility of the dipoles (i.e. the material being
represented), the energy range of the incident radiation (i.e. the wavelength range of the
light) and the polarization of the incident radiation. The DDSCAT 6.1 code offered
publicly by Draine and Flatau'' allows for calculation of the absorption and scattering
spectra separately, allowing for assessment of the contributions from each to the
extinction spectra, which is the sum of these two components. Furthermore, using
modifications to the code by Goodman'? and Schatz,"? it is possible to calculate the
electric field enhancement contours and the individual dipole orientations at a specific
wavelength. These plots can only be generated for one two-dimensional slice through the
particle at a time, but the slice position can be chosen. These plots can be used to assign
the different plasmon modes based on the shape of the fields around the particle as well
as the orientation of the individual dipoles within the particle. However, most previous

work has based these plasmon mode assignments on a single two-dimensional slice
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through the particle. This does not give an accurate representation of the three-
dimensional nature of the plasmon modes. Accordingly, one of the major topics of this
thesis was the development of a technique to gain a better three-dimensional
representation of the field by repeating the calculations for multiple two-dimensional

slices through the particle and creating a composite three-dimensional plot.
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CHAPTER 1II

THIN TO THICK, SHORT TO LONG: ENERGETIC PROPERTIES OF GOLD

NANORODS BY THEORETICAL MODELING

3.1 Summary

Recent advances in gold nanorod colloidal synthesis demand a theoretical model capable
of predicting the energetic characteristics of gold nanorods with dimensions outside the
realm of consideration of previous models. We employ the discrete dipole approximation
to calculate the spectra and extinction intensities of a series of gold nanorods in water,
with sizes ranging from 3 x 6 nm to 15 x 90 nm. We then present models to relate the
plasmon resonant wavelength and extinction intensity to the nanoparticle aspect ratio and
volume, respectively. These relationships will allow for facile determination of the
dimensions necessary to generate the desired energetic characteristics for applications of

gold nanorods in medicine and energy.

3.2 Introduction

Gold nanoparticles have wide applicability in medicine' ™ and energy’” due to the unique,
tunable energetic properties that result from their localized surface plasmon resonance

(LSPR).*'" The energy of the LSPR is a function of the nanoparticle geometry and
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composition as well as the dielectric of the surrounding medium.”'"*

For example, rod-
shaped gold nanoparticles of the proper dimensions have a strong plasmon resonance in
the red wavelength region, coincident with the therapeutic window, where human tissue
permittivity to light is relatively high. Thus, gold nanorods (AuNR) are often used as
photothermal contrast agents for cancer theralpy.z’4 In therapy, the size of the AuNR is of
defining importance, as size determines both (1) biocompatability (e.g. circulation

halflife, renal clearance, efc.), and (2) bioactivity (i.e. energetic characteristics and

resultant therapeutic efficacy).

Typical colloidal synthetic techniques produce gold nanorods with adjustable lengths but
widths confined to around 10 nm. Previous endeavors to model the relationship between
nanorod dimensions and plasmon resonant wavelength have therefore focused on

- 11,15,16
nanorods of ca. 10 nm diameter.” > ™

These efforts have used Gans and Mie equations in
conjunction with experimental data and have shown a dependence of the plasmon peak
position on the aspect ratio (AR),"" defined as length divided by width. Recent
advancement in colloidal synthetic techniques has yielded syntheses for AuNR of smaller
diameters,'’ which are predicted to present numerous applicative boons in areas such as
cancer therapeutics, where smaller nanorods would provide improved renal clearance and
resultant decreased toxicity from accumulation in the tumor, spleen, etc.>* These
nanorods fall outside the size range encompassed by existing models for prediction of

nanorod energetic characteristics and therefore call for a theoretical model that

encompasses a larger size range.
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3.3 Methods

The optical response of gold nanorods (diameters: 3, 5, 7, 10, 15 nm) with varying aspect
ratio (AR: 2-6) was calculated using the discrete dipole approximation (DDA) method
with the DDSCAT 6.1 code offered publicly by Draine and Flatau.'® The dielectric
values for gold reported by Johnson and Christy19 were used. The incident light is always
polarized along the length of the AuNR in this report, and the medium surrounding the

particle was represented as water (refractive index, n = 1.333).

3.4 Results and Discussion

We employ the discrete dipole approximation (DDA) method to theoretically model
AuNR of 5 diameters and 6 aspect ratios (30 AuNR total). DDA has proven exceptionally
accurate and flexible in modeling the energetic properties of nanoparticles of arbitrary
shape through representation of the nanoparticle as a three-dimensional finite lattice of

L 12,2021
point dipoles.'**"

This collection of dipoles is then excited by an external field, and
Maxwell’s equations are solved self-consistently to gauge the response of the dipoles
both to the external field and to one another. The flexibility afforded by DDA has
allowed us to model more exact replicas of the shape that these rods take experimentally
in colloidal suspensions - cylinders with hemispherical end caps - whereas many other
methods approximate the AuNR as an ellipsoidal structure. This direct, reliable

theoretical technique allows us to avoid the use of multiple conjoined approximations,“’22
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to choose an experimentally relevant solvent (water), and to avoid the error inherent in
models based off of experimental colloidal suspensions of nanoparticles, which are

known to exhibit high degrees of heterodispersity.15

The plasmon resonance of a gold nanorod displays two distinct bands, corresponding to
the oscillation of free electrons along the transverse and longitudinal axes of the rod,
respectively. The transverse oscillation is relatively weak in intensity, whereas the
longitudinal oscillation not only generates an intense extinction band but also displays a
high degree of sensitivity to the nanorod dimensions. This sensitivity allows for tunability
of the resonant wavelength throughout the visible and NIR regions of the spectrum and
therefore defines the utility of gold nanorods in applications. Consequently, we will focus
our discussion herein on only the longitudinal plasmon resonance and its extinction

wavelength (A,) and intensity.

DDA calculations were carried out individually for AuNRs with diameters of 3, 5, 7, 10
and 15 nm and several aspect ratios (AR) for each diameter (AR =2, 3, 4, 5, and 6). The
DDA extinction spectrum for A, of each AuNR is shown in Figure 3 - 1A and Figure 3 -
1B, where they are colored by diameter and AR, respectively, to emphasize different

trends that will be discussed forthwith.
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Figure 3 - 1. DDA extinction spectra for AuNRs in water of varying diameter and AR
grouped by (A) diameter and (B) AR, as indicated by color. Extinction intensity trends
(C) cubically by diameter and (D) linearly by AR, emphasizing the role of cubic volume.
The change in the longitudinal plasmon wavelength is (E) linear by diameter, indicating a
dependence on anisotropy, and (F) exponential by AR from electromagnetic retardation
effects in large nanoparticles.

Table 3-1. Constants corresponding to the fits provided in Figure 3 - 1.
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3nmI5nam ! 7nm 10nml 15 nm AR2 | AR3 | AR4 I AR5 | ARé

A |-637 [-11.0 |-153 |-21.6 | -29.8 P|-007 | 0.04 | 0.13 | 0.27 | 0.69
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G 0 0.7 1.2 2.5 54 t! 839 ! 870 | 823 | 133 | 10.1
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3.4.1 Intensity of the longitudinal plasmon band

When we consider nanorods grouped by diameter (rods getting longer, not wider), we
observe a large, cubic shift in intensity with increasing length (Figure 3 - 1C). When
group by aspect ratio (rods becoming both longer and wider with the same L/W ratio), the
trend in intensity remains large but becomes linear (Figure 3 - 1D). These observations
are consistent with previous studies,'' and they emphasize that extinction intensity is
most directly related to nanoparticle volume. This relationship is a consequence of the
increasing number of conduction band electrons involved in the plasmon resonance in
increasingly voluminous particles. Over this size range, more electrons involved in the
plasmon means a stronger electromagnetic field, which causes the nanorod to both absorb

and scatter more photons.

3.4.2 Energy of the longitudinal plasmon resonance

When grouped by diameter, we observe a large, linear change in A, (Figure 3 - 1E).

Thus, as previously demonstrated by our group and others,' 1516222 ),

is largely a
function of the degree of nanorod anisotropy, with the length-to-width ratio, or aspect
ratio (AR), determining the energy of the resonance. Thus, a longer, thinner nanorod will
display a red-shifted A, relative to a shorter, thicker nanorod. This observation is

consistent with the spectroscopic exciton coupling model,>* which has been previously

applied to gold nanorods.”’

When grouped by AR, A, is expected to become constant, per previous predictions over

more limited size regimes. In general, we do see a linear relationship between A,
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(Figure 3 - 2A), however, we observe a small but significant exponential shift in A,
despite the constant L/W ratio (Figure 3 - 1F). This shift is likely the result of
electromagnetic retardation effects, which result from the depolarization of the light field
across the particle surface. Retardation becomes more pronounced in larger nanoparticles

and results in both a red-shift and broadening of the plasmon resonance band."!
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Figure 3 - 2. (A) The position of the longitudinal plasmon wavelength is linear by AR,

indicating a dependence on anisotropy. (B) The change in the longitudinal wavelength is
exponential by length from electromagnetic retardation effects in large nanoparticles.
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We plotted the shift in A, against nanorod length and found good agreement along the
same exponential relation for all the AuNRs considered here (Figure 3 - 2B). We then
combined the linear relation between A, and AR with the exponential relation that

accounts for retardation effects to produce Equation 1,

[(L-%—é'%}

22:0(+,[)’x%+7/><e (D

where a0 =342 +28, 3 =112+5.57,y=2.65,0=284, and k = 67 £ 0.8, and L and W are

the nanorod length and width, respectively.

Equation 1 allows for the calculation of either (1) the necessary dimensions to produce
the desired nanorod energetic characteristics or (2) what energetic characteristics can be
expected from a given set of dimensions. This relationship should be exceedingly useful
for applications, as it will allow for more targeted synthetic approaches. Conversely, if a
sample of AuNRs of unknown dimensions has been synthesized using a method known
to produce a certain diameter nanorod, the equation should allow for prediction of the

average length of the sample.

3.5 Conclusions

We have used DDA theoretical methods to calculate the extinction spectra for AuNRs of
varying diameter and aspect ratio. We have found that there is a modified linear
relationship between the LSPR peak position of the longitudinal plasmon mode and the

aspect ratio of the AuNR. Furthermore, we have found that within an aspect ratio, there
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is a linear relationship between the AuNR diameter and peak intensity. A consequence is
that A, can be maintained for rods of increasing length by concurrently increasing the
diameter, according to the relationship presented in Equation 1. Such a relationship
allows for target energetic characteristics to be achieved for a particular application and
the nanoparticle dimensions altered to achieve the desired secondary effects. An example
of this in photothermal therapy includes the ability to choose the plasmon resonant
energy at the desired wavelength, calculate the aspect ratios that produce that specific
plasmon resonance, and subsequently choose a nanoparticle size that provides good renal

clearance.
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CHAPTER 1V

RAPID AND EFFICIENT PREDICTION OF OPTICAL EXTINCTION

COEFFICIENTS FOR GOLD NANOSPHERES AND GOLD NANORODS

4.1 Summary

We have used DDA extinction spectra and experimental extinction coefficients for
AuNSs and AuNRs to find shape dependent theoretical conversion factors that allow us
to predict extinction coefficients from DDA calculations alone. We used these formulas
to predict the extinction coefficient for a 40 nm AuNS and a 30x10 AuNR each in water,
and found good agreement between our predictions and previously reported literature
values. We also predicted the extinction coefficients for a series of 10 nm diameter
AuNRs with varying AR. Our predicted values followed trends that have been
previously reported. Experimental determination of extinction coefficients can be
difficult and time consuming. Use of the formulas derived here allows for the
determination of extinction coefficients form DDA spectra alone, which are easy and fast
to produce. Increasing the speed and accuracy in determining extinction coefficients is
desirable for many applications that are sensitive to concentration. Additionally, these
formulas can be used in a predictive manner to predetermine the appropriate dimensions

for a particular AuNS or AuNR to achieve specific energetic characteristics.
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4.2 Introduction

The use of plasmonic noble metal nanoparticles (NP) in applications has exploded on the
scientific landscape over the past few decades'™ as colloidal synthetic techniques have
ameliorated to provide exquisite control over the size and shape of these nano-sized
materials.* Precise control of NP geometry is of utmost importance, as this allows for
tuning of the plasmon resonant energy throughout a relatively large electromagnetic
ralnge.5 Gold nanoparticles, in particular, have a plasmon resonant energy that can be
tuned in the visible spectrum from the green to the NIR. Gold NPs also benefit from high
stability, intense local electromagnetic fields, and an incredible ability to generate local
heat. These properties have led to the use of gold NPs in applications ranging from

sensing and imaging to diagnostics and therapeutics. *®

A limitation to the use of gold nanoparticles in applications is the determination of the
concentration of any given batch of NPs. Traditionally, Beer’s law is used to convert the
measured optical density (OD) into NP concentration using an experimentally pre-
determined extinction coefficient (€). However, determination of this € requires a
rigorous process of acid digestion and quantitative analytical techniques (e.g. ICP-MS)

that is incredibly costly in terms of both time and money.

Facile determination of nanoparticle optical and electromagnetic properties can be
achieved with theoretical methods, such as the Discrete Dipole Approximation (DDA).>'

This method requires minimal man-hours and allows for flexibility in modeled NP
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composition and geometry. In DDA, the NP is represented by a three-dimensional finite
lattice of point dipoles that is excited by an external field. The response of the point
dipoles to the external field and to one another is solved self-consistently using
Maxwell’s equations. DDA also provides an extinction intensity for the single modeled

particle, though this value is yet to be related to an actual physical quantity.

Herein, we systematically examine series of gold nanospheres (AuNS) and gold nanorods
(AuNR) both experimentally and theoretically. We calculate the theoretical extinction
intensity (TEI) using DDA. We also use literature values and our own experimental
values for experimental extinction coefficients (EECs) for particles of the same
dimensions we performed DDA calculations for. By combining the TEI and the EECs,
we provide an equation to generate a predicted extinction coefficient (PEC) for each of
the nanospheres and nanorods examined. These equations can then be used in the future

to generate PECs from DDA calculations alone.

4. 3 Methods

4.3.1 Reagents

Chlorauric acid (CAS: 16961-25-4) was purchased from Alfa Aesar. Sodium

Borohydride (CAS: 16940-66-2), silver nitrate (CAS: 7761-88-8), and CTAB (CAS: 57-
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09-0) were purchased from Sigma-Aldrich. Ascorbic acid (CAS: 50-81-7) was purchased

from Mallinckrodt Chemicals.

4.3.2 Synthesis of gold nanorods

Gold nanorods (14 nm diameter, 54 nm length) were synthesized using a seed-mediated
alpproalch.8 The seed solution was first prepared by dissolving cethyl-
trimentylammonium bromide (CTAB, 0.273 g) in water (deionized, 7.5 mL) with mild
stirring and slight heating. Hydrogen tetracholoroaurate (250 puL, 10 mM) was added,
and the gold was reduced with sodium borohydride (600 uL, 0.1 M). The solution was

stirred for 5 mins before use.

The growth solution was prepared by dissolving CTAB (15.49 g) in water (deionized,
425 mL) with mild stirring and slight heating. Tetracholoroaurate trihydrate (20 mL, 10
mM) was then added, yielding a clear, bronze-colored solution. Silver nitrate (8.5 mL, 4
mM) was added, and then the gold was reduced with ascorbic acid (11.6 mL, 79 mM),
yielding a clear, colorless solution. Seed solution (960 uL) was injected, and the solution
was left undisturbed overnight. The nanoparticles were cleaned via 2x successive

centrifugation.
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4.3.3 Thermal reshaping of gold nanorods

Gold nanorods of varying dimensions were synthesized via controlled thermal melting of
AuNR @CTAB prepared as described above. A solution of CTAB (0.31 g, 100 mL) was
prepared and heated to a gentle boil under gentle stirring (400 rpm) in a 250 mL trace-
clean Erlenmeyer flask. The as-prepared AuNR @CTAB solution (25 mL) was injected,
and heating/stirring was continued until the desired aspect ratio was achieved. The
change in aspect ratio was monitored through observation of the longitudinal plasmon
resonance peak (ca. 800 nm, initially), which moved exponentially slowly toward the
transverse plasmon resonance peak (ca. 530 nm). Evidence of this change is also
apparent in the color of the solution, which progresses from brown to purple to
blue/green to red over the course of the rod-to-sphere transformation. The resulting
nanoparticles were cleaned via 2x centrifugation with water. Extinction cross sections

were measures using an Ocean Optics HR400CG-UV-NIR and Spectrasuite software.

4.3.4 Characterization of gold nanoparticles

Gold nanospheres and nanorods were cleaned via 2x centrifugation and redispersion in
water. Optical characterization of the nanoparticles was carried out using an Ocean
Optics HR400CG-UV-NIR spectrometer and Spectrasuite software. Size and morphology

characterization was carried out using a JEOL 100 CX transmission electron microscope.
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For ICP-MS, aliquots of each sample were then digested via dissolution in aqua regia

(3:1 HCI:HNO:3) and boiling to dryness. Dry salt samples were then redispersed in aqua
regia, boiled to ca. 2 mL, and diluted to 5 mL with micropure water. Indium IS was
prepared in a 50 mL volumetric by adding 24.96 uL. of 10,010 ppm and diluting to the
line to give a final concentration of 5 ppm In IS. For ICP-MS, an aliquot (1 mL) of each
unknown sample was diluted with HNO3 (8,980 uL, 2%) and IS (20 uL)). The Au
standard was 19,696.657 ppm. We made a 10 ppm in a 50 mL volumetric by adding 25.4
uL. of Au standard and diluting to the line with 2%HNO3. We diluted this further to make
a 1lppm (or 1000ppb) stock in a 50 mL volumetric by adding 5 mL 10 ppm and diluting to

the line with 2% HNOs;.

Using respective 50 mL volumetrics we made the calibration curve by adding the

following:

2000 ppb - 10 mL of 10 ppm Au standard
1000 ppb - 5 mL of 10 ppm Au standard
500 ppb - 2.5 mL of 10 ppm Au standard
100 ppb - 5 mL of 1 ppm Au standard

50 ppb - 2.5 mL of 1 ppm Au standard

10 ppb - 500 uL of 1 ppm Au standard

S ppb - 250 uL of 1 ppm Au standard

1 ppb - 50 uLL of 1 ppm Au standard
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To each level we added 100 uL of In IS.

Gold ion concentrations were then determined using an inductively coupled plasma mass

spectrometer (ICP-MS). A minimum of X# of ICP measurements were collected for each

nanoparticle sample.

4.3.5 Theoretical methods

The optical response of gold nanospheres (diameters of: 6, 10, 15, 23, 30, 50, 40, 60 and
80nm) and gold nanorods (54%15, 51x16, 50x18, 50x19, 46x23, 40x30, 42x10, 40x10,
30x10, 20x10, 50x10, and 60x10) was calculated using the DDA method with the
DDSCAT 6.1 code offered publicly by Draine and Flatau.'' The dielectric values for
gold reported by Johnson and Christy'? were used. The incident light is always polarized
along the length of the AuNR in this report, and the medium surrounding the particle was

represented as water with a refractive index of 1.333.
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4.4 Results and Discussion

4.4.1 Modeling the optical properties of gold nanospheres

In DDA the user easily defines the size, shape, and composition of a particle as well as
the number of particles and their location in the system. However, one obstacle is that
the overall size of the system is not easily defined. In order to determine the extinction
coefficient from the DDA calculations it is necessary to know the overall volume of the
system in DDA. We know the number of particles in the system, but without knowing
the overall size of the system, we cannot know the volume of virtual solution around the
particle, and thus the concentration. Therefore, we need to develop a theoretical
conversion factor by which to account for the overall volume of surrounding media in

DDA and from that calculate the extinction coefficient.

DDA calculations were carried out for single AuNS with varying diameter (diameter = 6,

10, 15, 23, 30 50, 60, 80) in water. As the diameter of the AuNS increases, the peak

intensity in the DDA extinction spectrum increases (Figure 4 - 1).
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Figure 4 - 1. DDA extinction spectra for AuNS of varying diameter (indicated in legend)
The extinction increases as the size of the AuNS increases with very little change in peak
position.

We used the maximum extinction value from the DDA spectrum for each AuNS in

Figure 4 - 1 and literature values for their extinction coefficients'>'®

to find an empirical
formula relating the volume of the particle to the volume of the overall system. This

empirical relation for the AuNS is shown in Figure 4 - 2, and takes the form of an

allometric function. We will henceforth refer to this empirical relation as the theoretical
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conversion factor, as it gives us the ability to relate our theoretical spectra to physical

values.

In order to predict the extinction coefficients from theoretical spectra, we simply combine
our theoretical conversion factor with a few constants to get:

PEC =TEI *107 * N, * f(x)
where PEC is the predicted extinction coefficient, TEI is the theoretical extinction
intensity (obtained from the DDA spectrum), 10% is a conversion factor for converting
nm’ to L, Ny is Avogadro's number, and f(x) is our shape dependent theoretical
conversion factor where the volume of the particle in nm® is x. From Figure 4 - 2, for
AuNS,

f)=a*x’

where a = (5.90+1.33)*10° and b = (0.66520.0186).
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Figure 4 - 2. Empirical formula relating the volume of the AuNS to the volume of the
system DDA. The data fit well (R* = 0.999) to an allometric formula, y = a*x".

We used our equation to generate the predicted extinction coefficients (PECs) for a range
of nanosphere sizes (Figure 4 - 1), and plotted these as a blue line in Figure 4 - 3. We
then overlaid these with experimental extinction coefficients (EECs) from the literature to

show that these data points fall within the predicted confidence intervals.
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Figure 4 - 3. Fit of predicted extinction coefficients (PEC) against AuNS volume (blue
line) with experimental extinction coefficients (EEC) from literature (colored spheres).
All the experimental data points fall on the relation derived theoretically, indicating a
good agreement.

To test the validity of this process, we will predict the extinction coefficient for a 40 nm
AuNS in water from DDA. The theoretical conversion factor for a 40 nm AuNS is (6.01
+2.92) x10° nm’. The DDA extinction spectrum for the 40 nm AuNS in water (Figure 4 -
4) has a peak extinction value of 2.12 at a wavelength of 526 nm. Using the equation

relating TEI and PEC, the predicted extinction coefficient for a 40 nm AuNS from DDA

51



is (7.67 £ 3.73) x10° M cm™. The literature value for 40 nm AuNSs is 6.7x10° M cm’

1,13 which falls within the values predicted via DDA.
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Figure 4 - 4. DDA extinction spectrum for a 40 nm AuNS in water.
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4.4.2 Thermal treatment of gold nanorods

The synthesis and handling of gold nanorods is less facile than gold nanospheres; thus
extinction coefficients for AuNRs are not numerous enough in the literature for the
purpose of building a robust model similar to that which we developed for AuNS.
Therefore, we supplemented literature-reported extinction coefficients'” with our own
examination of the extinction coefficients of AuNR with systematically varied

dimensions prepared by a thermal reshaping process.

Our lab has previously reported the photothermal reshaping of gold nanorods into
spherical particles via laser ablation."” When the nanorods are excited by a high power
laser, the plasmon resonance is generated, and the nanorods melt from the inside out.?
Conversely, when gold nanorods are heat-treated at low concentration and in the presence
of excess CTAB, they melt the same as a bulk material - from the outside in. Moreover,
this process is slower and occurs in all particles in the solution at once, rather than just
the particles in the path of the laser beam. This slower timescale allows for the reaction
to be arrested at any point during the melting, producing gold nanorods of desired

. . 21
dimensions and/or plasmon frequency.

We fabricated a sample of AuNR via known methods.® Transmission Electron
Microscopy (TEM) was used to determine the dimensions of the AuNRs were 54.31£3.4 X
15.1£1.0 nm and the optical extinction spectrum showed a longitudinal plasmon

resonance at ca. 800 nm (Figure 4 - 5). We used the simple heat-treatment method”' to
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systematically alter the dimensions of these AuNRs. We observed the thermal reshaping
of nanorods over time via UV-vis and TEM (Figure 4 - 6). The progression produces
increasingly shorter and fatter rods, until spheres are finally formed. The dimensions of
the rods are given in Figure 4 - 7. Optically, the longitudinal plasmon band blue-shifts
significantly as the rod length shortens. The transverse plasmon concurrently red-shifts,
though to a much lesser degree. This effect is seen in the experimental extinction spectra

in Figure 4 - 8.

Extinction (a.u.)

400 500 600 700 800 900 1000
Wavelength (nm)

Figure 4 - 5. TEM micrograph of AuNRs 54.3 £3.4 x 15.1 £1.0 nm capped with CTAB.
The longitudinal plasmon band appears ca. 800 nm.
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Figure 4 - 6. TEM micrographs with overlaid, corresponding optical extinction spectra
showing the progression from gold nanorods (top) to gold nanospheres (bottom) over
time with heat.
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Figure 4 - 7. Length and width of gold nanorods over time. These nanorods become
shorter and fatter as they thermally melt, finally producing nanospheres.
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Figure 4 - 8. Experimental extinction spectra showing thermal transition form gold
nanorods to gold nanospheres. The longitudinal plasmon resonance blue-shifts while the
transverse plasmon resonance red-shifts.

ICP was used to determine the number of gold atoms per unit volume for each solution of
nanorods. This in conjunction with the size of the rods (i.e. average volume of gold per
rod) from the TEM measurements was used to determine the extinction coefficients for
the different sized AuNRs. The extinction coefficients varied systematically with
dimensions (Figure 4 - 9). We will use these and previously published experimentally
determined extinction coefficients to predict extinction coefficients for AuNRs from

DDA alone.
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Figure 4 - 9. Experimental extinction coefficients by longitudinal plasmon resonance
wavelength obtained via ICP-MS.

4.4.3 Modeling the optical properties of gold nanorods

DDA calculations were carried out for single AuNR with varying dimensions (5415,
51x16, 50x18, 50x19, 46x23, 40x30, 42x10, and 40x10) in water. The DDA extinction

spectra for AuNRs are shown in Figure 4 - 10. The plasmon peak position is dependent
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on both dimensions of AuNR, even though the light was polarized to isolate the

longitudinal mode.

27 1 AuNR dimensions (nm):
e 42X 10
40x10 ﬂ
54x14 n
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| T I T [ T 1
400 600 800 1000
wavelength (nm)
Figure 4 - 10. DDA extinction spectra for AuNR of varying dimensions (indicated in
legend). The extinction intensity and peak position depend on both dimensions of the

AuNR even though light is polarized along the length of the AuNR to isolate only the
longitudinal mode.
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As with the AuNS, we used the maximum extinction value from the DDA spectrum for
each AuNR in Figure 4 - 10 and experimental values for their extinction coefficients'’
(Figure 4 - 9) to find an empirical formula relating the volume of the particle to the
volume of the overall system. This empirical relation for the AuNR is shown in

Figure 4 - 11, and takes the form of an exponential function.

In order to predict the extinction coefficients from theoretical spectra, we simply combine

our theoretical conversion factor with a few constants to get:

PEC =TEI *107** N * f(x)

where 10* is a conversion factor for converting nm’ to L, Na is Avogadro's number, and
f(x) is a shape dependent theoretical conversion factor where x is the volume of the

particle in nm’. For AuNR f(x) is:

FO0) =y, + A%l

where yo = (2.1120.46)*10%, A = 1.11*10, xo = 2.61*10” and t = (3.40+0.18)*10°.
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Figure 4 - 11. Empirical formula relating the volume of the AuNR to the system volume
in DDA. The data fit well (R* = 0.995) to an exponential formula, y = yo + A*exp[(x-
X())/ t].

We used our equation for AuNRs to generate the predicted extinction coefficients (PECs)
for a range of nanorod sizes (Figure 4 - 10), and plotted these as a blue line in Figure 4 -
12. We then overlaid these with experimental extinction coefficients (EECs) from the
literature'” and our own experiments (Figure 4 - 8) to show that these data points fall

within the predicted confidence intervals.
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Figure 4 - 12. Fit of predicted extinction coefficients (PEC) against AuNR volume (blue
line) with experimental extinction coefficients (EEC, orange spheres). All the
experimental data points fall on the relation derived theoretically, indicating a good
agreement.

To test the validity of this process, we will predict the extinction coefficient for a 30x10
nm AuNR in water from DDA. The theoretical conversion factor for a 30x10 nm AuNR
is (2.21 £0.45) x10® nm®. The DDA extinction spectrum for the 30x10 nm AuNS in
water (Figure 4 - 13) has a peak extinction value of 13.615 at a wavelength of 699 nm.

Using the equation relating TEI and PEC, the extinction coefficient for a 30x10 nm
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AuNR from DDA is (1.81 £0.37) x 10° M' cm™. The literature value for 30 x 10 nm
AuNRs is 1.9 x 10° M! cm™,** which falls within the values predicted via DDA. In fact,

the percent error between the average value predicted via DDA and the literature is only

5%.
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Figure 4 - 13. DDA extinction spectrum for the longitudinal mode of a 30x10 AuNR in
water.
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Now that we have developed a reliable way to predict extinction coefficients from DDA
calculations alone, we applied this to a selection of AuNRs 10 nm in diameter at several
aspect ratios (AR =2, 3, 4, 5, and 6). The DDA extinction spectra for the various AuNRs
are shown in Figure 4 - 14. The longitudinal plasmon peak red-shifts as the length
increases (Figure 4 - 14, top right panel). Using our formulas, we were able to predict the
extinction coefficients for these various AuNRs. The DDA predicted extinction
coefficients are plotted against aspect ratio in the bottom right panel of Figure 4 - 14.

The extinction coefficient increases as the aspect ratio increases, which agrees with what
has been seen previously.'” The order of magnitude of the extinction coefficients also

agrees with those seen previously.'’
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Figure 4 - 14. Theoretical extinction spectra of 10 nm diameter AuNR of indicated
aspect ratio (AR). Extinction intensity increases with increasing AR; resonant wavelength
red-shifts strongly with increasing AR (top right panel). The predicted extinction
coefficients increase with increasing aspect ratio (bottom right panel).
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4.5 Conclusions

We have used DDA extinction spectra and experimental extinction coefficients for
AuNSs and AuNRs to find shape dependent theoretical conversion factors that allow us

to predict extinction coefficients from DDA calculations alone.
PEC=TEI *107** N * f(x)

where PEC is the predicted extinction coefficient, TEI is the theoretical extinction
intensity, 10" is a conversion factor for converting nm’ to L, Na is Avogadro's number,
and f(x) is a shape dependent theoretical conversion factor where x is the volume of the

particle in nm’. For AuNS and AuNR f(x) is:

o a*x’ for AuUNS
_x =
v, + A% for AUNR

where a = (5.90+1.33)*10°, b = (0.665+0.0186), yo = (2.1120.46)*10°%, A = 1.11*107, xo =
2.61*%10° and t = (3.40%0.18)*10". The shape dependent theoretical conversion factor is

an empirical relation derived from comparing TEI to PEC for known cases.

We used these formulas to predict the extinction coefficient for a 40 nm AuNS and a
30x10 AuNR each in water, and found good agreement between our predictions and

previously reported literature values. We also predicted the extinction coefficients for a
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series of 10 nm diameter AuNRs with varying AR. Our predicted values followed trends

that have been previously reported.17

Experimental determination of extinction coefficients can be difficult and time
consuming. Use of the formulas derived here allows for the determination of extinction
coefficients form DDA spectra alone, which are easy and fast to produce. Increasing the
speed and accuracy in determining extinction coefficients is desirable for many
applications that are sensitive to concentration. Additionally, these formulas can be used
in a predictive manner to predetermine the appropriate dimensions for a particular AuNS

or AuNR to achieve specific energetic characteristics.
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CHAPTER V

EXTINCTION VS. ABSORPTION: WHICH IS THE INDICATOR OF PLASMONIC

FIELD STRENGTH FOR SILVER NANOCUBES

5.1 Summary

This investigation demonstrates the contributions of absorption and scattering to the
extinction spectrum of silver nanocubes with multipole resonances and the complexity of
the resulting plasmon field strengths for these varying modes. The three-dimensional
plasmonic field distribution and orientation around a silver nanosphere (AgNS, 40 nm)
and a silver nanocube (AgNC; 40, 60, 86 nm) were calculated in the visible via the
Discrete Dipole Approximation. The three-dimensional nature of these particles allows
for significant contribution from the quadrupole mode in some cases. The AgNS displays
one plasmon band, its dipole mode, and has little contribution from scattering. The
maximum plasmon field occurs at the extinction maximum, as expected. The 40 nm
AgNC exhibits multiple plasmon bands, and the highest maximum field strength is
attained from excitation of the quadrupole mode, not the dipole mode. As the size of the
AgNC increases, the contribution from scattering increases. When the contribution from
scattering is greater than the contribution from absorption in a AgNC, the field strength
within a plasmon mode trends with the absorption and not with the extinction or

scattering. This should be considered in applications of AgNCs, as excitation of the
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largest peak in the experimental extinction spectrum will not always result in the

strongest plasmon field strength.

5.2 Introduction

Plasmonic nanoparticles can interact with light in several different ways. The amount of
light scattered by a particle relative to the amount of light absorbed by the particle is
dependent on the particle's size, shape and composition.l'3 Scattering of light by
plasmonic particles is the key process in many diagnostic applications employing
nanoparticles, as the large amount of scattering makes it easy to see the particles via dark

10-12

field microscopy.l""9 Many other applications (e.g. solar cells, photothermal

13,16-18

theralpy,g’13 13 drug delivery ) rely heavily on the absorption of light by plasmonic

particles and the subsequent conversion of that energy to heat or strong electric fields.

In many applications involving the use of electric fields around nanoparticles, a specific
wavelength or selection of wavelengths is used to excite the particle to give the strongest
field. It has been shown elsewhere that excitation at the dipolar plasmon wavelength

1920 and many applications exploit this, choosing wavelengths

creates very strong fields,
based on the largest peak from the experimentally collected extinction spectrum. Our
results for silver nanocubes indicate that field strength trends with absorption and not

extinction or scattering, which necessitates a thorough theoretical investigation to

accurately determine the ideal excitation wavelength for applications.
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The discrete dipole approximation (DDA) is a theoretical technique for modeling the
spectral properties of systems. DDA has the advantage of being able to model particle(s)

of arbitrary shalpe.l’zo'24

In this method, the particle is represented by a three-dimensional
finite lattice of point dipoles that is excited by an external field. The response of the
point dipoles to the external field and to one another is solved self-consistently using
Maxwell's equations. The DDSCAT 6.1 code offered publicly by Draine and Flatau®
allows for calculation of the absorption and scattering spectra separately, allowing for
assessment of the contributions from each to the extinction spectra, which is the sum of
these two components. Furthermore, with modifications to the code by Goodman?® and
Schatz,” it is possible to calculate the electric field enhancement contours and the
individual dipole orientations at a specific wavelength. These plots can only be generated
for one slice through the particle at a time, but the slice position can be chosen. Thus, by

repeating the calculations for multiple slices through the particle, a three-dimensional

representation of the field can be obtained at a particular resonance wavelength.

Using DDA, we calculate the absorption and scattering components of the extinction as
well as the three-dimensional field plots for whole particles. We show that an in-depth
investigation of the three-dimensional field enhancement contours is needed to accurately
assign the plasmonic modes and determine which wavelength results in the largest field
enhancement for silver nanocubes. We also elucidate the relationship between the
absorption spectrum and maximum field enhancement within a single plasmon mode for

a silver nanosphere and for silver nanocubes of varying size.
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5.3 Methods

The optical response of a silver sphere (40 nm diameter) and a silver nanocube with
varying edge length (40 nm, 60 nm and 86 nm) was calculated using the DDA method
with the DDSCAT 6.1 code offered publicly by Draine and Flatau® with modifications
by Goodman®® and Schatz*’. The dielectric values for silver reported by Johnson and
Christy28 were used. The incident light was always polarized left to right along the edge
of the AgNC for these calculations, and the medium surrounding the particle was

represented as water with a refractive index of 1.333.

5.4 Results and Discussion

5.4.1 40 nm Silver Nanosphere

The extinction, absorption, and scattering spectra for a 40 nm AgNS in water are shown
in Figure 5 - 1a. Here, there is only one plasmon band, which has some contribution
from scattering but is dominated by absorption. The maximum of this plasmon band
occurs at 393 nm. To accurately assign the plasmon modes, multiple field contour plots
were generated at each wavelength for five evenly spaced slices through the particle.
When combined (as in, Figure 5 - 2), these five slices give a good three-dimensional
representation of the field location and orientation at a particular resonance wavelength.
The composite field plot at 393 nm, is shown in Figure 5 - 2 along with its field

enhancement scale. The maximum enhancement for this wavelength is 1085 and occurs
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on the middle slice of the particle. A summary of the spectral and field information for
the 40 nm AgNS is plotted in Figure 5 - 1b. In addition to the field contour, a plot of the
individual dipoles that make up the particle and their orientation was generated for each
particle slice. Hereafter, a minus sign will be used to represent when the field vectors are
pointing away from an area and a plus sign will be used to represent when the field

vectors are all pointing towards an area (Figure 5 - 3).
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Figure 5 - 1. a) DDA extinction (black), absorption (red) and scattering (green) spectra
for a 40 nm AgNS in water. b) Comparison of spectral value trends with field
enhancement trends for the dipole mode of a 40 nm AgNS. It can be seen that the
maximum in field strength corresponds to the maximum spectral values.
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0.1000

0.4189

1.755

7.353

30.80

129.0

540.6

1405

Figure 5 - 2. Three-dimensional representation for the electric field enhancement of a 40
nm AgNS when excited with a wavelength of 393 nm. The field location and field vector
orientations indicate that this is the dipole mode.

Figure 5 - 3. Representative field vector plot (middle slice of a 40 nm AgNS at 393 nm).
As shown, a plus sign will indicate when all the vectors are pointing towards an area, and
a minus sign indicates when all the vectors are pointing away from an area.
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The composite field plot for the AgNS at 393 nm has the field vectors pointing away
from the left side and towards the right side throughout the entire particle. This
corresponds to the most primitive dipole mode for the particle, which is the largest
extinction peak. Similar investigations were carried out slightly off resonance at 388 nm
and 398 nm (Figure 5 - 4 and Figure 5 - 5). The field location and orientation is the same
as that seen at 393 nm; these two wavelengths also correspond to the dipole mode. The
spectral values and field intensities for all three wavelengths are plotted in Figure 5 - 1b,
and the highest field enhancement is found where the maximum extinction and

absorption values occur at 393 nm.

0.1000
0.4030
1.624
6.546
26.38
106.3
= 428 4
1085
Figure 5 - 4. Three-dimensional representation for the electric field enhancement of a 40
nm AgNS when excited with a wavelength of 388 nm.
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1120
Figure 5 - 5. Three-dimensional representation for the electric field enhancement of a 40
nm AgNS when excited with a wavelength of 398 nm.

In the case of the 40 nm silver nanosphere, we see that the three-dimensional field
modeling can be used to accurately assign different plasmon modes based on the field
contour and orientation. Additionally, the field maximum occurs at the absorbance
maximum, which in this case coincides with the extinction maximum, as there is very

little contribution from scattering.

5.4.2 40 nm Silver Nanocube

Next, we wanted to use this three-dimensional field mapping to examine particles with
more complex spectral features. It has previously been shown that silver nanocubes

(AgNCs) exhibit multiple spectral peaks and can have a significant contribution from
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29-32

scattering when the AgNC is of sufficient size (>30 nm). Therefore, we first

considered a silver nanocube (AgNC) with a 40 nm edge length.

The DDA extinction (black), absorption (red) and scattering (green) spectra for a 40 nm
AgNC are shown in Figure 5 - 6a. At this size, absorption dominates scattering, but there
is still a substantial contribution from scattering. It is also apparent that there are multiple
bands, though at this size they are reasonably well separated. The first wavelength
investigated was 475 nm, which is slightly off resonance for the peak appearing furthest
to the red. The composite field plot for 475 nm is shown in Figure 5 - 7. It can be seen
that the field is located at the corners of the particle in each slice. Also, the orientation of
the field vectors corresponds to the most primitive dipole mode for the particle; this is

also the largest extinction peak occurring furthest to the red.
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Figure 5 - 6. a) DDA extinction (black), absorption (red) and scattering (green) spectra
for a AgNC in water with a 40 nm edge length. Higher order modes are present, but the
modes are well separated. Absorption dominates scattering. b) Comparison of spectral
value trends with field enhancement trends for the dipole mode of a 40 nm AgNC. The
maximum field strength occurs at the spectral maxima, which all coincide. c)
Comparison of spectral value trends with field enhancement trends for the quadrupole
mode of a 40 nm AgNC. The maximum field strength occurs at the spectral maxima,
which all coincide.
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4092
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- 1.410E5
Figure 5 - 7. Three-dimensional representation for the electric field enhancement of a 40

nm AgNC when excited with a wavelength of 475 nm. The field locations and field
vector orientations indicate that this is the dipole mode.

The next two wavelengths considered for the 40 nm AgNC were 482 nm and 487 nm
(Figure 5 - 8 and Figure 5 - 9, respectively). Both wavelengths have the same field
location and orientation as was seen for 475 nm, meaning both 482 nm and 487 nm also
correspond to the dipole mode for the 40 nm AgNC. There is an increase in the field
enhancement maximum from 475 nm to 482 nm and a decrease from 482 nm to 487 nm,

with corresponding trends in the spectral values (Figure 5 - 6b).
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Figure 5 - 8. Three-dimensional representation for the electric field enhancement of a 40
nm AgNC when excited with a wavelength of 482 nm.

0.1000

0.7901
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49.32

389.7

3079

9.650E4
Figure 5 - 9. Three-dimensional representation for the electric field enhancement of a 40
nm AgNC when excited with a wavelength of 487 nm.
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Next, we considered the band at 435 nm. Unlike what has been seen previously, the field
orientation is not the same for all five slices (Figure 5 - 10). Here, the top and bottom of
the particle have the same field orientation, with the field vectors pointing away from the
left and towards the right, while the interior of the particle has the opposite field vector
orientation, pointing away from the right and towards the left. These field orientations

suggest a quadrupole mode.

0.1000
0.8385
7.032
58.96
494 4
4146
- 3.477E4 e
1.435E5 —
Figure 5 - 10. Three-dimensional representation for the electric field enhancement of a

40 nm AgNC when excited with a wavelength of 435 nm. The field location and field
vector orientations indicate that this is the quadrupole mode.
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The wavelengths 440 nm and 445 nm were both found to correspond to the quadrupole
mode, as indicated by their composite field plots (Figure 5 - 11 and Figure 5 - 12). For
the 40 nm AgNC, the field enhancement maximum increases from 435 nm to 440 nm,
then decreases from 440 nm to 445 nm with corresponding trends in the spectral values
(Figure 5 - 6¢). It is interesting to note that the maximum field enhancement for the

quadrupole mode is greater than what is seen for the dipole mode.

0.1000
0.9064
8.215
74.46
674.9
6117
5.544E4
- 2.410E5
Figure 5 - 11. Three-dimensional representation for the electric field enhancement of a
40 nm AgNC when excited with a wavelength of 440 nm.

83



0.1000
0.8598
7.392
63.55
546.4
4698
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1.695E5
Figure 5 - 12. Three-dimensional representation for the electric field enhancement of a
40 nm AgNC when excited with a wavelength of 445 nm.

5.4.3 60 nm Silver Nanocube

The 40 nm AgNC allows for investigation of multiple modes, but the spectra are still
fairly simple; the modes are well separated from one another, and absorption still
dominates scattering. Next we considered an even larger silver cube (60 nm), to increase
the contribution from scattering (Figure 5 - 13a)." By comparison with the spectra for
the 40 nm AgNC (Figure 5 - 6a) there is considerably higher contribution from scattering
than was seen for the smaller particle, as expected. Despite the increase in contribution

from scattering, the multiple bands still remain fairly well distinguished.
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Figure 5 - 13. a) DDA extinction (black), absorption (red) and scattering (green) spectra
for a AgNC in water with a 60 nm edge length. Higher order modes are present, but the
modes are well separated. Scattering dominates absorption. b) Comparison of spectral
value trends with field enhancement trends for the dipole mode of a 60 nm AgNC. The
maximum field strength trends with the absorption, not the scattering or extinction. c)
Comparison of spectral value trends with field enhancement trends for the quadrupole
mode of a 60 nm AgNC. The maximum field strength trends with the absorption, not the
scattering or extinction.
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It was found that wavelengths 433 nm, 441 nm and 443 nm all corresponded to the
quadrupole mode for the 60 nm AgNC, as indicated by their composite field plots
(Figure 5 - 14, Figure 5 - 15 and Figure 5 - 16). However, an interesting trend was
observed for the field strength. It can be seen in Figure 5 - 13c that the field increases
from 433 nm to 441 nm and reaches a maximum at 443 nm. The absorption value
follows the same trend as the field strength maximum, increasing from 433 nm to 443
nm, while the extinction and scattering values do not. Thus, for this particle whose
scattering contributes more to the extinction than the absorption does, the absorption
value is a better indicator of field strength within a single plasmon mode than is the

extinction.

0.1000
0.6611
4.370
28.89

191.0

1263

- o \/
2.940E4

Figure 5 - 14. Three-dimensional representation for the electric field enhancement of a
60 nm AgNC when excited with a wavelength of 433 nm. The field location and field
vector orientations indicate that this is the quadrupole mode.
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Figure 5 - 15. Three-dimensional representation for the electric field enhancement of a
60 nm AgNC when excited with a wavelength of 441 nm.

0.1000
0.7176

5.149

36.95
265.2

-
.-
1903
- 1.365E4 <~

5.080E4

Figure 5 - 16. Three-dimensional representation for the electric field enhancement of a
60 nm AgNC when excited with a wavelength of 443 nm.
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Next, we examined the dipole mode at 492, 495 and 505 nm (Figure 5 - 17, Figure 5 - 18
and Figure 5 - 19). Again we see that the field strength trends with the absorption and

not with the scattering or extinction for this plasmon mode (Figure 5 - 13b).

0.1000
0.6428
4133
26.57
170.8
1098
| 7057
- 2.440E4
Figure 5 - 17. Three-dimensional representation for the electric field enhancement of a

60 nm AgNC when excited with a wavelength of 492 nm. The field location and field
vector orientation indicate that this is the dipole mode.
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Figure 5 - 18. Three-dimensional representation for the electric field enhancement of a
60 nm AgNC when excited with a wavelength of 495 nm.
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Figure 5 - 19. Three-dimensional representation for the electric field enhancement of a
60 nm AgNC when excited with a wavelength of 505 nm.
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5.4.4 86 nm Silver Nanocube

Finally, an even larger AgNC (86 nm) was studied to see if the plasmon modes could be
distinguished despite a further increase in scattering as well as to further investigate the
relation between field enhancement and absorption. For this particle, the scattering
dominates the absorption to the point that the different plasmon bands begin to overlap in
the extinction spectrum (Figure 5 - 20a). Here, more modes than the quadrupole and
dipole were considered to determine the robustness of the three-dimensional particle
composite field plot in distinguishing between modes. The data are presented in detail in

Table 5-1 and discussed forthwith.
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Figure 5 - 20. a) DDA extinction (black), absorption (red) and scattering (green) spectra
for a AgNC in water with an 86 nm edge length. Higher order modes are present and
there is considerable overlap between the modes. Scattering dominates absorption. b)
Comparison of spectral value trends with field enhancement trends for the quadrupole
mode of an 86 nm AgNC. The maximum field strength trends with the absorption, not
the scattering or extinction.
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Table 5-1. Summary of field plot data at different wavelength for 86 nm AgNC.
"Extinction", "Absorption" and "Scattering" refer to the value for those spectra at the
wavelength of interest. "Max. field" is the largest field enhancement value observed for
any slice of the particle.

Wavelength Extinction Absorption Scattering Max. field
(nm) (au) (au) (au) (Eincident)
377.5 2.8798 1.8112 1.0686 1035

405 3.2813 1.7844 1.4969 1080
417 4.2174 2.3387 1.8787 7640
440 6.5549 2.8394 3.7156 48400
443 6.6572 2.5413 4.1159 53800
447 6.8790 2.3658 4.5132 51800
454 6.106 3.0495 3.0565 55000
462 3.0401 2.256 0.7841 28600
470.5 3.6499 1.8359 1.814 15500
487 9.0214 3.8126 5.2088 35600
523 12.727 1.5617 11.165 6400

5.4.4.1 Higher Order Multipoles

It was found that the wavelengths 377.5, 405, 417 and 440 nm all corresponded to
distinct higher order plasmon modes (Figure 5 - 21, Figure 5 - 22, Figure 5 - 23 and
Figure 5 - 24), as indicated by their complex but distinct field locations and field vector
orientations. These results show that the three-dimensional modeling can be applied to

distinguish between even very complicated higher order plasmon modes.
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1035

Figure 5 - 21. Three-dimensional representation for the electric field enhancement of an
86 nm AgNC when excited with a wavelength of 377.5 nm. The field locations and field
vector orientations indicate that this is a higher order multipole mode.
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26.31
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Figure 5 - 22. Three-dimensional representation for the electric field enhancement of an
86 nm AgNC when excited with a wavelength of 405 nm. The field locations and field
vector orientations indicate that this is a higher order multipole mode.

1080
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Figure 5 - 23. Three-dimensional representation for the electric field enhancement of an
86 nm AgNC when excited with a wavelength of 417 nm. The field locations and field
vector orientations indicate that this is a higher order multipole mode.

0.1000
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4.840E4
Figure 5 - 24. Three-dimensional representation for the electric field enhancement of an

86 nm AgNC when excited with a wavelength of 440 nm. The field locations and field
vector orientations indicate that this is a higher order multipole mode.
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5.4.4.2 Quadrupole and Dipole Modes

The wavelengths 443, 447, 454 and 462 nm were all found to correspond to the
quadrupole mode (Figure 5 - 25, Figure 5 - 26, Figure 5 - 27 and Figure 5 - 28), as
indicated by the field contour and field vector orientations. As was previously seen, the
maximum field strength trends with the absorbance and not with the scattering or

extinction values (Figure 5 - 20b).

0.1000
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Figure 5 - 25. Three-dimensional representation for the electric field enhancement of an
86 nm AgNC when excited with a wavelength of 443 nm. The field locations and field
vector orientations indicate that this is the quadrupole mode.

95



0.1000

0.7197

5.180

37.28

268.3

1931

- 1.390E4

5.180E4
Figure 5 - 26. Three-dimensional representation for the electric field enhancement of an
86 nm AgNC when excited with a wavelength of 447 nm.
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Figure 5 - 27. Three-dimensional representation for the electric field enhancement of an
86 nm AgNC when excited with a wavelength of 454 nm.
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Figure 5 - 28. Three-dimensional representation for the electric field enhancement of an
86 nm AgNC when excited with a wavelength of 462 nm.

The wavelengths 470.5 and 487 nm were found to correspond to a different mode that is
a mixture of the quadrupole and dipole modes (Figure 5 - 29 and Figure 5 - 30). For this
mode, if only the field enhancement locations had been considered, then it might appear
that this wavelength represented the same mode as the previous four (443, 447, 454 and
462 nm). Similarly, if only the top slice had been considered, which shows the strongest
field enhancement in all cases, this mode would have appeared to be the quadrupole
mode even if the dipole orientations had also been considered. These results in particular

show the importance of basing mode assignments on thorough theoretical results.
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1.550E4

Figure 5 - 29. Three-dimensional representation for the electric field enhancement of an
86 nm AgNC when excited with a wavelength of 470.5 nm. The field locations and field
vector orientations indicate that this is a hybrid between the quadrupole and dipole
modes.

0.1000
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- 3.560E4
Figure 5 - 30. Three-dimensional representation for the electric field enhancement of an
86 nm AgNC when excited with a wavelength of 487 nm.
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Finally, we examined 523 nm, which corresponds to the maximum of the large extinction
peak. Here, the location of the field is focused at the corners and the field vectors are
pointing away from the left and towards the right throughout the entirety of the particle
(Figure 5 - 31). This corresponds to the most primitive dipole mode for the particle,
which agrees with the fact that this is also the largest extinction peak. Interestingly, the
maximum field enhancement is only 6400, which is an order of magnitude less than that
seen for the last seven wavelengths. Although 523 nm corresponds to large peak in the
extinction and scattering (Figure 5 - 20a), there is very little contribution from the
absorption, thus there is little field enhancement. This agrees with our previous results
that indicate the absorption is one of the key factors in determining which mode will give

the highest field enhancement for AgNCs.

0.1000

0.5259

2.766
14.55
76.51

402.4
6400

Figure 5 - 31. Three-dimensional representation for the electric field enhancement of an
86 nm AgNC when excited with a wavelength of 523 nm. The field locations and field
vector orientations indicate that this is the dipole mode.
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In the case of silver nanocubes, we see we can accurately assign multiple plasmon modes
from more complicated spectra using the three-dimensional field modeling. As the
contribution from scattering increases (i.e. as the size of the AgNC increases) it becomes
apparent that the field strength depends on the absorption, and not the extinction or

scattering.

5.5 Conclusions

We have completed a thorough and systematic investigation of the plasmon modes of a
40 nm AgNS and various sizes of AgNCs. Our results show that there are multiple
distinct plasmon modes for AgNCs, and specifically that there is a significant
contribution to the spectra from the quadrupole and dipole modes. We also showed that
consideration of the field distribution and orientation in three dimensions is necessary for

accurate description and assignment of the plasmon modes for AgNCs.

We found for all three AgNC sizes considered that the quadrupole mode results in a
higher maximum field enhancement than the dipole mode. Further, we found an
interesting relationship between the spectral values and field intensity for the AgNCs.
Specifically, when the contribution from scattering is greater than that from absorption,
the field strength within a plasmon mode of a AgNC trends with the absorption values
and not with the extinction or scattering. It seems safe to conclude that this is always the

case for AgNCs. However, this distinction becomes less necessary when there is a small
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contribution from scattering, as the extinction and absorption peaks become more
coincidental. Experimentally, it is typically the extinction spectrum that is collected, and
this could be misleading in choosing the resonance wavelength for maximum field
enhancement of AgNCs if there is a significant contribution from scattering (e.g. in large

AgNCs).

We should now point out that the relationship between absorption and field strength is
not absolute, but only can be used within one mode for one particle at a time. This means
that for the same mode in two different-sized AgNCs, a higher absorption value for one
particle size does not necessarily indicate a higher maximum field enhancement for that
particle compared to the other. Second, the absorption values cannot be compared
between modes within a single AgNC to determine which will have a higher field. In
fact, our results for all three sizes of AgNC considered show that the quadrupole mode
results in the highest maximum field enhancement, not the dipole mode, even though in
some cases the absorption value for the dipole peak was higher than the quadrupole peak.
All these trends simply point out that a thorough theoretical investigation is needed to
accurately assign the plasmon modes and choose the wavelength most appropriate for

applications using AgNCs.

Our results indicate that plasmon field strength of AgNCs trends with absorption, which

indicates the necessity of thorough theoretical investigation to choose the appropriate

wavelength for maximum field enhancement for applications using AgNCs. This is
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especially true for particles with a significant quadrupole mode and/or a substantial

contribution from scattering
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CHAPTER VI

PRONOUNCED EFFECTS OF ANISOTROPY ON THE PLASMONIC PROPERTIES

OF NANORINGS FABRICATED BY ELECTRON BEAM LITHOGRAPHY

6.1 Summary

Gold nanoring dimers were fabricated via EBL with dimensions of 127.6 = 2.5 nm and
57.8 £ 2.3 nm for the outer and inner diameters, respectively, with interparticle
separations ranging from 17.8 &+ 3.4 nm to 239.2 + 3.7 nm. The coupling between the
inner and outer surfaces of a single nanoring renders it very sensitive to any anisotropy.
We found that anisotropy in the particle geometry and anisotropy introduced by the

substrate combine to create very unique spectral features in this system.

6.2 Introduction

A unique feature of noble metal nanoparticles is their ability to support a localized
surface plasmon resonance (LSPR) in response to an applied electric field, i.e. light.'
The LSPR imbues the nanoparticles with intense near-field and far-field optical

properties that make them attractive for a wide variety of applications including sensing,”

13 21-27 22,28-31

imaging,14'20 drug delivery, and cancer therapy. Recently, there has been

increased interest in hollow nanostructures, as these can be more tunable and sensitive to
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their environment than their solid particle alnallogs.3 0-33

This sensitivity results from the
strong intraparticle coupling that arises from the interaction between the plasmon

supported on the outer surface and the plasmon supported on the inner surface of each

hollow nanostructure.

The plasmonic properties of metal nanoparticles are dependent upon their size, shape, and
composition as well as the dielectric of the surrounding medium.>®" It has been
demonstrated that as two plasmonic particles are brought together, their near-fields begin
to overlap and couple, which affects the plasmon resonance of the overall system.>*~’
Additionally, when plasmonic particles are small compared to their interparticle
separation, they can be treated as dipolar excitons,”® a fact that allows for the use of the
exciton-coupling model to describe the plasmonic coupling of two interacting particles.

If the plasmon dipoles are aligned in an attractive configuration, e.g. head-to-tail in an
axial alignment, the aggregate plasmon band is stronger and at a lower energy than that of
a single particle. Conversely, if the dipoles are aligned in a repulsive configuration, e.g.
head-to-head in an axial alignment, the plasmon band will occur at a higher energy. The
magnitude of the shift in the frequency of the LSPR for two interacting particles has been
found to depend on the particle size and interparticle separation. This can be
alpproximalted3 539 by:

()

T

AL
— |=Ae
A
where AA is the fractional shift in the LSPR wavelength, A is the wavelength of the

LSPR for an isolated particle, A is the pre-exponential fitting factor, s is the separation
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between the particles, D is the dimension of the particle along the interparticle axis and T

is the exponential decay length of the coupled particle pair.

High sensitivity to the above factors necessitates precise control of the nanoparticle shape
is needed in the fabrication method for fundamental studies aimed at investigating how
nanoparticle geometry and interparticle separation affect the plasmonic properties of
noble metal nanoparticle arrays. Although colloidal synthesis techniques offer the
advantages of high throughput and flexibility in three-dimensional shape and metal
composition, electron beam lithography (EBL) offers the advantages of near-exact
control over particle geometry and interparticle separation, particularly for interparticle

separations ranging from 20-100 nm.

Hollow nanostructures support two plasmons, one on their inner surface and one on their
outer surface.”’ These two plasmons can interact strongly with one another, making
hollow nanostructures much more sensitive to structural inhomogeneity than their solid
analogs. In particular, changing the wall thickness in a hollow nanostructure greatly
affects its optical properties.*”** This extreme sensitivity to structural inhomogeneity in
the wall thickness adds a geometrical constraint that is not an issue for solid structures
and therefore makes accurate representation of the particle geometry vital for the
theoretical modeling of hollow nanostructures. In addition, it has been shown that
placing a nanoparticle on a substrate results in some degree of symmetry breaking and

can introduce coupling and hybridization of the plasmon modes.” Therefore, in order to
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accurately model the system, the calculations should reproduce the particle sitting on a

substrate.

The discrete dipole approximation (DDA) and the finite-difference time-domain (FDTD)
method are two of the most widely used approaches for modeling plasmonic systems.
DDA is an attractive method for simulating the extinction spectra of metal particles of

. 4,19,42,44-46
arbitrary shape.™ 942

In this method, the solid target particle is approximated as a
three-dimensional finite lattice of point dipoles that is excited by an external field. The
response of the dipoles to the external field and to one another is solved self-consistently
using Maxwell's equations. Most of the work done so far has involved modeling the
optical properties of solid nanoparticles of different shapes, with little emphasis on

19,46-48
hollow structures.'””

While it has been shown that DDA calculations can be improved
by clipping sharp corners to give a more realistic representation of particle geometry,*
there has been little focus on improving the representation of particle shape in DDA
calculations, a topic which is addressed in this work.

Finite-difference time-domain (FDTD) simulations®

are another practical approach to
simulate large nanostructures. Using the Yee algorithm, propagation of the
electromagnetic field is defined on a spatial grid through consecutive time steps, and the
spectrum obtained from a single run. By analyzing the nanoring system using DDA and

FDTD calculations, a better understanding of the features in the experimentally observed

spectra was achieved.
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6.3 Methods

Nanoring arrays were fabricated using a JEOL JBX-9300FS 100 kV electron beam
lithography (EBL) system. The nanorings were supported on an array of free-standing
silicon nitride (Si3N4) membrane windows, whose fabrication has been described
elsewhere.”® Each Si3N4 membrane window measured 150 x 150 umZ and was used for a
single design pattern, which measured 200 x 200 um” to ensure overlap with the window.
An 80 nm thick layer of poly(methyl methacrylate) (PMMA), a positive electron resist,
was spin coated onto the top Si3N, side of the wafer. The doses used to write the pattern
ranged between 500 and 4000 uC/cmz, with a beam current of 1.98 nA. A solution of 1:3
methyl isobutyl ketone:isopropyl alcohol (MIBK:IPA) was used to develop the exposed
sample for 10 s, after which it was rinsed in IPA for 30 s and gently dried with N,. A
CVC electron beam evaporater was then used to deposit an adhesion layer of chrome (0.5
A at 0.1 A/s), followed by a layer of gold (220 A at 0.5 A/s). Finally, the sample was

placed in 1165 remover (MicroChem) for several hours to achieve lift-off.

In order to minimize any far-field coupling, the nanoring array was designed so that
within an array the center-to-center distance between each neighboring dimer in any
direction was at least 1000 nm. Additionally, the interparticle spacing never exceeded
five particle diameters to ensure that the near-field coupling dominated the sample

properties.®
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The supported nanoring arrays were imaged using a Zeiss Ultra60 scanning electron
microscope (SEM). Extinction measurements were performed on a Craic Microspectra
121 UV-visible-NIR microspectrophotometer with an imaging range from 400-1700 nm
in transmission mode under several polarization conditions (parallel and perpendicular to
the interparticle axis and unpolarized). The aperture size selected for the measurements
was 625 umz with a 36x objective lens, and each reported spectrum is an average of at

least five separate spectra taken across the sample.

The optical response of the nanoring dimer arrays has been calculated using the DDA
method with the DDSCAT 6.1 code offered publicly by Draine and Flatau.”' The bulk
values of the dielectric constants for gold and silicon nitride reported by Johnson and

Christy”> and Palik™ were used.

Finite-difference time-domain (FDTD) simulations were performed with the Lumerical

4934 using the Yee algorithm.” The propagation of the electromagnetic

software package
field was defined on a spatial grid through consecutive time steps, and the spectrum
obtained from a single run. The time step was determined by increments according to the
time stepping stability criterion, and the simulation time estimated so that the field
components decayed to nearly zero. To assure accuracy, the grid size was set to 1 nm in
the x and y directions and to 0.6 nm in z direction. Experimental data characterized for
thin films was fitted to the dielectric function expression, where an expansion of

Lorentzian terms was included to account for inter-band transitions and the other non-

Drude contributions.’® Size correction to the bulk mean collision rate of the conduction
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electrons, necessary for nanoparticle sizes comparable to the mean free path of the

electrons, was achieved by a modified expression for the collision rate ¥. This

expression is ¥ =7, +Av./7r where ¥_ is the value in bulk metal, v, the Fermi

velocity in bulk metal, and A is a geometric parameter that relates the mean electron free
path to the particle’s average radius r. Equivalence of the time-domain equations to those
in the frequency domain using analytical forms of the dielectric function were described
by Gray et al.”’ The dispersive material data for the dielectric substrate reported by

Palik’® were used.

6.4 Results and Discussion

A few representative SEM images of the nanoring arrays are shown in Figure 6 - 1. The
average dimensions of the rings were 127.6 + 2.5 nm and 57.8 + 2.3 nm for the outer and
inner diameters, respectively, with interparticle separations ranging from 17.8 + 3.4 nm to

239.2 £3.7 nm.
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Figure 6 - 1. Selected SEM images of nanoring dimers fabricated by EBL. The average
dimensions of the rings are 127.6 £ 2.5 nm and 57.8 £ 2.3 nm for the outer and inner
diameters, respectively. The interparticle separations are 0, 17.8 £3.4,37.5+ 2.9,
53.8%+1.7,68.3 £3.4, and 239.2 £ 3.7 nm for A-F respectively. The scale bars in A-F
are all 300 nm. The insets in B and F are highly magnified images of one dimer. The
scale bars in the insets are both 30 nm.
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DDA calculations were carried out to model the optical properties of the fabricated
nanorings. The particles were modeled, in air, as symmetric rings with the average
dimensions determined from SEM images. The results of the DDA calculations for a
nanoring dimer with interparticle separation of 240 nm are shown for two polarization
modes in Figure 6 - 2; at this distance, the particles should have negligible interaction
with each other. It can be seen that the peak position for the two polarization modes is
practically identical, which is expected for a symmetric structure and occurs around 715
nm. Approximately 31% of the surface area of a single ring is exposed to the silicon
nitride substrate in the experimental sample. The calculated sensitivity factor, defined as
the change in LSPR peak position per unit refractive index unit change, for the nanorings
is ~530 nm/RIU, which means that the extinction band for the experimental sample
should be red shifted by approximately 170 nm relative to the DDA results in air, causing

the band to appear around 900 nm.
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Figure 6 - 2. Initial DDA results for a ring dimer with an interparticle separation of 240
nm, simulating an isolated structure. The position of the peaks is practically the same for
the two different polarization conditions.

The experimental unpolarized extinction spectra of the nanoring arrays at several
interparticle separations is shown in Figure 6 - 3. Based on the DDA calculations, only
one peak was expected; however two distinct peaks are present in the unpolarized spectra
for the experimental sample. The fractional shift of the two peaks with respect to
interparticle distance is shown in Figure 6 - 4. The peak at ~1100 nm exhibits a red shift
as the interparticle distance is decreased. However, the equally intense peak that is
located at ~1000 nm does not exhibit any distinguishable shift as the interparticle

distance changes.
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Figure 6 - 3. Normalized experimental extinction spectra for nanoring dimers with a
range of interparticle separations irradiated with unpolarized light. Two distinct bands
are observed, one appearing around 1000 nm, whose position does not appreciably
change with interparticle separation, and one appearing between 1100 and 1200 nm,
whose position red shifts significantly as the interparticle separation is decreased.
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Figure 6 - 4. Fractional shift of the wavelength (AA/A) plotted against the interparticle
separation scaled by the outer diameter (s/D) for the peak at 1000 nm (black) and the
peak at 1100 nm (red). The solid line of the same color as the corresponding data set
shows the exponential fit of each plot.

In our previous work on nanodiscs, the solid analogues to rings, there was no mismatch
between the experimentally observed optical properties and those predicted by DDA. ¥
Experimentally, only one extinction band was observed for the discs. This band showed
the expected red shift for light polarized parallel to the interparticle axis and blue shift for
light polarized perpendicular to the interparticle axis. Furthermore, all the experimentally

observed behaviors for the discs were predicted via DDA.

Recently, the plasmonic coupling in gold nanoring dimers was investigated by Tsai e?

al.? They found that nanorings are more sensitive to changes in refractive index than
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nanodiscs of similar dimensions, but in general the plasmonic properties of the nanorings
behaved in a similar fashion to solid nanostructures.*? Namely, the resonance band red
shifted when the light was polarized parallel to the interparticle axis, blue shifted when
the light was polarized perpendicular to the interparticle axis, and the magnitude of the
shifts falls along the expected exponential relationship with gap distance. For their dimers
with large gap distances, the resonance peak position for both polarization conditions
occurred at practically the same wavelength, meaning if the spectra had been collected
with unpolarized light they would only expect to see one band. The dimensions of their
nanorings (400 nm diameter, 100 nm wall thickness, 50 nm height) are much larger than
the ones discussed here (120 nm diameter, 60 nm wall thickness, 22 nm height). The
smaller size of our nanorings may cause them to be more sensitive than those discussed

by Tsai et al?

To clarify the experimental spectra of the rings, further extinction spectra were collected
under specific polarization conditions for all interparticle separations. When the incident
light was polarized parallel to the interparticle axis, only the peak around 1100 nm was
observed (Figure 6 - 5) and displayed the expected red shift (Figure 6 - 6). Conversely,
when the incident light was polarized perpendicular to the interparticle axis, only the
peak at ~1000 nm was observed (Figure 6 - 7). A slight blue shift in the peak at ~1000
nm is also discernable in the polarized spectra (Figure 6 - 8). These results suggest that at
least one cause of the two peaks is a slight anisotropy in the nanoring shapes along the
two different axes. This was confirmed through careful analysis of high resolution SEM

images of the rings.
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Figure 6 - 5. Normalized experimental extinction spectra for nanoring dimers of varying
interparticle separations with polarization parallel and to the interparticle axis (as

indicated in inset). Only one extinction band is observed. As the interparticle separation
decreases, the extinction band red shifts.
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Figure 6 - 6. The fractional shift of the band isolated under parallel polarization plotted
against the interparticle separation scaled by the outer diameter. The data fits well (R* =
0.91) to the exponential model.
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Figure 6 - 7. Normalized experimental extinction spectra for nanoring dimers of varying
interparticle separations with polarization perpendicular to the interparticle axis (as
indicated in inset). Only one extinction band is observed. As the interparticle separation
decreases, the extinction band blue shifts.
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Figure 6 - 8. The fractional shift of the band isolated under perpendicular polarization
plotted against the interparticle separation scaled by the outer diameter. The data fits well
(R2 = (0.93) to the exponential model.

The SEM image shown in Figure 6 - 9a displays the ring dimers with the smallest
interparticle separation (17.8 £ 3.4 nm, also shown in Figure 6 - 1B). It was found that
the wall thickness of the particles along the interparticle axis, i.e. the left and right sides
of the rings, was 36.00 £ 2.45 nm, whereas the thickness of the walls perpendicular to the
interparticle axis, i.e. the top and bottom walls of the rings, was 32.86 £ 1.93 nm. An

unpaired t-test gave a two-tailed p-value of less than 0.0001, indicating that the difference

in wall thickness along the two different axes is extremely statistically significant.
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Similar analysis of the SEM images for other interparticle separations showed the same
average difference in the thickness of the walls. A higher resolution SEM image of a
single nanoring is shown in Figure 6 - 9b where the anisotropy is more clearly seen. This
difference in wall thickness most likely arises from a slight tilt of the sample
perpendicular to the interparticle axis during the metal deposition step, which would
create a shadowing effect. Indeed, a tilt of only 3° would account for the 4 nm difference

in the thickness of the walls in the rings.
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Figure 6 - 9. a) SEM image of nanoring dimers with interparticle separation is 17.8 £ 3.4
nm. The scale bar is 300 nm. b) High resolution SEM image of a single nanoring
demonstrating the particle anisotropy. The scale bar is 30 nm.
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The resonance bands for both polarization directions have a Fano lineshape (i.e., an
asymmetric lineshape), which is more dominantly present in the parallel resonance band
(Figure 6 - 5) and demonstrates an interference of the allowed and dark dipolar modes.™
This is to be expected, as interference of the dipolar and higher-order modes through
image charges induced in the dielectric leads to symmetry breaking,59 which is dependent
on the inter-particle distance in this case. For the fully separated dimer for example, the
Fano line shape is less pronounced than the closely spaced particles. For the
perpendicular polarization, the emergence of the Fano interference is much weaker

(Figure 6 - 7), possibly due to the weaker coupling for this polarization mode.

The possibility that anisotropy in the ring geometry is leading to the two peaks means
that this same anisotropy needs to be accurately represented in the description of the
shape used in the theoretical calculations. In the previous DDA calculations for the rings,
an ideal ring shape was used (symmetric, no surface irregularities, etc) whose dimensions
were acquired by averaging the dimensions from several SEM images. It is very
apparent from the disparity between the experimental and theoretical results, however,
that this method has not provided an accurate representation of the particle geometry.
Our solution to this problem was to directly convert the SEM image of the nanoring into
the file that is used to define the particle shape in the theoretical calculations. ImageJ
was used to convert an SEM image into a text file of the XY coordinates for the pixels of
each particle in the image. These XY coordinates were directly used to define the shape
of the particle for the theoretical calculations. An immediate benefit of this process was

the ability to model several particle pairs from the same sample. Although EBL gives
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very precise control over particle shape in theory, there are always some fabrication
inconsistencies from one particle to the next. These small inconsistencies are lost in the
traditional shape file preparation methods. These normally average out in the
experimental data, however, if they occur consistently enough they could potentially
impact the experimental spectra as the spectrometer spot size usually covers several

neighboring particle pairs.

The shape files for 10 single nanorings derived from SEM images were used to run DDA
calculations to model the gold nanorings in air. The results of these calculations are
shown in Figure 6 - 10. When the light is polarized parallel to the interparticle axis, the
extinction peak is located at 763 = 8 nm (Figure 6 - 10a), whereas when the light is
polarized perpendicular to the axis, the extinction peak is located around 730 + 10 nm
(Figure 6 - 10b). It can be seen that for both polarization conditions, there is a slight
difference in the peak location for each of the 10 particles, but this difference is quite
small (~1% deviation). These results suggest that the slight surface irregularities from
one particle to the next are not affecting the spectra in a major way. These results also
strongly suggest that anisotropy in the particle shape along the two axes plays a role in

the cause of the two peaks observed experimentally.
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Figure 6 - 10. DDA-simulated extinction spectra (in air) of ten single nanorings
calculated using the SEM based shape files with light polarized a) parallel and b)
perpendicular to the interparticle axis (as indicated in insets).

127



FDTD simulations were also used to investigate this system. The FDTD extinction
spectra for two samples, both of which represent the smallest interparticle separation
observed experimentally (17.8 £ 3.4 nm) in the absence of a substrate and in vacuum are
shown in Figure 6 - 11. Interestingly, upon using the SEM-based geometry for a
nanoring dimer, the emergence of a slight Fano lineshape (i.e., asymmetric lineshape) is
noted, due to the asymmetry in geometry of the two nanorings. This Fano lineshape was

observed experimentally, but was not reproduced via DDA calculations.
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Figure 6 - 11. FDTD calculated spectra for a perfect nanoring dimer (black), and an SEM
based nanoring dimer (red), both representing the sample with the smallest interparticle
separation (17.8 = 3.4 nm). All spectra are done in vacuum with no substrate present.
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As discussed previously, it has been shown that placing a nanoparticle on a substrate can
introduce anisotropy effects to the system, and the resulting break in symmetry affects the
spectral properties of the system. Accordingly, in order to accurately model such a
system, any theoretical calculations should reproduce the particle(s) sitting on a substrate,

as opposed to considering them immersed in an effective medium.

The FDTD simulations of the spectra of perfect gold nanoring dimers deposited on a
Si3Ny substrate were compared to the experimental spectra, with specific focus on the
position and lineshape of the LSPRs. Upon introduction of the substrate, the LSPRs were
red-shifted compared to the previous results in vacuum (Figure 6 - 11) because of the
increase in refractive index. This response can be understood qualitatively using an image
charge model, modulated by the permittivity of the substrate.®” Such an effect was
demonstrated experimentally by changing the distance to gold nanodiscs when
incorporating dielectric pillars on the substrate.®’ As expected, the effect is larger for the
parallel polarization. Therefore, a larger difference between the LSPRs for the two

polarizations for dimers on a high dielectric substrate is observed.

The FDTD extinction spectra for a selection of dimers with varying interparticle distance
and light polarized parallel to the interparticle axis are shown in Figure 6 - 12. It can be
seen that as the interparticle separation is decreased, the expected red shift is reproduced

in the FDTD spectra.
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Figure 6 - 12. FDTD extinction spectra for nanoring dimers of varying interparticle
separations with polarization parallel to the interparticle axis. Introduction of the
substrate induces a Fano lineshape in the model for the dimer with an interparticle
separation of 22.0 nm. Furthermore, use of the SEM-based dimer in the calculations has
increased the Fano lineshape and most closely resembles the corresponding experimental
spectra.

As mentioned before, the experimental data for parallel polarization (Figure 6 - 5) show a
Fano resonance that is blue shifted compared to the broad dipolar mode excitation and is
dependent on the interparticle separation. For the fully separated dimer, the effect was
noted to be smaller experimentally, and this result was reproduced theoretically (Figure 6

- 12). Furthermore, it can be seen in Figure 6 - 12 that when the SEM based particle is
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used, the Fano lineshape becomes more pronounced and more closely resembles the
experimental spectrum. This is to be expected, as this most accurately represents the
experimental system. It is worthwhile to note that the emergent resonance around 900
nm in the experimental spectra in Figure 6 - 12 was not observed in any of our models.
This resonance is likely due to additional asymmetry in the system and will be further

investigated in future work.

6.5 Conclusions

We have demonstrated the exceptional sensitivity of nanorings to their anisotropic
environment, namely asymmetries in the particle shape and high index substrate effects.
This results in a Fano lineshape for the dipolar plasmon resonance bands. The slight
anisotropy in our fabricated nanoring structures is most likely due to a shadowing effect
during the metal deposition step. We have also shown that the traditional shape
generation methods were unable to accurately represent this slight anisotropy.
Accordingly, we developed a method for preparing the files describing the nanoparticle
shape for theoretical calculations wherein an SEM image of the particle(s) is directly
used to create the file. This method is easy to execute and should therefore become the
new paradigm for particle shape descriptions in future calculations. We have also shown
the pronounced effect that the substrate has on the spectra of the nanorings.
Consideration of this high index substrate into our models allows us to model the

experimentally observed Fano lineshape, which was more significant as the particle
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coupling increased at smaller interparticle separations. The improved sensitivity of these
nanorings due to their geometry and increased field enhancement in the cavity make them

attractive for absorption or fluorescence enhancement applications in the future.
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CHAPTER VII

HOLLOW GOLD NANORECTANGLES: THE ROLES OF POLARIZATION,

SUBSTRATE AND ORIENTATION

7.1 Summary

Dimers of hollow gold nanorectangles (ca. 200 by 140 nm outside and 110 by 55 nm
inside) were fabricated via Electron Beam Lithography with two different particle
orientations and varying interparticle separations. Spectroscopic investigation of these
arrays showed multiple peaks under illumination polarized both parallel and
perpendicular to the interparticle axis. Discrete Dipole Approximation theoretical
calculations were used to investigate the nature of these multiple peaks. These
calculations demonstrate that the multiple peaks arise due to a combination of multiple
plasmon modes and interactions with the substrate. Next, we show how these peaks
change as the hollow nanorectangles are brought within coupling range of one another.
In this endeavor, we make use of our previously-reported method to directly convert

SEM images of the nanoparticles into the shape files for the theoretical calculations.

138



7.2 Introduction

Noble metal nanoparticles have been an area of intense research due to their unique
optical properties. These include the localized surface plasmon resonance (LSPR),"®
which can be tuned by the size, shape, and medium of the nanoparticles as well as the

2,6-11 ..
S Hollow nanostructures are even more sensitive than

spacing between nanoparticles.
their solid analogues, as they have an extra degree of tunability afforded via control of the
wall width.'>"” The wall width of a hollow nanostructure determines how the inner and
outer surface plasmons of a single nanoparticle interact with one another and how they

interact with the plasmons on other nanoparticles within coupling ralngf:.2’6'11’16’17

It has been demonstrated that as two plasmonic particles are brought together, their
near-fields begin to overlap and couple, which affects the plasmon resonance of the
overall system.g'11 Additionally, when plasmonic particles are small compared to their
interparticle separation, they can be treated as dipolar excitons,'® a fact that allows for the
use of the exciton-coupling model to describe the plasmonic coupling of two interacting
particles. If the plasmon dipoles are aligned in an attractive configuration, for example,
head-to-tail in an axial alignment, the aggregate plasmon band is stronger and at a lower
energy than that of a single particle. Conversely, if the dipoles are aligned in a repulsive
configuration, for example, head-to-head in an axial alignment, the plasmon band will
occur at a higher energy. The magnitude of the shift in the frequency of the LSPR for
two interacting particles had been found to depend on the particle size and interparticle

separation. This can be approximated”'? by AMAg = A*exp(-(s/D)/t) where A\ is the
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fractional shift in the LSPR wavelength, A is the wavelength of the LSPR for an isolated
particle, A is the pre-exponential fitting factor, s is the separation between the particles, D
is the dimension of the particle along the interparticle axis, and T is the exponential decay

length of the coupled particle pair.

Because of the high sensitivity of the plasmon resonant energy of hollow nanoparticles,
very precise control over their geometry and interparticle separation is needed during
their fabrication in order to study them systematically. Although colloidal synthesis
techniques allow for high throughput and more flexibility with metal composition and
three-dimensional shape, electron beam lithography (EBL) allows for nanometer-scale
control over particle geometry and interparticle separations. However, a consequence of
using EBL to fabricate nanoparticles is the introduction of a support substrate. It has
previously been shown that placing nanoparticles on certain substrates (e.g. high-index)
can lead to symmetry breaking as well as coupling or hybridization of plasmon

13,2021
modes,

so it is crucial to consider the effect of the substrate on the plasmon modes
of the EBL-fabricated system. This can be accomplished by theoretically modeling the

optical properties of the plasmonic nanoparticles in the presence and absence of a

substrate.

The discrete dipole approximation (DDA) is a popular method to theoretically model the
optical properties of systems due to the robustness and flexibility of this method, which

4,7,12,14,15,22

allows for modeling of particles of arbitrary shape. In this method, the particle

is represented by a three-dimensional finite lattice of point dipoles that is then excited by

140



an external field. The response of the point dipoles to the external field and to one
another is solved self-consistently using Maxwell's equations. Precise and accurate
definition of the lattice used to represent the particle is crucial to achieve the best match

. . .. 4.13
with experimental conditions and results.™

It has previously been shown that the use of
SEM images as shape templates for theoretical calculations gives more accurate results
than the traditional shape file preparation methods."*'® Another strength of DDA lies in
the fact that this method allows for the consideration of substrate effects on the optical
properties of the system. Furthermore, with modifications by Goodman® and Schatz** it
is possible to calculate both the electric field enhancement contours and the individual
dipole orientations at a specific wavelength. These plots can only be generated for one
two-dimensional slice through the particle at a time, but the slice position can be chosen.
Thus, by repeating the calculations for multiple slices though the particle, a

three-dimensional representation of the field can be obtained at a particular resonant

wavelength.

A sample of hollow gold nanorectangles was fabricated on silicon nitride substrates via
electron beam lithography (EBL). The optical properties of the system were investigated
experimentally and theoretically under parallel and perpendicular light polarization and in

the presence and absence of a substrate.
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7.3 Methods

Hollow gold nanorectangle arrays were fabricated using a JEOL JBX-9300FS 100 kV
electron beam lithography (EBL) system. The substrate upon which the hollow
rectangles were supported was an array of free-standing silicon nitride (Si3N4) membrane
windows, whose fabrication has been described elsewhere.”> The Si3N4 membrane was
fabricated to a thickness of ca. 80 nm. Each SizN4 membrane window measured 150 x
150 umz and was used for a single design pattern, which measured 200 x 200 umZ to
ensure overlap with the window. An 80 nm thick layer of poly(methyl methacrylate)
(PMMA), a positive electron resist, was spin coated onto the top Si3Ny side of the wafer.
The pattern was written using a base dose of 1200 pC/cm? and a beam current of 1.98
nA. A solution of 1:3 methyl isobutyl ketone:isopropyl alcohol (MIBK:IPA) was used to
develop the exposed sample for 10 s, after which it was rinsed in IPA and gently dried
with N,. A CVC electron beam evaporater was then used to deposit an adhesion layer of
chrome (0.5 A at 0.1 A/s), followed by a layer of gold (220 A at 0.5 Afs). Finally, the
sample was placed in 1165 remover (MicroChem) to achieve lift-off, wherein all
remaining PMMA was removed, including the metal film deposited on top of the

PMMA, leaving just the metal particles on the substrate.

In order to minimize any far-field coupling, the hollow rectangle arrays were designed so
that, within an array, the center-to-center distance between each neighboring dimer in any
direction was at least 2000 nm. Additionally, the interparticle spacing never exceeded 5

particle diameters to ensure that the near-field coupling dominated the sample properties.9
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The supported hollow rectangle arrays were imaged using a Zeiss Ultra60 scanning
electron microscope (SEM). Extinction measurements were performed on a Craic
Microspectra 121 UV-visible-NIR microspectrophotometer with an imaging range from
400-1700 nm at normal incidence in transmission mode under several polarization
conditions (parallel and perpendicular to the interparticle axis and unpolarized). The
aperture size selected for the measurements was 625 umz with a 36X objective lens, and
each reported spectrum is an average of at least 5 separate spectra taken across the

sample.

The optical response of the hollow rectangle dimer arrays has been calculated using the
DDA method with the DDSCAT 6.1 code offered publicly by Draine and Flatau® with
modifications by Goodman® and Schatz.** The bulk values of the dielectric constants for
gold and silicon nitride reported by Johnson and Christy?’ and Palik,?® respectively, were
used. At least 100,000 dipoles were used in the calculations to ensure accuracy of the
results. In order to most accurately represent the experimental system, direct conversion
of SEM images of the hollow rectangles were used as the shape descriptors for the DDA
calculations. We have described this technique elsewhere.'” Briefly, ImageJ (image
processing software) was used to convert an SEM image into a text file of the XY
coordinates for the pixels of the particle in the image. These XY coordinates were
directly used to define the shape of the particle for the theoretical calculations. When
included, the Si3N4 substrate was simulated as a slab that extended ca. 30 nm beyond the

particle(s) in the XY plane and was ca. 80 nm thick to mimic the experimental sample.
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7.4 Results and Discussion

Two samples of hollow rectangle samples were fabricated by Electron beam Lithography.
The rectangles in both samples had similar dimensions and interparticle separations, but
the orientation of the particles is opposite in the two samples. In the first sample, the
rectangles are oriented with their long axis parallel to the interparticle axis. In the second
sample, the rectangles are oriented with their long axis perpendicular to the interparticle
axis. For clarity, when discussing the polarization direction of light, the direction will
always be defined with respect to the interparticle axis. Meaning, parallel polarization
indicates light polarized along the interparticle axis and perpendicular polarization
indicates light polarized perpendicular to the interparticle axis. Herein, the two samples

or particles will be discussed separately and the effect of orientation assessed afterwards.

7.4.1 Long Orientation

A selection of SEM images of the hollow rectangles is shown in Figure 7 - 1. The
average outer dimensions of the hollow rectangles are 19714 by 134+6 nm, and the
average inner dimensions are 109t5 by 5313 nm, giving an average wall width of 4213
nm. The particles are 22 nm thick, and the interparticle separations range from 2712 nm
to 59618 nm for the long configuration. The interparticle separation is measured as

edge-to-edge (i.e. the smallest distance between edges) in the dimer throughout.
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Figure 7 - 1. Selected SEM images of gold hollow rectangle pairs fabricated via EBL on
Si3N4 membranes. The particles have outer dimensions of 19714 by 134+6 nm and inner
dimensions of 10915 by 5313 nm. The interparticle separations are a) 27+2 nm, b) 7112
nm, ¢) 191£3 nm, and d) 596+8 nm. The scale bars are 300 nm.

We have shown previously for gold nanorings that direct conversion of the SEM images
for use in calculations led to better agreement between theory and experiment.13

Accordingly, the direct conversion of the SEM images was used in the DDA calculations
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here as well. The simplest case was considered first, an isolated particle in air. The
results indicate that when light is polarized along the long axis of the particle (hereafter
referred to as parallel polarization as in the dimers it corresponds to along the

interparticle axis), only one peak is present at 936 nm (Figure 7 - 2, black).
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Figure 7 - 2. DDA in air for isolated particle with light polarized parallel (black) and
perpendicular (red) to the long axis of the particle. For parallel polarization, only one
peak is present at 936 nm. For perpendicular polarization, one major peak is present at
844 nm and one minor peak is present at 574 nm.
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Field contour and vector plots were generated to elucidate which surface plasmon mode
of the particle this peak represented. To accurately assign plasmon modes, multiple field
contour plots were generated at each wavelength for evenly spaced slices through the
particle(s). When combined (as in Figure 7 - 3), we can achieve a good
three-dimensional representation of the field location and orientation at a particular
resonance wavelength. The composite field plot for the isolated particle in air with
parallel polarization is shown in Figure 7 - 3 along with its field enhancement scale. The
field is concentrated at the outer corners of the particle in each slice. The concentration
of the field at the corners is expected due to the lightning rod effect, and has also been

.. . 29-32
seen in similar solid structures.”*”

The maximum enhancement for this wavelength is
2060 and occurs at the top and bottom slices of the particle. In addition to the field
contour, a plot of the individual dipoles that make up the particle and their orientation
was generated for each particle slice. Hereafter, a minus sign will be used to represent
when the field vectors are pointing away from an area. Conversely, a plus sign will be
used to represent when the field vectors are pointing toward an area, as shown in Figure 7
- 4. The composite plot for the hollow rectangle at 936 nm has the field vectors pointing
away from the right side and toward the left side throughout the entire particle. This

corresponds to the most primitive dipole mode for the particle, which is the largest

extinction peak.
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Figure 7 - 3. Composite field plot for isolated particle in air with parallel polarization at
936 nm. The field is located at the corners of the particle in each slice. The field vectors
are pointing away from the right of the particle and towards the left in each slice. The
field location and orientation indicates this is the dipole mode.

Figure 7 - 4. Representative field vector plot (top slice of a hollow rectangle) for an
isolated hollow rectangle in air with parallel polarization at A = 936nm. As shown, a plus
sign will indicate when all the vectors are pointing towards an area, and a minus sign
indicate when all the vectors are pointing away from an area.
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For the perpendicular polarization, two peaks are present: a major peak at 844 nm and a
minor peak at 574 nm (Figure 7 - 2, red). The peak at 574 nm is weaker in intensity than
the peak at 844 nm by a factor of 4. Similar investigations of the field location and
orientation were carried out for the perpendicular polarization case at 844 nm (Figure 7 -
5 and Figure 7 - 6) and 574 nm (Figure 7 - 7 and Figure 7 - 8). The maximum
enhancement is at 844 nm is 1060 and occurs at the top and bottom slices of the particle.
At 844 nm, the field is concentrated at the outer corners of the particle and the field
vectors are pointing away from the far side of the particle and toward the near side
throughout the entire particle (Figure 7 - 5 and Figure 7 - 6). This corresponds to the
dipole mode at this polarization, which is different than the dipole mode seen for the
opposite polarization because of the different dimensions of the particle along these two
directions. The maximum enhancement at 574 nm is 247 and occurs at the top and
bottom slices of the particle. At 574 nm the field is concentrated at the outer corners and
along the interior walls while field vectors alternate in orientation from the corners to the
included side (Figure 7 - 7 and Figure 7 - 8). This corresponds to the quadrupole mode.
The asymmetric particle shape and the corners of the particle allow the quadrupole mode
to contribute, as there is still a net moment for this mode on this particle. We have seen

29,32

contributions for the quadrupole mode for other particles (e.g. prisms, cubes) with

one or more of these features (i.e. sharp corners and/or asymmetric shape) but have not

seen the quadrupole mode on spherical or ring like structures.'*"
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Figure 7 - 5. Composite field plots for isolated particle in air with perpendicular
polarization at 844 nm (main peak). The field is located at the corners of the particle in
each slice. The field vectors are pointing away from the back of the particle and towards
the front in each slice. The field location and orientation indicates this is the dipole
mode.

Figure 7 - 6. Representative field vector plot (top slice of a hollow rectangle) for an
isolated hollow rectangle in air with perpendicular polarization at A = 844 nm. As
shown, a plus sign will indicate when all the vectors are pointing towards an area, and a
minus sign indicate when all the vectors are pointing away from an area.
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Figure 7 - 7. Composite field plots for isolated particle in air with perpendicular
polarization at 574 nm (minor peak). The field is located at the outer corners and the
interior long sides of the particle in each slice. The field vectors alternate orientation
along the sides and corners. The field location and orientation indicates this is the
quadrupole mode.

Figure 7 - 8. Representative field vector plot (top slice of a hollow rectangle) for an
isolated hollow rectangle in air with perpendicular polarization at A = 574 nm. As
shown, a plus sign will indicate when all the vectors are pointing towards an area, and a
minus sign indicate when all the vectors are pointing away from an area.
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After explaining the peaks present at different polarizations in air for the isolated particle,
we next investigated the effects of coupling by looking at dimers with varying
interparticle separations. It has previously been shown that bringing two nanoparticles
closer together when the light is polarized parallel to the interparticle axis results in a red
shift of the overall plasmon mode for the dimer as the interparticle separation

decreases. %! Conversely, if the light is polarized perpendicular to the interparticle axis,
the overall plasmon mode for the dimer blue shifts as the interparticle separation

2,6-11
decreases.”

The results for all interparticle separations with parallel polarization are
shown in Figure 7 - 9a and display a single peak that red shifts as the interparticle
separation decreases, as expected. For the perpendicular polarization (Figure 7 - 9b) both
the dipole and quadrupole peaks are present at all interparticle separations, and the dipole
peak shows a slight blue shift, as expected. We expect the substrate supporting the

experimental sample to affect the optical properties of the system, causing deviations

from the properties predicted for the plasmonic system in air.
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Figure 7 - 9. DDA extinction spectra for hollow gold nanorectangles with long
orientation in air ( i.e. no substrate) and light polarized a) parallel and b) perpendicular to
the interparticle axis (as indicated in the insets). The interparticle separations are
indicated in the legend. The spectra show the expected red shift and blue shift for
parallel and perpendicular polarization, respectively.
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The experimental extinction spectra for the hollow rectangles are shown in Figure 7 - 10.
It can be seen that there are two distinct peaks in the spectra with the light polarized
parallel to the interparticle axis: one located at ca. 1200 nm and the other at ca. 1500 nm.
As the interparticle separation decreases, both bands red shift and the intensity of the
band at ca. 1200 nm decreases while the intensity of the band at ca. 1500 nm increases.
This is in contrast with the DDA results in air, where only one peak was present. This is
not due to variation in the sample, as there was very little variation (<1% RSD) in the
spectra taken across one area of the sample (Figure 7 - 11). This suggests that there is a
definite effect from the substrate for this polarization. For the perpendicular polarization,
the spectra are simpler, with one major peak at ca. 1150 nm and two minor peaks at ca.
700 nm and ca. 1450 nm (Figure 7 - 10b). The major peak shows a slight blue shift as the
interparticle separation is decreased. The minor peak at ca. 1450 increases in intensity as
the interparticle separation is decreased. The minor peak at ca. 700 nm does not change
significantly in position or intensity as the interparticle separation is varied. The peaks at
ca. 1150 nm and 700 nm are most likely the dipole and quadrupole peaks that were
predicted from the DDA calculations in air, just shifted due to the presence of the
substrate. The intensity of the peak at ca. 1150 nm is approximately 4 times that for the
peak at ca. 700 nm, which was the same intensity ratio that was predicted for the DDA
calculations in air. However, the peak at 1450 nm was not predicted from the
calculations in air. This suggests that the peak at 1450 is most likely due to substrate

effects.
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Figure 7 - 10. Experimental extinction spectra for hollow gold nanorectangles with long
orientation and polarization a) parallel and b) perpendicular (as indicated in the insets) to
the interparticle axis. The interparticle separations are indicated in the legend. There are
two distinct peaks present for the parallel polarization, which red shift and change in

intensity as the interparticle separation decreases. For the perpendicular polarization the

expected blue shift is seen as the interparticle separation decreases.
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Figure 7 - 11. Ten raw experimental extinction spectra for hollow gold nanorectangles
with an interparticle separation of 27 £ 2 nm long orientation and polarization parallel to
the interparticle axis. The spectra are very similar to one another, indicating good
uniformity across the entire sample. The main peak position occurs at 1496 nm with a
relative standard deviation of only 0.5%.

To determine how the substrate is interacting with the particles and if it is indeed causing
the multiple peaks, we performed DDA calculations on a substrate. The DDA extinction
spectra for the hollow rectangles on a substrate are shown in Figure 7 - 12. The spectra
with light polarized parallel to the interparticle axis (Figure 7 - 12a) do show a shoulder
that becomes a more pronounced second peak as the interparticle separation increases. In

fact, comparing the experimental (Figure 7 - 10a) and DDA (Figure 7 - 12a) spectra for
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light polarized parallel to the interparticle axis, it can be seen that the dip separating the
two peaks occurs around 1300-1350 nm for all cases. The spectra with light polarized
perpendicular to the interparticle axis (Figure 7 - 12b) have a major peak ca. 1150 nm and
two minor peaks at ca. 700 nm and 1450 nm, just as was seen in the experimental spectra.
The results for the DDA calculations on the substrate for both polarizations closely
resemble what was seen experimentally, suggesting the extra spectral features not seen

for calculations in air are indeed due to substrate effects.
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Figure 7 - 12. DDA extinction spectra for hollow gold nanorectangles with long
orientation on a substrate light polarized a) parallel and b) perpendicular to the
interparticle axis (indicated in the insets). The interparticle separations are indicated in

the legend.
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To determine which spectral features are due to substrate effects for the parallel
polarization we will compare the field plots for the different peaks. First we will consider
our DDA calculations in air, as these calculate the energy of the nanoparticles in an
unperturbed state. Field plots were generated for multiple two-dimensional slices along
the z-axis (top, middle and bottom) for the particles at each interparticle separation in air
at the resonant wavelengths. For all interparticle separations in air, the field maximum
for the resonant wavelength was located at the top and bottom of the nanoparticle (Figure
7 - 13). The propagation of the light is along the z-axis, so it makes sense that, in air, the
field is concentrated at the surfaces of the particle along that axis (i.e. the top and
bottom). Next, field plots were generated for several wavelengths for the dimer with an
interparticle separation of 596+8 nm on a substrate. At this interparticle separation
(59618 nm), the particles are far enough apart (ca. 3 particle lengths) to be considered
isolated. The dip in the DDA extinction spectrum for this particle pair on a substrate
under parallel polarization occurs at 1300 nm (Figure 7 - 12a, dark blue spectrum). Field
plots indicate that the peaks at 1220 nm (Figure 7 - 14) and 1340 nm (Figure 7 - 15) both
correspond to the dipole mode. The only difference between the two peaks is that at
1220 nm the field maximum occurs in the middle z slice of the particle whereas at 1340
nm the field maximum occurs at the bottom z slice. Field plots at several other
wavelengths also correspond to the dipole mode, with the field maximum fluctuating
between the bottom and middle of the particle, depending on the wavelength. The results
are summarized in Figure 7 - 16 and indicate that for wavelengths to the blue of the dip

(A<1300 nm), the field maximum occurs in the middle of the particle, whereas for

wavelengths to the red of the dip (A>1300 nm) the field maximum occurs at the bottom of
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the particle (Figure 7 - 16). The field maximum for the particle in air, i.e. the
"unperturbed" particle, was located at the top and bottom of the particle, which would
indicate that the peaks at which the field maximum is perturbed away from this location
are those due to substrate effects. This indicates that the peak to the blue of the dip
(A=1220 nm) is due to interactions with the substrate. On the other hand, the peak to the
red (A=1340 nm) seems to be the same dipole peak seen for the calculations in air, just
shifted due to the change in the refractive index of the surrounding medium due to the
presence of the substrate. This is further illustrated in Figure 7 - 17, which shows that for
the particle in air the field was most intense at the corners of the particle for the top and
bottom. But when placed on a substrate, the field at the bottom of the particle interacts
more strongly with the substrate than the field at the top of the particle, which leads to the
formation of the two peaks observed experimentally and confirmed via DDA calculations

where the substrate is included.
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Figure 7 - 13. Field enhancement values at the resonant wavelength for the dipole mode
of the particles in air with light polarized parallel to the interparticle axis. The
interparticle separations are indicated in the legend. For all cases, the field enhancement
is greatest at the top and bottom of the particles, and reaches a minimum in the middle.
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Figure 7 - 14. Composite field plot for isolated particle on a substrate with parallel
polarization at 1220 nm. The field is located at the corners of the particle in each slice.
The field vectors are pointing away from the right of the particle and towards the left in
each slice. The field location and orientation indicates this is the dipole mode.
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Figure 7 - 15. Composite field plot for isolated particle on a substrate with parallel
polarization at 1340 nm. The field is located at the corners of the particle in each slice.
The field vectors are pointing away from the right of the particle and towards the left in
each slice. The field location and orientation indicates this is the dipole mode.
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Figure 7 - 16. Field enhancement values for the particle pair with an interparticle
separation of 59618 nm on a substrate with light polarized parallel to the interparticle
axis at several wavelengths (as indicated in the legend). For the wavelengths to the blue
of 1300 nm, the field is most intense in the middle z slice of the particle. Meanwhile, for
wavelengths to the red of 1300 nm, the field is most intense at the bottom z slice of the
particle.
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Figure 7 - 17. Diagram illustrating substrate effect for a single particle under parallel
polarization. a) In air, the field is symmetric and most intense at the top and bottom of
the particle. b) In the presence of the substrate, the field at the bottom of the particle
interacts with the substrate and leads to the two peaks observed experimentally.

Similarly, we investigated the fields around the particle pair with smallest interparticle
separation and light polarized perpendicular to the interparticle axis. We were able to
confirm that the minor peak at 680 nm corresponded to the quadrupole mode (Figure 7 -
18) and the major peak at 1110 nm corresponded to the dipole mode (Figure 7 - 19), as
was seen for the particles in air. Also, for both these modes, the maximum field
enhancement occurred at the bottom slice of the particle. Meanwhile, the peak at 1420
nm also corresponded to the dipole mode but the maximum field occurred at the middle
slice of the particle (Figure 7 - 20). This suggests that the peak at ca. 1450 nm is due to

substrate interactions as the field is perturbed away from the extremities of the particle.
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Figure 7 - 18. Composite field plot for particle pair with an interparticle separation of
2712 nm on a substrate with perpendicular polarization at 680 nm. The field is located at
the corners and sides of the particle in each slice. The field vectors are pointing away
from the front corners and middle of the back slide and towards the back corners and
middle of the front side. The field location and orientation indicates this is the
quadrupole mode. The field is most intense at the bottom slice of the particle.
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Figure 7 - 19. Composite field plot for particle pair with an interparticle separation of
2712 nm on a substrate with perpendicular polarization at 1110 nm. The field is located
at the corners of the particle in each slice. The field vectors are pointing away from the
back of the particle and towards the front in each slice. The field location and orientation
indicates this is the dipole mode. The field is most intense at the bottom slice of the
particle.
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Figure 7 - 20. Composite field plot for particle pair with an interparticle separation of
2712 nm on a substrate with perpendicular polarization at 1420 nm. The field is located
at the corners of the particle in each slice. The field vectors are pointing away from the
back of the particle and towards the front in each slice. The field location and orientation
indicates this is the dipole mode. The field is most intense at the middle slice of the
particle.

It has previously been shown that the fractional shift in the wavelength of the plasmon
dipole mode can be approximated”'® by AAM/Ag=A*exp(-(s/D)/t) where AL is the shift in
the plasmon wavelength, A is the plasmon wavelength for an isolated particle, A is the
pre-exponential fitting factor, s is the separation between the particles, D is the dimension
of the particle along the interparticle axis, and 7 is the exponential decay length of the
coupled particle pair. Therefore, we would only expect the dipole peak of the particle,
and not that due to the strong interaction with the substrate, to fit well to this exponential
trend. So to confirm that we have assigned the two peaks seen experimentally and in the
DDA calculations on a substrate to the appropriate modes (i.e. which is due to strong

interactions with the substrate), the fractional shift of the peak not due to the substrate
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interaction is shown in Figure 7 - 21 for the DDA and experimental data. In both cases
the data fits the expected exponential deca1y2’6'11 well (R* > 0.93), confirming that the

peak further to the red corresponds with the dipole mode of the particle.
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Figure 7 - 21. a) Fractional shift of calculated dipolar plasmon peak. The data fits the
expected exponential decay well (R*=0.93). b) Fractional shift of experimental dipolar
plasmon peak. The data fits the expected exponential decay well (R*=0.95).
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7.4.2 Tall Orientation

A selection of SEM images of the tall hollow rectangles is shown in Figure 7 - 22. The
average outer dimensions of the hollow rectangles are 14016 by 19714 nm, and the
average inner dimensions are 5314 by 106+5 nm, giving an average wall width of 4512
nm. The particles are 22 nm thick, and the interparticle separations range from 2512 nm
to 28418 nm. The interparticle separation is measured as edge-to-edge (i.e. the smallest

distance between edges) in the dimer throughout.
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Figure 7 - 22. Selected SEM images of gold hollow rectangle pairs fabricated via EBL
on Si3N4 membranes. The particles have outer dimensions of 14016 by 19744 nm and
inner dimensions of 53+4 by 1065 nm. The interparticle separations are a) 25+2 nm, b)
733 nm, ¢) 1897 nm, and d) 284+8 nm. The scale bars are 300 nm.

We have shown previously for gold nanorings that direct conversion of the SEM images
for use in calculations led to better agreement between theory and experirnent.13
Accordingly, the direct conversion of the SEM images was used in the DDA calculations
here as well. The simplest case was considered first, an isolated particle in air. The

results indicate that when light is polarized along the short axis of the particle (hereafter
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referred to as parallel polarization), only one major peak is present at 855 nm and one

minor peak is present at 570 nm (Figure 7 - 23, black).
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Figure 7 - 23. DDA in air for isolated particle with light polarized parallel (black) and
perpendicular (red) to the short axis of the particle. For parallel polarization, one major
peak is present at 855 nm and one minor peak is present at 570. For perpendicular
polarization, only one peak is present at 920 nm.

Field contour and vector plots were generated to elucidate which surface plasmon mode
of the particle this peak represented. To accurately assign plasmon modes, multiple field
contour plots were generated at each wavelength for evenly spaced slices through the
particle(s). When combined (as in Figure 7 - 24), we can achieve a good
three-dimensional representation of the field location and orientation at a particular

resonance wavelength. The composite field plot for the major peak at 855 nm for the
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isolated particle in air is shown in Figure 7 - 24 along with its field enhancement scale.
The field is concentrated at the outer corners of the particle in each slice. The
concentration of the field at the corners is expected due to the lightning rod effect, and

2932 The maximum enhancement for this

has also been seen in similar solid structures.
wavelength is 1340 and occurs at the top and bottom slices of the particle. In addition to
the field contour, a plot of the individual dipoles that make up the particle and their
orientation was generated for each particle slice. Hereafter, a minus sign will be used to
represent when the field vectors are pointing away from an area. Conversely, a plus sign
will be used to represent when the field vectors are pointing toward an area. The
composite plot for the hollow rectangle at 855 nm has the field vectors pointing away
from the right side and toward the left side throughout the entire particle (Figure 7 - 25).
This corresponds to the most primitive dipole mode for the particle, which is the largest
extinction peak. The field contour plot for the minor peak at 570 nm for the isolated
particle in air with parallel polarization is shown in Figure 7 - 26. The maximum
enhancement for this peak is only 160 and occurs at the top and bottom slices of the
particle. At 570 nm the field is concentrated at the outer corners and along the interior
walls while field vectors alternate in orientation from the corners to the included side
(Figure 7 - 27). This corresponds to the quadrupole mode. The asymmetric particle
shape and the corners of the particle allow the quadrupole mode to contribute, as there is
still a net moment for this mode on this particle. We have seen contributions for the

29,32

quadrupole mode for other particles (e.g. prisms, cubes) with one or more of these

features (i.e. sharp corners and/or asymmetric shape) but have not seen the quadrupole

. . . 13.1
mode on spherical or ring like structures.'>"
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Figure 7 - 24. Composite field plots for isolated particle in air with parallel polarization
at 855 nm (main peak). The field is located at the corners of the particle in each slice.

The field vectors are pointing away from the right of the particle and towards the left in
each slice. The field location and orientation indicates this is the dipole mode.

Figure 7 - 25. Representative field vector plot (top slice of a hollow rectangle) for an
isolated hollow rectangle in air with parallel polarization at A = 855 nm. As shown, a
plus sign will indicate when all the vectors are pointing towards an area, and a minus sign
indicate when all the vectors are pointing away from an area.
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Figure 7 - 26. Composite field plots for isolated particle in air with parallel polarization
at 570 nm (minor peak). The field is located at the outer corners and the interior long

sides of the particle in each slice. The field vectors alternate orientation along the sides
and corners. The field location and orientation indicates this is the quadrupole mode.
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Figure 7 - 27. Representative field vector plot (top slice of a hollow rectangle) for an
isolated hollow rectangle in air with parallel polarization at A = 570 nm. As shown, a
plus sign will indicate when all the vectors are pointing towards an area, and a minus sign
indicate when all the vectors are pointing away from an area.
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For the perpendicular polarization, only one peak is present at 920 nm. Similar
investigations of the field location and orientation were carried out for the perpendicular
polarization case at 920 nm (Figure 7 - 28). The maximum enhancement is at 920 nm is
2170 and occurs at the top and bottom slices of the particle. At 920 nm, the field is
concentrated at the outer corners of the particle and the field vectors are pointing away
from the far side of the particle and toward the near side throughout the entire particle
(Figure 7 - 29). This corresponds to the dipole mode at this polarization, which is
different than the dipole mode seen for the opposite polarization because of the different

dimensions of the particle along these two directions.
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Figure 7 - 28. Composite field plots for isolated particle in air with perpendicular
polarization at 920 nm. The field is located at the corners of the particle in each slice.

The field vectors are pointing away from the back of the particle and towards the front in
each slice. The field location and orientation indicates this is the dipole mode.

Figure 7 - 29. Representative field vector plot (top slice of a hollow rectangle) for an
isolated hollow rectangle in air with perpendicular polarization at A = 920 nm. As
shown, a plus sign will indicate when all the vectors are pointing towards an area, and a
minus sign indicate when all the vectors are pointing away from an area.
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After explaining the peaks present at different polarizations in air for the isolated particle,
we next investigated the effects of coupling by looking at dimers with varying
interparticle separations. It has previously been shown that bringing two nanoparticles
closer together when the light is polarized parallel to the interparticle axis results in a red
shift of the overall plasmon mode for the dimer as the interparticle separation

decreases. %! Conversely, if the light is polarized perpendicular to the interparticle axis,
the overall plasmon mode for the dimer blue shifts as the interparticle separation

2,6-11
decreases.”

The results for the different interparticle separations with parallel
polarization are shown in Figure 7 - 30a. Both the dipole and quadrupole peaks are
present at all interparticle separations. The dipole peak red shifts as the interparticle
separation decreases, as expected. There is little change in the position of the quadrupole
peak as the interparticle separations decreases. It has previously been shown that the
influence of interparticle separation on the coupling of higher order modes is not as
pronounces as on the dipole mode." For the perpendicular polarization (Figure 7 - 30b)
the dipole peak shows a slight blue shift as the interparticle separation is decreased, as
expected. We expect the substrate supporting the experimental sample to affect the

optical properties of the system, causing deviations from the properties predicted for the

plasmonic system in air.
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Figure 7 - 30. DDA extinction spectra for hollow gold nanorectangles in air (i.e. no
substrate) with light polarized a) parallel and b) perpendicular to the interparticle axis (as
indicated in the insets). The interparticle separations are indicated in the legend. As the
interparticle separation decreases, we observe the expected red shift for parallel
polarization and the expected slight blue shift for perpendicular polarization.
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The experimental extinction spectra for the hollow rectangles are shown in Figure 7 - 31.
It can be seen that there are two distinct major peaks in the spectra with the light
polarized parallel to the interparticle axis: one located at ca. 1200 nm and the other at ca.
1500 nm. As the interparticle separation decreases, both bands red shift and the intensity
of the band at ca. 1200 nm decreases while the intensity of the band at ca. 1500 nm
increases. This is in contrast with the DDA results in air, where only one major peak was
present. This suggests that there is a definite effect from the substrate for this
polarization. In addition, a minor peak is present at 750 nm, which most likely
corresponds to the quadrupole mode. For the perpendicular polarization, the spectra are
simpler, with one major peak at ca. 1300 nm that shows a slight blue shift as the

interparticle separation is decreased, as expected.
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Figure 7 - 31. Experimental extinction spectra for hollow gold nanorectangles with light
polarized a) parallel and b) perpendicular to the interparticle axis (as indicated in the
insets). The interparticle separations are indicated in the legend.
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To determine how the substrate is interacting with the particles and if it is indeed causing
the multiple peaks, we performed DDA calculations on a substrate. The DDA extinction
spectra for the hollow rectangles on a substrate are shown in Figure 7 - 32. The spectra
with light polarized parallel to the interparticle axis (Figure 7 - 32a) do show a shoulder
that becomes a more pronounced second peak as the interparticle separation increases.
There is also a minor peak present at 710 nm. Field contour plots confirm this minor
peak is the quadrupole mode, just shifted in wavelength due to the presence of the
substrate (Figure 7 - 33). The spectra with light polarized perpendicular to the
interparticle axis (Figure 7 - 32b) have one major peak ca. 1300 nm that shows a slight
blue shift as the interparticle separation is decreased, just as was seen in the experimental
spectra. Field contour plots confirm this is the dipole mode, just shifted in wavelength
due to the presence of the substrate (Figure 7 - 34). The results for the DDA calculations
on the substrate for both polarizations closely resemble what was seen experimentally,
suggesting the extra spectral features not seen for calculations in air are indeed due to

substrate effects.
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Figure 7 - 32. DDA extinction spectra for hollow gold nanorectangles on a substrate with
polarization a) parallel and b) perpendicular to the interparticle axis (as indicated in the
insets). The interparticle separations are indicated in the legend.
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Figure 7 - 33. Composite field plot for particle on a substrate with an interparticle
separation of 28418 nm with parallel polarization at 710 nm (minor peak). The field is
located at the outer corners and the interior long sides of the particle in each slice. The

field vectors alternate orientation along the sides and corners. The field location and
orientation indicates this is the quadrupole mode.
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Figure 7 - 34. Composite field plot for particle on a substrate with an interparticle
separation of 28418 nm with perpendicular polarization at 920 nm. The field is located at
the corners of the particle in each slice. The field vectors are pointing away from the

back of the particle and towards the front in each slice. The field location and orientation
indicates this is the dipole mode.
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To determine which spectral features are due to substrate effects for the parallel
polarization we will compare the field plots for the different peaks. First we will consider
our DDA calculations in air, as these calculate the energy of the nanoparticles in an
unperturbed state. Field plots were generated for multiple two-dimensional slices along
the z-axis (top, middle and bottom) for the particles at each interparticle separation in air
at the resonant wavelengths. For all interparticle separations in air, the field maximum
for the resonant wavelength was located at the top and bottom of the nanoparticle (Figure
7 - 35). The propagation of the light is along the z-axis, so it makes sense that, in air, the

field is concentrated at the surfaces of the particle along that axis (i.e. the top and

bottom).

Interparticle Separation:
e ) 5+2NM 189+7nm
2100- e [ 313NN == 284+8NM

1800

= 15004

~ £ 12004

LLl )
200 .\./-

600

bot’;om middle tc;p

Figure 7 - 35. Field enhancement values at the resonant wavelength for the dipole mode
of the particles in air with light polarized parallel to the interparticle axis. The
interparticle separations are indicated in the legend. For all cases, the field enhancement
is greatest at the top and bottom of the particles, and reaches a minimum in the middle.
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Next, field plots were generated for several wavelengths for the dimer with an
interparticle separation of 284+8 nm on a substrate. At this interparticle separation, the
particles are far enough apart (ca. 2 particle dimensions along the interparticle axis) to be
considered isolated. The dip in the DDA extinction spectrum for this particle pair on a
substrate under parallel polarization occurs at 1230 nm (Figure 7 - 32a, blue spectrum).
Field plots indicate that the peaks at 1190 nm (Figure 7 - 36) and 1350 nm (Figure 7 - 37)
both correspond to the dipole mode. The only difference between the two peaks is that at
1190 nm the field maximum occurs at the bottom z slice of the particle whereas at 1350
nm the field maximum occurs in the middle z slice. Field plots at several other
wavelengths also correspond to the dipole mode, with the field maximum fluctuating
between the bottom and middle of the particle, depending on the wavelength. The results
are summarized in Figure 7 - 38 and indicate that for wavelengths to the blue of the dip
(A £ 1230 nm), the field maximum occurs at the bottom of the particle, whereas for
wavelengths to the red of the dip (A>1230 nm) the field maximum occurs at the middle of
the particle. The field maximum for the particle in air, i.e. the "unperturbed" particle,
was located at the top and bottom of the particle, which would indicate that the peaks at
which the field maximum is perturbed away from this location are those due to substrate
effects. This indicates that the peak to the red of the dip (A=1340 nm) is due to
interactions with the substrate. On the other hand, the peak to the blue (A=1190 nm)
seems to be the same dipole peak seen for the calculations in air, just shifted due to the
change in the refractive index of the surrounding medium due to the presence of the
substrate. It is interesting that the peak that is due to the interaction with the substrate

becomes more pronounces as the interaprticle separation is decreased. This is mostly
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likely due to the fact that the field intensity increases as the interaprticle separation

decreases, making interaction with the substrate more pronounced.

0.1000
0.4344
1.887
8.199
35.62
154.8
- 672.3
1790
Figure 7 - 36. Composite field plot for isolated particle on a substrate with parallel
polarization at 1190 nm. The field is located at the corners of the particle in each slice.

The field vectors are pointing away from the right of the particle and towards the left in
each slice. The field location and orientation indicates this is the dipole mode.
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Figure 7 - 37. Composite field plot for isolated particle on a substrate with parallel
polarization at 1350 nm. The field is located at the corners of the particle in each slice.
The field vectors are pointing away from the right of the particle and towards the left in
each slice. The field location and orientation indicates this is the dipole mode.
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Figure 7 - 38. Field enhancement values for the particle pair with an interparticle
separation of 28418 nm on a substrate with light polarized parallel to the interparticle
axis at several wavelengths (as indicated in the legend). a) For the wavelengths to the
blue of 1240 nm, the field is most intense at the bottom z slice of the particle. b)
Meanwhile, for wavelengths to the red of 1240 nm, the field is most intense at the middle

z slice of the particle.
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7.5 Conclusions

We have demonstrated the sensitivity of the resonant energy of hollow gold
nanorectangles fabricated by EBL to polarization and their surroundings. We have
confirmed that directly converting SEM images for use in DDA calculations greatly
improves the fit to experimental data. For both the tall and long particle orientations,
changing the interparticle separation leads to the expected shifts for the peaks due to the

dipole plasmon modes of the particles.

For both particle orientations, the dipole and quadrupole mode are present when the light
is polarized along the short axis of the particle, but only the dipole mode is present when
the light is polarized along the long axis of the particle. This is most likely because the
dipole mode of the long axis is so strong that any higher order modes are dwarfed in

comparison.

Also for both particle orientations, the substrate plays a significant role when the light is
polarized along the interparticle axis. For the long particle orientation, the substrate
causes two significant dipole peaks, with the peak further to the blue being caused by the
substrate (as indicated by the field distribution along the z-axis). For the tall orientation
of the particles, we also see two dipole peaks for polarization along the interparticle axis.
However, in this case the field distributions along the z-axis indicate that the peak further
to the red is caused by substrate interactions. For the tall orientation, parallel polarization

is along the short axis of the particle; this results in a much weaker dipole mode than for
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light polarized along the long axis of the particle. As the particles are brought closer
together, they are able to couple in a favorable manner, increasing the strength of the
overall field and allowing for more significant substrate effects. For the particles with the
long orientation, the parallel polarization (i.e. along the long axis of the particle) results
in a dipole mode that is already so strong that even the isolated particle sees significant
substrate interactions. Bringing the particles closer together increases the field strength
even more. The substrate is only 80 nm thick, so increasing the field strength beyond a
certain amount will cause the field to extend beyond the substrate entirely, resulting in
the substrate effects decreasing as the interparticle separation is decreased for the parallel

polarization of the particles with long orientation.

Our results indicate that by modifying the thickness of the substrate, we can control the
degree of substrate effects. Also, the substrate effects mainly affect the dipole mode, and
not the quadrupole mode. Therefore, assessment of these substrate effects can also be

used to help distinguish between different plasmon modes.
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APPENDIX A

DISRECTE DIPOLE APPROXIMATION METHODOLOGY

A.1 Summary

The purpose of this chapter is an in depth discussion of the DDA procedure. A more
general discussion can be found in the previous chapters of this thesis. To review, the
discrete dipole approximation (DDA) is a method for computing scattering of radiation
by particles of arbitrary shape. In this method a continuum target is approximated by a
finite array of polarizable points. The points acquire dipole moments in response to the
applied local electric field. The response of the system to the applied field and to one

another is the solved self-consistently.

A.2 Introduction

For the purposes of this appendix, all procedures will be described using the programs
and files that are currently available. If these files or programs have changed,
adjustments may need to be made to the procedures discussed below. We use the
DDSCAT 6.1 code (http://www.astro.princeton.edu/~draine/DDSCAT.6.1.html). The
data processing software used will be Origin 5. Microsoft Excel is capable of some of
the processing procedures, but the limits to the number of rows and columns in Excel

make it inappropriate for the majority of the more complex processing procedures.
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A.2.1 Computer Cluster

Although it is possible to run these calculations on a personal computer, it is easiest and
fastest to run them on a computer cluster or super computer. In the past we have used the
CCMST cluster (http://www.ccmst.gatech.edu/), as it is fairly easy to get access to that

cluster.

Once an account on the cluster is acquired, we use a file transfer program called WinSCP
to remotely connect to the cluster to transfer files and run the calculations. Currently, it is
possible to access the CCMST cluster from any wired internet connection on the Georgia
Tech campus. To access the cluster from a wireless network on campus or from any

internet connection not on campus, it is necessary to set up a VPN account as well.

When new files are copied via WinSCP from a personal computer to the super computer,
the default permission setting on the files will be readable and writable by the owner (rw-
r--r--). To change the permission, right click on the file, go to properties and check the
appropriate boxes to give the files the right permissions. The ddscat and ddscat.pbs files
need to be readable, writable and executable by the owner and the group, but not others

(rwxr-xr-r). All the other files only need to be readable and writable by the owner (rw-r--

r--).

A few final points about the cluster, in the current set up of the CCMST cluster no spaces

are allowed in any of the folder or file names. Also, once a set of files has been
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successfully set up on the cluster, it is easiest to simply duplicate the files over and over
on the cluster, rather than continually copy them from a personal computer and have to

reset the permissions constantly.

A.3 Two types of calculations and the required files

There are two different versions of the DDSCAT that are used to run different types of
calculations. The original version from Draine and Flatau' is the code used for
generating the spectra for the system. In these calculations, the extinction, absorption
and scattering spectra are generated concurrently. We also have a copy of the DDSCAT

code modified by Goodman® and Schatz’ that generates the field contour and vector plots.

For the spectral calculations five files need to be included in the same folder on the
cluster: ddscat, ddscat.pbs, shape.dat, diel.tab and ddscat.par. For the field calculations
seven files are needed: ddscat (modified version), ddscat.pbs, shape.dat, diel.tab,

ddsact.par, a_0.f, and a.pbs.

The ddscat file is the code that runs the calculations, and there are two different versions
though the file name is the same. To avoid the confusion, it is best to keep them in
separate folders. The two versions generate different output files, so if they do get mixed
up it is possible to determine which is which by running a calculation and looking at the

output.
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The ddscat.pbs file is the call for the code, and this is the file that is submitted to run on
the cluster (this process will be discussed more in section A.8). The contents can be seen
in Figure A - 1. The only line in the file we usually make changes to is line 8, which
specifies the memory allotted to run the calculations. The memory needed to run the
calculations depends on how big the system is, how complicated it is, and which type of
calculation you are running. Larger systems or systems with many particles or materials
take more memory. For simple systems, that spectral calculations may need as little as
100 mb of memory. If the calculations don't run, or quit unexpectedly, try increasing the
memory specified in the ddscat.pbs file. The other specifications in this file depend on
terminology being used by computer cluster, so if that terminology changes or a different
cluster is being used, some of the values in this file will change. In order to make those

changes, someone who is more familiar with the cluster will need to be consulted.
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[] /home/qtga1Ty/files/regularDDA/ddscat.pbs - gtgAl Ty@ggate.chemistry.gatech.edu
i 58 % ) i |« R R - B

#!/bin/bash

# This specifies a job name

#FBS -] oe

#PFBS -N ddscat.test

# This specifies max runtime in hours:minutes
#PB3 -1 walltime=05:00:00:00

# memory specification

#PES -1 pmem=1000mb

cd ${PBS O WORKDIR}

.fddscat

Line: 1312 Column: 1

Figure A - 1. An example of the ddscat.pbs file.

The other 3 files that both calculations have in common are where we define various
properties of our system. The shape.dat file (i.e. the shape file) essentially contains the x,

y, z coordinates of all the dipoles that make up the system. The diel.tab file (i.e. the
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dielectric file) is where we define what materials the system contains. The ddscat.par file
(i.e. the parameter file) is where we define many other properties of the system: number
of materials, size of the particle(s), wavelengths, polarization. The a_0.f file is another
code file that is used to define many of the parameters needed to generate the field
contour and vector plots. The a.pbs file is the call for the formatted a_0.f file. All these

files will be discussed more thoroughly in the following sections.

The first step chronologically in setting up a new calculation is usually generating the

shape file. However, we must first discuss the parameter file, as several properties in the

parameter file are helpful in deciding how to orient your particle(s) in the shape file.

A.4 Parameter file

An example parameter file is shown in Figure A - 2. A very thorough description of the

file can be found in the DDA user guide,4 but will describe the various important aspects

we use in our lab.
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— o —
| § /home/gtgdlTy/ffiles/regularDDA/ddscat.par - gigdl7y@ggate.chemistry.gatech.edu

OHMEBELIR X & |« I BRI - B

: Parameter file
Tokds DPRELIMINARIES #%%%?

'TNOTORQ "= CMTORQ*6 (DOTORQ, NOTORQ) -- either do or skip torque calculations
'"PECGST "= CMDS0L*& (PBCGST, PETEKP) —- select sclution method

'"GEFAFT'= CMETHD*& (GPFAFT, FFIWJ, CONVEX)

'LATTDR'= CALPHA*& (LATTDR, SCLDR)

'"NOTBIN'= CBINFLAG (ALLBIN, ORIBIN, NOTBIHN)

'"NOTCDF'= CNETFLAG (ALLCDF, ORICDF, NOTCDF)

"FEMFIL'= CSHAPE*& (FEMFIL,ELLIPS,CYLNDR,ECTNGL, HEXGON, TETRRAH, UNICYL, UNIELL)
'shape.dat' = shape parameters PRR1, PRR2, PAR3

2 = NCOMP = number of dielectric materials
'"TABLES'= CDIEL*6& (TABLES,H20ICE,H20LIQ; if TABLES, then filenames follow...)
'dielAn.tab" = name of file containing dielectric function

'diel3iN100.tab"

'¥&wd CONJUGATE GRADIENT DEFINITIONS #%#*%?

i} = INIT (TO BEGIN WITH |X0> = 0}

1.00e-5 = TOL = MAY ALLOWED (NORM OF |G>»=AC|E>-RACA|X>)/({NORM OF AC|E>)
Tekx¥ Apgular resolution for calculation of <cos®, etbo. *&k&?

0.5 = ETASCA (number of angles is proportional to [ {(3+4x) /ETASCA]~2 )
Tekk* Wavelengtha Hwxx?

0.300 2.000 35 "LIN' = wavelengths ({first,last,how many,how=LIN, INV, LOG)
tokkk Effective Badil ###* 7

L.124048 .124048 1 'LIN' = eff. radii (first, last, how many, how=LIN,INV,LOG)
*#k%* Define Incident Polarizationsg #%x=?

(0,0} {1.,0.) {0.,0.) = Polarization state 01 (k along x axis)

1 = I0RTH (=1 to do only pol. state e0l; =2 to alac do orth. pol. state)

0 = IWRKSC (=0 to suppress, =1 to write ".sca™ file for each target orient.
T*%%* Pregcribe Target Rotationg #ses?

0. . 1 = BETREMI, BETAMX, NBETZA (beta=rotation arocund al)

0. - 1 THETMI, THETMX, NTHETA (theta=angle between al and k)

0. 0. 1 = PHIMIN, PHIMAX, NPHI (phi=rotation angle of al arocund k)
rekwd Specify first IWAV, IRAD, IORI (normally 0 O Q) kT

a 1] a = firat IWAV, first IBRAD, first IORI (0 0 0 to begin fresh)
T#&%% Splect Elements of 5_ij Matrix to Print ##%=*?

& = NSMELTS = number of elements of S5 ij to print (not more than %)
13 12 21 22 31 41 = indices ij of elements to print

Tekk* Specify Scattered Directiong #*%%*?
0. 0. 180. 10 = phi, thetan min, thetan max, dtheta (in degrees) for plane &
0. 0. 180. 10 = phi, ... for plane B

Line: 40,39 Column: 1

Figure A - 2. The ddscat.par or parameter file.
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The first line of interest is line 9, which we always keep as it appears in Figure A - 2.
The FRMFIL indicates that the user will be providing a file wherein the shape is defined.
The name of that file is then listed on line 10. My experience indicates that this file must

always be named shape.dat.

Line 11 gives a number that indicates the number of dielectric materials in the system. If
only one material is present in the system (i.e. a gold particle in air) then this will be 1.
However, if there are two materials (i.e. a gold particle on a silicon substrate) this will be
2, and so on. Then the files containing the various dielectrics are listed on lines 13 on.
The materials should be listed in the order they are called in the shape file (see section

AS).

The next line of interest is the line immediately under the heading "wavelengths". On
this line we define the starting and ending wavelengths, how many steps occur between
those values and how to divide the steps. We typically do linear divisions of the steps, as
indicated by the phrase 'LIN' on this line. The wavelengths are in micrometers for this
file. So, as seen in the example (Figure A - 2) the first wavelength is 0.3 um (300 nm)
and the last wavelength is 2.0 um (2000 nm). These can be set to any number; however,
the wavelength range should be within that defined in the diel.tab file (see section A.6).
The number of divisions tells the code how often to repeat the calculations. To choose
the number of divisions, find the difference between the first and last wavelengths, divide

by the desired increment between wavelengths, and add one.
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! L+ 1=4#divisions

In this example (Figure A - 2), the number of divisions is 35, which will run the
calculation for wavelengths in 50 nm increments starting at 300 nm and ending at 2000
nm. We usually start with a coarse set of divisions over the wavelength region of
interest. Then the calculations can be repeated as many times as necessary to get finer

divisions where needed.

The line following the header "Effective radii" is where we define the size of our system.
To do this, calculate the total volume of all the material in the system (i.e. all the
materials for the dipoles in the shape file). Then think of turning all that material into a
sphere, and find what the radius of that sphere would be.

3y 15
reﬁ’ective = |:_j|

4r

Again, this value should be in micrometers. We always define one effective radius at a
time, so this line should have the same number twice, followed by a 1 and 'LIN', as seen

in the example (Figure A - 2).

The lines immediately following the header "Define incident polarizations" are where we
define how the incident light is polarized. It is important here to note that the xyz

directions in the parameter file and the shape file are different. I find it easiest to think in
terms of the shape file. As such, the propagation direction is along the x axis of the shape

file. The polarization direction can then be altered anywhere in the yz plane. Setting the
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polarization to (0,0) (1,0) (0,0) results in polarization along the y axis in the shape file (or
zero degrees) whereas (0,0) (0,0) (1,0) results in polarization along the z axis in the shape

file (or 90 degrees). Some other examples are:

(0,0) (0.707,0) (0.707,0) = 45 degrees
(0,0) (0.866,0) (0.5,0) = 30 degrees

(0,0) (0.5,0) (0.866,0) = 60 degrees

The next line (1 = IORTH...) tells the calculations whether to do just the polarization that
was defined on the previous line (1 = IORTH) or to simultaneously do the polarization
perpendicular to that (2 = IORTH). It should be noted that setting IORTH to 2 will not
give two sets of data for the two polarizations. It will give one set of data as if the sample
had been illuminated by light that is a combination of two plane-polarized waves that are
perpendicular to one another. Setting IORTH to 2 also makes the calculation runtime
very long. I'have found it faster to set IORTH to 1 and run the two polarizations

separately, then the results can be averaged to get the same results as if IORTH was set to

2.

These are the only sections of the parameter file we usually change, for a fuller

description see DDA User guide provided by Draine and Flatau.*
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A.5 Shape File

This file only defines the shape of the particle/ system components, not the final size.
The final size is defined in the parameter file (section A.4). A certain number of dipoles
is needed in order to get reliable results. In my experience, around 10,000 dipoles per
component is needed for good results. More dipoles means better (or at least more
reliable) results, but is also means an increase in computation time. As such, systems
with many particles or that include a substrate take longer to run as more dipoles are
needed to accurately represent the system. One other limitation to note, if there are
multiple particles there is a minimum separation the calculation seems to be able to

handle. It seems that this minimum separation is at least two dipole units.

An example shape.dat file is shown in Figure A - 3. The first line contains a description
of the shape being defined; the first 67 characters will be read and printed in various
output statements. The second line gives a number (N) that is equal to the total number
of dipoles in the target. The calculation will only read N number of rows in shape file, so
N must equal the total number of rows for the whole file to be read. The next four lines
we always keep as they are shown in Figure A - 3. The remaining lines are the

definitions of the dipoles that make up the target (i.e. position and composition).
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'j shape - Notepad

File Edit Format View Help

>TARELL ellipsoidal grain; AX,AY,AZ= 40,0000 40.0000 40. 0000
33352 = NAT
1.0000 0.0000 0.0000 = Al vector
0.0000 1.0000 0.0000 = A_2 vector
1. 000000 1.000000 1. 000000 = lattice spacings (d_x,d_y,d_z)/d
1A Ix IyY 1z ICOMP(x,Y,2)
1 -3 -4 =20 1 1
2 -2 -4 =20 1 1 1
3 -1 -4 -20 1 1 1
4 0 -4 =20 1 1 1
3 al -4 =20 1. 1. 1.
6 2 -4 -20 1 1 1
7 -4 -3 =20 1 1 1
) -3 -3 =20 1: 1: 1:
9 -2 -3 -20 1 1 1
10 -1 -3 =20 1 1 1
11 0 -3 =20 1 1 1
12 1 -3 -20 1 1 1
13 2 -3 =20 1. 1. 1.
14 3 -3 =20 1 1 1
15 -4 -2 -20 1 1 1
16 -3 -2 =20 1: 1: 1:
o -2 -2 -20 1 1 1
18 -1 -2 -20 1 1 1
19 0 -2 =20 1: 1: 1:
20 1 -2 -20 1 1 1
21 2 -2 -20 1 1 1
22 3 -2 =20 1: 1: 1:
23 -4 -1 -20 1 1 1
24 -3 -1 -20 1 1 1
235 -2 -1 -20 1 1 1
26 -1 -1 -20 1 1 1
ik 0 -1 -20 1 1 1
28 1. -1 =20 1 1 1
29 2 -1 -20 1 1 1
30 3 -1 -20 1 1 1
31 -4 0 =20 1 1 1
32 -3 0 -20 1 1 1
33 -2 0 -20 1 1 1
34 -1 0 =20 1 1 1
35 0 0 -20 1 1 1
36 1 0 =20 1 1 1
T 2 0 =20 1. 1. 1.
38 3 0 -20 1 1 1
39 -4 1. =20 1 1 1
40 -3 1 =20 1: 1: 1:
41 -2 1 -20 1 1 1
42 -1 1 =20 1. 1. 1.
43 0 1 =20 1 1 1
44 1 1 -20 1 1 1
45 2 1. =20 1. 1. 1.
46 3 1 =20 1 1 1

Figure A - 3. Example of a correct shape.dat file.

First column is an index number, and simply lists the number of the dipole. Therefore,
the last index number should match the number of rows that contain data points. The
next three columns are the xyz coordinates for each dipole. No two dipoles can have the
same xyz coordinates. Also, the xyz coordinates must be in whole numbers. The last

three columns define the dielectric material that corresponds to that dipole. If there is
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only one material in the system (i.e. a gold particle in air) then the last three columns
should have 1's for all entries. If however, the system contains 2 materials (i.e. a gold
particle on a silicon substrate) some of the rows should have all 1's in the last three
columns and others should have 2's, where the 1's and 2's correspond to the different
materials in the system. This is useful if the system contains particles of different
materials, core-shell particles, alloy particles, or particle(s) sitting on a substrate. As
indicated in parameter file description (section A.4), whichever material is represented by
the 1's should be the first dielectric file listed in the parameter file, and the material
represented by 2's should be listed second, and so forth. Also recall from the description
of the polarization definitions in the parameter file (section A.4) that the light propagation
direction is along the x direction and the light can be polarized in any direction in the yz

plane.

Now that we have discussed the format and function of the shape.dat file, we will
examine the various methods by which to generate the file. The first method is using a
short set of code called the shape generator code (a copy should be available in our lab).
We will discuss how to use the shape generator code to make a single solid particle, a
single hollow particle, and then a pair of particles. We will then discuss other methods to

generate the shape file.
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A.5.1 Shape generator code and making a single solid particle

The shape generator is a short code that generates shape files for a small selection of 3D
shapes (cylinder, ellipsoid, prism, rectangle sphere). In each case there is a specific
phrase to define the shape and then a set of numbers to define the dimensions of that
shape. In the folder there are example files for each shape and their contents are listed

below:

SPHERE

diameter, 1, 1

RCTNGL
X dimension
Y dimension

7. dimension

PRISM3

side length

1,1,1

ELLIPS

X dimension, Y dimension, Z dimension
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CYLNDR
height
diameter

1

The folder also contains files named a, ct and inp. The file named inp is the input file,
and that needs to contain the description of the desired shape, which should be based on
what is shown in the example files and described above. Once the shape and dimensions
have been defined the inp file, save it and double click on the "a" file to run the shape
generator code. This will generate a file called target.out that will contain the xyz

coordinates for that shape.

The target.out file can be opened in notepad to see the file, but to manipulate the file it is
easiest to import it into Origin. Also, we need to rename/reformat the file type from
target.out to shape.dat, and it is easiest to do this by importing and exporting in Origin.
Once imported into Origin, there should be 7 columns. There are headers for the
columns that correspond to the text lines in the shape file, but when imported in Origin
they are rearranged. To check that the shape and dimensions are correct, select the
second, third and fourth columns and set them as xyz xyz (Figure A - 4). The data can
then be plotted as a 3D scatter plot (Figure A - 5). Origin will probably display the data
in "speed mode", meaning it will not show all the data points. To change this go to the
plot details, select layer 1, go to the size/speed tab and uncheck the boxes next to

worksheet data and matrix data (Figure A - 6).
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§ Origin 7 - UNTITLED - [target] . -l = B [t

-
%File Edit View Plot Ceolumn  Analysis  Statistics Tools Format Window  Help - [ =
w66 = ewue uE 8 S & JE@e 8 2

e ] S S T PN P e o |

= Blv] Crv) E[Y] F¥] G[Y] i
> cylindrical target: ength= 2 iameter= ?
L TARELL lindrical L h 950000 |Di 30.0000
= NAT = A1 vector
o 1.0000 0.0000 0.0000 A2 wector
— 0.0000 : xd_y.d_z
| 1.000000 jREIL Plot OMP[x.v.2
i & cut
1 C 1 1 1
— =2 - 1 1 1
| 3 Paste 1 1 1
1 4 Insert 1 1 1
b 5 1 1 1
- P Delete 1 1 1
| 1 1 1
e i] 1 1
5 9 1 1
—|| 10 10 Fill Columns With 1 1
[ ] AL
g ::; 11 Sort Columns :: ::
- Sort Worksheet i e
13 1 1
b XY
‘LT 14 ZE Statistics on Columns 1 1
|l & Statistics on Rows BRI 1 1
A |16 VY XYY 1 1
0T 1 1
18 HOYY XY 1 1
19 K VYEr 1 1
20 1 1
29 HYYErr XYYErr 1 1
22 1 1
23 1 1
24 1 1
25 1 1 i

L

.
- w "t

@

| B ol | 5 e 1B | | B[

2:target_B(1-68020) target” MUM

Figure A - 4. Setting the columns to xyz xyz.
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fifj Origin 7 - UNTITLED - [target]
%File Edit View Plot Column Analysis Statistics Tools Format Window Help

Dleg =0 e =6=ue bk & @S| & S 8 20 & s
[ aial Q0] B 2 U] < o] A £ ) ] =1 =]y

iy
[:2::]

|E B%2) Clre) D[22] E[v2] F[r2] G[r?2)
>TARELL [=ILT D=1 10 [ Length= s Diameter=| 30.0000
= NAT = vector
=N 0.0000 0.0000 i vector
—_ 1.0000 0.0000 =
5 1.000000 AT M= ;
= : I .
g | I 1 & cut e
—l 2 Copy " Line + Symbal
? 3 3 Pre Special Line/Symbaol 4
4 1 - B Bar
i g g Insert o Colurn
Delete X 5
il || 7 ‘ Special Bar/Column 4
/|8 8 i % Pie
=y Set As
O
—I o : : 30 XYY 4
E : g Sort Columns 3 3D Surface/Contour Plots @ 3D Trajectory |
T T
=] 14 Sort Worksheet > Bubble/Color Mapped »
E 15 EE Statistics on Celumns Statistical Graphs L
i : g m%._, Statistics on Rows Papel >
18 Mask W Area
19 T ™ Eill Area
20 1 i@ Polar
g; :: Ternary
23 1 B smith Chart
24 1 it High-Low-Close
25 1 -L\; Vector XYAM
26 26 1 7 Vectar XYXY |
EEPTT TP [
Trmate = DN reabber nlat with the relacdad 7 caliman

Figure A - 5. Creating a 3D scatter plot.
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F

Plot Details »
il

|
|

|' Ela Graphi Background Size/Speed | Displa'_.'l Miscellansous I Peds I Planes I
=L Layert
EI-- target : B<]. C[Y], D2 Lo
Original Left Im Top IE-{H Units I“i';of Page vl
: O v Projection
: : O = Projection Width |?5 Height IB:D
| [ vZ Projection Graphic Image Caching |‘u"e-::tnr vl
! — Speed Mode, Skip Points f needed
[~ Workshest data, maximum points per curve 300
|
[ Matrix data, maximum points per dimension X |2
L Y [
4 1 | »
b | k. l Cancel i Apply |
L

Figure A - 6. How to disable speed mode.

Once the target file contains the particle as desired, export the data (file --> export
ASCII) to a file named shape.dat. A new window should open where it is possible to
choose the export options. Check the middle box next to include columns labels, and

have the other two boxes unchecked (Figure A - 7).
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e —
i Origin 7 - UNTITLED ; = L

File Edit View Plot Column Analysis Statistics Tools Format Window Help

N ETEEEE L E L e EE
[ s oo Il ol ul=]~ <ol Al < || [ I— IF T

ASCIl Export into shape.dat

Include Column Names!™

Include Column Labels [+

Export Selection

SeparatanTAB

lsIxlelv]elm]N]2 ][N ] =] |m[+ o2 5

Figure A - 7. ASCII export options.

On the personal computer this file can be named anything, as long as the file type is a
.dat. However, when running the calculation, it must be renamed to shape.dat or the

calculation will not run.

Once the shape.dat file has been finalized, upload it to the computer cluster. The

importing/exporting of the shape file in Origin rearranged some of the beginning text

(Figure A - 8). Therefore, every time a shape.dat file is uploaded to the computer cluster
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it needs to be opened (on the cluster, just double click and open the file with notepad or

some other text editor) and make sure that the file looks like that seen in Figure A - 3.

_| shape - Notepad .
File Edit Format WView Help
>TARELL ellipsoidal grain; AX,AY,A7= 40. 0000 40.0000 40.0000
33552 = MNAT = Al vector (d_x,d_y,d_z)/d
1.0000 0.0000 0.0000 = A_2 vector
0.0000 1.0000 0.0000 = lattice spacings
1. 000000 1. 000000 1.000000 Iz ICOMP(X,¥,Z)
JA IX IY
1 =3 -4 =20 1 1 1
2 -2 -4 =20 1 1 1
3 -1 -4 =20 1 1 1
4 0 -4 -20 1 1 1
5 1 -4 -20 1 1 1
6 2 -4 =20 1 1 1
7 -4 -3 =20 1 1 1
8 =3 -3 =20 1 1 1
9 -2 -3 =20 1 1 1
10 -1 -3 =20 1 1 1
11 0 -3 =20 1 1 1
12 1 -3 =20 1 1 1
13 2 -3 =20 1 1 1
14 3 -3 =20 1 1 1
15 -4 -2 -20 1 1 1
16 =3 = =20 1 1 1
i -2 =2 =20 1 1 1
18 -1 -2 =20 1 1 1
19 0 e =20 1 1 1
20 1 -2 -20 1 1 1
21 2 =2 -20 1 1 1
22 3 e =20 1 1 1
23 -4 -1 =20 1 1 1
24 =3 -1 =20 1 1 1
23 -2 -1 =20 1 1 1
26 -1 -1 =20 1 1 1
7 0 -1 =20 1 1 1
28 1 -1 =20 1 1 1
29 2 -1 =20 1 1 1
30 3 -1 =20 1 1 1
31 -4 0 -20 1 1 1
32 =3 0 =20 1 1 1
33 -2 0 =20 1 1 1
34 -1 0 =20 1 1 1
35 0 0 =20 1 1 1
36 1 0 -20 1 1 1
i 2 0 -20 1 1 1
38 3 0 =20 1 1 1
39 -4 1 =20 1 1 1
40 =3 1 =20 1 1 1
41 -2 1 =20 1 1 1
42 -1 1 =20 1 1 1
43 0 1 =20 1 1 1
44 1 1 =20 1 1 1
45 2 1 =20 1 1 1
45 3 1 =20 1 1 1

Figure A - 8. Incorrect shape file headings after exporting from Origin.
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A.5.2 Single hollow particle

We will now discuss how to use the shape generator code to create a hollow or shell type
particle. The shape generator code can only generate solid structures, therefore if we
want to create a shell or hollow structure we will need to delete data points. The simplest
method is to run the shape generator twice, once for the shape with dimensions for the
outer part of shell and again with dimensions for the inner part of shell. Then, align both
particles with the same origin and manually delete all the coordinates that appear in the
smaller particle from the large particle. At the end of this procedure, the numbering of
the first column will need to be adjusted as the index should always increase from 1 to N
in increments of 1, where N is the number of rows or dipole in the system. In Origin,
select the first column and select "fill column with row numbers"(Figure A - 9). This
takes care of the first problem with the number of dipoles. But remember that in the final
shape.dat file, the second line has the total number of dipoles in it (Figure A - 3).
Therefore, when the shape file for the hollow particle is uploaded to super computer,
make sure to open the shape file, adjust the beginning text and also make sure that the

number of dipoles on line 2 matches the final index number in file.
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78] Origin 7 - UNTITLED - [target] (=] &
@ File Edit View Plot Column Analysis Statistics Tools Format  Window Help =[] =
[ e e o (| = B | Y| i S| (312 | ||| -] 2
(& aial [0 =] B 2| 0]~ x| <t as|A] <] | [ =]— =]P </ -]/ ]|
|E BIY] C[v] D[Y) E[Y] (Y] G[Y] |l
pa F:\212 WM cylindrical| target: Length= | 95.0000 |Diameter=| 30.0000 !
= NAT = Al vector
=y 0.0000 0.0000 = A2 wvector
— 1.0000 0.0000 = | x%d_v.d =z
| i N Z COMP[xy.2
E3 % Cut -3 -14 1 1 1
Copy -3 14 1 1 1
i — B Paste -3 14 1 1 1
T 3 14 1 1 1
= e 3 -14] 1 1 1
L Delete 3 14 1 1 1
| Clesr 3 14 1 1 1
7 3 14 1 1 1
= Set As » 13 -14] 1 1 1
6 mE Set Column Values... ',3, _] 1! ] : :
N al 1 1
i E Sort Caliron » [H]L Uniform Random Mumbers 1 1
W Sort Workshest » % Normal Random Mumbers 1 1
] ¥ T T 1 1
] Mormalize... -3 -1 4| 1 1 1
— Frequency Count -3 -1 4| 1 1 1
TH Statistics on Col -3 14 ! ! !
atistics on Columns 3 1 4| 1 1 1
Mask v -3 -1 4| 1 1 1
: 3 14 1 1 1
Set as Categorical 3 14| 1 1 1
Properties... -3 -1 4| 1 1 1
: .| -3 -14] 1 1 1
25 3 14 1 1 1 "
e | 9 |~ B | | D i
Set column value for the selected column = row number 1:target_A(1-68020) target™ UM

Figure A - 9. Renumbering the index column with row numbers.
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A.5.3 Multiple particles

Often we want to investigate not just a single particle, but a pair or several particles. In
this case, it is necessary to manually repeat particles in the shape file and adjust their

positions as desired. We will start by describing the procedure for a pair of particles.

In order to not confuse the various coordinate systems and orientations, it is simplest to
always orient the pair so that the interparticle axis is the y-axis. Then it is easy to define
the polarization along the interparticle axis [(0,0)(1,0)(0,0)] or perpendicular to it

[(0,0)(0,0)(1,0)] in the parameter file (section A.4).

Here we must also reiterate the distinction between "dipole units" and "actual units". As
discussed, the shape file only defines the shape of the particle, while the size is defined in
the parameter file (section A.4). When defining the coordinates of a particle in the shape
file it is necessary to remember which units to use. For example, we want to make a pair
of spheres that are each 20 nm in diameter and separated by 10 nm. But, we have
represented each 20 nm diameter sphere as a 40 dipole sphere in the shape file.

Therefore 1 nm is 2 dipole units. So the spheres need to be separated by 20 dipole units

in the final shape file to achieve the desired 10 nm separation.

Continuing with this example, we will discuss the step to generate the final shape file for

the pair of particles. First, generate single particle with the shape generator code. Import

the target.out file into origin and make two copies of same file. We now need to adjust
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the coordinates of the second particle to achieve the desired position. Continuing the

example of the two spheres, initially the spheres will be located in the same position. We
need to shift the second sphere along the y-axis by the appropriate amount. So we add 40
to the y column of the second sphere, to shift the second sphere by its diameter, so it now
only just touches the first sphere. Then add the appropriate number of dipoles, i.e. 20, to

the y column of the second sphere to achieve the desired separation.

Now that you have two data sets, one for each of the 2 particles at the desired
coordinates, copy the data for the second particle into the first data sheet so that both
particles are now in one data sheet. Select the first column and set it to fill with row
numbers (Figure A - 9), because each dipole needs a unique index number. Export to the
data to create the shape.dat file. Remember to reset the beginning text as well as the

number of dipoles in the shape.dat file after it has been copied to the computer cluster.

The basic procedure described for creating a pair can also be repeated to create as many
particles as are desired. The biggest things to remember when creating multiple particles
is which direction to shift the particles to achieve the desired orientation with respect to
the propagation and polarization of the light; and to remember the difference between

dipole units and actual units to achieve the desired orientations and dimensions.
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A.5.4 ImageJ Method

As discussed in Chapters 6 and 7 of this thesis, for some experimental samples (i.e. EBL
fabricated samples) it may be desirable to directly convert images of the experimental
particles into the shape files for the DDA calculations. This section will discuss how to
achieve that using ImageJ (free image processing software available at
http://rsbweb.nih.gov/ij/). However, this procedure will only involve particles that are in
a certain sense 2D, with the same yz cross-section simply being repeated in the x-
direction the appropriate number of times. This procedure also assumes the experimental
particles have already been fabricated and SEM imaging of the sample has been

completed.

Open the SEM file in ImageJ and adjust the threshold (brightness, contrast, etc.) to
maximize the particle integrity (Image > adjust > threshold). Then convert the image to a
binary image (process > binary > make binary). We need the particles to be black and
the background to be white. If it is the other way around, simply invert the image (edit >
invert). Delete everything except the particle(s) of interest. Then export the XY
coordinates for the image (analyze > tools > save Xy coordinates). This will save the xy
coordinates of every black pixel in the image as a text file. This text file can then be

imported into Origin for editing.

Once imported into Origin, it becomes clear that there are three columns of data. The

third column should have the same value for all the data points, and it simply indicates
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the color of the pixel in ImageJ. This data is not needed, so delete the third column. Plot
the remaining xy coordinates as a scatter plot in Origin. It may be necessary to add or
delete some of the points to make the particle's edges sharper. Once the editing has been
completed for the single set of xy coordinates, we are ready to convert it into a three

dimensional particle.

Add a column to the left of the data and rename the columns to x, y, z. Set the x column
values to 1 for all the points in the y and z columns. Then copy and paste the data points
in the yz columns to the bottom of the data set as many times as needed while
incrementing the x column value to create the particle to the desired thickness. Once all
of the xyz coordinates are set, it is easiest to open up another shape.dat file in Origin (that
has the correct column headings, etc.) and simply paste the newly generated xyz
coordinates into the appropriate part of that formatted file. Then, reset the numbering in
the index column, delete or add any numbers for the dielectric columns, export the shape

file, copy it to the computer cluster and adjust the beginning text as needed.

A.5.5 Particle on a substrate

As discussed in Chapters 6 and 7 of this thesis, sometimes particles are placed on a
substrate that can affect the optical properties of the system. In such cases, we need to
also include dipoles for the substrate as well. However, this is where we start to run up
against the limits to how many dipoles the calculations can handle. In the experimental

samples, the substrate is usually so much larger than the particle that it appears infinite.
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However, we cannot have an infinite number of dipoles in our calculations. The upper
limit to the number of dipoles the calculations can handle is around 300,000 dipoles.
Therefore, by including the substrate we have to sacrifice many of our dipoles to
represent the substrate. Choosing how big the substrate should be compared to the
particle is then a balancing act of accurately representing the overall system while still
having enough dipoles for the particle to get accurate results. It may be best to run a few
test calculations to see how changing certain dimensions of the substrate affect the results

in order to decide how many dipoles are really needed for the substrate.

The calculations of this type seem most sensitive to the thickness of the substrate along
the propagation direction compared to any other dimension of the substrate. So I typically
try to get that parameter as close as possible to the experimental sample. Again, some
test calculations may be needed to test for each new system which parameters the

calculations are most affected by.

Assuming the shape file for the particle has already been generated by one of the already
mentioned techniques, we only need to add a large rectangular slab for the substrate. Use
the shape generator code with the input file for a rectangle to create the rectangular slab
for the substrate. Open the file in Origin along with that for the particle(s) to be placed
on the substrate. Adjust the coordinates of the substrate so it is centered in the yz plane
around the particle(s). Adjust the x coordinates of the substrate so that they are less than
those of the particle (i.e. substrate is below the particle). Also, the substrate is typically a

different material than the particle, so we need to adjust the last three columns of data for
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the substrate file. The substrate needs to be the second dielectric material, so set the last
three columns of data to 2's for all the dipoles in the substrate file. Then copy and paste

the substrate data into the particle's shape file, renumber the index column (Figure A - 9)
and export. As always, after copying to the super computer rearrange the comment lines

and make sure the correct number of dipoles is specified at the top of the shape.dat file.

A.5.6 From scratch

It should be clear by now that it is also possible to make a shape file from scratch, just by
defining the xyz coordinates of a system. For complicated particle types, this may
actually be easiest. Simply generate the xyz coordinates to create the particle shape, then
add the index column and the composition columns. Then copy this data into an existing
shape.dat file to make sure the comments at the beginning of the shape file are
appropriate. As always, after copying to the super computer rearrange the comment lines

and make sure the correct number of dipoles is specified at the top of the shape.dat file.

A.6 Dielectric File

The dielectric file (diel.tab) is a simple text file that contains the optical information for a

particular material. This is then used to define the material being used in the calculations.

These values can be found in many literature references.”® The dielectric file can be
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named anything, as long as it is a .tab file and the designation in the parameter file is the

Same name.

An example dielectric file for gold in air is shown in Figure A - 10. The first line is a
comment on what material is being defined. The second and third lines must always be
what is shown in this example. Then the first column is the wavelengths (in
micrometers) at which the real (column 2) and imaginary (column 3) values for the

dielectric function is defined to that material.

220



¥ /home/gtga1Ty/files/dielAutab - gtgd17y@ggate.chemistry.gatechedu [ = (Sl S

i 8 B X & v B RE R - B

m=1.00 + 0.01 fair

12300

LAMBDR Ee({n) Im{n)

0.397 1.470 1.950

0.413 1.460 1.960

0.430 1.450 1.950

0.450 1.380 1.%20

0.471 1.310 1.850

0.496 1.040 1.830

0.510 0©0.800 1.970

0.521 0.820 2.080

0.535 0.520 2.270

0.5459 0.430 2.480

0.582 0.290 2.860

0.617 0.210 3.280

0.659 0.140 3.490

0.678 0.140 3.860

0.704 0.130 4.100

0.730 0.130 4.320
4|0.756 0.140 4.540

0.780 0.150 4.740
| 0.800 0.150 4.%10

0.821 0.160 5.080
¥fo.243 0.160 5.260
48 0.857 0.170 5.380

0.870 0.170 5.480

0.892 0.170 5.660
Wlo.e10 0.180 s.200
Ifo.930 0.190 5.940

0.8955 0.200 &.100

0.984 0.220 6.350
§|1.088 0.270 7.150
1l1.216 o0.350 8.145

1.393 0.430 9.519

1.610 0.560 11.21

1.937 0.920 13.78

Line: 1/36 Column: 1 Character: 109 (6D}

Figure A - 10. Dielectric file, diel.tab, for gold in air.

As discussed previously, if multiple materials are being modeled in the calculation, a
dielectric file needs to be provided for each material. However, for particle(s)
surrounded by a solution or other medium that is consistent and present in all directions
we usually simply adjust the dielectric file for the particle material instead of sacrificing

dipoles to model the surrounding medium. For this, simply divide the numbers from the
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dielectric file for the particle material by the refractive index of the surrounding medium.
So, for comparison the dielectric file for gold in air is shown in Figure A - 10 and the file
for gold in water is shown in Figure A - 11, where all the values in Figure A - 10 were

divided by the refractive index of water (1.333) to get the values in Figure A - 11.

| L¥ /home/gtgdlTy/files/buWaterIC.tab - gtg4l7y@ggate.chemistry.gatech.edu [ == -‘i_"hJ
n [#] | B @ | dh 2 2| &
m=1.333 + 0.0i /water
12300
LAMEDE Re({n) Im(n)
0.397 1.10 1.4
0.413 1.10 1.47
J 0.43  1.09 1.4
0.45 1.04 1.44
0.471 0.98 1.39
0.496 0.78 1.37
0.51 0.60 1.48
0.521 0.47 1.5
0.535 0.39 1.70
0.549 0.32 1.85
0.582 0.22 2.15
0.617 0.16 2.46
0.659 0.11 2.77
0.678 0.11  2.90
0.704 0.10 3.08
0.73  0.10 3.24
4(0.756 0.11  3.41
4l |0.78  0.11  3.56
Alo.8 0.11  3.68
Ho.s21 0.12 3.81
2Zlo.ea3 0.12  3.95
2|0.857 0.13  4.04
4(0-87 0.13 411
0.892 0.13 4.25
Alo.o1 0.14  a.35
Allo.93 0.14 4.46
4|0.955 0.15 4.s8
4 [0-98¢ 0.17  4.76
ql1.088 0.20 5.36
4f1.216 0.26 &.11
2A|1.393 0.32  7.14
1.61 0.42 8.41
1.937 0.69 10.34
Line: 1/36 Calumn: 1 Character: 109 (Ix6D)

Figure A - 11. Dielectric file, diel.tab, for gold in water.
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However, if the particle(s) are sitting on a substrate, or in some other environment that is
not consistent in all directions around the particle, the substrate will have to be modeled

directly and a separate dielectric file will need to be provided.

A.7 a_0.f and a.pbs

The remaining two files are used only with the modified version of the ddscat code,
which is for calculating the field plots and vectors plots. The a_0.f file is very long, and
contains many options for modifications. However, we only change two values in the
file. The first value that we adjust is that shown on lines 14-16 that say "parameter
(nxmin = -200, nxmax = 200)" and so on (Figure A - 12). These numbers control how
many data points are in the plot, so they control how big the plot is (see section A.9).
The values shown in Figure A - 12 are usually large enough. But if the entire system is
not contained on the final contour plot (see section A.9), these numbers may need to be
increased. It is best to increment the minimum and maximum by equal amounts (i.e. if
the minimum is changed to -300 the maximum should be 300), and all three lines (for x,

y and z) should have the same numbers for their minimum and maximum values.
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] E fhome/gtgdlTy/files/efieldDDA/a_0.f - gtgd17y@ggate.chemistry.gatech.edu =RECE X
8l . 2] (B 3, XK @ dh M oHOE o &
[ program sl_x field -
k- implicit none i
L =
c This program calculates the electric field and extinction, as well as ‘
¢ generates plots of field intensity and polarization. i
¢ declarations
integer i,]j,k, 1
integer nat0,nmax,iorth
integer nxmin,nxmax, nymin, nymax,nzmin, nzmax, itestx,itesty,itestz
integer ixmin, ixmax,iymin,iymax,izmin,izmax,iwrite,iskip
INTEGER nd
parameter (nmax=1500000,iskip=0)
parameter (nxmin=-200, nxmax=200)
parameter (nymin=-200, nymax=200)
parameter (nzmin=-200, nzmax=200)
PARAMETER (nd=1) '# of grad spacing
integer*? ir0{nmax,3)
3 integer igcc(NEMin:nXmax, NyNin:nymax, nZmin:nzmax)
real aeff,wave,refmed,pi,d, keff, const
] real r,rx,ry,rz,r2, kr,gtot
1 real eZmax,elmaxx, efmaxy, e2maxz
real akd({3)
3 real glay(nEmin:niEmax, nymin:nymax, nZmin:nzmax)
[ complex eye,alpha
complex r3term,rSterm, rdotp, rcoef,pcoef, eikr
complex exsum,eysum,ezsum,einx,einy,einz
i complex e01(3),e02(3)
E complex pol (3*nmax),alph (3*nmax) , cxe (3*nmax) , etnp (3*nmax)
[ corplex px(nmax),py(nmax) ,pz (Mnax)
complex €x,ey,ez
complex €2 (n¥min:n¥max, nymin:nymax, NZmin:nzmax)
CHRARACTER*4 filename
dlc—mMmMm— definitions and notes ----—-———————————-—--———
o+ |c nmax = total # of dipoles
A |c iskip = 1 skips calculation of field outaide of particle.
4lc = 0 {anything other than 1) calculates field ewerywhere on grid
qle nimin,nxmax - grid parameters (similar for y and z)
1 O —m e
g|
¢ read input data generated by DDSCAT.T P
||| Drag to resize directory tree. Double click to make height of dirsctory trees equal.

Figure A - 12. Changing the final plot/matrix size in the a_0.f file.

The only other value in the a_0.f file we ever change is that on line 142 of the file that
says "DO i = ##" (Figure A - 13). This line tells the calculation to calculate the field
contour and vector plots for the yz slice at that #. As discussed for the shape.dat file, the
particle is three-dimensional. However, for the contour and vector plots, the calculation

can only do one two-dimensional slice at a time through the particle. The slice is always

224



in the yz plane. Here again, we also have a new set of coordinates to remember. These
calculations start numbering the dipoles in the x direction from 1 to N, where N is the
maximum dimension along the x axis. This is regardless of how the dipoles are
numbered in the shape.dat file. So, if the particle is a 40 dipole sphere centered at (0,0,0),
to calculate the fields through the middle slice of the particle line 142 would be set to
"DO 1 =20,20", because the 20th slice is the middle even though it occurs at O on the x-
axis in the shape.dat file. These calculations can be run for any number slice, including
those above and below the particle, however the vector plots are only generated for those

slices that transect the particle.
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| [ /home/gtgd Tystest/efield/389/5liced0/a_0.f - gtg41Ty@ggate.chemistry.gatech.edu =NAC X

i3 B X 4 | v« i SR -
= end if -
c
c You can zero out the field inside of particle for plotting purposes—-——
1 e2{ir0(i,1),1ir0(i, 2),ir0{i, 3))=1.4-3
he g ————
glay{ir0({i,1),ir0{i,2),ie0(i,3) )=constc*
il > aimag{conijg{einx)*px{i)+conjg{einy)*pv{i)+conjgl{einz) *p=z (i)}
L 5 {real {einx) *aimag (px (i) ) —aimag(einx) *real (px (i) )+
o ¥ real {(einy) *aimag{p¥ (i) ) —aimag{einy) *real (py (i) )+
s > real {einz) *aimag{pz (i) ) -aimag{einz)*real (pz{i})}
end do a5
o write(*,*)ixmin, ixmax
c write(*,*)iymin,iymax E
] write(*,*)izmin,izmax | o
o c STOR
dlc
'1 c this is used to select the plane used during calculation + graphics
c
Do i=0,0
c
c obtain the file names, s and g mean substrate and gold, respectively.
c the plan is at x=i, where the absolute value of i should be smaller
c than 100.
e
IF{i.1lt.100) THEN
k=IABS (i) /10
3=MOD (IABS (i),10)
filename="al"//CHRR (48+k) //CHRR (48+])
ELSE
n 1=IAB5 (1} /100
E=IABS(i-1+100)/10
H j=MOD({IRBS(i),10)
filename="a'//CHAR (48+1) //CHRR (48+k) //CHAR (48+])
ENDIF

c open output files
open {unit=30,£file="e2 0_'//filename//".dat")

o open {unit=31,file="ext 0_'//filename//".dat")

'] open(unit=32, file="impol 0_'//filename//".dat")
c open (unit=33, file="repol_0_'//filename//".dat")
c
c
c

calculate field intensity outside of particle

o T e Sl e o

— |Line: 142/515 Column: 15 Character: 13 (0D}

Figure A - 13. Choosing slice number in the a_0.f file.

The final file to discuss is the a.pbs file. It is shown in Figure A - 14, and is very similar
to the ddscat.pbs file, it just runs a different code. The field calculations usually take

more memory than the spectral calculations, so the memory in the memory in the a.pbs
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file usually needs to be around 1000 mb. Again, if the calculations don't run or quit

unexpectedly try increasing the memory in the a.pbs file.

| [¥ /home/gtga1Ty/test/efield/389/slice00/a.pbs - gtg417y@ggate.chemistry.gatech.edu l = [C —E_hj
LHBBi@aXs(vo|hfl Al e
#!/bin/bash
# This specifies a job name
#FBS -N a.test
# This specifies a stdout logfile name
#EBS -0 a.test.stdout
J # This specifies max runtime in hours:minutes
#EBS -1 walltime=05:00:00:00
# memory specification
#FBS -1 pmem=1000mb
o |cd ${PFB5_0_WORKDIR]
./a
1
Line: 1413 Column: 1 Character: 35 (23) 5

Figure A - 14. The a.pbs file.
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A.8. Spectra calculations

Now that all of the files have been thoroughly explained, we will discuss the actual

process of submitting the calculations to run on the computer cluster and how to process

the data that is generated.

A.8.1 Running the spectral calculations

Create a folder on the computer cluster (remember there can be no spaces in the name)

with a useful title. Place the ddscat, ddscat.pbs, ddscat.par, diel.tab and shape.dat files

that have been prepared for that calculation in the folder (Figure A - 15). Make sure the

permissions on the files are set correctly (see section A.2.1 and Figure A - 15).

Marne Ext Size Changed Rights Cwner

B . 6/13/2013 1:4%32 PM PWHT-XI-X gtgdlTy
|| ddscat 452,404 10/14/2008 5:31:00 PM rwsr-xr-x gtgdlTy
|| ddscat.par 2154 8/22/20121:55:03 PM PW-r--r-- gtgdlTy
|| ddscat.pbs 219 127172011 5:24:37 PM PWHT-XT-X gtgdlTy
|7 diel.tab 575 2/10/2012 1:59:16 PM L gtgdlTy
|7 shape.dat 814,311 8/22/2012 1:54:18 PM Pw-r--r-- gtgdl7y

Figure A - 15. Folder containing the files needed for a spectral calculation.
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To run the calculation, open the command terminal in the computer cluster by hitting
control+t. Then in the command line type qsub ddscat.pbs (Figure A - 16) and hit enter
or click execute. This submits the calculation to the cluster. To check on the status of
calculations, enter the command gstat and then hit enter. This will give a list of all the
calculations submitted for that account, their priority level and how long they have been
running. To see all the files running on the cluster, enter the command showq. If for
some reason a job needs to be stopped before it has finished running, enter the command

qdel followed by the job id number, which can be found using the gstat command.

MES WP ER
- i

| & Consaole

Enter command: gsub ddscat pbs - Execute |

Close |

Do not execute commands that require userinput or data transfer

Current directory: /home/gtgd17yAest /spectra ﬂ'

0Bof 1,269 KiBin Dof 5
e [ FT Create Directory 3¢ F8 Delete 4 F9 Properties W F10 Quit

Figure A - 16. The command for submitting the ddscat.pbs calculation.
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As the calculation is running, it will generate many files. One file is generated for each
wavelength in the calculation, these are the w000r000.avg files seen in Figure A - 17. All
these files are combined into one containing all the information for the spectra, and that is

the gtable file. When the calculation has finished running, the gtable file should be

copied off of the cluster onto a personal computer for processing. This file can be

renamed to something more descriptive once it has been copied from the cluster if

desired.

I/ Name Bt Size Changed Rights Chwner
& . 6/13/2013 1:4%:32 PM PWHT-XT-X gtgdlTy
|| ddscat 482,404 10/14/2008 5:31:00 PM  rwoor-xr-x gtgd17y
|| ddscat.log_000 3,788,243 8§/23/2012 11:27:50 AM  rw-r--r-- gtgdlTy

|| || ddscat.par 2154 8§/22/2012 1:55:03 PM rW-r--r-- gtgdl7y
|| ddscat.pbs 219 12/1/2011 5:24:37 PM PWHT-XI-X gtgdlTy

L: | 7 diel.tab 575 2/10/2012 1:59:16 PM PW-F--r-- gtgdl7y

11 ] mtable 4,689 8/23/2012 11:27:50 &AM rw-r--r-- gtgdl7y

L || gtable 7333 8/23/201211:27:50 AM rw-r--r-- gtgd17y

1| L] gtablez 2976 8/23/2012 11:27:50 AM  rw-r--r-- gtgdlTy

: || shape.dat 814,311 8/22/2012 1:54:18 PM PW-r--r-- gtgd17y

i || w000r00ri.avg 3,875 872272012 6:14:20 PM rw-r--r-- gtgdl7y

i | w001i0ari.avg 3875 8/22/2012 6:14:30 PM nW-r--r-- gtgd17y

; || w002r000ri.avg 3,875 872272012 6:14:40 PM rw-r--r-- gtgdlTy

;: | w0030ari.avg 3875 8/22/2012 6:14:50 PM PW-F=-r-- gtgd17y

L w004 0cri.avg 3,875 B/22/2012 6:15:01 PM PW-r--r-- gtgdlTy

E | wl05i0ari.avg 3875 8/22/2012 6:15:12 PM PW-F--r-- gtgd17y

i || wO060cr.avg 3,875 B/22/2012 6:15:23 PM PW-r--r-- gtgdlTy

: | w007 i0ari.avg 3875 8/22/2012 6:15:34 PM PW-r--r-- gtgd17y

3 || wO080cri.avg 3,875 B/22/2012 6:15:47 PM PW-r--r-- gtgdldy

£ || w0090ori.avg 3875 8/22/2012 6:16:12 PM L e gtgdlTy

L || w0100ari.avg 3,875 B/22/2012 6:17:00 PM PW-r--r-- gtgdlTy

£ wd 111 dillAri avn AARTR RN D AARN DRA [T ey rtrd1 7w

ND~F R W44 D G- M -F 70

Figure A - 17. Output from the spectra calculations.
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A.8.2 Data processing

To generate the spectra from the gtable file, import the qtable file in origin. There will be
many columns, the ones containing the spectra data are the second through fifth columns.
The second column contains the wavelengths in microns. The third, fourth and fifth
columns contain the spectral data for the extinction, absorption and scattering from the
particle, respectively. To plot the spectra, delete all the other columns, set the
wavelength column to X and the others to Y then plot in the desired form (line, scatter,
etc.). From the spectra, it is possible to see if/where there are any peaks. If there are
peaks and better resolution data is needed, go back to the cluster and duplicate the 5 files
into a new directory, change the wavelength bounds and steps in the parameter file and
run the calculation again. This can be repeated as many times as needed to get the

desired spectra resolution.
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[ Origin 7 - UNTITLED - [qtabie] N

%File Edit View Plot Column Analysis Statistics Tools Format Window Help

O B2 &|s==e w8 BIS| & VE@e) 8 28] o]
[ amJF =8| 2|l <[~ <losl ] <] [ —<IF =l =P =/ =
|E DDSCAT (X1 [ E] k] C[v2] DY2) E[r2] FlY2] G[r2) H[Y'2] I[Y'2)
0.000 0.000 beta_min, beta_max 5 NBETA = 1
0.000 0.000 theta_min, theta_max;  LigISIF:& 1 = 1
0.000 0.000 = phi_min, phi_max 2 NPHI scatt. dirs
= 0.5000 = ETASCA  [param. controlling # of Q_bk Nsca
i Results AT over 1 EO[A@hrientations <cos®2»
and 1 incident olarization Q sca [[IIESCEIER
aeff wWave Q _ext Q_abs
oo 1= 0.3 0.66915 0.53733| 0.13183MINENEARNIN YL R RE] 408
—|I2 [IRGIN L LI e L AR IR RRER]  0.66853  0.55009 1.9488E-5 363
l 3 0.4 0.38919 0.31382| 0.07538 MR MNIRE LT (1L Reig k] = 323
) 4 (1R LY P T VR T AR R BYE]  0.45928)  0.45952) 9.6539E-4 323
F b 0.5 0.35686) 0.30457 IMILY%] 0.37954 0.44013| 0.00154 323
—|_B& 0.55 0.13996| 0.09666 [INIEEE]  0.31703 0.42889] 0.00177 285
L Fi 0.6 (IR I R s I TR el 0.25152) 0.41635] 0.00162 285
[ 8 0.65| 0.03302| 0.01043 NP4 0.20888 0.41209 0.0014 285
E 9 0.7 0.02389 0.00684 0.01706 SURAS 1R U]y WO U] 1) R 285
—|l_10 : 0.75 0.01867| 0.00548) 0.0701379 808 E Fi:3 IRV 0.001 248
E 11 . 0.8/ 0.01593 0.00555| 0.01038MMIRFENEIRNR LY RIERE R 248
g : (1K1 R NS I R LY AR Nk 0)  0.10195 0.40433 7.1215E-4 248
? 13 : 0.9 0.01143 0.00472| 0.0067 7 SEIRIFEE 100 1) YN NI E Y = 248
1|14 : (IR 1Y VR IR T I VI TIE: P IR NI 0.08506/ 0.39621) 5.082E-4 248
VIl 15 : JAN RGP I RIE NI RIELYd  0.10855 2 0.40178| 4.2963E-4 248
— 186 . NI R A R R  IN R  0.09165) 0.40288 3.6688E-4 248
17 : I N 11 Y | R E R R kYN 0.07939)  0.40295| 3.1388E-4 248
18 : (S LN LY FAR R PG A A TP 0.07039)  0.40284] 2.6951F-4 248
19 . I N 1IE HEI R IR 0.06325 2 0.40272| 2.3238F-4 248
20 : | AT | R TE DY TR TP VAR N ER]  0.05728)  0.40261) 2.0142E-4 248
21
22
23
24
2h
| | e ol | i 18| 0t | [

Figure A - 18. The qgtable file data.

A.9 Field calculations

The field calculations can only be generated for a single wavelength at a time. Usually,

we are interested in running the calculations for the plasmon resonance wavelength but
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there is no way to know what wavelength that is without running the spectral calculations

first. Once the wavelengths of interest are know, the field calculations can be run.

A.9.1 Running the field calculations

Create a folder on the computer cluster (remember there can be no spaces in the name)
with a useful title. Place the ddscat, ddscat.pbs, ddscat.par, diel.tab, shape.dat, a0.f and
a.pbs files that have been prepared for that calculation in the folder (Figure A - 19).
These calculations can only be run for one slice at one wavelength at a time, if multiple
calculations for multiple slices or at multiple wavelengths are needed, they will each need

to have a separate folder.

Mame Bt Size Changed Rights Owner
. 7/17/201211:01:24 AM roar-xr-x gtgdldy
|_|a.pbs 260 3/15/2012 2:26:45 PM PWHT-XT-X gtgdlTy
[ |a0f 17,203 7/17/200210:01:38 AM  rw-r--r-- gtgdlTy
T AgWater)Ctab 979 2/10/201210:57:32 AM rw-r--r-- gtgdl Ty
|| ddscat 487,321  8/5/2008 6:15:12 PM PWHT-XT =X gtgdldy
L: || ddscat.par 2153 7/17/2012 8:35:52 AM PW-r--r-- gtgdl Ty
1 || ddscat.pbs 284 12/28/2011 10:11:15 AM nwr-xr-x gtgdlTy
L | 7| shape.dat 1,280932 2/16/201210:10:00 AM  rw-r--r-- gtgdl Ty

Figure A - 19. Folder containing the files for a field calculation.
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First, we need to run the ddscat calculation for the single wavelength of interest.
Therefore, open the ddscat.par file and change the values on the wavelength line to the
desired wavelength (Figure A - 20). Then open the terminal (control+t) and submit the
ddscat calculation (gsub ddscat.pbs). As discussed previously, the two different version
have the same name, but run different calculations and generate different output files.
The modified version of the ddscat code for the field calculations generates the output
files shown in Figure A - 21. We are not interested in any of these files, but they are

required before running the next set of calculations to actually generate the field plots.
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| [¥ /home/gtgdl Ty test/efield/389/slice00/ddscat.par - gtgdl Ty@ggate.chemistry.gatech.edu l RN X
]-_L ﬂ EF LY u g'a'g KT M I;t!s ;.ﬁ"» pj ﬂl @

|‘ Parameter file L
"ikwdk DRELIMINARIES ##%#%?
THNOTORQ"= CMIORQ*6& (DOTORQ, NOTORQ) -- either do or skip torgue calculations
a "PECGST'= CMDS0L*6 (PBCGST, PETREP) —- select solution method
"GPFAFI'= CMETHD*& (GPFAFI, FFTWJ, CONVEX)
J 'LATTDR'= CALPHA*& (LATTDR, SCLDR}
'HOTBIN'= CBINFLAG (RLLBIN, ORIBIN, NOTBIN)
"NOTCDF'= CNETFLAG (ALLCDF, ORICDF, NOTCLDF)
"FEMFIL'= CSHRAPE*& (FEMFIL,ELLIPS,CYLNDRE,RCTHNGL, HEXGON, TETRRH, UNICYL, UNIELL)
'shape.dat' = shape parameters PAR1, PARZ, PRR3

|1 = NCOMP = number of dielectric materials
"TABLES'= CDIEL*&6 (TRBLES,H20ICE,H20LIQ; if TABLES, then filenames follow...)
"AgWaterJC.tabk" = name of file containing dielectric function
Vakwd CONJOGATE GRADIENT DEFINITIONS #swss?
0 = INIT (T0 BEGIN WITH |X0> = 0O)

1.00e-5 = TOL = MAX RALLOWED (NOBM OF |G>=AC|E>-ACR|X>)/(NOEM OF RAC|E>)
Tekk Angqular resclution for calculation of <coa>», etC. *wkRT

0.5 = ETASCA (number of angles is proportional to [(3+x) /ETASCA]~2 )
Thers Wavelengths EEEE I

0.389 0.389 1 'LIN' = wavelengths (first,last,how many,how=LIN, INV,LOG)
Tekkk Effective Radii **%%

.05323 .05323 1 "LIN" = eff. radii (first, last, how many, how=LIN, INV,LOG)
T#%%% Define Incident Polarizationg #*%#%7

{0,0) {(1.,0.) (0.,0.) = Polarization state 01 (k along X axis)

1 = IORTH (=1 to do only pol. state e01; =2 to also do orth. pol. atate)

0 = ITWRESC (=0 to suppress, =1 to write ".sca" file for each target orient.
Tedwd Dragoribe Target Rotations Hkss!?

0. a. 1 = BETAMI, BETAMX, NBETA (beta=rotation around al)

0. 0. 1 = THETMI, THETMX, NTHETA (theta=angle between al and k)

a. a. 1 = PHIMIN, PHIMAX, NPHI (phi=rotation angle of al around k)
Yekx% Specify firat IWAV, IRAD, IORI (normally 0 0O 0) #&&«%?

a 1] 1] = firat IWAV, first IBAD, first IORI (0 0 0 to begin fresh)
T#%%% Select Elements of 5_1i] Matrix to Print ##*%*7

& = NSMELTS = number of elements of 5 ij to print (not more than 9)

11 12 23 22 31 41 = indices ij of elements to print

Y#%%% Specify Scattered Directions #*#%&?'

0. 0. 180. 10 = phi, thetan min, thetan max, dtheta (in degrees) for plane A
90. 0. 180. 10 = phi, ... for plane B

Line: 1/38 Column: 1 Character: 39 (27)

I

Figure A - 20. The ddscat.par file for a field calculation.
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Mame Bt Size Changed Rights Cwner

B . TAT/201211:01:24 AM roeer-xr-x gtgdlTy
| fa.pbs 260 3/15/2012 2:26:45 PM PWHT-XF-X gtgdlTy
L la0f 17,203 7/17/2012 10:01:38 AM rw-r--r-- gtgdl7y
|7 AgWater)C.tab 979 2/10/2012 10:57:32 AM rw-r--r-- gtgdl7y
| |ddsecat 487,321 /572008 6:15:12 PM PWHT-XI-X gtgdlTy
|| ddscat.log_000 28369 7/17/201210:01:50 AM rwe-r--r-- gtgdlTy
|| ddscat.par 2153 771772012 8:35:52 AM PW-r--r-- gtgdlTy
|| ddscat.pbs 284 12/28/2011 10:11:15 AM rwr-xr-x gtgdlTy
|| fort.80 596,800 7/17/201210:01:50 AM rw-r--r-- gtgdlTy
| fert9l 40 7/17/201210:01:50 AM rw-r--r-- gtgdl7y
|| fort.92 73 7A7/201210:01:50 AM rw-r--r-- gtgdl7y
| | fort93 10,288,933 7/17/2012 10:01:50 AM  rwe-r--r-- gtgdlTy
|| fort.94 2,876,800 7/17/201210:01:50 AM  rw-r--r-- gtgdlTy
|| mtable 473 7/17/2012 10:01:50 AM rw-r--r-- gtgdl7y
|| qgtable 873 71772012 10:01:50 AM rw-r--r-- gtgdl7y
|| gtable2 664 7/17/200210:01:50 AM rwe-r--r-- gtgdlTy
| 7| shape.dat 1,288,932 2/16/2012 10:10:00 AM rw-r--r-- gtgdl7y

Figure A - 21. Output for the modified ddscat code.

Once the ddscat calculation has finished running, modify the a_0.f file to select the
desired slice of the particle. Then open the command terminal and enter the command:
£77 a_0.f. This will compile the a_0.f file and create a new file called a.out. Rename the
a.out file to just a. Then, open the command terminal again and enter the command gsub
a.pbs. This will run the code to generate the field plots. The output files for this step can
be seen in Figure A - 22. The files of interest are the e2_0_a000.dat and fort.32 files.

Copy both from the cluster onto a personal computer for processing.

236



MName Ext - S5ize Changed Rights Cwner
& . 7772012 11:01:24 AM reer-xr-x gtgdlTy
L]a 33,768 T7/17/201211:01:45 AM nwr-xr-x gtgdlTy
_|a.pbs 260 3/15/2012 2:26:45 PM PWHT-XT-X gtgdl7y
1| | atest.stdout 298 771772012 2:25:04 PM n------- gtgdlTy
[ ]a 0.f 17,203 7/17/2012 10:01:38 AM rwe-r--1-- gtgdlTy
L: | AgWater)C.tab 979 2/10/201210:57:32 AM  rw-r--r-- gtgdlTy
1| ]| ddscat 487,321 8/5/2008 6:15:12 PM PWHT-XT-X gtgdl7y
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Figure A - 22. Output for the field calculation.

A.9.2 Data processing

First, we will discuss the data processing for the e2_0_a000.dat file. Import this file into
Origin. There will be 5 columns of data, but we are only interested in the first column.
Before deleting the other columns, take note of the numbers in rows 3-6 of the third

column. We will need those in a later step. Once those numbers have been noted, delete
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all columns except the first column (Figure A - 23). The first couple rows of data, as well

as the last, do not contain numbers but % symbols. Delete all these data points.
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Figure A - 23. Delete the last four columns of the field data.
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Now there should be a single column of data containing only numbers. Highlight the
column of data and convert it into a matrix (edit --> convert to matrix --> direct;

Figure A - 24). This will generate a matrix with a single column of data. To convert this
into a square matrix, right click on the matrix and select set matrix dimensions

(Figure A - 25). Set the number of columns and rows to the number that were noted from
rows 3-6 of the third column of the original file (Figure A - 26). As a square matrix is
desired, the number of rows and columns can also be calculated by taking the square root

of the number of rows in the single column of data.
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Figure A - 24. Convert the data to a matrix.
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Figure A - 25. Choosing to set the matrix dimensions.
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Figure A - 26. Setting the matrix dimensions.
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Once the square matrix has been generated, the field contour plot can be generated (plot >
contour plot > color fill; Figure A - 27). The initial plot will probably not look like
much. We need to adjust several properties of the plot (right click on plot and select plot
details; Figure A - 28). Select the matrix level and in the color map/contours tab click on
the levels label. In the new window that pops up, click the "log scale" box at the bottom
(Figure A - 29). This will require the minimum value to be set to something above zero,
we typically pick 0.1 but as long as it's a small positive number it will work. The
maximum value should already be filled in. The other change is to select the number of
levels option, set that to 20 then click OK. The number of levels is again flexible, 20 just
is what we typically choose. Next, click the fill tab and click the option "introduce other
colors in mixing" with the first color being blue and the second color being red. Again,
this choice is user preference and not concrete. One other option is to click the line label
and choose to either show or hide all the contour lines. This choice is up to the user,
sometimes it helps the readability of the plots and other times it does not. Finally, go to
the layer 1 options, select the size/speed tab and uncheck the boxes next to maximum

worksheet and matrix data.
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Figure A - 27. Generating a contour plot.
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Figure A - 28. Editing the plot details.
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Figure A - 29. Changing the color map scale.
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Figure A - 30. Changing the color fill.
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Figure A - 31. Exiting speed mode.

The next data we want to plot is that contained in the fort.32 file. Import the fort.32 file
into Origin. There should be 6 columns of data. Delete the third and sixth columns of
data (Figure A - 32). Now, insert two new, empty columns in between the second and
third columns (Figure A - 33). Set the new third column (column C in Figure A - 33) to
be the difference of the values in the first and fifth columns (Figure A - 34). Then set the
fourth column to be the difference between the second and sixth columns (Figure A - 35).
Now, select the first four columns and set them as xy xy (Figure A - 36). Finally, select
the first four columns and create a Vector XYXY plot (Figure A - 37). This will generate

a vector plot where each vector represents the orientation of each dipole in that slice of

the particle.
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Figure A - 32. The fort.32 file data.
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Figure A - 33. Inserting columns into the fort.32 data.
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Figure A - 34. Setting the values for column c.
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Figure A - 35. Setting the values for column d.
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Figure A - 36. Setting the fort.32 columns to xy xy.
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Figure A - 37. Creating the vector plot.
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A.9.3 Three dimensional composite plots

As mentioned, the field contour and vector plots can only be generated for one slice and
at one wavelength at a time. But, as discussed in Chapters 5-7 of this thesis to get a
better idea of the three dimensional nature of the plasmon mode it is necessary to repeat
the field plots for several two dimensional slices and then create a composite plot. The
example shown here will involve combining three slices into a composite plot. Import all
three e2*** dat files into the same Origin file and go through the same steps as was
discussed in the previous section to turn the files into square matrices (Figure A - 38).
But in this case the type of plots we will generate are different. Select the first matrix and
create a 3D color map surface plot (Figure A - 39). As before the initial plot will not look

like much because we need to make several changes to the plot details (Figure A - 40).

1 100238, 1.0 0.96329| 0.96249 0. [ 1 0. 0.92915]
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Figure A - 38. The three matrices.
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Figure A - 39. Creating the color map plot.
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Figure A - 40. The initial 3D color map plot.
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Select the matrix level and the color map tab. Click the level heading and change the
scale so the minimum is a small positive number, select the number of levels option and
set it to 20, and finally check the log scale box (Figure A - 41). Next go to the Grids tab
and set the enable grids option to none and uncheck the box next to back color

(Figure A - 42). Next go to the Surface/projections tab and check only the box for

bottom contour color fill (Figure A - 43).
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Figure A - 41. Setting the color map scale.
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Figure A - 42. Changing the grids.
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Figure A - 43. Selecting only bottom contour to color fill.
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Next go to the size/speed tab in the layer 1 menu and uncheck the maximum data boxes
(Figure A - 44). Next, go to the Miscellaneous tab and select orthographic projection
(Figure A - 45). Go to the planes tab and set the color for each plane to "none". The plot
should now be clearer, though it will probably be necessary to adjust the scales of the
axes to zoom in on the particle. Repeat all of these steps for each of the matrices that will

be used in the composite plot (three times for this example).
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Figure A - 44. Deselecting speed mode.
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Figure A - 45. Setting the plot to orthographic display mode.
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Figure A - 46. Setting the planes to not be colored.
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Once plots have been generated for all of the slices that will be combined, it is necessary
to go back through and make all of the plots have the same minimum and maximum
settings in the color map. We only really want the plot for the bottom slice of the particle
to be a three dimensional plot. So on all the other plots, go back into the plot details and
in the layer 1 menu go to the display tab and uncheck the box for the z axis (Figure A -
47). Then go to the planes tab and uncheck the boxes next to the yz and xz planes
(Figure A - 48). We also want to hide the major labels for the axes on all of the plots
(Figure A - 49). Now that the individual plots are finalized, we want to merge them all
into the same plot (Figure A - 51). We want to keep all the old graphs (Figure A - 52).
Set the number of rows and columns to 1 (Figure A - 53). Then click Ok on the next
window that pops up. This should create a new plot with three (or more) layers, one for
each of the matrices (Figure A - 54). Click and drag the various layers to arrange them

vertically along the z axis in the desired order (Figure A - 55).
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Figure A - 47. Hiding the z axis.
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Figure A - 48. Hiding the yz and xz planes.
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Figure A - 49. Hiding the major axis labels.

Graph2

»

[ )1 ol 1155 2 ) R 0 O

Matri(401:401) Graph3* | [NUM

Figure A - 50. Final figures to combine into the 3D composite.
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A. 10 Troubleshooting

PROBLEM: Calculations didn't run.

SOLUTION: For a certain set of problems, the code should generate an error file that

should be helpful in finding what or at least where the error is in your files.

However, this is not true for all problems. If there is no error file generated here are

things to check:

1) Are the permissions on the files correct?

2) Are the files and folders named appropriately? Remember no spaces are allowed.

3) Try increasing the amount of memory allotted in the ddscat.pbs file
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